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Abstract

As a subterranean eusocial mammal, the naked mole-rat faces a particularly challenging
environment characterised by patchily available food, low Oz and high CO- levels. In
response, naked mole-rats have evolved a suite of molecular and physiological adaptations
to survive extreme hypoxia. Yet, how naked mole-rats rewire their metabolism to protect the
heart has not been comprehensively addressed. Here, we performed comparative analyses
of naked mole-rat and mouse organs exposed to ischaemic conditions. We show that naked
mole-rats have retained features of foetal cardiac metabolism replacing fatty acid utilisation
for a unique type of carbohydrate metabolism largely dependent on glycogen. We found that
naked mole-rats have co-opted specialised liver-like glycogen handling mechanisms in the
heart. Amongst these is the expression of liver-specific enzyme isoforms and amylase, a
digestive enzyme known for starch breakdown in saliva and intestine but whose biological role
in glycogen processing has not been fully recognised. We show that amylase is rapidly
activated in ischaemia and hydrolyses internal glycosidic bonds for more efficient downstream
processing. This biochemical adaptation occurred in both mouse and naked mole-rat livers
but exclusively in the naked mole-rat heart, which retained higher ATP levels by maintaining
an increased glycolytic flux in an amylase-dependent mechanism. Overall, we discovered a
previously unknown type of glycogen metabolism in the naked mole-rat that holds relevance
to pathologies where glycogen plays a role. Furthermore, we describe a novel type of
metabolic plasticity in the heart which may be harnessed for cardiac disease.
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Main

Glycogen, the primary storage form of glucose, is a rapid and accessible form of energy that
can be supplied to cells upon an energetic demand. Glycogen is beneficial in ischaemic
conditions and some anoxia-tolerant species like the freshwater turtle (Chrysemys and
Trachemys) and crucian carp (Carassius Carassius) can survive for days in anoxic waters by
using their abundant glycogen stores'3. Three ATP molecules are produced for every
glucose-6-phosphate (G6P) converted from glycogen versus 2 ATP from each glucose
molecule, and this thriftier route to generate ATP may be one reason anoxia-tolerant animals
evolved such dependence on glycogen*. The foetal heart develops in a low oxygen
environment and also shows a high dependency on glycogen®. Accordingly, glycogen
occupies 30% of the foetal cardiomyocyte cell volume in stark contrast to 2% of an adult
cardiomyocyte®. Reduction in glycogen content is linked to a neonatal metabolic switch in
cardiomyocytes, where fatty acid oxidation replaces anaerobic glycolysis and glucose
oxidation in order to support the high adenosine triphosphatase (ATP) demands of an adult
mammalian heart’. Due to pressures of its harsh subterranean environment®?, the naked
mole-rat (nmr) as a terrestrial mammal has evolved extraordinary resistance to extreme
hypoxia®1%11. In this study we focused on novel mechanisms that protect naked mole-rat
hearts during ischaemia. We find extensive rewiring of naked mole-rat cardiac metabolism
towards a foetal mode of energy generation and high glycogen storage. Furthermore, we
uncovered unique forms of glycogen processing in the naked mole-rat heart which converge
on liver-like mechanisms of glycogen metabolism including release of polysaccharides via a
novel amylase-dependent mechanism. Such multi-faceted metabolic rewiring in an anoxia-
resistant long-lived mammal reveals possibilities of metabolic plasticity of an adult heart which
may be harnessed for understanding and treating human cardiac pathologies.

Distinct metabolic response between naked mole-rat and mouse to ischaemia

To investigate the metabolic adaptations of the naked mole-rat and mouse, we performed
comparative metabolomics analyses of heart and liver tissue at different durations of
ischaemia (Fig. 1a). Principal component analysis (PCA) separated the metabolic profiles
according to species and tissue (Fig. 1b). PCA on individual tissues revealed three distinct
clusters in naked mole-rat tissues which corresponded to time spent in ischaemia and was
therefore suggestive of two separate metabolic states defined by acute (5,10 minutes) and
prolonged ischaemia (30,60 minutes). Furthermore, metabolic profiles in ischaemia clustered
separately to baseline. (Fig. 1c and d). A similar pattern was observed in mouse, however
there was not such strict separation between different timepoints in ischaemia (Fig. 1c and d).

High glycogen content and release of polysaccharides in ischaemia

To identify metabolites which uniquely changed in naked mole-rat in response to ischaemia,
but remained unchanged in mouse, we created a heatmap of all metabolites in heart or liver
(Extended Data Fig 1a and b). Focusing on the heart, we narrowed down our analysis to
metabolites that were the same in mouse and naked mole-rat in normoxia but increased in
abundance in ischaemia in naked mole-rats only (Fig. 1e). Within the above cluster (Fig. 1e),
disaccharide, maltotriose and maltotetraose appeared at similar levels between naked mole-
rat and mouse in nhormoxia but were uniquely upregulated in naked mole-rat hearts across all
ischaemic timepoints (Fig. 1f-h). Surprisingly, these three polysaccharides were similarly
elevated in ischaemic liver in both species (Extended Fig. 1c-e) suggesting that naked mole-
rat hearts have hijacked a liver-like response. The above polysaccharides may originate from
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91  a larger oligosaccharide, glycogen that represents the main storage of glucose in a cell and
92  has been shown to be a crucial energy source during ischaemia and anoxia®'2. Consistent
93  with previous findings''* we found a higher amount of glycogen in naked mole-rat hearts
94  resembling levels found in liver, (Fig. 1i), the tissue with the highest glycogen storage capacity.
95  Taken together, these data suggest a distinct metabolic response between naked mole-rat
96 and mouse and a naked mole-rat-specific polysaccharide metabolism in the heart.

97  Carbohydrate metabolism replaces fatty acid storage and use in naked mole-rat heart
98

99 We performed a transcriptomics analysis between naked mole-rat and mouse heart and livers
100  to identify possible genes contributing to the metabolic phenotype in naked mole-rats. Using
101 GO term enrichment analysis, we found that many genes related to the term Glycogen
102 metabolic process were differentially expressed in hearts and livers between naked mole-rat
103 and mouse (Fig. 2a, Extended Fig. 2a). Interestingly, carbohydrate and glycogen metabolism
104  were amongst the top enriched GO terms for upregulated genes in naked mole-rat heart (Fig.
105 2b) and fatty acid and lipid metabolic process appeared as top downregulated GO terms (Fig.
106 2c). Lipid droplets (LD) are dynamic organelles storing neutral lipids for later use under
107 energetic deficit'>-"7. LDs were readily detected with transmission electron microscopy (TEM)
108 from sections of adult mouse heart but were completely absent in naked mole-rat heart
109  sections. We then analysed LDs in neonatal mouse heart since the transcriptional profile
110  favouring carbohydrate metabolism over fatty acids in naked mole-rats resembled a fetal-like
111 cardiac programme’ and we supposed that lack of LDs may be a retained neotenous trait
112 previously reported in naked mole-rat'®. LDs were however present in neonatal mouse heart
113 but at reduced numbers compared to adult mouse (Fig. 2d). Lack of LDs in naked mole-rat
114 heart was further reflected by lower Oil Red O (ORO) staining which detects neutral lipids like
115 triglyceride in tissue (Fig. 2e) and correlated with reduced expression of genes regulating
116 cardiomyocyte lipid storage and lipid droplet dynamics'®'® (Fig. 2f). Genes in the GO term for
117 fatty acid beta-oxidation, the primary mode of energy generation in adult heart were also
118 downregulated in the naked mole-rat heart (Fig. 2g). Overall, this analysis suggests a major
119 metabolic rewiring of heart metabolism in the naked mole-rat away from lipid utilisation and
120  towards glucose storage and usage.

121

122 Liver-like glycogen storage capacity in naked mole-rat heart

123 Glycogen is arranged in either a- or B-granules. B-granules are~20-30 nm in diameter,
124  consist of a central priming protein, glycogenin, covalently bound to a glucose polymer and
125 are considered a rapid energy source. In contrast, a-granules are formed by several (3-
126 granules arranged in a broccoli-like fashion and are typically larger than 50nm and up to 300
127 nm in diameter?®. a-Granules are mainly found in liver and have been linked to a slower
128 release of energy?’. Using transmission electron microscopy (TEM) imaging we could visualise
129 glycogen granules within sections of adult mouse and naked mole-rat heart and liver and
130 neonatal (P1) mouse heart (Fig. 3a). Correlated with high glycogen content (Fig.1i), naked
131 mole-rat and neonatal mouse heart sections contained more electron-dense black glycogen
132 granules compared to adult mouse, where glycogen granules appeared very rarely (Fig. 3a).
133 Cardiac glycogen in adult and neonatal mouse consisted exclusively of B-granules smaller
134 than 50 nm (Fig. 3a). Naked mole-rat heart however, contained high amounts of 3 — and
135 surprisingly, a similarly high number of a-granules, mainly 80 nm but reaching up to 200-300
136 nm in diameter (Fig. 3a). Having observed a-granules in the naked mole-rat heart, we then
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137 compared naked mole-rat heart sections to livers of mouse and naked mole-rat where we
138 observed as expected ample amounts of a-granules. Interestingly, glycogen granule size in
139 naked mole-rat heart was not different to naked mole-rat liver where a-granules tended to be
140 under 100nm and smaller than the a-granules observed in mouse liver (>100 nm) (Fig. 3a).
141 Higher capacity of glycogen biosynthesis and storage in naked mole-rat was further reflected
142 through almost 4- and 2-fold higher levels of glycogen precursor UDP-glucose in heart and
143 liver, respectively (Fig. 3b and c). UDP-glucose dramatically dropped across ischaemic
144  samples in naked mole-rat heart and liver and mouse liver (Fig. 3 b and c) suggesting a rapid
145  switch towards glycogen breakdown under energy depleted states in these tissues. These
146 data reveal that despite reliance on neonatal-like cardiac metabolism, naked mole-rats have
147 diverged their glycogen from the neonatal form and evolved a unique way to store glucose in
148 large liver-like granules.

149 Naked mole-rat hearts express liver-specific glycogen handling isoforms

150

151 Amongst the differentially expressed genes related to glycogen metabolism (Fig2a), we
152 observed preferences for non-canonical isoforms expressed in the heart. Particularly, the
153 three isoforms of glycogen phosphorylase (GP) encoded by 3 genes Pygb, Pygm and Pygl
154 designated brain, muscle, liver for the tissue where the respective isoform is predominantly
155  expressed, showed altered pattern of expression. GP catalyzes the first step in glycogenolysis
156 by releasing Glucose1-phosphate (G1P) from the terminal alpha-1,4-glycosidic bond of a
157 glycogen molecule?'. RNAseq analysis revealed that in mouse heart the two predominant
158 isoforms are Pygm and Pygb, however in the naked mole-rat the isoform distribution is skewed
159  to express substantially more Pygl at levels similar to the liver and much reduced Pygm
160  expression (Fig. 3d and e). In naked mole-rat liver, isoform distribution of GP mimicked mouse
161 liver (Fig. 3e). The isoform switch in the heart was even more pronounced at the protein level
162  where we detected high levels of PYGM in mouse heart as expected and almost no protein
163  expression in naked mole-rat heart (Fig. 3f). On the contrary, PYGL immunoblotting resulted
164  in a strong signal in the naked mole-rat heart and there was no visible signal in the mouse
165  (Fig. 3g). In liver, both species had almost undetectable level of PYGM protein expression and
166 similarly high levels of PYGL protein between the two species (Extended Data Fig.2 b and c).

167 Similarly, genes in the Ppp1r3 family, which control glycogen synthesis and breakdown,
168  showed differential isoform preference in the naked mole-rat heart (Fig. 3h) with Ppp1r3a, the
169  isoform canonically expressed in heart found at similar levels in mouse and naked mole-rat
170 (Fig. 3h), but the liver isoforms Ppp1r3b and Ppp1r3c more abundantly expressed in naked
171 mole-rat hearts (Fig. 3h). Of note, in the liver, Pop1r3b did not differ in its mMRNA expression
172 but Ppp1r3c had elevated expression in naked mole-rats (Fig. 3i). Since high expression of
173 Ppp1r3b and Ppp1r3c is linked to increased glycogen storage and glycogen granule size??-24
174 itis likely that alternative distribution of Ppp 7r3 isoforms and their overall increased expression
175 in heart and liver is responsible for the enhanced capacity to store glycogen in naked mole-rat
176 tissue. Overall, these results indicate that naked mole-rat hearts have non-canonical routes of
177 glycogen storage and handling.

178 Ischaemia promotes rapid breakdown of glycogen to maintain glycolytic flux

179 To understand the fate of glycogen under ischaemia we analysed glycogen content with a
180  glycogen antibody?® immunostaining in heart sections before and after 30 minutes of
181 ischaemia (Fig. 4a). There was a significant reduction in glycogen content in ischaemic
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182 conditions (Fig.4a) which we confirmed via glycogen quantification after 30 and 60 minutes of
183 ischaemia (Fig. 4b)

184  Synthesis and breakdown of glycogen referred to as the “glycogen shunt” is channelling
185 glucose via glycogen to produce Glucose-6-phosphate (G6P), which ensures homeostasis of
186 metabolic intermediates and maintenance of cellular energy in the form of ATP through local
187 and thus rapid access to glucose?. Hence, we analysed intermediates of upper and lower
188 glycolysis including G6P, F6P, DHAP/3PGA, and lactate from our ex vivo ischaemic heart
189 metabolomics dataset (Fig. 4c-f, Extended Data Fig. 3a and b). Metabolites of upper glycolysis
190  as well as DHAP/3-PGA rapidly increased in the early phase in naked mole-rat heart (5 and
191 10 mins) and then declined in prolonged ischaemia (30 and 60 mins) but remained significantly
192 higher than baseline suggestive of a new steady-state. In contrast, in mouse heart, despite an
193 initial surge of these metabolites, glycolytic intermediates could not be maintained at longer
194  duration of ischaemia and significantly decreased below baseline. Furthermore, lactate
195 continued to incrementally increase in naked mole-rat heart the longer the tissues remained
196 ischaemic (Fig. 4f) whereas in mouse, lactate was only marginally increased at early
197 timepoints of ischaemia and stagnated at 30 and 60 minutes. Since this experiment was
198  carried out on excised tissue cut off from circulation and not submerged in buffer, lactate could
199 not be exported from the tissue and thus served as a proxy for glycolytic flux which continued
200  running in naked mole-rats throughout 60 minutes of ischaemic exposure but halted between
201 10-30 minutes in mouse (Fig. 4f). As expected, ATP levels dramatically dropped in ischaemia
202 in both species, but correlating with higher levels of glycolytic intermediates, ATP was
203  nevertheless maintained at 10-fold higher levels in naked mole-rat compared to mouse at 30
204  minutes of ischaemia (Fig. 49).

205 Amylase is activated in ischaemia to process glycogen into polysaccharides

206 Considering the well characterised canonical glycogen breakdown pathway (Fig.5a), the
207  appearance of polysaccharides in ischaemia was surprising and prompted us to look for other
208  non-canonical means of processing glycogen. a-Amylase is a digestive enzyme that catalyzes
209  the hydrolysis of internal a-1,4-glycosidic bonds of starch into smaller polysaccharides such
210  as maltose, maltotriose and maltotetraose?’. Mammalian a-amylase is mainly synthesized by
211 the pancreas and salivary glands but there have been reports of much lower amounts of a-
212 amylase mRNA and activity detected in rat liver 22-30, intestine 3', brain 3233 and other tissues®.
213 The biological significance of a-amylase outside of salivary gland and pancreas remains
214 unclear.

215  Since a-amylase has the capacity to break down glycogen molecules, we decided to
216  investigate whether polysaccharides detected in heart and liver in ischaemia are products of
217 a-amylase activity. We scrutinised our transcriptomics data for amylase expression in heart
218 and liver tissue and found low expression of amylase in mouse liver which was nevertheless
219 over ten-fold higher than heart tissue (Fig. 5b and ¢, Extended Data Fig. 4a and b) confirming
220  previous reports that liver indeed expresses amylase?®2%35, Naked mole-rat liver showed 6-
221 fold higher expression than mouse. Most remarkably, we detected significant expression of
222 amylase in heart tissue, albeit relatively low compared to liver (Fig. 5b, Extended Data Fig. 4a
223 and b). The transcript reads mapped to amy1 gene in both heart and liver in mouse and naked
224  mole-rat (Extended Data Fig. 4a and b). Therefore, amylase found in tissues outside of
225  pancreas and salivary gland is Amy1, corroborating previous studies reporting liver amylase
226  expression to originate from the amy1 gene?. To check that the mRNA transcript was
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227 converted into functional protein we performed western blot analysis and an amylase activity
228  assay. Amylase has been reported to be between 56-62 kD depending on its glycosylation
220  state3¢. We were able to detect amylase in the livers of both mouse and naked mole-rat, with
230  the band for naked mole-rat amylase showing a slightly slower migration suggesting a more
231 glycosylated state (Fig. 5e). Quantification of the bands indicated that naked mole-rats express
232 2.5-fold more amylase protein in liver. Moreover, we detected a clear band for amylase at
233 about 60kD in heart tissue, but only in the naked mole-rat (Fig. 5d). Mass spectrometry-based
234  protein analysis confirmed the presence of amylase in mouse and at greater intensity naked
235  mole-rat heart and liver as well as naked mole-rat brain (Extended Data Fig. 4c). Finally, an
236 activity assay on lysates from heart and liver showed that amylase activity in naked mole-rat
237 heart was over 6-fold higher than mouse and similar to levels in the mouse liver. We were also
238 able to substantially inhibit the activity of amylase with the application of an amylase inhibitor,
239 acarbose (Fig. 5f). Interestingly, mouse heart exhibited some amylase activity albeit at very
240 low levels which was nevertheless reduced to non-detectable activity with acarbose
241 suggesting functional amylase in mouse heart. Overall, elevated expression and activity of
242  amylase in heart of the naked mole-rat may be an evolved adaptation to gain faster access to
243  energy in hypoxia.

244 Neonatal hearts contain several-fold more glycogen than adult hearts (Fig. 3a) and we
245  questioned whether glycogen and therefore amylase in the heart may be a retained neonatal
246  feature given that naked mole-rats indeed have several molecular remnants of neoteny'837
247 including a glucose dependent metabolism in the heart (Fig. 2). We analysed amylase
248  expression by qPCR but found the expression of amylase in neonatal heart at similar level to
249  adult mouse heart (Fig. 5g) suggesting that elevated cardiac amylase expression is a uniquely
250  naked mole-rat feature. To confirm a functional link between amylase and glycogen, we
251 measured glycogen levels in three different adult tissues (brain, heart and liver) and neonatal
252 mouse heart and liver tissue and correlated it to amylase activity for the corresponding organ.
253  Except for neonatal heart, there was a remarkable correlation across all tissues analysed
254  where the glycogen content very closely correlated with the tissue’s amylase activity
255  (R?=0.7506) (Fig. 5h). Linear regression analysis revealed that neonatal mouse falls outside
256 of the 95% confidence interval due to amylase activity being very low relative to the high
257 glycogen content of the neonatal heart) (Fig. 5h). Finally, we exposed neonatal mouse heart
258 and liver to different times of ischaemia and compared levels of maltotetraose, maltotriose and
259  maltose with data from adult mouse and naked mole-rat (Fig. 5i and j). In the heart, all three
260  polysaccharides were significantly more abundant in the naked mole-rat across all timepoints
261 compared to both adult and neonatal mouse (Fig. 5i) correlating with much higher amylase
262  activity in naked mole-rat heart (Fig. 5h). Interestingly, both adult and neonatal mouse showed
263 some increase in polysaccharides in ischaemic conditions where neonates maintained
264  elevated polysaccharide levels for a longer duration than adult mice (30 mins versus 10 mins
265 ischaemia) (Fig. 5i). This suggests that there is indeed low amylase activity induced by
266  ischaemia in adult and neonatal mouse heart and it is likely that, since the neonatal mouse
267  has more glycogen as substrate for its amylase, correspondingly, glycogen is broken down to
268  polysaccharides for a longer duration in neonates in ischaemia. All three animal groups
269  increased polysaccharide levels dramatically in ischaemic liver (Fig. 5j) correlating with our
270  observations of high amylase expression and activity in liver of both species (Fig. 5h). This
271 data supports a biological role for amylase in ex-pancreatic and ex-salivary tissue and reveals
272 an unrecognised role for amylase activity in heart and liver to be rapidly stimulated in
273 ischaemia to release polysaccharides from glycogen.
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274  Inhibition of amylase results in reduction of glycolytic intermediates and F1P

275 To understand the biological significance of glycogen breakdown via amylase under low
276  oxygen conditions, we performed an ex vivo experiment where we exposed small tissue
277 pieces of heart to 30 and 60 mins of extreme hypoxia (0.1% 02) with and without the amylase
278 inhibitor acarbose followed by mass spectrometry-based metabolite analysis. A scheme of the
279  metabolites measured is depicted (Extended Data Fig. 5a) and metabolites that were
280  significantly reduced with acarbose in the naked mole-rat and mouse are coloured in blue.
281  The heatmap in Fig. 5j reveals that many glycolytic metabolites are present at similar levels in
282  naked mole-rat and mouse heart at baseline normoxic conditions. However, in extreme
283 hypoxia the mouse rapidly and dramatically drops its levels of glycolytic intermediates whereas
284  the naked mole-rat can maintain glycolytic metabolites at steady levels up to 30 minutes and
285  for some metabolites, even up to 60 minutes (Fig. 5j, Extended Data Fig. 5a, f-1), re-affirming
286  our previous observation that naked mole-rats can sustain glycolytic intermediates for much
287  longer under extreme energetic challenges. Inhibition of amylase via acarbose results in a
288  significant reduction of glycolytic, fructolytic and some TCA cycle intermediates implicating
289  amylase in facilitating efficient glycolytic flux in hypoxia. Supporting our initial observation (Fig.
290  1e-h), we saw a dramatic increase of maltotriose and maltose in the naked mole-rat heart
291 upon extreme hypoxia which was severely blunted by the addition of acarbose (Fig. 5j,
292  Extended Data Fig.5 b and c). Compared to naked mole-rat hypoxic heart, polysaccharide
293 content in mouse was magnitudes lower (Extended Data Fig.5 b and c), most likely since 30
294  minutes of extreme hypoxia is enough time to deplete the entire store of glycogen in mouse
295  heart (Fig 4a and b). Glycogen and polysaccharides can be processed into G1P by GPs or
296 into glucose by the action of a-glucosidase, GAA in the lysosome?3® or MGAM?®, a digestive
297  enzyme like amylase, usually associated with processing polysaccharides into free glucose in
208  the intestine (Extended Data Fig. 5a). G1P increased in hypoxia in naked mole-rats with a
299  tendency to decrease with amylase inhibition but did not reach significance. In contrast, G1P
300 levels in mice plummeted with hypoxia and were over 10-fold lower compared to naked mole-
301 rat (Extended Data Fig. 5 e). Glucose was maintained over 4-fold higher in hypoxic naked
302  mole-rat heart compared to mouse but decreased with acarbose treatment (Extended Data
303  Fig. 5d). Surprisingly, sugar phosphates of the upper glycolysis G6P and FEP were unaffected
304 by acarbose treatment (Extended Data Fig. f and g), in contrast to F1,6BP, a product of the
305 rate-limiting PFK1 enzyme as well as all other downstream glycolytic intermediates (1,3BPG,
306 3PGA, pyruvate, lactate) which were drastically reduced in the presence of acarbose
307 (Extended Data Fig. 5h-l). Acarbose showed similar effects on glycolytic intermediates in
308  mouse (Extended Data Fig. 5a and h-l) which shows that mice rely somewhat on amylase,
300 however due to overall low glycogen levels and much lower amylase expression and activity,
310  amylase can only enhance glycolysis for a short interval until glycogen is depleted (Fig. 4a
311 and b). Acarbose decreased TCA cycle intermediates in both species but increased
312 succinate/fumarate ratio in naked mole-rats suggesting a more rapid inefficiency of
313 mitochondria when amylase is blocked (Extended Data Fig. 5m-t).

314  We have previously reported that naked mole-rats switch to fructose metabolism during
315  ischaemic episodes in liver, kidney and brain'®, and here we show that the heart similarly
316  raises its levels of fructose and F1P levels in extreme hypoxia (Fig.5k, Extended Data Fig. 5v
317 and w). Surprisingly, a similar pattern was observed in mice (Fig.5k, Extended Data Fig. 5v
318 and w). Since neither fructose nor glucose was provided in the media, the fructose and
319 downstream F1P had to be generated de novo via the polyol pathway*° from free glucose.
320 Free glucose can be generated from glycogen by non-canonical glycogen mobilisation
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321 pathways via either a-glycosidases MGAM whose mRNA expression was 4-fold higher in
322 naked mole-rat compared to mouse heart (Extended Data Fig. 6a) or GAA which we showed
323 through immunostaining to be expressed at greater levels and have higher co-localisation with
324  glycogen in the naked mole-rat heart (Extended Data Fig. 6b-d). Although neither fructose nor
325  sorbitol was changed with acarbose treatment (Extended Data Fig. 5u and v), likely due to
326  dynamic synthesis and breakdown fluxes, we nevertheless observed a significant reduction in
327 F1P in hypoxia with acarbose treatment in both species (Extended Data Fig. 5w). Glycogen,
328  therefore, may not only provide carbons for the classic glycolytic pathway, but may also act
329  as a reservoir of free glucose released by a-glucosidases. Free glucose can be converted to
330 fructose and F1P allowing bypass of the tightly regulated rate-limiting PFK1 enzyme to enter
331 glycolysis downstream?®. Indeed, it has now been shown in several systems that fructose
332  metabolism is upregulated and beneficial under low oxygen conditions®#'-43, Overall, in both
333 mice and more pronounced in the naked mole-rat where amylase plays a greater role,
334  inhibition of glycogen mobilisation results in a dramatic reduction of glycolytic flux and
335  therefore energetic resources which are vital, particularly under energy depleted conditions.

336 Discussion

337  Naked mole-rats are amongst the most impressive hypoxia tolerant mammals, surviving 18
338 minutes of complete anoxia and hours at 3% 0,'%44. We sought to understand mechanisms
339  that afford naked mole-rat hearts protection under ischaemic conditions and uncover a
340 dramatic rewiring of cardiac metabolism which forgoes lipid storage and utilisation in
341 substitution for abundant glycogen stores and carbohydrate metabolism. Such metabolic
342 rewiring is reminiscent of a foetal heart which because of its primitive tubular morphology and
343  intrauterine environment is inherently hypoxic*. However, foetal metabolism cannot meet the
344  energetic demand of a post-natal heart and soon after birth mammalian heart reprogrammes
345  to a more efficient energy production using fatty acid oxidation*¢. To overcome energetic
346 crises and sustain cardiac output in adulthood, we discovered that naked mole-rats optimised
347  the foetal mode of energy generation via several unique adaptations resembling liver-like
348  glycogen metabolism. This includes larger and more abundant glycogen granules arranged in
349 a-particles normally found exclusively in liver?® and likely a result of increased expression of
350 liver isoform PPP1R3B and PPP1R3C, previously linked with increased glycogen content?2-24
351 and larger granule size*” respectively. Interestingly, larger a-particles release glucose more
352 slowly than B-particles*®, and help with maintaining blood glucose during overnight fasting?*.
353  In naked mole-rats a-granules may provide stable reservoirs of glucose for baseline cardiac
354  function in the absence of lipid metabolism and simultaneously be an abundant local source
355  of anaerobic fuel for energetic crises like ischaemia. Liver (PYGL) and muscle (PYGM)
356 glycogen phosphorylases are both activated by phosphorylation, but in the unphosphorylated
357 (b) state, only PYGM s efficiently activated by the allosteric activator AMP4230, Additionally,
358  PYGL is overall a less efficient enzyme than PYGM and altogether these differences reflect
359  the distinct physiological roles for these two isoenzymes®. The liver stores by far the largest
360 amount of glycogen compared to all other tissues and liver’s specialised role as a “glucostat”
361 for systemic glucose homeostasis diversified its glycogen metabolism away from other tissues
362 like muscle and brain where glycogen is primarily used to meet intracellular or intra-organ
363  energy demands®'. Replacement of PYGM for the liver PYGL isoform in naked mole-rat heart
364  favours a hormonal control of glycogen breakdown dictated by whole-body energy status
365  possibly avoiding a premature switch for glycogenolysis during transient intracellular energetic
366  fluxes signalled via AMP. Likewise, lower specific activity of PYGL may protect naked mole-
367 rats from inappropriately high rates of glycogen breakdown needed during fight-or-flight


https://doi.org/10.1101/2024.06.09.598072
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.09.598072; this version posted June 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

368  response in muscle but would be wasteful under baseline states or extended periods of
369  hypoxia where energetic demands are lowered and substrate spared.

370 Under severe energetic challenges like ischaemia, we report an unexpected role for amylase
371 enzyme to hydrolyse glycogen into smaller polysaccharides in heart and liver. Amylase is
372 classically known to be expressed in the pancreas (Amy2) and salivary gland (Amy1) for starch
373 breakdown 2" as well as liver® where the biological function remained so far obscure. Naked
374  mole-rats evolved higher expression of amy1 gene compared to mouse in liver and uniquely
375 in the heart. Amylase hydrolyses internal glycosidic bonds to yield short polysaccharides®? and
376  inthis way provides greater substrate for downstream processing by glycogen phosphorylase
377 and glucosidases. Indeed we show amylase to be important for maintaining efficient glycolytic
378 flux, adequate levels of free glucose and fructolysis in near-anoxic conditions. We mined
379 RNAseq and metabolomics data from a recent study on cardiometabolic adaptations in 8
380  African mole-rats species' and found that rewiring of glycogen metabolism including amylase
381 expression in the heart occurred exclusively in the naked mole-rat genera and may indeed be
382 a significant factor contributing to this species’ superior survival in extreme hypoxia'®'".

383  Glycogen has recently been implicated in many processes outside of energy storage including
384 fibrosis, gene regulation and protein glycosylation in various tissues®3-55. We believe the
385  alternative way the naked mole-rat uses its glycogen stores could contribute insights to these
386  recent developments. Moreover, the novel role for amylase in glycogen breakdown may not
387  only offer insights into protective mechanisms during energy deficits like ischaemia, but may
388 be a novel avenue to explore in dysregulation of glycogen metabolism in diseases like
389  diabetes.
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Fig. 1: Distinct metabolic response to ischaemia in mouse and naked mole-rat heart

a, A schematic illustrating the experimental design to induce ischaemia in heart and liver sections in naked mole-rat and mouse.
Sections from mouse and naked mole-rat heart and liver were either immediately clamped frozen at liquid nitrogen temperature
to generate a baseline sample under fully oxygenated “normoxic” conditions or incubated to induce ischaemia at 30° for the
indicated times before freeze clamping for downstream metabolomic analysis. b-d, Principal-component analysis of b, heart and
liver ¢, heart and d, liver tissue from mouse and naked-mole-rats at baseline and exposed to ischaemia for 5,10,30 and 60 mins
(n=4 each). e, Heatmap visualization of metabolites unchanged in mouse and naked mole-rat at baseline but increased in naked
mole-rat ischaemic hearts (n=4 each). f-h, Levels of f, maltotetraose g, maltotriose h, and disaccharides in mouse and naked
mole-rat hearts at different timepoints of ischaemia (n=4 each). i, Quantification of glycogen content in heart and liver in mouse
and naked mole-rat (n=4). Error bar represents mean + s.e.m. n numbers refer to individual animals. Two-way ANOVA with
Tukey’s test was used for correction of multiple comparisons in f-h. Two-tailed, unpaired Student t-tests with correction for multiple
testing were used for statistical analysis i. *p <0.05, **p <0.01, ***p <0.001 within species comparison at different timepoints,
#p < 0.05, ##p < 0.01, ##H#p < 0.001 between species comparison for corresponding timepoints.
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Fig. 2: Carbohydrate metabolism replaces fatty acid storage and use in naked mole-rat heart

a, Heatmap of transcriptomic analysis between mouse and naked mole-rat heart for the GO term “glycogen metabolic process”.
b-c, Top 20 enriched GO terms of b, upregulated genes and ¢, downregulated genes in naked mole-rat heart compared to mouse
heart (n=3 for a-c). d, Quantification of % lipid droplet volume density in naked adult and neonatal (P1) mouse and adult naked
mole-rat hearts and representative transmission electron microscopy images, scale bar = 2uM top panel, 1 yM bottom panel.
Arrows point to representative lipid droplets (LD) and lysosomes (n=52-62 individual images for n=4 biological replicates).
e,Representative QOil red O staining images indicating intramyocardial lipid content in mouse and naked mole-rat heart and quanti-
tative analysis of positive area of oil red staining (30 randomly selected areas were measured in n=3 biological replicates).
f, Expression of genes related to lipid droplet formation in heart of mouse and naked mole-rat determined with RNAseq (n=3).
g, Heatmap of transcriptomic analysis between mouse and naked mole-rat heart for the GO term fatty acid beta oxidation. Error
bar represents mean +s.e.m. n numbers refer to individual animals, unless otherwise stated. Two-tailed, unpaired Student t-tests
for e, with correction for multiple testing in d, f were used for statistical analysis, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3: Glycogen storage and breakdown mechanisms resemble liver in naked mole-rat heart

a, Quantification of glycogen particle size and representative TEM images in adult and neonatal (P1) mouse and adult naked
mole-rat heart (n=3), scale bar = 500nM and adult mouse and naked mole-rat liver (n=2), scale bar=1uM, a-granules < 50nm and
B-granules >50nm, (140-450 granules quantified for each sample). b,c, UDP-glucose levels at baseline and different lengths of
ischaemia in b, heart and ¢, liver of mouse and naked mole-rat. d,e, Expression of glycogen phosphorylase (GP) isoforms Pygb,
Pygm and Pygl in d, heart and e, liver determined by RNAseq (n=3). f,g, Western blot analysis and quantification normalised to
ponceau loading control of GP isoforms in mouse and naked mole-rat heart (n=4) f, muscle isoform PYGM and g, liver isoform
PYGL. h,i, Expression of Ppp1r3 isoforms in h, heart and i, liver determined with RNAseq (n=3). Error bar represents mean
+s.e.m. n numbers refer to individual animals. One-way ANOVA with Tukey'’s test was used for correction of multiple comparisons
in a, Two-way ANOVA with Tukey’s test was used for correction of multiple comparisons in b, c. Two-tailed, unpaired Student
t-tests with correction for multiple testing were used for statistical analysis d,e,h,i. Two-tailed, unpaired Student t-tests were used
for statistical analysis in f,g. *p <0.05, **p <0.01, ***p <0.001, for b, ¢ *p <0.05, **p <0.01, ***p <0.001, within species comparison
at different timepoints, #p < 0.05, ##p < 0.01, ###p < 0.001 between species comparison for corresponding timepoints.
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Fig. 4: Naked mole-rats tap into glycogen stores to sustain glycolytic intermediates in anoxia

a, Counts of glycogen particles identified by immunofluorescence in heart tissue at baseline and after 30 min anoxia and
representative immunofluorescent images of hearts. Blue: DAPI, red: glycogen, scale bar = 50uM (19-23 images were
analysed for each species/condition, n=3 biological replicates). b, Quantification of heart glycogen content at baseline and 30
and 60mins ischaemia (n=4 each) in mouse and naked mole-rat (n=4). c-f, Levels of glycolytic intermediates at baseline and
different duration of ischaemia in heart of mouse and naked mole-rat ¢, glucose-6-phosphate (G6) d, fructose-6-phosphate
(F6P) e, DHAP/G3P and f, lactate (n=4 each). g, Quantification of ATP levels at baseline and 30 and 60 mins of ischaemia in
mouse and naked mole-rat heart (n=3). Error bar represents mean + s.e.m. n numbers refer to individual animals in d-i.
Two-way ANOVA with Tukey’s test was used for correction of multiple comparisons in a-g. *p <0.05, **p<0.01, ***p <0.001,
for c-g, *p < 0.05, **p < 0.01, ***p < 0.001, within species comparison at different timepoints, #p < 0.05, ##p < 0.01,
###p<0.001 between species comparison for corresponding timepoints.
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Fig. 5: Naked mole-rat has co-opted amylase in the heart for efficient glycogen breakdown
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Fig. 5: Naked mole-rat has co-opted amylase in the heart for efficient glycogen breakdown

a, Canonical glycogen synthesis and breakdown pathways. b,c, Expression of salivary amylase (Amy1) in b, heart and c, liver
determined by RNAseq (n=3). d,e, Western blot analysis of amylase protein in d, heart and e, liver of mouse and naked mole-rat
and quantification of amylase protein relative to mouse (n=4 each). AMY 1 predicted size is 56-62 kDa depending on glycosylation
status for validation of bands with LC/MS e, Amylase activity in tissue homogenates in heart and liver with and without amylase
inhibitor acarbose (2.5mM) (n=5, except nmr liver n=4). f, Expression of Amy1 in adult mouse, naked mole-rat heart and liver and
neonatal (P1) mouse heart relative to adult mouse heart measured by gPCR (heart n=4, neonatal mouse liver n=6, mouse and nmr
liver n=9). g, correlation between amylase activity and glycogen content in heart, liver and brain tissue from adult and neonatal (P1)
mouse and adult naked mole-rat estimated by simple linear regression and 95% confidence interval, R2=0.7506, p<0.0001 (n=5,
except nmr liver, brain and mouse brain n=4). h,i, Intensity (normalised to median of L-Valine-d8) of maltotetraose, maltotriose and
maltose in adult, neonatal mouse and naked mole-rat at normoxic baseline and indicated timepoints in ischaemia in h, heart and
i, liver (n=4 each). j, Heatmap of all measured metabolites in mouse and naked mole-rat heart slices in 0.1% hypoxia with or
without acarbose treatment. Intensities were normalised to corresponding hypoxia 30 min sample, n=4. Error bar represents mean
+s.e.m. n numbers refer to individual animals. Two-tailed, unpaired Student t-tests with correction for multiple testing were used
for statistical analysis in b,c,g. Two-tailed, unpaired Student t-tests were used for statistical analysis in d,e. Two-way ANOVA with
Tukey'’s tests was used for correction of multiple comparisons in f, h-j. *p <0.05, **p < 0.01, ***p <0.001, for h and i, * indicates
significance between naked mole-rat vs adult mouse, # naked mole-rat and neonatal mouse, 1 adult and neonatal mouse.
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