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ABSTRACT 

 
 
Torpor is a successful survival strategy displayed by several mammalian species to cope with harsh 

environmental conditions: indeed, a complex interplay of ambient, genetic and circadian stimuli acts 

centrally to induce a severe suppression of metabolic rate, usually followed, at a low ambient 

temperature, by an apparently undefended reduction of body temperature. Some animals, such as 

marmots and ground squirrels, are able to maintain this physiological state for many months (the so-

called hibernation), during which the bouts of torpor are periodically interrupted by short interbouts 

of normothermia (the so-called arousals).  

During torpor, the organ physiology changes according to the needs of the organism and the cells 

turn on a quiescent phenotype, activating a series of protective mechanisms. These adaptations have 

been shown to be associated with a large resistance towards stressors, such as radiation: indeed, if 

irradiated during torpor, the hibernators can tolerate higher doses of radiation, showing an increased 

survival rate. 

Because of its wide and heterogeneous distribution in the animal kingdom, it is currently believed 

that torpor might be an adaptation inherited by an ancient proto-mammal. In this perspective, the pool 

of genes and the neuronal pathways allowing torpor might still be present in all mammals, although 

not active in non-hibernators like humans. Some recent discoveries have reinforced the concept 

according to which the manipulation of the central nervous system, and in particular the 

hypothalamus, might represent the key factor to unlock a torpor-like state in non-hibernators. This is 

extremely appealing since it could provide remarkable translational advantages for what concerns the 

clinical setting, by allowing new and more efficient treatment strategies, and for long-term space 

explorations, concurring to overcome the restrictions which make them currently unfeasible.     

The present research project is centered on synthetic torpor, a hypometabolic/hypothermic condition 

induced in a non-hibernator, the rat, through the pharmacological inhibition of the Raphe Pallidus, a 

key area controlling the thermogenic effectors, by the repeated injection of the GABAA agonist 

muscimol. By exploiting this procedure, this thesis aimed at: i) providing a multiorgan description of 

the functional cellular adaptations to synthetic torpor; ii) exploring the possibility, and the 

underpinning molecular mechanisms, of an enhanced radioresistance induced by synthetic torpor. To 

achieve these aims, transcriptional and histological analysis have been performed in multiple organs 

of synthetic torpid rats and normothermic rats, either exposed or not exposed to 3 Gy total body of 

X-rays. 



The results showed that: i) similarly to natural torpor, the induction of synthetic torpor leads to the 

activation of cellular responses, for instance survival and stress resistance, which allow the organs to 

successfully adapt to the new homeostasis; ii) the synthetic torpor provides tissue protection against 

radiation damage, probably mainly through the cellular adaptations constitutively induced by 

synthetic torpor, even though the triggering of specific responses when the animal is irradiated during 

hypothermia might play a role. 

In conclusion, synthetic torpor may represent a valid strategy to mimic natural torpor and the 

enhanced radioresistance associated with this procedure could expand its already wide and intriguing 

translational applications. 
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1.1  TORPOR AND HIBERNATION  

Torpor is an energy saving strategy used by many mammals and birds to cope with harsh 

environmental conditions, such as long period of food shortage or extreme climatic conditions. It is 

characterized by an active and transient suppression of metabolic rate, usually followed by a 

reversible and undefended reduction of body temperature and other physiological functions (Geiser 

2004). For clarifying, these animals are homeotherms because they are able, like every other mammal, 

to maintain a constant body temperature over a wide range of ambient temperature; however, 

following proper stimuli, they can adopt a heterothermic phenotype entering in torpor.  

To move from being an active animal, hunting and mating, to being inactive in a nest for even more 

than half a year (radically changing the own endothermic physiology) requires an extraordinary 

coordination of all the systems (Mohr, Bagriantsev, and Gracheva 2020). Despite this challenge, 

torpor is widespread among mammals (Fig. 1) and it is also present in some birds. The heterogeneity 

of torpor distribution in the animal kingdom suggests that this adaptation might be a plesiomorphic 

feature inherited by an ancient proto-mammal. It is believed that this animal (who lived on the Earth 

approximately 150-200 million years ago) developed endothermy to be nocturnal and to reduce the 

risks of predation by dinosaurs which, being ectotherms, needed to be warmed up by the sun to be 

active. Thus, the ability of maintaining a constant body temperature was a very significant step in 

evolution. However, the high metabolic heat production requires larger food intake, especially for 

nocturnal animals, which it could not always be available; this is thought to be one of the reasons 

why the proto-mammals relied on a transient reduction in metabolic rate during the resting phase of 

the day: this is what we call today ñdaily torporò. After the extinction of the dinosaurs, the use of 

torpor as a mean to optimize energy balance and avoid predation became less relevant. Thus, this 

ability will be maintained in those animals having higher energy expenditure because in challenging 

environments (i.e. mountains, deserts, or arctic) whereas will be lost in others experiencing richer 

environmental conditions. If thatôs true, it is possible to assume that the pool of genes as well as the 

neuronal pathways enabling torpor are shared among the mammals and just the regulatory 

mechanisms have been silenced for uselessness (Matteo Cerri et al. 2016; Geiser 2004).   

 

Due to the diverse environmental issues the animals had to experience, torpor has developed with 

various patterns, frequency and features across the animal kingdom. Indeed, the reduction in energy 

expenditure can occur daily, according to the need (namely daily torpor or daily heterothermy) or it 

can manifest as more complex hypometabolic behaviors, characterized by consecutive bouts of 

torpor, interrupted by periodical arousals during which the animals recover their normal vital 
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function; hibernation belongs to this latter (Fig. 2) and can be either facultative or obligatory. In 

particular, the facultative hibernators ï such as hamsters, marsupials or bats ï are those animals which 

enter in torpor only in presence of scarce resources, low ambient temperature and short-photoperiod. 

Instead, the obligatory hibernators ï such as marmots, bears and artic ground squirrels ï enter torpor 

seasonally, typically from the late summer or autumn to the late winter or spring, despite favorable 

conditions (Mohr, Bagriantsev, and Gracheva 2020; Ruf, Giroud, and Geiser 2022). This kind of 

hibernation is coordinated by an internal seasonal clock and it involves a series of pre-adaptations to 

the hibernation season (e.g. increasing body fat or storing food in the burrow, reducing testicular 

volume or thyroid activity, etc.). Interestingly, they can hibernate solitarily or, especially the fat-

storing hibernators, in groups with other conspecifics (the so-called huddling or social 

thermoregulation) for minimizing heat loss (Nowack and Geiser 2016; Jefimow, Gğa┌bska, and 

Wojciechowski 2011). Besides hibernation, other hypometabolic behaviors are estivation (used by 

some fish, reptiles, small mammals and some invertebrates to cope with arid environment and high 

ambient temperatures) and brumation (which takes place only in reptiles in response to cold and 

reduced food availability).  

 

Daily torpor and hibernation are joined by the same physiological basis and their properties are 

similar: they are mainly distinguished according to the differences in the onset, duration and 

magnitude of the hypometabolic/hypothermic state.   

Energy savings by daily torpor are less pronounced compared to hibernation. Typically, daily 

heterotherms are small mammals, weighting between 5 and 50 g. In nocturnal animals, daily torpor 

is usually restricted to the second part of the night and the early morning, while for diurnal animals it 

occurs during the night. Moreover, daily torpor does not appear to be seasonal: it can occur throughout 

the year but it is most frequent during winter. A bout of daily torpor lasts hours (typically between 3 

and 12 hours per day) and the metabolic rate decreases to about 30% of the basal values (but it can 

further decrease to 10-20% if compared to the metabolic rate of a normothermic animal exposed to 

the same low ambient temperature). In small daily heterotherms, such as mice, the body temperature 

(Tb) drops to near 18 °C during torpor, while in larger species ï e.g. the American badgers ï the Tb is 

around 30 °C. Hence ï depending on the species, the duration and depth of torpor as well as the 

duration and intensity of activity ï the total energy expenditure is decreased by 50-90% on the days 

where daily torpor is used compared to those where this strategy is not employed (Geiser 2004). 

On the other hand, hibernators are typically small, but bigger then daily heterotherms (between 10 

and 1000 g). They usually show 7 to 10 days of torpor bout separated by short interbout arousals 

(lasting less than 24 hours); the cycles of torpor bouts-arousals can be repeated for 15-20 times over 
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a period of 5-7 months. The metabolic rate can be reduced to about 5% of the basal metabolic rate 

and it decreases to be less than 1-2% if compared with normothermic animals at low ambient 

temperature (saving up to 98% of their energy requirements as compared to the euthermic state 

(Heldmaier, Ortmann, and Elvert 2004)). Even considering the energy-demanding arousals, the 

energy expenditure during hibernation season is still below 15% compared to the one the animals 

would have had remaining normothermic throughout the winter (Geiser 2004). As a consequence, the 

Tb falls down to below 10°C with an average minimal Tb of 5°C and a minimal detected temperature 

of -2.9 °C in the artic ground squirrels (Spermophilus parryii). However, when the ambient 

temperature drops below 0°C, the animals defend a Tb around 0°C increasing their metabolic rate, 

also showing shorter torpor bout duration.  

Hence, it has been demonstrated that hibernation, compared to daily torpor, shows: an average 

maximum torpor bout duration >30-fold longer, a mean torpor bout duration >25- fold longer, a 

minimum body temperature by about 13°C lower and a mean torpor metabolic rate significantly lower 

(Ruf and Geiser 2015).  

The metabolic and thermal suppression, as well as the torpor bout duration, is higher in smaller 

hibernators, especially in those who fatten before the hibernation season to sustain the winter energy 

requirements (namely, the so-called fat-storing hibernators; see later). This is because in small 

animals the metabolic suppression confers a significant energy advantage over the basal metabolism, 

an advantage that decreases with increasing body size. Thatôs in accordance with the observation that 

torpor is most frequently found in small mammals; however, it is also present in some larger sized 

animals, such as marmots and bears (Heldmaier, Ortmann, and Elvert 2004), even though deep torpor 

(with Tb < 10 ÁC) is reserved to species weighing less than 10 kg. Indeed, during bearsô hibernation: 

the body temperature remains near normothermic values (which is 37-38 °C), ranging from 31.2 to 

36°C; the heart rate drops to 8-10 bpm compared with the 40 bpm of resting periods; metabolic rate 

is about 70% of basal levels, but it reaches 40% of basal metabolism in black bears. These metabolic 

rates represent the lower limits for mammals of such body mass: a lower metabolic rate and Tb would 

require larger energy expenditures for the rewarming during arousals (Hellgreen 1998).  

Bears do not represent the only mammals hibernating at high temperature: for instance, the Malagasy 

common tenrecs (Tenrec ecaudatus) can remain still active at a Tb of 12°C (close to the TA) or, on 

the other hand, entering in torpor with a Tb of 28°C without showing interbout arousals (Treat et al. 

2018); or still, the Golden spiny mice (Acomys russatus), who normally experiences long periods of 

food and water shortage in the Judean desert where he lives, is able to enter in torpor even at the high 

ambient temperatures of 32 and 35°C, showing a metabolic depression without a marked decreased 

of body temperature (Grimpo et al. 2013). 
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Another remarkable example of hibernation comes from a tropical primate: the Madagascan fat-tailed 

dwarf lemur (Cheirogaleus medius). This mammal hibernates in the tree holes even when the winter 

temperature goes over 30 ÁC. Curiously, if the hole is poorly insulated, the dwarf lemurôs body 

temperature follows passively the fluctuations of the ambient temperature, varying its Tb of 20°C 

each day (the greatest fluctuation recorded is 24.9°C, from 9.3°C to 35.9°C); instead, in the holes 

moderately well insulated, their body temperature is maintained below 30°C; in those well insulated, 

thus with a stable ambient temperature, they hibernate maintaining a Tb of 25°C (Dausmann et al. 

2004). 

Besides the aforementioned dwarf lemur, four Madagascan dwarf lemur species ï the pygmy slow 

loris (Nycticebus pygmaeus) in Vietnam, the African lesser bushbaby (Galago moholi), the grey 

mouse lemur (Microcebus murinus) and the reddish-gray mouse lemur (Microcebus griseorufus) ï 

have shown to use different patterns of heterothermy; that reinforces the idea that torpor pathways 

might be a common trait in the animal kingdom and raises the possibility to unlock such condition 

also in non-hibernating primates, such as humans (Andrews 2019). 

 

 

1.2 PHYSIOLOGICAL AND MOLECULAR ADAPTATIONS TO 

TORPOR 

Hibernation is the most dramatic example of phenotypic plasticity displayed by mammals (Carey, 

Andrews, and Martin 2003). Indeed, regardless of the large variety of phenotypes through which 

hibernation or torpor can occur, each animal deals with substantially morphological, physiological, 

and behavioral changes, which require a fine synchronization at all body levels (cellular, tissue and 

systemic planes).  

In this chapter, a brief description of the most relevant hibernation-related changes is carried out.  

 

1.2.1 CELLULAR ADAPTATIONS  

1.2.1.1  Gene Expression 

The reduction of metabolism and energy demanding has a strong impact on all the cellular processes, 

among all the DNA activity. Both transcription and translation are energetically expensive processes 

which cannot be sustained during torpor since the cell is only keeping on those mechanisms necessary 

for its homeostasis. 
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Several studies have reported a genome structural modification during torpor leading to a global 

suppression of transcription (F. Van Breukelen and Martin 2002; Biggar and Storey 2014; Morin and 

Storey 2006) which is resumed for a short time during the interbout arousals. The inaccessibility of 

the transcriptional machinery to the DNA is mainly controlled by epigenetic regulation, in particular 

the one of the histones, to which the DNA is wrapped around forming nucleosomes: different post-

translational modifications (PTMs; acetylation, phosphorylation, methylation and SUMOylating), 

mainly occurring to histone 3, can either compact (preventing transcription, e.g. deacetylation, 

methylation of gene promoters, etc.) or selectively relax (facilitating transcription, e.g. acetylation, 

etc.) the DNA structure (Al -attar and Storey 2020; Tessier et al. 2017). The suppression of 

transcription also depends on the accessibility to DNA of transcription factors, mostly regulated by 

PTMs.  

However, whilst chromatin compaction enhances cellular resistance to stress (Takata et al. 2013), it 

interfere with the activity of repair enzymes, which also need access to DNA in order to function.  

Thatôs why, considering also the decrease in the rate of biochemical reactions associated to the low 

temperature, it has been debated whether there might be DNA repair during the deep torpor. If it 

wasnôt, the interbout arousal (whose functional reason is not yet known) could be triggered by the 

accumulated DNA damage in order to return to normothermia and restore DNA integrity. On the 

other hand, an increased resistance to stressful insults, such as exposure to radiation, has been reported 

by many researchers, suggesting that hibernators might have more efficient repair capacities than 

non-hibernators (Jaroslow et al. 1976). 

Worthy of note is that the overall suppression of transcription does not result from a passive 

mechanism: in fact a number of genes which play a central role in maintaining the torpor steady state 

are up-regulated while others not necessary or maybe involved in promoting arousal are selectively 

down-regulated (Carey, Andrews, and Martin 2003). For instance, the switch from carbohydrate to 

fatty acid metabolism (Carey, Andrews, and Martin 2003), the inhibition of cell replication, the 

promotion of anti-oxidant defenses (Morin and Storey 2009) or the activation of specific responses 

tissue-specific are selectively upregulated. 

However, these transcriptional modifications mainly occur seasonally and they are clearly detectable 

by comparing the winter hibernated phenotype and the active summer non hibernating one; in fact, 

across torpor-arousal cycle such large-scale restructuring of the transcriptome is not or less involved 

(D. R. Williams et al. 2005). Instead, post-translational modifications (phosphorylation, methylation, 

ubiquitination, ecc.) of downstream protein effectors or also the involvement of miRNA ï small non-

coding transcripts known to bind mRNAs and regulate gene expression triggering their degradation 

or preventing their translation ï are more suitable to rapidly and reversibly induce the physiological 
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adaptation necessary to emerge, typically within minutes to hours, from the deep torpor to the 

euthermic phenotype (Carey, Andrews, and Martin 2003; Rouble and Storey 2015; Morin and Storey 

2009). On a different note, increasing relevance in regulating torpor and its transition towards arousal 

has been given to splicing because of its role in processing and stabilizing mRNA, which is much 

less stable than proteins. Alternative splicing can affect the mRNA untranslated region, controlling 

the fate of the transcript, or the coding sequences, diversifying the functional properties of proteins 

according to the cellôs conditions and needs; likewise, as a result of splicing activity, the pre-mRNAs 

can be stored intranuclearly in a stable form to be immediately utilized upon arousal (Tessier and 

Storey 2014). Many evidences of splicing in response to hibernation have been documented in 

different species ï e.g. artic and thirteen-lined ground squirrels, dormice, Egyptian jerboa, bats ï in 

relation to, among all, PPARŬ (Kebbaj et al. 2009) or Tau protein (Stieler et al. 2011). 

Hence, to maintain the metabolic rate depression, all the stages of gene expression are reduced and 

kept at optimal energetic levels through a fine regulation: during transcription mainly by epigenetic 

modification and regulation of trans-regulatory elements; post-transcriptionally by microRNAs;  at 

the translational level by ribosome availability and function (Knight et al. 2000); at the post-

translational level by reversible protein modification (e.g. via phosphorylation, methylation, or 

ubiquitination, etc.) (Al -attar and Storey 2020). 

 

1.2.1.2  Cell-Cycle Progression  

In accordance with the severe reduction of transcription and translation in torpid hibernators, cell-

cycle progression is arrested during torpor, taking on the appearance of quiescent cells, since they 

retain the proliferative capacities unless they donôt receive a proper stimulus (arousal).  

Basically, cell cycle progression is drove by the activity of cyclin dependent kinases (CDK) and their 

association with the proper cyclin (A, B, D, and E), differentially expressed during specific cycle 

phases. Due to extrinsic or intrinsic stressors such as DNA damage, the cells can pause the cell cycle, 

during the checkpoints occurring between the different phases, to enable repairing or programmed 

cell death.  

During hibernation, the inhibition of cell-cycle progression is triggered by the reduction of nutrient 

levels and energy production: a low [ATP]:[AMP] ratio activates the energy-sensing AMP- activated 

protein kinase (AMPK) initiating a signaling cascade which results in the upregulation of cyclin-

dependent kinase inhibitors (CKI), involved in cell-cycle arrest, and finally in the inhibition of Cyclin 

D and E, responsible for escaping from the cell cycle during G1 and for entering into quiescence G0 

state (Dias, Bouma, and Henning 2021). The accumulation of cells in G0-G1 phase during hibernation 
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(Jaroslow et al. 1976; Baird et al. 2011), also proved by the decreased transcription of genes related 

to cell growth during torpor compared to arousal (Yan et al. 2008; D. R. Williams et al. 2005),  would 

potentially benefit cell survival, allowing time for DNA damage repairing. 

Dias and colleagues (Dias, Bouma, and Henning 2021) have demonstrated that this reversible 

inhibition of the cell cycle, together with a shift in metabolism towards fatty acid oxidation, a 

downregulation of mitochondrial activity and many other features, is similarly involved in 

hematopoietic stem cell quiescence.  

 

1.2.1.3 Programmable cell death 

The amount of environmental and intracellular stressors the hibernating cells are exposed to, would 

be sufficient to induce a significant, and perhaps detrimental, cell death (Portt et al. 2011). But these 

cells are able to finely orchestrate a tight balancing between pro- and anti-apoptotic pathways, 

deciding their fate according to amount of damage.  

There are three types of programmable cell death: apoptosis, autophagy and necrosis. While necrosis 

is only observed in pathological situations during which it induces the spilling of the cellular contents 

to the neighboring cells, apoptosis and autophagy are crucial for the survival of multicellular 

organisms, deleting the damaged cells that would interfere with normal tissue function without 

hurting the healthy cells (Portt et al. 2011). In particular, autophagy is typically activated as a survival 

strategy during starvation, and it induces the breakdown of damaged or old cellular components 

within lysosomes, recycling key metabolites helpful for the maintenance of the cellular homeostasis 

(Das et al. 2020). Instead, apoptosis initiates two different pathways according to the stimulus 

presented: the extrinsic pathway is activated when a proper ligand, such as TNFŬ or FasLigand, is 

bound to one of the several cell surface death-receptors, like Fas (typically in immune responses); the 

intrinsic pathway is activated when injuries, occurring within the cell (like DNA damage, misfolded 

proteins, oxidative stress, ischemia), cause the permeabilization of the mitochondrial outer membrane 

by means of BCL-2-family pro-apoptotic proteins (Bax and Bak). Then, both intrinsic and extrinsic 

pathways converge in the proteolytic activation of caspase-3 and the apoptotic signaling cascade 

(Portt et al. 2011).  

Many studies have reported the activation of anti-apoptotic pathways during torpor and at the onset 

of arousal (Portt et al. 2011; Yan et al. 2008; Logan et al. 2016), as well as the increased expression 

of autophagy-related genes in skeletal muscle following hibernation to counteract the enhanced 

muscle catabolism and prevent excessive loss of muscle mass (Miyazaki, Shimozuru, and Tsubota 

2019). More often the avoidance of cell death itôs not just due to the active down-regulation of the 

apoptotic machinery, but rather avoiding the cellular conditions which trigger apoptotic signaling 
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(e.g. taking care of mitochondrial integrity, intracellular calcium, etc.) (Frank Van Breukelen, 

Krumschnabel, and Podrabsky 2010).  

However, as previously said, apoptosis and autophagy arise as survival strategies against cell 

suffering: thus, itôs not surprising that hibernation may be associated to an upregulation of apoptotic 

genes, in a tissue-specific and a species-specific manner (Frank Van Breukelen, Krumschnabel, and 

Podrabsky 2010). There is a continuous balancing between pro- and anti-apoptotic signals, according 

to what the organism requires to maintain its homeostasis.   

 

1.2.1.4 Oxidative stress 

Hibernating animals are more resistant towards oxidative stress, as demonstrated by their ability to 

handle the physiological modifications induced during arousal without being damaged. Indeed, the 

increase metabolic rate during the rewarming has been considered as analogous to the resumption of 

blood flow after ischemia: the heart rate moves from 2 bpm to more than 300 bpm and tissue 

metabolism and oxygenation increases; this may lead to ROS production which, if it is not 

counteracted by antioxidant systems, can result in oxidative damage to proteins, lipids and nucleic 

acids. Nevertheless, it is well known that hibernating animals better resist to ischemia-reperfusion 

compared to normothermic non-hibernating animals (Frerichs et al. 1994; Kelly L Drew et al. 2001).  

Among all, this ability has been associated with the increased production of antioxidant molecules 

during hibernation. For instance, in both Arctic and thirteen-lined ground squirrels, the plasmatic 

levels of ascorbate, a non-enzymatic antioxidant, is three- to four-fold higher during torpor, before 

decreasing to euthermic levels during arousal. This reduction has been correlated to an increased 

uptake of ascorbate by peripheral tissues and, since it occurs concomitantly with the higher O2 

consumption, it might be interpreted as a way to protect vulnerable tissues from oxidative stress 

during rewarming from torpor (Tøien et al. 2001; K. L. Drew et al. 2002). Moreover, in daily torpid 

gray mouse lemurs (Microcebus murinus), higher antioxidant capacity related to increased levels of 

antioxidants (such as Thioredoxin 1 or Cu-Zn superoxide dismutase 1) as well as of heat shock 

proteins (HSP70 and HSP90) have been detected (C. W. Wu et al. 2015). Or still, Nrf2 cytoprotective 

enzymes (involved in the protection against oxidative toxicity) have been found to be upregulated in 

many organs of 13-lined ground squirrels during hibernation (Pier et al. 2008). Itôs worth mentioning 

also melatonin, a well-known endogenous free radical scavenger, whose levels increase during 

arousal (Larkin, Yellon, and Zucker 2003).  

However, a healthy and efficient balance between pro-oxidant and antioxidant mechanisms does not 

occur in all the organs of hibernators. Indeed, the ones playing a role in thermogenesis ï such as the 

brown adipose tissue ï have been found to have a tissue specific oxidative stress during late arousal 
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compared to torpor (Orr et al. 2009). But, in response to ROS formation, the cells can increase ROS 

clearance through autophagy (Hui Wang et al. 2019).  

Recently, it has been suggested that the enhanced oxidative resistance hibernation-induced might not 

be related to different levels of antioxidants but rather to differences in ROS production among 

hibernation states: in this perspective, the suppression of mitochondrial oxidative metabolism during 

torpor and its slow reversal in arousal could play the major role (Staples, Mathers, and Duffy 2022). 

Finally, the suppression of immune activation and inflammatory pathways, the hypocoagulation or 

the upregulation of pro-survival and anti-apoptotic pathways induced during hibernation might 

significantly contribute to tissue protection against oxidative damage (Kurtz et al. 2021; Kelly L Drew 

et al. 2001). 

 

1.2.1.5 Hypoxia 

At the onset of torpor, the hibernators undergo a dramatic drop of cardiac output, ventilation and Tb; 

as a consequence, the O2 partial pressure (pO2) drastically decreases. Nevertheless, hibernators do 

not show to be affected by hypoxic damages: many factors may play a role in such protection. One 

of them is definitely the decrease in tissue oxygen consumption, and thus O2 demand, due to the 

decreased metabolism torpor-induced.  

Furthermore, the upregulation of hypoxia-inducible factors (HIF), a family of factors that regulate 

transcriptional programs in response to low oxygen levels, has been reported during hibernation as a 

protective mechanism against cellular stress (Dias, Bouma, and Henning 2021). Indeed, under 

hypoxic conditions, HIF-1Ŭ, which is normally ubiquitinated and degraded in the proteasome, 

becomes stabilized. Hence, it binds HIF-1ɓ subunit in the nucleus and promotes the transcription of 

target genes that regulate angiogenesis, tissue remodeling but also glycolysis, serine synthesis 

pathway and pentose phosphate pathways, which in turn increase the production of antioxidants (Hui 

Wang et al. 2019).  

Interestingly, hypoxia can also work against oxidative stress by increasing the lifetime of the 

produced radicals. In fact, in aerobic conditions, the radicals mainly react with oxygen, the most 

electron-affine molecule in the cell, which thus sustains the ROS production; a low oxygen 

concentration indirectly favors the possibility of radical recombination and their restoration to their 

initial form thanks to the reaction with compounds containing sulfhydryl groups (SH groups) (Hui 

Wang et al. 2019; Pouget, Georgakilas, and Ravanat 2018). 
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1.2.2 AGING  

The higher capability of hibernating cells to adapt and survive to many stressful conditions has led to 

the hypothesis that torpor could mitigate aging. And indeed, considering also the decreased risk of 

predation, many mammalian hibernators (e.g. 13-lined ground squirrels, gray mouse lemur, etc.) live 

longer then their non-hibernating mammalian counterparts of similar body size (e.g. house mouse); 

or still, Myotis brandtii, a hibernating bat, can live 9.8 times longer than his expected average lifespan. 

Several conditions which are dysregulated in aging cells ï such as genomic instability, oxidative 

stress, decrease in reparative and regenerative abilities, skeletal muscles and bones atrophy, decline 

in cardiovascular, pulmonary, renal and gastro-intestinal functions ï appear to be protected in 

hibernated animals (Al -attar and Storey 2020). 

Since a commonly used indicator of somatic maintenance and ageing is the telomere, and in particular 

its length, it has been investigated in hibernation research. Telomeres are non-coding and repetitive 

sequences (TTAGGGn in vertebrates) of DNA, located in the final portion of chromosomes. Together 

with telomere-associated proteins, they allow the properly replication of chromosomes during cell 

division, preventing the degradation of the coding DNA: in fact, each time a somatic cell divides, the 

telomeres get shorter as long as the cell can no longer divides, triggering the senescence pathways. 

Telomere shortening can also be accelerated by oxidative stress. 

In the light of the above, torpor should delay this process: effectively, an increase of relative telomere 

length (RTL) over 180 days of daily torpor has been shown in Djungarian hamster (Phodopus 

sungorus) (Turbill et al. 2012). The same didnôt occurred in edible dormice (Glis glis), where the 

RTL was shortened over the course of the year (Hoelzl et al. 2016) or didnôt change across the 

hibernation season, but re-elongated during the summer active period (Turbill et al. 2013). The 

researchers suggested a correlation with the rate of periodic arousals, which could even be used as a 

predictor of RTL shortening. Subsequently, Nowack and colleagues (Nowack et al. 2019) confirmed 

the effect of the increased energy expenditure during arousal on telomere length, both in edible and 

garden dormice: in fact, hibernating at 14°C showed a higher RTL compared to 3°C because, although 

with a higher metabolism, rewarming from 14°C required a lower increase of metabolic rate and thus 

a decreased production of oxidative stress. That explains why daily torpor is positively associated 

with RTL. 

Altogether, the molecular responses to hibernation appear to counteract aging: among all, the 

activation of the stress responsive and survival signaling pathways of FoxO, Nrf2 and p38 MAPK 

have been proposed to be an important link between mammalian hibernation and longevity (C. W. 

Wu and Storey 2014; Al-attar and Storey 2020) 
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1.2.3 CIRCADIAN RHYTHM  

The circadian rhythms represent an evolutionarily conserved adaptation to the environment which 

control many functions at cellular, tissue and systemic levels; examples of physiological events 

accurately timed by the internal biological clock are sleep and wakefulness.  

Due to the rhythmicity of hibernation, both throughout the year and across torpor-arousal cycles, the 

circadian rhythms in the animals showing hibernation and torpor have been largely studied. 

In many species, such as pocket mice, dormice, golden-mantled ground squirrels but not in Syrian 

hamsters, it has been demonstrated that the circadian system times the entry and arousal phases of 

multiday torpor bouts during hibernation. However, whether the circadian system remains functional 

during deep hibernation has long been debating. Many studies, being unable to detect circadian 

oscillations in Tb during deep torpor, had suggested the lack of circadian timing; even though, with 

very low Tb, the rhythm amplitude is reduced and it may not be detectable anymore. (Heller and Ruby 

2004).  Moreover, the analysis of the core clockwork machinery within the SCN (see below) of 

European hamsters indicates that the molecular circadian clock is arrested during hibernation and 

stops delivering rhythmic output signals until arousal (Revel et al. 2007). Same results for artic 

ground squirrels (Cory T Williams et al. 2012). However, it is also true that the circadian timing of 

arousal requires the functioning of the pacemaker during deep torpor (Heller and Ruby 2004). 

Nevertheless, circannual rhythms are crucial in seasonal hibernators, especially for the obligatory 

hibernators. Indeed, before entering in torpor, they undergo a preparation phase during which they 

store body fat or food, select the proper hibernacula, but, also, they change their anatomy (e.g., 

reduction of digestive tract and reproductive organs) and food choice (e.g. reduction of protein intake, 

increased consumption and selection of specific fatty acids) (Jastroch et al. 2016). Similarly, the 

circannual rhythms influence metabolism, endocrine activity and gonadal development at the 

emergence from hibernation, at the expected time of the year (Mohr, Bagriantsev, and Gracheva 

2020).   

The hypothalamic area responsible of the circadian rhythms of physiological variables is the 

suprachiasmatic nucleus (SCN), which seems to be required for establishing annual hibernation 

patterns and the related rhythmic fluctuations in body weight (Coomans, Ramkisoensing, and Meijer 

2015). Moreover, SCN projects to the sub-paraventricular zone (SPZ), involved in the regulation of 

wake-sleep activity and thermoregulation, and to the DMH, involved in thermoregulation and, very 

likely, in torpor.  
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1.2.4 THERMOREGULATION  

Hibernators can switch between homeothermic phenotype (with the associated endothermy) and 

poikilothermic phenotype (with the associated ectothermy) by turning thermogenesis on and off 

(Romanovsky 2018). 

For clarifying, they are homeothermic because, unlike heterotherms whose internal temperature 

fluctuates as the environmental temperature varies, they are able to actively regulate and maintain 

their body within a very restricted range of temperatures despite even notable thermal variations of 

the environment or of their internal heat production; this is crucial to optimize cellular and tissue 

function (for instance, enzymes are less functioning at low temperature or start denaturing at high 

temperature). The homeotherms achieve this goal by balancing heat production and loss. Indeed, the 

exposure to low environmental temperatures leads to the reduction of the energy expenditure trough 

cutaneous vasoconstriction (to preserve heat) and to the production of heat by shivering (see below 

in ñthe skeletal muscleò paragraph), activating exothermic biochemical reactions ï mainly occurring 

in the brown adipose tissue (see below in ñthe adipose tissueò paragraph) but also in muscles and in 

heart (non-shivering thermogenesis) ï and increasing the plasmatic levels of thyroid hormones. In 

contrast, in hot environments the body has to dissipate heat, which is achieved by increasing 

cutaneous blood flow and by shutting down thermogenic effectors.  

Despite being homeothermic, in response to various stimuli (circannual rhythms, food scarcity, winter 

temperatures, etc.) the hibernators strongly reduce their metabolism and thus their body temperature, 

becoming adapted to conditions which would lead to death a classical homeothermic animal, and then 

returning to endothermy during the periodic arousals. 

For instance, the most extreme hibernation physiology known is the one of the artic ground squirrels: 

they are able to survive the winter, lasting up to 250 days, hibernating in frozen hibernacula and 

dropping their body temperature to -2.9°C (the lowest temperature known among mammals), thus 

below the freezing point of water. Itôs important to underline that thermoregulation can still be 

activated during hibernation: indeed, since the temperature within the artic ground squirrelsô 

hibernacula can even reach a minimum of -23.4°C, they sustain the increasing gradient between the 

Tb and TA by activating thermoregulation, mostly through non-shivering thermogenesis (BAT), and 

mixing lipid and glucose metabolism, in order to defend the Tb around 0°C (C Loren Buck and Barnes 

1999a, 1999b; C L Buck and Barnes 2000).  

The mechanisms by which hibernators are able to switch between endothermy and heterothermy is 

not fully understood. It has been demonstrated the relevance of the neuronal control (see in the chapter 

ñCentral neural pathways of torporò) but how it precisely works is not yet known.  
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Since torpor induction and thermoregulatory pathways are closely intertwined, one cannot disregard 

to discuss the physiology of thermoregulation, mainly focusing on the known peculiarities of 

hibernators. 

The thermoregulation in mammals is under the control of the autonomic nervous system (ANS), 

which elaborates the somatosensory thermal information coming from the periphery and regulates 

the equilibrium between thermogenesis and thermodissipative activity of the organ effectors, to 

maintain a Tb appropriate for the behavior that the animal is currently engaged in (Cerri 2017b). An 

illustration of the thermoregulatory pathways discussed below is shown in Fig. 3. 

The somatosensory system, which follows the pattern known as spino-reticulo-hypothalamic tract, 

includes two classes of thermal afferent pathways: one activated by cold and one by warm stimuli. 

The thermoreceptors, involved in the sensing the TA, belong to the transient receptor potential (TRP) 

family and are mainly located on the skin, even though thermoreceptors have been found also in the 

oral cavity (Cliff and Green 1996) and in the upper respiratory airway (Cruz and Togias 2008). 

Among the temperature-sensitive channel proteins, TRPM8 is one of the most important for sensing 

the feeling of cold, and in fact its natural agonist is menthol; TRPA1 channel is also involved in the 

cold stimulation (Hong Wang and Siemens 2015). Instead, the feeling of warmth is mostly perceived 

by TRPV1 channel, whose natural agonist is capsaicin (Szolcsányi 2015), but also TRPV3 is able to 

sense warm stimuli (Hong Wang and Siemens 2015).  

The thermal sensitivities of the different TRP channels is tailored in accordance with animal 

physiology and habitat; thatôs why different species have different TRP orthologs. Indeed, in rats 

TRPM8 is activated at temperatures below 26°C and define its cold temperature tolerance. Instead in 

thirteen-lined ground squirrels and Syrian hamsters, different mutations of six amino acids within the 

TRPM8 core transmembrane domain lead to a reduced sensitivity to cold: this concurs to provide a 

molecular explanation of how these animals may tolerate temperatures which are perceived as 

noxious for non-hibernating animals. Or still, a single amino acid substitution in TRPV1 channel ï 

which normally in rats and mice is responsive to temperatures greater than 40°C ï leads to a little 

response over a 22 to 46°C temperature ramp, and thus to a higher resistance towards hot 

environments, in thirteen-line ground squirrels. However, to date it is not known the molecular sensor 

for the low temperature range in the deepest hibernation: it has been speculated that when the Tb is 

close to 0°C this thermoreceptor is shut down but it is activated when the TA becomes far below 0°C 

(Mohr, Bagriantsev, and Gracheva 2020; Andrews 2019).  

Therefore, the cutaneous thermal information detected by the thermoreceptors of the primary 

somatosensory neurons ï whose cell bodies are located in the dorsal root ganglia ï is delivered to the 

secondary neurons in the lamina I of the spinal dorsal horn and then to the tertiary neurons in the 
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Lateral Parabrachial nucleus (LPB) in the pons. In particular, the cold stimulus, mainly sensed by 

TRPM8-containing neurons, is conveyed trough glutamatergic fibers to the external lateral 

subdivision of the LPB (LPBel) instead the warm stimulus, mainly sensed by TRPV1-containing 

neurons, is delivered through glutamatergic fibers to the dorsal portion of the LPB (LPBd) (Shaun F. 

Morrison and Nakamura 2011). 

From LPB departs two types of fibers: axonal branches directed to the ventrolateral thalamus and 

finally to the cerebral cortex, which provides the structural substrate for the thermal sensation 

(spinothalamic pathway) as well as the axonal branches targeting the hypothalamus ï in particular 

the preoptic area (POA) ï which represent the anatomical substrate for the autonomic control of Tb 

and thus an important relay in the processing of thermal information (Craig 2002). 

The POA is considered the master thermoregulatory area (Matteo Cerri et al. 2021) and plays the 

most important role in integrating the thermal afferent information to control the thermoeffectors 

responses. More in detail, the area of the POA that receives cutaneous thermal information from 

LPBel (through GABAergic fibers) and LPBd (through glutamatergic fibers) is the Median preoptic 

nucleus (MnPo) whereas the medial preoptic area (MPA) ï more caudal, dorsal, and lateral with 

respect to the MnPO ï contains the warm- and cold-sensitive neurons, which are able to fire action 

potential in response to specific thermic stimuli (Cerri 2017b). The Warm sensitive neurons (WSN) 

represent the main part (30%) of the neurons in POA (the cold-sensitive neurons barely 10%) (Kelso, 

Perlmutter, and Boulant 1982) and they increase their firing rate as a result of a raised surrounding 

temperature or a neuronal stimulation. Moreover, most of the WSN are ɔ-aminobutyric acid  

(GABA)-ergic neurons, tonically active (Shaun F. Morrison and Nakamura 2011). Although less 

impactful and studied, thirteen-lined ground squirrels own fewer cold-sensitive neurons in the POA 

in comparison to mice; furthermore mouse CNGA3, a cyclic nucleotide-gated ion channel expressed 

by cold-sensing neurons, is potentiated by cold while the squirrel ortholog is cold insensitive (Mohr, 

Bagriantsev, and Gracheva 2020). 

Once integrated the cutaneous stimulation and local (central) thermal information, the POA neurons 

act on thermoeffectors through the involvement of Raphe Pallidus (RPa), a key area in controlling 

the thermoregulatory sympathetic outflow, located in the lower medulla of the brainstem. Many 

organs involved in energy expenditure ï such as brown and white adipose tissues, heart, thyroid, bone 

marrow, liver, adrenergic cells in the adrenal gland, kidney, bones, skeletal muscle, pancreas and 

cutaneous vessels ï have shown to be connected to neurons within the RPa (Cerri 2017b). 

From a functional point of view, RPa neurons control the cold defense pathways by acting on brown 

adipose tissue (S F Morrison, Sved, and Passerin 1999), shivering (Shaun F. Morrison and Nakamura 

2011) and the cutaneous blood vessels (Blessing and Nalivaiko 2001): RPa activation stimulates 
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thermogenesis and reduces energy expenditure while RPa inactivation inhibits thermogenesis and 

increases heat loss. 

Anatomically, the inhibitory activity of POA on RPa is performed throughout projections that directly 

target RPa, resulting in the control of vasomotion, but also, most importantly, by the means of the 

interplay of the dorsomedial nucleus of the hypothalamus (DMH), which contains the thermogenesis 

promoting neurons that, projecting to RPa, regulate shivering and non-shivering thermogenesis. The 

DMH activation increases at low TA and its chemo- or optogenetic activation rises the body 

temperature (Ambler, Hitrec, and Pickering 2021). Since it has been demonstrated the presence of 

both glutamatergic and GABAergic neurons within the DMH, there might exist a second inhibitory 

neuron between the DMH GABAergic neurons and the BAT-activating neurons in the RPa (Zhao et 

al. 2017). Beyond its main role in regulating cold defense pathways, DMH is probably involved in 

the control of torpor (Hitrec et al. 2019) as well as in behavioral thermoregulation and cold-seeking 

behavior  (Almeida et al., 2006).  

 

Hence, the homeotherms maintain a constant body temperature by balancing the inhibitory 

GABAergic input from the POA and the activity of DMH glutamatergic and GABAergic neurons. 

Indeed, in response to warm stimulation, the glutamatergic excitatory fibers of LPBd transmit the 

information to the glutamatergic excitatory interneurons within the MnPO, which in turn activate the 

WSN of the MPA, resulting in the inhibition of thermogenesis-promoting neurons in the DMH and 

the RPa (and thus also the thermogenic responses and heat-saving processes). By contrast, in response 

to cold stimulation, LPBel sends glutamatercic excitatory projection to the GABAergic interneurons 

within the MnPO which remove the tonic inhibition from MPA on DMH and RPa, resulting in the 

activation of shivering and non-shivering thermogenesis and cutaneous vasoconstriction. 

Itôs worth mentioning that the portion of thermoregulatory circuit which connect PBN with RPa may 

be modulated by several other brain regions, leading to the amplification or reduction of the 

sympathetic outflow towards the thermoeffectors.  

For instance, the Suprachiasmatic Nucleus of hypothalamus projects to DMH; it maintains the 

circadian oscillation of body temperature by receiving information from the retina but also from 

hormones, among all the  melatonin; moreover, it seems to be required for establishing annual 

hibernation patterns and the related fluctuations in body weight as well as the seasonal timing of 

breeding (Coomans, Ramkisoensing, and Meijer 2015). In addition, the orexinergic neurons in the 

lateral hypothalamus may trigger the increase in metabolic rate and temperature needed during the 

arousal (Del Vecchio et al. 2014) even if it has been demonstrated that it is not necessary for the 

normal physiological adaptations occurring during torpor (Lo Martire et al. 2020). Or still, both the 
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paraventricular nucleus of the hypothalamus and the nucleus of the solitary tract (NTS) can inhibit 

thermogenesis (Cerri 2017b). 

 

1.2.4.1 Adipose tissue 

The adipose tissue is a fundamental means for the body temperature regulation and thus, as might be 

expected, also for hibernating animals. First of all, its subcutaneous position creates an insulating 

barrier around the shell of the body, preventing the heat dissipation. Moreover, it is an organ of 

substrate storage and, taking into account that the metabolism during hibernation is mainly based on 

the fatty acid oxidation, the lipolysis of the white adipose tissue represents the main source of energy. 

Last but not least, the brown adipose tissue (BAT), which is rich of mitochondrial carotenoids that 

give the typical brown pigmentation, is responsible for heat production via the so-called non-

shivering thermogenesis. In particular, the BATôs thermogenic effect depends on the activity of the 

uncoupling protein 1 (UCP1), a channel protein permeable to protons located in the mitochondrial 

internal membrane. As a consequence of the triglyceride breakdown and the combustion of the fatty 

acids in the respiratory chain ï triggered by the norepinephrine released by the sympathetic nervous 

system ï the UCP1 uncouples the oxidative phosphorylation by allowing the protons to return to the 

matrix through the H+ channel and not through the ATP-synthase. In this way, the process does not 

produce ATP but heat, which is rapidly spread throughout the body thanks to the BAT strategical 

anatomical distribution near blood vessels, and in particular at interscapular, periaortic and perirenal 

level (Cannon and Nedergaard 2004). 

UCP1and the other two isoforms, UCP2 (expressed in several tissues) and UCP3 (mostly expressed 

in muscle), have been found to be differentially expressed during torpor and arousal (Yan et al. 2008). 

Besides norepinephrine, the cold exposure leads also to the increase of the plasmatic levels of thyroid 

hormones T3 and T4 which can similarly activate brown adipose tissue in order to stimulate heat 

production.  

During deep hibernation BAT is inactive (except for sub-zero ambient temperature exposure) while 

during arousal it plays its main physiological role, concurring in rewarming the entire animal against 

a temperature gradient.  

The BAT is present in all the mammals (especially in rodents and, among humans, in neonates) but 

it is particularly expressed in fat-storing hibernators. Indeed, hibernators can be classified into fat-

storing and food-storing species. The former are those animals ï such as bears, golden-mantled 

ground squirrels or marmots ï who build up large amounts of internal fat reserves (both of white and 

brown adipose tissue) several weeks or months before hibernation, in order to meet their energy and 

thermal requirements during the hibernation season. The gain of fat stores and weight, which is 
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significantly reduced at the end of their winter hibernation, can be even two or threefold higher than 

normal, and it is associated with longer e deeper torpor bouts. On the contrary, the food-storing 

animals ï e.g.  hamsters and chipmunks ï do not accumulate internal fat reserves but before 

hibernating they store large amounts of seeds in their burrow, feeding during the periodic arousals. 

Typically, compared to fat-storing species, these animals have shorter torpor bouts and longer 

interbout arousals (Giroud et al. 2021). 

 

 

1.2.5 METABOLISM  

Together with hypothermia, hypometabolism is the driving force of the vast majority of the 

physiological modifications occurring during torpor. 

As previously said, during hibernation small mammals can save up to 98%, on average 90%, of their 

energy requirements as compared to the euthermic state. Instead, the energy savings during daily 

torpor are less pronounced, being the metabolic rate reduced to about 1/4th of the active one 

(Heldmaier, Ortmann, and Elvert 2004). But, it is necessary to emphasize that when the deep 

hibernators are exposed to environmental temperatures below 0°C, to counteract the excessive 

decrease in body temperature they activate non-shivering thermogenesis and increase their 

metabolism; indeed, the metabolic rate is more than eightfold higher in animals hibernating at ï10°C 

compared with those hibernating at 2°C (Cory T. Williams et al. 2011). 

A metabolic hallmark of hibernation and torpor is the switch from carbohydrate-based to primarily 

lipid-based metabolism, more easily stocked in the form of fat than glucose and glycogen (which 

have to be conserved for utilization by the brain). The metabolized fuel can be measured indirectly 

through calculation of respiratory quotient (RQ), the ratio of CO2 to O2: the RQ typical of lipid 

metabolism, and thus of torpor bouts, is 0.7. However, the hibernators exposed to TA below 0°C have 

a higher RQ, indicative of the increasing use of glucose (thus there is a mixed fuel metabolism) as 

the animals are thermoregulating (Cory T. Williams et al. 2011). 

Both fat-storing and food-storing hibernators obtain energy through the oxidation of fatty acids, 

accumulated respectively in the large reserves of body fat or in the smaller retroperitoneal and 

periepididymal fat pads (which are partially restored, by feeding, during the interbout arousals). 

However, while the fat-storing hibernators maintain constant levels of glycemia during hibernation ï 

by means of the activation of gluconeogenic pathways which allow the synthesis of glucose from 

non-carbohydrate substrates ï in the food-storing species the glycemia decreases during torpor, likely 

representing an endogenous signal to arouse and feed (Giroud et al. 2021).  
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The fuel selection is realized by upregulating the enzymes related to fatty acid ɓ-oxidation and 

downregulating those responsible for carbohydrate metabolism. Indeed, the flow of glycolytic 

intermediates into the tricarboxylic acid (TCA) cycle ï and in particular the conversion of pyruvate 

to acetyl-CoA and CO2 ï is prevented by inhibiting the activity of the mitochondrial pyruvate 

dehydrogenase complex (which is reduced by 96% in the squirrels hibernating hearts) through the 

upregulation of its kinase, the pyruvate dehydrogenase kinase isoenzyme 4 (PDK4); during 

hibernation, PDK4 increases its expression levels in skeletal muscles, white adipose tissue, brain, 

heart, liver and  kidney (M. J. Buck, Squire, and Andrews 2002; Faherty et al. 2018; Nespolo et al. 

2018b). Other regulators of lipid metabolism will be later discussed. 

However, despite fatty acid represent the main fuel used by the body during hibernation, heart and 

brain preferentially use ketone bodies, in particular ketone D-ɓ-hydroxybutyrate (BHB), a byproduct 

of hepatic oxidation of fatty acids: the catabolism of BHB results in two molecules of acetyl-CoA 

that directly enter the TCA cycle, contributing to glucose sparing during deep torpor by inhibiting its 

uptake (Dark 2005; Melvin and Andrews 2009). 

 

To the reduction of metabolic rate concurs many factors, such as the decrease of body temperature 

(which contributes to the deceleration of biochemical reactions), of the heart and respiratory rate, of 

the animalôs locomotion or of feeding related activity (foraging, digestion, resorption and processing 

of food compounds). Nevertheless, it is beyond doubts that the entrance of torpor is realized by an 

active metabolic inhibition which precedes temperature reduction ï as suggested, for instance, by the 

decrease of metabolic rate before the fall in Tb of edible dormice hibernating at thermoneutral 

temperatures ï even though not yet fully elucidated (Staples, Mathers, and Duffy 2022). 

 

1.2.5.1 Mitochondria 

Because of the tight relationship between metabolism and mitochondria, the primary energy 

producing organelles in the cell, many studies have focused on these latter to explain the active 

metabolic suppression during the entrance in torpor. 

In many hibernating species, the mitochondria isolated from the liver, skeletal and cardiac-muscle 

have demonstrated severe reduction in state 3 and 4 respiration rates during hibernation compared to 

those during arousal or summer euthermia. Comparing liver mitochondria from hibernating thirteen-

lined ground squirrels in different stages of a torpor bout and at different temperatures, Staples and 

colleagues (Staples, Mathers, and Duffy 2022) have demonstrated that the greater mitochondrial 

suppression occurs at 37ÁC, matching the entrance in torpor, and itôs mainly related to a decreased 

substrate oxidation, maybe because of the inhibition of succinate dehydrogenase (the complex II of 



 21 

mitochondrial electron transport chain). This respiratory suppression appears rapidly during entrance 

in torpor, falling by 70% comparing the interbout arousal and the early torpor (Tb 30°C), without 

differing anymore during torpor; then respiration increases slowly during arousal and doesnôt peak 

until the body temperature reaches the thermoneutrality of 37°C. Hence, they have suggested that the 

mitochondrial suppression might have its largest impact at the very entrance into torpor bout, when 

the body temperature is still quite high; then, when the thermogenic mechanisms (shivering, 

activation of BAT) are arrested, the rates of enzyme-catalyzed reactions fall, causing the further 

reduction of MR, passively. And besides, comparing liver mitochondria isolated from rats induced in 

a condition of synthetic torpor and control normothermic rats, the state 3 respiration does not appear 

to be suppressed (Sgarbi et al. 2022a), suggesting that the low respiration rate does not just correlate 

to body temperature. 

However, the idea that the mitochondrial activity has to be reduced first, has still some objections: 

indeed, if it was, the energy demand would exceed, for a while, the energy supply; thus, it could be 

possible that the reduction of the energy consumption, e.g. decreasing the activity of the membrane 

pumps, has to precede the reduction in energy production (Cerri et al. 2016). 

Mitochondria play an important role in metabolism but also in cellular stress responses. For instance, 

mitochondrial heat shock proteins (HSP) and other chaperone proteins, produced in response to stress 

and upregulated also in hibernation, stimulate stress tolerance and cytoprotection (HSP70) or enhance 

antioxidant and anti-apoptotic defenses by preventing protein aggregation and mitochondrial outer 

membrane permeabilization (HSP27). Other important mitochondrial regulators upregulated during 

torpor are the peroxisome proliferator-activated receptor gamma coactivator 1-Ŭ (PGC-1Ŭ), that 

enhances mitochondrial biogenesis and optimizes its capacity for oxidative metabolism of fatty acids, 

and the peroxisome proliferator-activated receptor (PPAR), which requires direct PGC-1Ŭ 

coactivation to induce the transcription of genes involved in regulating mitochondrial oxidative 

respiration, lipid metabolism, and thermogenesis (Hadj-Moussa, Green, and Storey 2018).  

 

1.2.5.2 Liver 

The liver is a very active metabolic organ: it participates at digestive processes and converts nutrients 

taken from food into substances that can be utilized to produce energy or stored to be used as needed; 

it also takes up toxic substances from the blood, disarming them or making sure they are released 

from the body;  moreover, it is considered as a thermoregulatory organ, able to increase its metabolic 

activity with subsequent heat production when the body is exposed to low ambient temperatures. 

Since its large contribution to metabolism ï accounting for 17% of the oxygen consumption of the 

whole organism in mice (Martin and Fuhrman 1955) ï the liver metabolic suppression during torpor 
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leads to a significant decrease in energy expenditure.  

Both from a proteomic (Rose et al. 2011) and transcriptomic (Cory T. Williams et al. 2011; Fedorov 

et al. 2011) point of view, the liver of hibernating animals shows a sharp trend to move away from 

carbohydrate-based and amino acid-based catabolism or lipid biosynthesis towards lipid and ketone 

body catabolism and gluconeogenesis. However, these differences can be more evident comparing 

summer active animals and torpid animals rather than animals across the torpor-arousal cycle: 

changes of gene expression do not necessarily correlate with changes in protein levels and/or protein 

activities because the mRNA transcripts can be stored during torpor to be readily suitable as soon as 

the animal arouse (Grabek, Martin, and Hindle 2015; Yan et al. 2008). 

During torpor, post-transcriptional mechanisms are largely adopted to regulate gene expression as 

well as protein activity (Grabek, Martin, and Hindle 2015); in the recent years the role of  splicing 

and miRNA has been documented as well.  

Indeed, in the livers of black bears, the differential expression of hepatic miRNA during hibernation 

has been correlated to the down-regulated expression of genes involved in the transport of energy 

source and fatty acid synthesis (Nishida et al. 2021). 

Concerning the splicing, ultrastructural observations on hepatocyte of hazel dormice during 

hibernation suggested a reduction (but not a blockade) of transcriptional activity and an intranuclear 

redistribution of pre-mRNA processing factors, preferentially accumulated at the splicing stage and 

restored before the onset of transcription during arousal. Indeed, despite transcription suppression, 

the levels of heterogeneous nuclear ribonucleoproteins (hnRNPs) ï RNA-binding proteins that 

contribute to multiple aspects of nucleic acid metabolism including alternative splicing, mRNA 

stabilization, and transcriptional and translational regulation ï significantly increased. Thus, the 

nuclear accumulation of splicing factors allows newly synthesized pre-mRNA to be processed during 

the torpor period, constituting a huge stock of molecules that can rapidly rebuilt all the metabolic 

activities during arousal (Malatesta et al. 2008). Or still, in the liver of the greater Egyptian jerboa, 

the hibernation-dependent alternative splicing of PPARŬ allows its activation by means of PGC1Ŭ 

and leads to the strong up-regulation of the peroxisomal fatty acid oxidation (Kebbaj et al. 2009).  

Interestingly, while in the liver of torpid small hibernators the larger part of differentially expressed 

genes are downregulated (90% in ground squirrels), in bears the majority of those (67%) are 

upregulated, coherently with the shallower reduction of metabolic rate in bears (20-50%) compared 

to artic ground squirrels (up to 98%) during torpor. And indeed, bears show elevated expression of 

multiple genes involved in fatty acid metabolism and in protein biosynthesis (translation) (Fedorov 

et al. 2011, 2009). 

Together with the switch of metabolism, the liver of hibernating animals has shown differential 
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expression of circadian rhythm, MAPK, cell growth and apoptosis (significantly underexpressed) and 

heat shock proteins (Yan et al. 2008) as well as autophagy and reaction to ROS (both overexpressed) 

(Nespolo et al. 2018b) and thermogenesis (to date, mainly in marsupials who do not have BAT) 

(Hadj-Moussa et al. 2016; Nespolo et al. 2018b). 

 

 

1.2.6 THE CARDIOVASCULAR SYSTEM  

The cardiovascular system works to assure a correct distribution of oxygen and nutrients (and 

hormones) as well as to remove waste products.  

During torpor, its activity is dramatically reduced: the heart rate drops from 200-300 to 3-5 beats/min, 

without inducing a collapse of peripheral vessels, which are peculiarly modulated in the light of the 

inhibition of thermogenesis. Furthermore, the blood shows a reduction of hematocrit, a leukopenia 

and an increased resistance to hemolysis of erythrocytes, which not rouleaux nor agglutinate at 5°C 

but they appear ñfolded-overò (Spurrier and Dawe 1973).  

 

1.2.6.1 Heart 

Compared to hibernators, the heart of a non-hibernator is much less resistant to cold: arrhythmic 

patterns begins at 32°C, followed by atrial fibrillation at 30°C and, further lowering the temperature, 

at 15°C it displays an increased ventricular excitability with asystole and finally cardiac arrest (Carey, 

Andrews, and Martin 2003). Hibernating hearts, by contrast, remain in sinus rhythm even when their 

body temperatures approach 0°C (Andrews 2007). The type of fuel used could play a role in the 

continued contraction of cardiac tissue at low body temperatures: in fact, compared to non-hibernators 

exposed to cold, the hibernating hearts are more reliant on palmitate oxidation, rather than glucoseôs, 

as its source of acetyl CoA (Carey, Andrews, and Martin 2003). Other two possible mechanisms have 

been proposed: the increasing of gap junctions or the enhanced Ca2+-uptake. The first, reported in 

hibernating golden hamsters, reducing the resistance of intracellular channels, would ameliorate the 

synchronous cardiac contraction. About the second, the higher protein expression of 

sarco(endo)plasmic reticulum Ca2+-ATPase 2a (SERCA2a) ï that transports Ca2+ inside the 

sarcoplasmic reticulum lumen during relaxation of the cardiac myocyte ï would enhance Ca2+-

uptake, coherently with the observations of larger calcium stores in hibernating squirrels, and also it 

would provide a regional endothermy within cardiomyocytes during hibernation (Andrews 2007). 

Moreover ion exchangers, responsible for the movement of calcium into the sarcoplasmic reticulum 

or for the maintenance of the electrochemical gradient necessary for contraction, have been reported 
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to be selectively upregulated during deep torpor of the thirteen-lined ground squirrel (Hampton et al. 

2011).  

Anyway, the profound changes that heart has to handle across the torpor-arousal cycle are reflected 

by the large transcriptional differential expression of genes related to fatty acid metabolism, circadian 

rhythm, MAP kinase, thermogenesis (uncoupling proteins), mitochondria, RNA binding proteins, 

heat shock proteins, and others tissue-specific proteins (Yan et al. 2008; D. R. Williams et al. 2005; 

Colbert et al. 2015; Hampton et al. 2011; Hawkins and Storey 2020). 

 

 

1.2.7 THE NERVOUS SYSTEM  

The central nervous system (CSN), and in particular the brain, is the most metabolically expensive 

system in the body, requiring the 20-25% of all the metabolic energy in the resting state (Shi et al. 

2021). Although most of the nervous system becomes metabolically quiescent and electrically silent 

during hibernation, some brain regions, such as the hypothalamus, must remain active. Hence, the 

suppression of brain activity is not to be regarded as a passive shutdown but rather a finely regulated 

mechanism, which allows to optimize its consumption during a period of severe shortage of energy 

resources. 

 

1.2.7.1 Brain 

Among all the organs, the brain is the one that undergoes the major structural and functional 

remodeling. During the hibernation period, it has been reported a huge neuronal plasticity: the 

neurons shrink during hypothermia, showing transformation of apical dendrites which become 

shorter, less ramified with less dendritic spines, and then rapidly grow back within 2-3 hours as body 

temperature rises (Popov and Bocharova 1992). The reversible dendritic harbor retracting has been 

detected quite globally ï especially in the hippocampus, neocortex and thalamus ï and reflects 

microtubule disassembly (Von der Ohe et al. 2006) as well as synaptic protein dynamics. Indeed, the 

colocalization of presynaptic and postsynaptic markers has shown that entry into torpor is associated 

with a 50ï65% loss of synapses, which is not attributable to protein loss but to the dissociation of 

proteins from the cytoskeletal active zone and postsynaptic density; that creates a reservoir of proteins 

which can be rapidly mobilized to restore dendritic spines and synapses during the return to 

normothermia (Von Der Ohe et al. 2007). 

The changings in neuronal plasticity occur concurrently to modifications of Tau protein state of 

phosphorylation. During torpor, Tau protein becomes hyperphosphorylated, in a region- and 

phosphorylation site-specific manner, and then dephosphorylates to control levels during arousal, 
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both in hibernating species (Stieler et al. 2011) and in non-hibernating animals induced in a condition 

of synthetic torpor (Luppi et al. 2019; Hitrec et al. 2021; Chiocchetti et al. 2021). Data from non-

hibernators suggest that the hyperphosphorylation of Tau protein might be temperature-dependent 

even though starvation, and thus more likely hypometabolism, has been associated to the production 

of phospho-Tau as well. Anyway, while at low temperature the accumulation of phospho-Tau seems 

to be mediated by the higher activity of kinases (e.g., GSK-3ɓ) which exceed the one of phosphatases 

(e.g. PP2A), its resolution during arousal seems to require an actively regulated process, although 

still unknown. (Luppi et al. 2019; Cerri et al. 2021). 

More in details, Tau is a soluble microtubule-associated protein (MAP) and exists in 6 different 

isoforms originated by the alternative splicing of the coding MAPT gene. It is mainly present in 

neurons, preferentially in axons, where, by binding to tubulins, it is physiologically involved in the 

functional regulation of the microtubule system, promoting their polymerization, stability, 

differentiation as well as axonal transport mediated by kinesin motor proteins (Dawson et al. 2010). 

In addition, the nuclear identification of Tau protein has suggested a role in nuclear organization and 

DNA protection (Sjºberg et al. 2006). However, when hyperphorylated, Tau protein detaches from 

microtubules and tends to aggregate, forming first intracellular deposits of proteins aggregated into 

paired helical filaments (PHF) and then the neurofibrillary tangles (NFT), which represent the 

hallmark of a group of neurodegenerative diseases called Tauopathies, such as Alzheimerôs disease. 

Unlike what occurs in neurodegenerative diseases, hibernation is not associated with NFT formation; 

actually, the colocalization of phospho-Tau and the dendritic spine regression ï especially those more 

retracted (Bullmann et al. 2016) ï as well as its reversibility matching the synaptic reconnection of 

the neurons, could represent a neuroprotective mechanism, which favors microtubules dynamic state 

to prevent the neuronal hyperexcitability occurring during the gradual cooling of the brain (Arendt 

and Bullmann 2013a). 

Another potential protective mechanism towards the substantial and rapid physiological changes 

occurring in the hibernating brain involves the microglia, the first line of defense in the central 

nervous system, implicated in neural damage and repair. Indeed, torpor can induce the local 

upregulation of pro- and anti-inflammatory cytokines (IL-1ɓ, IL-4, IL-6, IL-10, TNFŬ, IFN-ɔ) as well 

as the activation of microglial cells, whose morphology switch from a typical ramified appearance 

(during the rest) to an óamoeboidô phenotype, characterized by an increased cell body size and only 

few dendritic branches. (Cogut et al. 2018; Shi et al. 2021).  

Furthermore, during torpor it has been described: the activation of MAPK and JAK/STAT signaling 

cascades, with consequent higher expression of pro-inflammatory transcription factors like NFəB, in 

response to endogenous markers of damage (Giroud et al. 2021); the rise of antioxidant pathways 
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against the ROS produced by the higher, but more efficient, brain mitochondrial activity (Shi et al. 

2021). 

Finally, during torpor bouts the expression and distribution pattern of Golgi apparatus in neurons and 

glial cells (microglia, astrocytes and oligodendrocytes) undergoes profound changes, becoming 

fragmented and altered in its protein expression levels, which are fully reversed during the arousal 

(León-Espinosa, DeFelipe, and Muñoz 2019). 

Such massive structural and morphological remodeling could be favored by the selective expression 

during torpor or arousal of matrix metalloproteinases, collagens, integrins or other proteins involved 

in extracellular matrix plasticity (Giroud et al. 2021). 

 

1.2.7.2 Sleep  

In the popular imagination, hibernation is intended as a deep sleep. After all, behavior and metabolic 

activity, core body temperature, blood pressure, heart and respiratory rates decrease during both 

torpor and sleep. However, many studies have demonstrated that sleep does not occur during torpor. 

Indeed the cortical electroencephalography (EEG) activity during torpor is firmly different from those 

of the two stages which alternate during sleep ï NREM sleep (also called synchronized or slow wave 

sleep) and REM sleep (also called, desynchronized or active sleep, more similar to that observed in 

wakefulness) ï showing a signal of low amplitude and low frequencies (Matteo Cerri et al. 2021). 

The EEG is firmly affected by temperature and this is quite evident analyzing the EEG spectrum 

during the entrance of torpor: in ground squirrels, as the body temperature decreases between 35°C 

and 25°C the EEG measures slow wave activity (SWA) of 1 to 4 Hz, called delta band; when the 

body temperature further falls from 25°C to 10°C, there is a shift toward cycles of 4 to 8 Hz; below 

10°C, during deep torpor, the brain becomes isoelectric (Mohr, Bagriantsev, and Gracheva 2020). 

Furthermore, besides the lack of EEG signs during torpor referable to normal sleep, the animals 

returning to normothermia show a strong pressure to sleep and, in fact, during the interbout arousal 

periods they spend most of the time sleeping, showing an intense sleep bout rich in slow waves (the 

more is the torpor length, the more is the post-torpor SWA intensity). All these evidences have led to 

the hypothesis that torpor is a period of sleep deprivation.  

However, this topic is still controversial. 

The evidence that, in many species, animals sleep deprived for the first few hours of the after-torpor 

sleep eliminate completely the expected SWA peak (sleep is homeostatically regulated, thus any 

NREM sleep deprivation should be followed by a SWA rebound) together with the fact that sleep 

deprivation and torpor have different effects on cortical network activity, led to doubt that post-torpor 

SWA may be an indicator of sleep deprivation. Moreover, it has been reported that mice do not show 
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slow waves during sleep post-torpor, perhaps for the lack of a sleep debt related to the short torpor 

duration (Lo Martire et al. 2020). 

The high SWA at the onset of arousal has been proposed to be an essential part of the strong 

synaptogenesis which occurs in the brain following the dendritic and spines retraction during torpor: 

the SWA would reflect the tonic hyperpolarization of cortical neurons before the reforming of 

dendritic connections. In the end, as dendrites and synapses are restored, the high SWA would 

gradually diminish, as reported in various studies (Heller and Ruby 2004; Mohr, Bagriantsev, and 

Gracheva 2020). 

 

1.2.7.3 Memory and cognition  

It is reasonable to hypothesize that the synaptic and dendritic retraction, as well as the lack of EEG 

synchronization and hippocampal neurogenesis (León-Espinosa et al. 2016), observed during torpor 

may interfere with consciousness, memory and learning processes; however, while regarding the state 

of consciousness there are no experimental data at the moment (Cerri 2017a), studies aiming to reveal 

whether animals retain memories during hibernation have turned out to be controversial. 

The first studies investigating how hibernation affects memory retention date back to the late 1960s. 

Mihailovic and Mcnamaraôs groups (Mihailovic et al. 1968; McNamara and Riedesel 1973) 

compared the results of spatial and visual memory tests realized in ground squirrels before and after 

a period of hibernation, finding out that after hibernation their memory was improved. The authors 

speculated that the lower temperature had potentially decreased the turnover of the proteins involved 

in memory, maintaining a kind of memory trace; on the other hand, the long period of rest for the 

brain as well as the increase of RNA and protein biosynthesis as the animals reached normothermia 

were suggested by the authors as possibly beneficial mechanisms.  

Shortly thereafter, the aforementioned works raised perplexity (Alloway 1973) which led Millesi and 

colleagues to repeat the experimental protocols, testing torpid and torpor-deprived squirrels, both in 

winter and in spring, with the same tests used before. They found out the non-hibernating animals 

had higher level of retention compared to hibernating ones. Moreover, while from the retention of 

spatial and operant conditioned tasks emerged negative effects of hibernation, probably due to 

changes in neuronal activity, the social memory wasnôt affected (Millesi et al. 2001).  

Afterwards, the effect of hibernation on learning and retention was evaluated in several hibernating 

species ï such as squirrels (Weltzin et al. 2006), marmots (Clemens, Heldmaier, and Exner 2009), 

bats (Ruczynski and Siemers 2011), chipmunks (Thompson, Montiglio, and Humphries 2013) and 

even fire salamanders (Wilkinson et al. 2017; Kundey et al. 2018) ï obtaining that the memory is not 

impaired after the torpor period.  
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As a consequence of the past conflicting results and assuming the involvement of synaptic changes, 

Bullmann and coworkers (Bullmann et al. 2016) combined morphological, biochemical and 

behavioral analyses to test whether in Syrian hamsters the hibernation-induced phosphorylation of 

tau is associated with a loss of long-term memory and synapse regression in brain circuits involved 

in spatial memory (hippocampus). They found out that although the massive remodeling of dendrites 

and spine reduction, which matched the increase of phosphorylated tau, the functionality of the 

hippocampus, and in particular the spatial memory, wasnôt impaired after torpor compared with 

animals maintained at a warm TA. To justify these contradictory results, the authors suggested 

species-specific differences (e.g. being food-storing animals, hamsters need to preserve spatial 

memory; instead for squirrels, being fat-storing and hibernating in group, social memory is more 

important).  

Recently, de Veij Mestdagh and colleagues (de Veij Mestdagh et al. 2021) have demonstrated that a 

single torpor and arousal sequence in fasted mice increases hippocampal long-term potentiation and 

contextual fear memory and enhances synaptic plasticity upon arousal (although dendrite retraction 

and synapse loss were not observed during torpor). In addition, a single torpor-arousal cycle was also 

able to restore contextual fear memory in mice model of Alzheimerôs disease.  

 

 

1.2.8 THE IMMUNE SYSTEM 

During hibernation, the immune system, which requires a considerable energy expenditure as well, 

is profoundly depressed. Several studies have reported the depletion of complement proteins, 

cytokine and antibody production and the reduction of circulating leukocytes by more than 90%, 

affecting all types of immune cells (granulocytes, lymphocytes, and monocytes) (Frerichs et al. 1994; 

Reznik et al. 1975; Spurrier and Dawe 1973). This situation is fully restored during arousal, even if 

in edible dormice it has been reported a slow recovery of phagocytes after arousal, which may take 

also several weeks, probably due to long-term energetic restrictions (Havenstein et al. 2016).  

The leukopenia during torpor could be explained through a cessation of leukocytopoiesis or 

leukocytes death for unknown reasons; however, data seem to strongly suggest a segregation of white 

cells in reservoir organs ï such as liver, spleen, lymph nodes or the walls of blood vessels ï justifying 

their rapid restoration during arousal (Cerri et al. 2021; Bouma et al. 2011). For instance, Bouma and 

colleagues (Bouma et al. 2011) reported that the lymphopenic state during torpor was associated to 

the concomitant plasmatic decrease of sphingosine-1-phosphate (S1P), which mediate the egress of 

lymphocyte out of the peripheral lymphoid organs. Moreover, the secondary lymphoid tissue 
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appeared to be the main site for the retention of lymphocytes during torpor, rather than spleen, liver 

and lungs whose contribution is lower. 

As a consequence of such severe depletion, hibernation leads to a reduction both of innate immune 

functions ï as demonstrated by the lack of febrile responses after the injection of LPS during torpor 

(Prendergast et al. 2002) ï and adaptive immune system ï as proved by the absence of rejection of 

skin allografts in hibernating ground squirrels until their arousal (Bouma et al. 2011). Despite this 

immunosuppression, hibernators do not appear to be more susceptible to infections, maybe because 

the most sensitive organs, such as the lungs or the intestine, are protected by a local increased of 

immune cells (Suomalainen and Rosokivi 1973; Cerri et al. 2021). 

The reduction of leucocytes infiltration, and thus of inflammatory responses, to the ischemic tissue 

following arousal from torpor may possibly explain the lack of brain pathology in hibernators. 

 

1.2.8.1 Spleen 

The spleen plays an important role in the regulation of blood volume and the mass of circulating red 

blood cells also during hibernation. A splenic hypertrophy, documented during the hibernation of 

garden dormouse, has been linked with its role of reservoir of red blood cells, which are released into 

blood circulation within fifteen minutes from the provoked awakening. Moreover different 

histochemical changes have been also observed during torpor compared to the arousal (Rzeszowska-

Tokarska, Burlet, and Legait 1972). In thirteen-lined ground squirrels, during torpor the platelets are 

sequestered in the spleen in the form of elongated rods before being released with a normal circular 

shape in the circulation post arousal. A selective and differential regulation of NFəB pathway in 

torpid spleens of thirteen-lined ground squirrels has been proposed as cytoprotective mechanism 

against several fluctuations, such as the ones related to immune system, occurring during hibernation 

(Hadj-Moussa, Wijenayake, and Storey 2020). Little is known about splenic modification in gene 

expression across the torpor-arousal cycle. 

 

 

1.2.9 THE REPRODUCTIVE SYSTEM  

1.2.9.1 Gonads and Prostate  

Most hibernating mammals, such as ground squirrels, remain for months in their hibernacula in a 

constant darkness, without being influenced by the photoperiod. Typically, during hibernation the 

reproductive system is regressed to preserve energy. For instance, in male hibernators the 
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spermatogenesis is not achieved (a certain period of normothermia is necessary for its final stages) 

and seminal vesicles/prostate complex is underdeveloped.  Then, at the end of the hibernation season, 

the circannual clock induces the spontaneous termination of torpor-arousal cycles as well as the 

activation of the hypothalamus-pituitary-gonadal axis. As a result, the sexual maturation is promoted 

and thus mating and breeding (C. T. Williams et al. 2014). The regression and restoring of the 

hibernatorsô reproductive system can repeatedly occur in both males and females, year after year 

(Giroud et al. 2021). However, in other hibernators, such as the echidna (egg-laying mammal), 

hibernation and reproduction overlap since these animals exhibit deep prolonged torpor during mating 

or pregnancy (Morrow and Nicol 2009). 

The reproductive maturation is energetically expensive: if the hibernators have depleted fat stores, 

they may forgo reproduction favoring survival. Indeed, male lipectomized ground squirrels show a 

retarded development of the reproductive apparatus (Forger et al. 1986) while, on the other hand, an 

adequate body fat content in spring ensures successful breeding in female alpine marmots 

(Hackländer and Arnold 1999).  

 

 

1.2.10  THE RENAL SYSTEM  

Among the other functions, the renal system plays a vital role in the excretion of metabolic waste and 

maintaining body homeostasis through the regulation of water and electrolyte balance: a proper 

osmolality is crucial to preserve cellular volume and shape, ionic gradients and transport across the 

membranes. As little as 1% of increase of osmolality triggers the thirst; 3-15% produces fatigue, head 

rush till cognitive impairment (Mohr, Bagriantsev, and Gracheva 2020).  

 

1.2.10.1 Kidneys 

Itôs not yet known how the hibernators can handle and adapt to the extreme conditions of torpor: the 

kidneys undergo ultrastructural changes (Anderson et al. 1990) concurrently with a severe reduction, 

or even a cessation, of glomerular filtration, both in small hibernators ï such as ground squirrels and 

dormice ï and in the bigger ones (Jani et al. 2013). For instance, the American black bear, whose 

hibernation lasts for up to 7 months annually with a 20-50% reduction of metabolic rate, reduces by 

95% the volume of urine produced. The small volumes of urine entering in the bladder are reabsorbed 

across the bladder epithelium and recycled to form other nutrients, unless nitrogen-containing 

compounds in the blood lead to azotaemia. Moreover, bearôs kidneys continue producing renin, 

erythropoietin, and vitamin D 1-a-hydroxylase (Srivastava et al. 2019).  
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However, even though hibernating animals lose a little amount of water through urine and respiration, 

curiously their plasma osmolality decreases by as much as 10% and this is not due to free water 

consumption because they donôt drink (neither eat nor defecate) (Mohr, Bagriantsev, and Gracheva 

2020). While the inhibition of thirst during torpor may be easily interpreted as an adaptation 

advantage to not emerge from torpor and risk predation ï indeed the administration of the diuretics 

increases the arousalsô frequency (Jani et al. 2013) ï itôs not clear how they can achieve and handle 

such low electrolyte concentration in the blood, which seems to be actively maintained during torpor 

and then reversed as soon as the animals arouse. Moreover, it cannot be related to the antidiuretic 

hormone, which normally stimulate water retention during dehydration, since its levels decrease 

during torpor, together with the renal function, and arise during arousal (Mohr, Bagriantsev, and 

Gracheva 2020).  

To date, kidneyôs gene expression of hibernating animals has not been well investigated. Recently 

Srivastava and colleagues (Srivastava et al. 2019) have performed RNA-seq analysis on black bears, 

comparing the animals entering (late fall) and emerging (early spring) from hibernation. Among all, 

in the emerging bears they have found an increase of cytokine suppression genes, such as Socs2, 

Cish, and SerpinC1 (mostly acting through the JAK/STAT5 pathway), and the lack of damage 

markers and cytokine expression, and thus of inflammation pathways. Moreover, since the 

upregulation of NDST3 is linked to a higher levels of kidney glucosaminoglycans, which have been 

reported to increase the ability of turtles to hold water, the authors have speculated a possible 

protective role of NDST3 towards hibernating bearsô dehydration  (Srivastava et al. 2019).  

 

 

1.2.11  THE MUSCULOSKELETAL SYSTEM  

One of the most impressive adaptation occurring during hibernation is how these animals can prevent 

muscles atrophy and bones demineralization during several months of inactivity and fasting. This is 

a great achievement, otherwise at arousal their survival would be compromised. The integrity of the 

musculoskeletal system largely depends on the mutual interaction between these two organs, not only 

from a mechanical point of view ï since bone provides an attachment site for skeletal muscles and 

skeletal muscles apply load to bone ï but also from a biochemical one. In conditions of prolonged 

bed rest, the combination of unloading and inactivity leads to the unbalancing between protein 

synthesis (lower) and protein degradation (higher), resulting in muscle atrophy (Bodine 2013). Or 

still, in a condition of immobilization, bonesô demineralization tends to occur mostly in the portions 

that are more subjected to weight load (Cerri et al. 2021).   
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Learning how hibernating animals can bypass these mechanisms, perfectly maintaining the integrity 

of their musculoskeletal system, could be useful to counteract issues related to the prolonged 

immobility (for medical treatments, pathologies) or to the microgravity during long space travels.  

 

1.2.11.1  Skeletal muscle 

Across torpor-arousal cycles, the muscular functionality is preserved both in small hibernators, such 

as squirrels (Andres-Mateos et al. 2012), and in larger hibernators, such as bears (Harlow et al. 2001). 

Confirming the muscular protection regardless of the depth and duration of torpor, Cotton and 

coworkers (Cotton and Harlow 2010) have shown that smooth and skeletal muscles of white-tailed 

and black tailed prairie dogs ï respectively spontaneous (low-temperature torpor bouts) and 

facultative hibernators (sporadic moderate-temperature torpor bouts) ï undergo very little strength 

and protein loss together with no signs of muscle atrophy, similarly to the results of the overwintering 

black bears, compared to euthermic models of immobility and long-term fasting. 

The mechanisms behind this protection are not yet understood.  

Initially, it was suggested that the shivering thermogenesis and the muscular activity during arousal 

could have played a role in the tissue maintenance. Shivering thermogenesis is one of the methods 

the body has to increase the own heat production: during torpor, it is inhibited but at the onset of 

arousal it is strongly activated to return to normothermia. Shivering consists of a sequence of 

involuntary, rapid, oscillating and isometric contractions of skeletal muscle: since the energy (that is 

ATP) used for these contractions does not develop mechanic work, it is dissipated as heat form. 

(Eyolfson et al. 2001). However, it has been demonstrated that muscle activity during arousal cannot 

explain the preservation of muscle mass associated to hibernators. Indeed, the denervation of brown 

bear cranial tibial and long digital extensor muscles does not lead to severe atrophy in the winter 

acclimated animals compared to the summer acclimated animals and to the traditional denervation 

atrophy models (Cotton 2016).  

Many studies have focused on the principal pathways controlling muscular homeostasis which result 

differentially expressed during torpor.  

Among them, the PI3K/Akt/mTOR pathway and the FoxO/ubiquitin/proteasome are respectively 

responsible for protein synthesis and catabolism.  

Normally, in response to increased mechanical loading of skeletal muscle, the insulin-like growth 

factor I (IGF-I) activates phosphoinositide-dependent protein kinase-1 (PI3K) and protein kinase B 

(Akt), which ultimately result in the phosphorylation of mTOR and increased translation efficiency 

of myofibrillar proteins. Alternatively, mTOR can also be directly activated by focal adhesion kinase 

(FAK) associated with integrins.  At the same time, the mTOR activation leads to the suppression of 
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myofibrillar protein degradation through the inhibition FoxO and the ubiquitin-proteasome system. 

In particular, Akt/mTOR phosphorylate and remove from the nucleus FoxO transcription factors, 

which cannot activate the ubiquitin ligases ï among all, muscle atrophy f-box (MAFbx) and muscle 

RING finger 1 (MuRF1) ï responsible for the labelling and the eliminating within intracellular 

proteasomes of the proteins to be degraded.  

On the other hand, in absence of stimulation, as well as when the ratio AMP:ATP is high (sign of low 

nutrient availability), the activation of adenosine monophosphate-specific kinase (AMPK) inhibits 

mTOR pathway, decreasing protein synthesis (Cotton 2016).  

During torpor, the decreasing in transcription and translation, together with fasting, should lead to the 

inhibition of myofibrillar synthesis and the enhancement of myofibrillar catabolism. And indeed, it 

has been detected increased levels of AMPK (Xu et al. 2013) and a reduced phosphorylation of Akt 

and mTOR during hibernation (Cotton 2016), even though both tissue- and species-dependent (Vella 

et al. 2020). 

However, itôs currently believed that torpor is not associated with a sharp increase of protein 

catabolism, because of both the depressed metabolism and an active suppression of 

FoxO/ubiquitin/proteasome pathway. Indeed, despite the increased levels of ubiquitin ligases, at low 

temperature the activity of the proteasome system is largely depressed. At the same time, torpor 

strongly upregulates the levels of calpistatin which inhibits the activity of calpains, proteolytic 

enzymes calcium-dependent responsible for triggering the degradation of myofibrillar proteins 

(Cotton 2016). 

Furthermore, another important player acting on PI3K/Akt/mTOR and FoxO/ubiquitin/proteasome 

pathways, thus on protein synthesis and degradation, is myostatin. This is a transforming growth 

factor (TGF) which, on one hand, prevents the phosphorylation of Akt and thus the activation and 

synthesis of mTOR and, on the other hand, allows FoxO transcription factors entering into the 

nucleus, with increased transcription of MAFbx and MuRF1. Many studies have demonstrated a 

reduction of myostatin transcript levels during torpor (Miyazaki, Shimozuru, and Tsubota 2019; 

Andres-Mateos et al. 2012): the lower was the amount of atrophy, the lower were the myostatin levels. 

As a consequence of the double activity mentioned above, the decreased levels of myostatin would 

simultaneously enhance myofibrillar synthesis and reduce myofibrillar degradation. 

Thereby, even though the paradigm suggests that the pathway of AMPK and Akt are mutually 

exclusive, the current idea is that during torpor the increased anabolism (i.e. mTOR activation, 

myostatin down regulation) would coexist with the enhanced catabolism (autophagy and ubiquitin-

proteasome system), in order to counteract them and prevent excessive loss of muscle mass 

(Miyazaki, Shimozuru, and Tsubota 2019; Xu et al. 2013).  
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Finally, a switch of the muscular fibers to a slow oxidative phenotype and the improved mitochondrial 

biogenesis have also been observed in the muscle of hibernating animals and could concur to their 

muscle atrophy resistance. In this respect, a central role is performed by PGC-1Ŭ, which is activated 

by AMPK, in response to different stimuli such as the energy status, and by MAP kinase family 

proteins (e.g. p38 MAPK). Many papers have reported an upregulation PGC-1Ŭ or other downstream 

or upstream proteins during torpor (Xu et al. 2013; Miyazaki, Shimozuru, and Tsubota 2019). Besides 

aforementioned functions, PGC-1Ŭ is involved in the increase of glucose uptake, antioxidant stress 

responses and anti-apoptotic signaling (Xu et al. 2013). 

 

1.2.11.2  Bones 

Because of the reduced weight-bearing activity for many months, hibernators would be expected to 

undergo a severe bone loss (porosity, bone demineralization, thus increased fracture risk), considering 

that just two weeks of mechanical unloading of the skeleton are able to induce bone loss in rats (Li et 

al. 1990).   

Intriguingly, hibernating animals are more resistant to bone loss and this goal is better achieved by 

bigger hibernators. Indeed, bears (McGee-Lawrence, Carey, and Donahue 2008) and marmots 

(Doherty et al. 2016; Wojda et al. 2012) have been shown to preserve bone strength across the long 

hibernation period,  while bats, hamsters or other small hibernators, except for mantled ground 

squirrels  (Utz et al. 2009) and 13-lined ground squirrels (Wojda et al. 2016), have demonstrated at 

microscopic levels a certain amount of osteoporotic responses, even presenting macrostructural 

integrity (McGee-Lawrence et al. 2011).  

The molecular mechanisms underlying this enhanced protection are not yet known, but the 

involvement of the endocrine system, rather than the nervous system, appears relevant in coordinating 

calcium metabolism and metabolic request (Cerri et al. 2021). Larger hibernating animals, like bears, 

reduce their bone remodeling, in a percentage that reflects the reduction in the overall metabolism, 

but maintain constant the balance between bone resorption and formation, in contrast to the higher 

turnover and bone loss occurring in non-hibernators in condition of disuse. The evidence of normal 

serum calcium concentrations throughout hibernation, during which the intake or the excrete of 

calcium almost does not occur, strongly supports the idea of the reduced and balanced bone turnover, 

performed through a fine endocrine regulation (Doherty, Florant, and Donahue 2014; McGee-

Lawrence, Carey, and Donahue 2008). More recently, studies of proteomics have raised the 

possibility that the metabolism of fatty acid and in particular signaling molecules derived from them, 

endocannabinoids, may play a crucial role in bone regulation during hibernation (Doherty et al. 2016). 
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1.3 CENTRAL NEURAL PATHWAYS OF TORPOR  

Hibernation does not imply just lowering the body temperature or the metabolic rate: as previously 

said, starting from the molecular to the systemic side, the normal physiology of the animal is strongly 

disrupted in favor of a new one which allows animals to survive to harsh conditions. Moreover, 

specific physiological adaptations also occur out of the hibernation season since, before its onset, the 

animals have to breed, store food in their nest or increase their body fat, change fur to better blend in 

or to retain heat and many others, according to the species and the phenotype through which the 

hypometabolism appears. To achieve that, the brain of hibernators integrates many different 

information, coming both from the body (such as energy balance, core temperature, circadian 

rhythms, etc.) and from the environment (e.g., climatic conditions, resources availability, 

photoperiod, possible risks etc.).  

To date, it is known that torpor is centrally regulated and, despite the differences of torpor/hibernation 

among mammals, it is reasonable to think that exists a single underlying mechanism for the reduction 

of metabolic rate. The neural pathways are not yet fully uncovered; what seems certain is the 

involvement of the autonomic nervous system, whose parasympathetic branch could mediate the 

onset of torpor whereas the sympathetic branch could drive the arousal (Harris and Milsom 1995), 

and the hypothalamus, whose role in thermoregulation, energetic balance, and neuroendocrine 

secretion is widely recognized.  

Recently, significant steps forward to unveil the neural control of torpor entry have been made, all 

converging on preoptic area and dorsomedial hypothalamus. 

One important study has been published by Hrvatin and colleagues (Hrvatin et al. 2020). These 

authors, by means of genetically modified mice, have used activity-dependent recombination 

(TRAPing) to selectively express designer receptors exclusively activated by designer drugs 

(DREADDs) in neurons which expressed the early gene cFOS (namely active neurons) during the 

entrance in torpor. Using this approach, they first demonstrated that the fasting-induced torpor in 

mice is modulated by neurons located in the anterior and ventral portions of the medial and lateral 

preoptic area (avMLPA) which project to the DMH, arcuate nucleus, periaqueductal grey and raphe 

pallidus (areas known to regulate energy balance and thermoregulation).  

Then they showed that the reactivation of the TRAPed neurons with CNO (clozapine-N-oxide) was 

able to induce a new torpor bout, characterized by hypothermia (average Tb 30°C), a decrease in 

metabolic rate and motor activity, even in mice that were not food deprived. In particular, the 

activation of two population of neurons expressing the vesicular glutamate transporter 2 (Vglut2) or 

the Adenylate Cyclase Activating Polypeptide 1 (Adcyap1, also known as PACAP) seemed to be 
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necessary and specific for the onset of torpor: their silencing blocked the decrease in Tb associated 

with the chemogenetic stimulation, impaired the mice fasting-induced torpor but not the normal 

homeostatic Tb and circadian rhythm in fed mice. Furthermore, considering that the Adcyap1 neurons 

receive information about decreasing ambient temperatures and that Vglut2-Adcyap1 neurons may 

be modulated by circulating leptin ï evidenced by the identification of leptin receptors ï, the authors 

speculated that these neurons might be activated at the onset of fasting-induced torpor to integrate the 

information about reduced energy reserves and cold exposure. 

Similar conclusions have been also reached by Takahashi and coworkers (Takahashi et al. 2020), who 

found that Q neurons, whose cell bodies reside in the POA ï in particular in in the MPA and the 

anteroventral periventricular nucleus (AVPe, together termed AVPe/MPA) ï and project to the DMH, 

are required for torpor induction; indeed, the chemoactivation of these neurons was able to induce a 

torpor-like state in mice as well as in rats, non-hibernators (more extensively discussed later in this 

thesis). They also reported that many Q neurons expressed both Vglut2 and Adcyap1 (or PACAP), 

indicating an overlap with (Hrvatin et al. 2020) data. 

Moreover, they noted that Q neurons can be excitatory (expressing Vglut2, 77.9%), inhibitory 

(expressing the vescicular GABA transporter Vgat, 7.2%) and even hybrid (expressing both Vglut2 

and Vgat,14.9%). With this in mind, the authors speculated that during torpor entrance the 

GABAergic Q neurons could act inhibiting DMH and RPa while the glutamatergic Q neurons could 

excite another subset of DMH neurons to inhibit heat production. 

The role of DMH in torpor regulation has been highlighted also by Hitrec and colleagues (Hitrec et 

al. 2019). With the purpose of identifying the neural network activated during the entrance into torpor 

and projecting to the Raphe Pallidus, the authors evaluated the brain expression of c-Fos at torpor 

onset in mice injected with a retrograde tracer (cholera toxin subunit b, CTb) into the RPa. As 

previously said, RPa is a fundamental thermoregulatory relay station, since no central signal that has 

to be transmitted to the thermoeffectors can bypass RPa; it is supposed to be inhibited at torpor 

entrance to suppress heat production and enable heat loss. Compared to 3 control groups (fasted and 

warm exposed, fed and cold exposed, fed and warm exposed), in the group of torpid mice (fasted and 

cold exposed) the DMH was the only region showing a significant increase in c-Fos positive neurons 

projecting to the RPa; the paraventricular nucleus of the hypothalamus (PVH), whose activation in 

rats inhibits the cold-induced activation of BAT (Madden and Morrison 2009), also presented 

significantly more CTb/c-Fos positive neurons in torpor compared to the other groups, even though 

not significant compared to the cold exposed control. Thus, according to the authors, the DMH 

projecting to the RPa could be responsible for the inhibition of thermogenesis and the entrance into 

torpor. 
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Finally, another paper showing the relevance of the POA in torpor entrance has been published by 

Zhang and colleagues (Zhang et al. 2020). They described a population of estrogen-sensitive neurons 

in the MPA whose activity is required for the full expression of fasting-induced torpor in mice: in 

fact, their chemogenetic activation was able to induce a depression of metabolic rate, Tb, heart rate, 

brain and locomotor activity, whereas their ablation impaired fasting-induce torpor in mice. 

Coherently, it is known that female mice are more prone to torpor compared to males, even though 

males do enter in torpor (Huang et al. 2021). 

Hence, in summary, torpor onset seems to be modulated by POA, likely by Vglut2-Adcyap1, Q, and 

estrogen-sensitive neurons, whose projections to DMH act on the activation or deactivation of RPa. 

Many other stimuli concerning the deplete energy stores (e.g. low levels of leptin or high levels of 

NPY and ghrelin, acting on arcuate nucleus and then to PVH and DMH) or the circadian rhythms 

(mainly regulated by the SCN, which projects to DMH as well) act to modulate the neural pathways 

triggering torpor, although their precise interplay has not been fully elucidated.  

Less known are the neural pathways underlying the induction of arousal (it derives from the ceasing 

of the aforementioned circuits inducing and maintaining torpor or it results from a different one?) 

and, above all, the reason why these animals periodically need to boost their metabolism and energy 

consumption during the long period of hibernation. The restoration of a normal brain physiology, 

promoting sleep, synaptogenesis, and removing proteins deposits (e.g. of phosphorylated Tau protein) 

as well as the repairing of the DNA damage, which perhaps accumulates during hypothermia, have 

been proposed as possible triggers of arousal.  

 

1.4 SYNTHETIC TORPOR  

Humans cannot hibernate: like other non-hibernating homeotherms, they undergo a strict regulation 

of the body temperature such that any deviation from thermoneutrality ï where energy expenditure 

to maintain body temperature is minimal ï activates responses ad hoc to restore it. 

Humans, to inhabit harsh environments and survive, have developed a series of technological 

innovations ï such as fire, clothing, hunting equipment and practices, dwellings and methods to 

preserve food and water ï but also they have undergone positive selection of biological adaptations: 

e.g. an higher frequency of an allele variant of the gene TRPM8 reduces the response to cold 

temperatures in people who have adapted to arctic environment; or still, alterations of HIF pathway 

allow Tibetans, who live at high altitude, to be less responsive to hypoxia (Ilardo and Nielsen 2018).  
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As previously said, given the wide distribution of hibernators in phylogeny, the current idea is that 

the ability to enter in torpor is a remnant of ancestral heterothermy, which has been preserved in some 

animals and has been lost in those ones, like humans, who have figured out other strategies to survive. 

If thatôs true, it is possible that every mammal has the necessary gene pool to enter in torpor and only 

the regulatory mechanisms are, for uselessness, deactivated.  

In this perspective, to unravel the central neural pathways which trigger and regulate torpor might 

enable its manipulation to induce a torpor-like state in non-hibernating mammals, with several 

benefits in the multiple fields (see below).  

But the question is: can human body sustain the extreme physiological modifications that the 

hibernators experience during hibernation? Situations of hypometabolism in humans, associated to 

decreased heart and respiratory rate, have been observed in controlled meditative states, or in breath-

hold dive, or during sleep (in which the 32% of the waking energy expenditure can be retained). In 

addition, considering that only the 10% of metabolic rate is spent for vital functions during the resting 

phase, the torpor could act on the remain 90% (Shi et al. 2021). Moreover, long-term mild 

hypothermia, 33-35°C for up to 14 days, in human patients have been proven safe (Bradford, 

Schaffer, and Talk 2014). Last but not least, few extraordinary examples of humans who have 

survived to severe hypothermia have been documented (Cerri et al. 2016). 

Therefore, theoretically a torpid state in humans could be feasible, by means of either 

pharmacological or non-pharmacological approaches involving the manipulation of the central 

nervous system, given the strict regulation of homeothermy. Indeed, torpor is not just cooling the 

body: hypothermia by itself would even induce an increase in metabolic rate, until resulting 

detrimental for brain and tissues.  

 

In the light of above, the scientific community has been interested in researching method for 

artificially inducing torpor: among all, those that most promisingly, inhibiting the central drive for 

thermogenesis, have shown to be effective in mimicking a state that closely resembles torpor in non-

hibernators are four: i) the inhibition of neurons within the Raphe Pallidus; ii) the activation of central 

adenosine A1 receptors; iii) a cocktail of drugs; iiii) the activation of the hypothalamic Q neurons. 

 

1.4.1 INHIBITION OF THE RAPHE PALLIDUS  

Raphe Pallidus is located in the caudal portion of the brainstem, at the level of the rostral ventromedial 

medulla (RVMM) that, besides RPa, contains the raphe obscurus, the raphe magnus and the inferior 

olivary nucleus. RPa is a key area for thermoregulation, modulating the activity of thermogenesis 

(BAT and shivering) and increasing heart rate and vasoconstriction in response to cold exposure 
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(Shaun F. Morrison and Nakamura 2011).  

Following the experimental demonstration that the inhibition of RPa led to massive peripheral 

vasodilation (Blessing and Nalivaiko 2001) while its activation caused vasoconstriction (Cerri et al. 

2010) , Cerri and colleagues (Cerri et al. 2013) succeeded in inducing a condition of torpor-like state, 

then called synthetic torpor (ST), by inhibiting the RPa through consecutive microinjections (1 per 

hour, for 6 hours) of muscimol, a GABAA agonist; the procedure was conducted in free-behaving 

rats, non-hibernators mammals, kept at an ambient temperature of 15°C, under continuous darkness 

and subjected to a high fat diet, all conditions known to favor the occurrence of a hypometabolic state 

in hibernators. After suspending the injections, animals regained normothermia without showing any 

autonomic behavioral abnormalities in the days following that procedure.  

The inhibition of RPa in a cold environment, blocking thermogenic effectors, prevented the 

development of sympathetic compensatory responses, and led to: hypothermia (brain temperature 

22.44 ± 0.74°C) with a massive cutaneous vasodilation, a decreased heart rate (from about 440 bpm 

to 207 bpm), a modest reduction in mean arterial pressure and a drastic reduction of EEG power 

(Cerri et al. 2013). 

The potential efficacy of RPa inhibition for inducing a torpor-like state has then been consolidated 

by the demonstration that during natural torpor in mice, the RPa was inactive, as confirmed by the 

absence of immunohistochemical staining for c-Fos (Hitrec et al. 2019), as well as by the observation 

of the commonalities between natural and synthetic torpor. Indeed, like in natural torpor, during the 

hypothermic phase the animals show a unique EEG, that differs from all the known sleep stages, 

characterized by low amplitude and low frequencies waves; during the rewarming phase post-torpor, 

a long bout of NREM sleep increased in delta power has been recorded in squirrels, hamsters and 

lemurs and also in rats exiting from ST. Furthermore, rats induced in ST have demonstrated to 

undergo a similar widespread reversible phosphorylation of Tau protein observed in natural 

hibernators (Arendt and Bullmann 2013b; Lionnet et al. 2018), both in central (Luppi et al. 2019; 

Hitrec et al. 2021) and in enteric nervous system (Chiocchetti et al. 2021). 

A comparison study on the liver mitochondrial respiration carried out in rats in synthetic torpor and 

in mice in fasting-induce torpor has demonstrated a lower state 3 respiration rate in mice but not in 

rats whereas in both species was observed an increase of state 4 respiration rate and a decrease of the 

respiratory control ratio. These data suggested that, unlike natural torpid animals, liver mitochondria 

of rats remained active, likely ready to produce energy as soon as the animals arouse (Sgarbi et al. 

2022b). 

Changes in quality and quantity of the intestinal microbiota, likely as metabolic adaptation, have been 

reported across the torpor-arousal cycle in hibernators; similarly, only a few hours of metabolic 
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suppression ST-induced have demonstrated to affect the biodiversity of microbiota (Sisa et al. 2017). 

Finally, as it will further extensively discussed, both hibernation (Baird et al. 2011; Lisowska et al. 

2014; Musacchia, Volkert, and Barr 1971) and synthetic torpor (Tinganelli et al. 2019) seem to 

provide higher resistance to radiation.  

 

1.4.2 ACTIVATION OF CENTRAL ADENOSINE A1 RECEPTORS  

Adenosine is a nucleoside with inhibitory neuromodulating characteristics. It can act as signaling 

molecule in extracellular and intracellular environments, mainly affecting excitable tissues, such as 

heart and brain, and inducing vasodilation. Adenosine is the final product of the adenosine 

triphosphate and thus it provides a measure of the organismôs overall metabolic state. Despite its 

widespread distribution within the CNS, the adenosine receptors are strongly localized in the 

intermediate nucleus of the solitary tract (iNTS), whose neurons are in a strategical position to 

integrate cardiovascular, gustatory, thermoregulatory, respiratory, and metabolic functions (Tupone, 

Madden, and Morrison 2013). Thatôs why, its involvement in torpor has been largely studied.  

It has been demonstrated that the central adenosine receptor activation was necessary for natural 

torpor in mice (Iliff and Swoap 2012); similarly, the onset of torpor in artic ground squirrels was 

promoted by the intracerebroventricular injection of A1 receptor agonist and reversed by 

intracerebroventricular injection of an A1 receptor antagonist (but not an A2 antagonist) (Jinka, 

Tøien, and Drew 2011); or still, the lack of hypothermia following the exogenous administration of 

adenosine in knockout mice for all the four types of adenosine receptors stressed their importance in 

inducing hypothermia (even though, in this study, 24h of fasting were able to trigger torpor) (Xiao et 

al. 2019).  

The effects of the central adenosine A1 receptor activation have also been tested in non-hibernating 

mammals. Indeed, Tupone and coworkers (Tupone, Madden, and Morrison 2013) have successfully 

demonstrated that intracerebroventricular injections of N6-cyclohexyladenosine (CHA), a A1-

receptor agonist, induced a torpor-like state in free-behaving rats exposed to cold (TA 15 °C): 

immediately after the injection, the heart rate decreased of 200 bpm, followed by a reduction of BAT 

temperature and then of core temperature (to about 28°C); consequently the EEG power drastically 

decreased.  

Most recently, the intracerebroventricular injection of CHA (Sgarbi et al. 2022b) and the 

intraperitoneal injection of adenosine 5ǋ-monophosphate monohydrate (5ǋ-AMP), a non- selective A1 

receptors agonist (Puspitasari et al. 2022), led free behaving rats to mild hypothermia (about 30°C) . 
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It has to be underlined that, despite the sharing of some physiological characteristics between 

hypothermia adenosine-induced and the natural torpor, many aspects of cardiovascular and metabolic 

regulation, as well as distinct patterns of gene expression, are largely different (Vicent, Borre, and 

Swoap 2017). 

 

1.4.3 MULTI -DRUGS TO INDUCE TORPOR 

Recently, a new promising pharmacologically induced torpor-like state (PITS) in non-hibernators, 

the rats, has been proposed by Zakharova and colleagues  (Zakharova et al. 2019). Inspired by the 

known data on hibernating animals and their physiological changes during torpor, and thus aiming to 

achieve a metabolic suppression and a CNS depression, the authors have developed a drug cocktail 

made up of 8 different medicinal compounds conveyed through a lipid emulsion saturated of xenon, 

accurately selected to target different receptors and produce the desired effects. In particular, the 

pharmaceutical preparation contained: i) Ivabradine, which reduces the heart rate; ii) Propranolol, a 

beta-blocker, which concurs in decreasing the blood flow rate by reducing the force and increasing 

the refractory period of cardiac contractions; iii) Periciazine, which boosts the effect of other anti-

hypertensive, analgesic and sedative compounds and has hypothermic effects; iv) Diphenhydramine,  

H1 histamine receptor antagonist, that is able to relax the smooth muscles, preventing  the excessive 

vasoconstriction at low temperature, and  provides an analgesic effect; v) Reserpine, one of the most 

important compound since it promotes the degradation of the intracellular amines in synaptic space, 

which leads to a decrease of their brain levels (mostly serotonin and dopamine), resulting in a reduced 

motor activity and depressive state; vi) Serotonin is also included in the drug cocktail, both because 

of the hypotensive effect exerted by intravenous administration and because the portion of it which 

cross the blood brain barrier is transformed (perhaps helped by xenon) into melatonin, a known 

neuroprotective agent; vii) Propylthiouracil, an antithyroid compound which counteracts the 

melatonin stimulatory effect on thyroid hormones, inducing hypothyroidism and thus hypothermia; 

viii) Magnesium cations, a non-specific inhibitor of NMDA-receptors, which play a role in plenty of 

physiological processes and may contribute to lower the body temperature, given its anticonvulsant, 

antiarrhythmic, vasodilatory, hypotensive and sedative effects; ix) Lipofundin, a fat emulsion that has 

been selected both for being lipidic ï it absorbs lipophilic drugs, it increases their solubility, it 

improves their pharmacodynamics and pharmacokinetics ï and for the possibility to dissolve and 

become saturated of xenon; x) Xenon, an inert gas with inhibitory effects on NMDA receptors of 

glutamate, displays neuroprotective properties and reduces pain.  

Hence, the authors have demonstrated that a single injection of such PITS-composition in free-

behaving rats exposed to normal ambient temperature (TA 22-23°C) was able to induce a significant 



 42 

and rapid decrease in heart rate, followed by a slower reduction of body temperature (from 38°C to 

31°C) and oxygen consumption, proven by the fact that after the first hours from injection the blood 

oxygenation returned stably to normal levels. The hypothermic/hypometabolic state, which lasted for 

16-17 hours, suppressed the motor activity of the rats, determined in the open field test, but two days 

after the injection normal behavioral responses were restored. 

In a further experiment (Zakharova et al. 2021), using multiple small-dose injections of the 

aforementioned pharmacological composition, they successfully extended the duration of the torpor-

like state to 6 days, then the rats spontaneously came out, returning to normothermia. Finally, they 

also tested the resistance of such pharmacological torpor to lethal hypoxia (3.5 % of oxygen content), 

demonstrating that, compared to anesthetized hypothermic rats, the used pharmacological agents 

were able to increase ratsô survival, perhaps also because of the cytoprotective upregulation of HIF1Ŭ 

Xenon-induced.  

 

1.4.4 ACTIVATION OF THE HYPOTHALAMIC Q NEURONS  

A recent interesting work published by Takahashi and colleagues (Takahashi et al. 2020) has 

suggested a new procedure for the induction of a long-lasting torpor-like state in mice, facultative 

heterotherms who are able to enter in torpor if accurately stimulated, and in rats, non-hibernating 

species, also providing new insights to understand the neural control of torpor entry.  

They took inspiration from the previous demonstration that the hypothalamic neurons expressing 

pyroglutamylated RFamide peptide (QRFP), a neuropeptide exclusively localized in discrete regions 

of the hypothalamus, were implicated in food intake, sympathetic regulation and anxiety (Okamoto 

et al. 2016; Takayasu et al. 2006).  

Aiming to examine their function, they injected clozapine-N-oxide (CNO) in QrfpiCre mice ï namely 

mice genetically modified to express the enzyme Cre recombinase specifically into QRFP-producing 

neurons ï in order to activate the excitatory DREADDs of the transfected targeted cells. The 

chemoactivation of Q neurons (expressing QRFP) in the medial preoptic area (MPA) and the 

anteroventral periventricular nucleus (AVPe, together namely AVPe/MPA), projecting to DMH, 

induced mice in a long-lasting hypometabolism, characterized by a reduction of: bodyôs and BATôs 

temperature, rate of oxygen consumption (VO2), heart rate, respiratory rate, amplitude of the 

electroencephalogram, and levels of blood glucose (likely due to the decrement of gluconeogenesis 

because of the low sympathetic activity). The Q-neuron-induced hypothermia and hypometabolism 

(QIH) lasted for more than 48 hours (TA 20°C) while the VO2
  took about a week to return to normal 

levels; the behavioral and histological analysis (of brain, heart, kidney, liver and muscle) did not show 

any damage to tissues after the recovery from QIH (Takahashi et al. 2020). Moreover, during the 
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QIH, thermoregulatory mechanisms seemed to be still active: indeed, the reduction of the ambient 

temperature to 12°C led to a change of the mice posture, from an extended one, reflecting the attempt 

to lose heat (also demonstrated by the increase of tail surface temperature at TA of 21°C) to a more 

conservative posture, associated with shivering and an increase in VO2. 

As mentioned above, Takahashi and coworkers also demonstrated the feasibility of inducing such 

QIH in non-hibernators, the rats, using the same experimental setting. Indeed, the chemogenetic 

activation of AVPe/MPA neurons induced a reduction of body temperature, VO2 and respiratory 

quotient for more than 24 h in seven out eight rats injected with CNO. 

 

1.4.5 TRANSLATIONAL APPLICATION OF SYNTHETIC TORPOR  

The possibility to recreate a condition of torpor in humans, reversibly shutting down the body as 

required, is extremely appealing. Indeed, besides being a ñcoolò idea, it would provide plenty of 

advantages in many different situations.   

A huge field of application is the clinical area. After all, the concept of hypothermia as therapeutic 

agent is very ancient: the first treatise on medicine which recommended its usage dates back to Egypt, 

about 5000 years ago; or also, Hippocrates, to stop the hemorrhage in the wounded, suggested ice 

packing and snow; body cooling was advised for tetanus treatment. One could mention also Russian 

doctors, who used to cover people with snow trying to resuscitate them or the observations of Baron 

de Larrey, Napoleonôs chief surgeon, who noted that the hypothermic soldiers placed closer to the 

fire died faster than those who remained hypothermic. However, it is during the 1900s that the idea 

of cooling the body, even modestly (Tb 32-35°C), was thought to be applied in clinical practice: first 

as aid to treat particularly painful pathologies (Dr. Temple Fay found a reduction in pain through the 

application of hypothermia in the 95.7% of patients with metastatic neoplasia), then for 

neuroprotective purposes, following cardiac arrest, cerebral ischemia and bacterial meningitis. Then, 

in the early 2000s, the demonstration of better neurological outcomes and lower mortality in 

hypothermic patients compared to normothermic ones after cardiac arrest led the therapeutic 

hypothermia to be finally introduced in post-resuscitation guidelines (Karnatovskaia, Wartenberg, 

and Freeman 2014). 

The therapeutic hypothermia can be used in all those situations which can benefit from the reduction 

of metabolic rate, for instance following cardiac arrest, brain stroke or hypoxic-ischemic 

encephalopathy. Indeed, in these situations the reduction of blood flow, and thus of oxygen and 

nutrients, leads to the unbalance between the unchanged metabolic and oxygen demand of the tissue 

and their actual availability; the lack of a timely action results in a rapid and non-reversible necrosis. 
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Instead the hypothermia, reducing the metabolic rate (even by about 6-7% for every 1°C drop in body 

temperature) and thus the cellular oxygen and glucose demanding, enlarges the window of time 

before the onset of cellular damages favoring the clinical treatment. Moreover, mild hypothermia can 

improve functional recovery counteracting the reperfusion injury (evoked by blood supply returning 

to the ischemic tissue). 

However, the full applicability of this medical approach collides to the body thermoregulation. In 

clinical practice, in fact, the reduction of body temperature is induced exogenously, through the use 

of non-invasive methods ï such as ice packs, air or water cooling blankets, alcohol and water-based 

sprays ï or more invasive ones ï e.g. the infusion of cold physiological solution through intravascular 

catheters, cold helmets for selective local cooling, extracorporeal circulation. Nevertheless, the neural 

circuitry that controls thermoregulatory homeostasis is still active and fights to reestablish 

normothermia, inducing sympathetic activation (thus tachycardia, vasoconstriction and increase in 

blood pressure) and shivering thermogenesis; there will be an increase in glucose, protein and fat 

consumption, cortisol and catecholamine levels, leading to higher oxygen consumption. Thus, the 

final outcome is the increased metabolic rate, exactly the opposite of the initial purpose, resulting in 

a very stressful condition for the organism. Thatôs why only a mild hypothermia (32-34 °C) can be 

safely induced in the current medical practice, although a deeper depression in body temperature and 

metabolic rate would be even more beneficial; this latter could be safely achieved through the 

application of synthetic torpor, in order to modulate the central regulatory pathways and avoid 

adverse compensatory autonomic effects.  

Since hypothermia has been associated to a reversible hyperphosphorylation of Tau protein, synaptic 

plasticity and immunomodulation, the induction of synthetic torpor in animal models of diseases 

(such as Alzheimer or autoimmune disorders) could be helpful to study their pathogenic mechanisms 

and find new targets for their clinical treatment; moreover, hypothermia could contrast muscle and 

bone atrophy following prolonged immobility.  

Furthermore, given the increased resistance to stressful condition, the induction of hypothermia might 

be helpful to increase the organ preservation after the explant (counteracting the shortage of organs 

donors) as well as to protect the normal healthy tissue during radiotherapy treatments (later 

extensively discussed).  

Last but not least, astronautsô hibernation could be the only means to overcome the current issues 

related to long-duration space exploration (this topic will be described later in this thesis).   
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1.5 TORPOR AND RADIORESISTANCE  

1.5.1  RADIATION  

Radiation is broadly defined as the energy emitted from a body or source that is transmitted in the 

form of waves or particles through an intervening medium or space. It can be distinguished into two 

categories: non-ionizing radiation, characterized by a longer wavelength, a lower frequency and lower 

energy, and ionizing radiation (IR), with a shorter wavelength and thus a high frequency and higher 

energy. Hence, when the latter is absorbed by a matter, it has sufficient energy to directly or indirectly 

eject one or more orbital electrons from an atom or molecule, producing ions.  

Due to their ability to induce damage to biological systems, as well as for the medical and industrial 

application they have been involved, the ionizing radiations are the most studied. 

 

For convenience, it is usual to classify ionizing radiations as either electromagnetic or particulate. 

The electromagnetic radiation includes x- o ɔ-rays, whose difference basically reflects the ways they 

are produced. In particular: 

¶ X-rays are generated extranuclearly, through the usage of an accelerator in which electrons 

are speeded up in order to reach a high energy before being abruptly stopped in a target, 

usually made of tungsten or gold, releasing energy in the form of X-rays.  

¶ ɔ-rays are generated intranuclearly, as the result of the decay of radioactive isotopes: in other 

words, itôs the energy emitted by an unstable nucleus which breaks into the nucleus of one or 

more other elements in order to reach a more stable electron configuration. 

Both x- and ɔ-rays can transmit for long distances, much further than others, and they have a 

significant penetrating power, passing more or less easily through the human body according to the 

density of the impact tissue: e.g. compared to soft tissues, the bones are denser and richer in calcium 

atoms, allowing only few rays to pass through. The differential absorption in materials is responsible 

for the typical appearance of the radiograph and justify their widely-used for diagnostic radiology. 

(Hall and Giaccia 2012) 

  

Among the particulate radiations we can distinguish Ŭ-particles, ɓ-particles, neutrons, heavy charged 

ions and cosmic radiation. 

Ŭ-particles are positively charged particles consisting of two protons and two neutrons (essentially 

the nucleus of a helium atom) naturally emitted from the decay of radionuclides, such as uranium and 
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radon, or artificially produced in accelerators. Due to their charge and mass, Ŭ-particles are stopped 

by a sheet of paper or skin but in either way they can travel just few centimeters in air before losing 

energy. However, they represent the major source of natural background radiation and they can cause 

damage to the cells or DNA if ingested or inhaled.  

Similar to Ŭ-particles, ɓ-particles are emitted from a radioactive decay (called ɓ-decay) or from 

accelerators but they can be in the form of a high energy electrons or positrons (same size and mass 

of an electron but with a positive charge). Being substantially smaller then Ŭ-particles, they are 

capable to travel further in air and to penetrate skin a few centimeters but their ionizing power, and 

thus the risk of damage, is considerably lower. (Kassis 2008) 

Neutron radiation consists of free particles having similar mass to that of protons but no electrical 

charge, emitted as the result of a spontaneous or induced nuclear fission. They can travel even 

hundreds of meters in air before being blocked by a hydrogen-rich material, like water. Neutrons are 

the only type of radiation capable of turning other materials radioactive through an indirectly ionizing. 

In fact, impacting to the matter without a charge, they cannot produce ions but they are absorbed into 

stable atoms making them unstable.  

Heavy charged ions are nuclei of elements, such as carbon, neon or argon, positively charged because 

some electrons have been stripped from them. These particles create ionization immediately and 

continuously as they penetrate matter. 

Cosmic radiation is made up by very energetic particles (mostly protons) emanating from the surface 

of the sun during coronal mass ejections and solar flares (the so-called solar particle events, SPEs) or 

originating from outside the solar system (the so-called galactic cosmic radiations, GCR). These latter 

represent the most significant hazard for humans in space. The intensity of cosmic radiation arriving 

at the heartôs surface varies depending on altitude and latitude and it represents a large portion of the 

background radiation (Hall and Giaccia 2012; ñRadiation and Health Effectsò 2022) 

The discovery of radiations, together with the ability to use them, has been a step forward for human 

development. Just consider how innovative it was to see a patientôs bone fracture through the skin 

using a photo. To date, they have been using for security devices, household products, electricity 

generators or in general for scientific, medical and commercial applications.  

We are continuously exposed to radiation, even though human activities concur for less than 20% of 

the publicôs radiation exposure: primordial radionuclides, such as Potassium-40 or Uranium-238, 

naturally exist in the rocks of the Earthôs crust; or Radonôs products inhalation, resulting from the 

decay of uranium-238, is responsible for approximately half of the natural radiation to which the 

humans are yearly exposed (ñRadiation and Health Effectsò 2022; Lorenzo-González et al. 2019). 

However, till some years ago, we were unaware that radiation exposure could cause such biological 
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effects and there werenôt protective devices, resulting in injuries to patients, physicians and scientists. 

Unfortunately, the history is full of this kind of examples: unexpected induction of primary cancers 

in radiology technicians or uranium miners; mental retardation or other pathologies for prenatally 

exposed individuals; till the example of Marie Curie, whose radiation exposure is documented by her 

books, still radioactive even today (Schillaci 1995). 

 

In the last century, the study of radiation and its health impact has been largely implemented. 

Radiation effects are usually classified into two categories: deterministic and stochastic. 

The effect is deterministic when there is a causal relationship between radiation and certain side-

effects. It has a defined threshold dose, above which the radiation leads to cell damage or death, and 

the severity of the effect is dose related. Examples of deterministic effects are cataracts, hair loss, 

sterility, fetal abnormalities and many others.  

In contrast, the stochastic effects are probabilistic events caused by slight molecular or cellular 

changes; there is no threshold and typically they take many years after radiation exposure before 

showing up. Carcinogenesis is an example of that: radiation exposure can enhance the probability of 

developing cancer (and, the higher is the dose the higher is the chance) but it doesnôt occur to 

everyone and its severity does not correlate with the initial radiation dose (Schillaci 1995; Hall and 

Giaccia 2012; Silver, Greene, and Latowsky 2003). 

However, regardless of its exterior tangibility, the cellular and molecular modifications evoked by 

the exposure to radiations are meaningful. The most severe lesions IR-induced are those who affects 

DNA and lead to the development of Double Strand Breaks (DSBs). As soon as the ionizing radiation 

impacts the skin, its particles collide with the molecules and the atoms of the body, transferring them 

energy. The resulting ions production and the breakage of chemical bounds lead to a direct or indirect 

damage. In the former case, the DSBs originate from the radiation direct ionizing action on the double 

filament of DNA, resulting in their failure. The genotoxic insult can cause also other types of DNA 

damage, like Single Strand Breaks (SSBs), DNAïDNA crosslinks, base damage, etc., but less 

frequently after radiation exposure. On the other hand, the water is the most abundant molecule in 

the cells; consequently, the particles of radiation can shortly induce excitation and ionization of water 

molecules, releasing free radicals, such as hydrogen peroxide H2O2, hydroxyl radical OH- and 

superoxide anion O2
-. The increase of reactive oxygen species (ROS) is capable of indirectly 

damaging DNA as well as of inducing oxidative stress.  

While for the high LET (linear energy transfer) radiation, such as heavy carbon ions and protons, the 

DNA damage is mainly direct, for low LET radiation, such as x or ɔ-rays, the direct effect is 
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responsible for the 30-40% of DNA lesions; the remaining 60-70% is attributed to indirect effects 

(Pouget, Georgakilas, and Ravanat 2018).  

Regardless of the etiology of the damage and its responsible mechanism, the DNA damage follows 

common schemes. Immediately after the genotoxic insult, the cell activates a complex defense 

signaling network, the DNA damage response (DDR), made by sensors of DNA damage and effectors 

of damage response, which ultimately will determine the outcome of the cell. In particular, the sensors 

recognize the damages and transmit signals to transducers ï such as ATM, ATR and DNA-PK ï 

which relay the information to the three main downstream effector pathways: DNA repair, damage 

checkpoints and programmed cell death. (Lara et al. 2015). According to the DNA-lesion type there 

will be distinct DNA-repair mechanisms. Studies using ATM-knockout cell lines have demonstrated 

that the repair network induced in response to IR is mostly ATM-dependent (Rashi-Elkeles et al. 

2006; Elkon et al. 2005). ATM belongs to a conserved family of PI3K-like protein kinases (PIKKs) 

and itôs one of the primary transducers to be activated in response to DSB: ATM phosphorylates 

several substrates, like the well-known tumor suppressor protein p53 and its natural inhibitors MDM2 

and MDMX. This coordinated process results in stabilizing p53 who decides the cell fate regulating 

the gene expression involved in the control of both cell-cycle check points and cell death. Indeed, to 

allow time for repairing the increased DNA damage, p53 blocks the cell cycle progression from G1 

to S phase through the activation of P21/WAF1. However, if the cell fails in repairing the lesions, 

p53 avoids their transmission to further cell generations activating caspases and apoptosis through 

Puma, Noxa and Bax (Lara et al. 2015; Lavin and Kozlov 2007; Q. Cheng and Chen 2010). 

Among the earliest response to DSBs IR-induced, itôs worth mentioning the ATM-dependent 

phosphorylation of the histone H2AX at 139-serine, which terms ɔ-H2AX. Within a positive feedback 

mechanism, several molecules of ɔ-H2AX, together with hundreds of other proteins necessary of 

repairing, are recruited to the sites of damage, resulting in the formation of the typical ɔ-H2AX foci, 

easily visualized through immunohistochemistry. ɔ-H2AX foci have been shown to be detectable 

within the first minutes after IR, reaching the maximum induction at 30 and 60 min after IR; as the 

damage is repaired, PP2A and other phosphatases dephosphorylate ɔ-H2AX, causing the resolution 

of the foci in 5-8 hours post IR, according to the tissueôs radiosensitivity (Svetlova, Solovjeva, and 

Tomilin 2010; Firsanov et al. 2012; Kuo and Yang 2008). 

Even though the earlier DNA repair responses depend on post-translational protein modifications 

(e.g. phosphorylations ATM-induced), multiple studies have demonstrated a huge transcriptional 

remodulation following exposure to IR. For instance, RNA-seq analysis of a model system mimicking 

human skin, performed 8 hours after the exposure to 10 Gy of X-rays, has shown a downregulation 

of cell-cycle proteins and upregulation of DNA damage repair, apoptotic and inflammatory proteins. 
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Lowering x-ray dose till 2 Gy, the number and the fold change values of the identified transcripts 

decrease but in most cases the trends remain consistent. (Tilton et al. 2016).  

Same results from S. Rashi-Elkelesa et al., who have carried out a large-scale expression analysis at 

3 and 6h after the exposure to 5 Gy of radiation in different cell lines, showing a common core of 

induced and repressed genes, although certain substantial differences among lines. The IR-induced 

core contained genes referable to p53 signaling pathway: Cdkn1a (cell cycle regulation), Ddb2, Rev3l 

and XPC (DNA repair) or Fas and DRAM (apoptosis); the repressed core referred to G2/M map. 

Moreover, a meta-analysis of their dataset and other published ones related to human cells, has 

reaffirmed the following pattern: a set of common induced genes related to apoptosis, cell cycle 

regulation, stress responses and metabolic processes; and a set repressed common genes attributed to 

mitosis. The comparison of various dataset originating from different species and cell lines has also 

highlighted how this analysis could be susceptible to differences in genetic backgrounds, emphasizing 

the need in a more accurate interpretation of the results (Rashi-Elkeles et al. 2011). Last but not least, 

alternative transcription of genes related to DNA repair or other pathways involved in the responses 

to IR has been identified (Forrester et al. 2012; Sprung et al. 2011) 

Over the year, the study of the radiation-induced damage has especially focused on DNA, considered 

the principal responsible for the lesions post-IR. However, the proper functioning of the cell depends 

on the equilibrium of all its parts, who can similarly be damaged by exogenous insults. The cell 

membranes or the cytoplasm ï thus ultimately the lipids and proteins ï are also important radiation 

targets, above all due to ROS activity. Concerning lipids, the exposure to ionizing radiations may 

impair polyunsaturated fatty acids, inducing a cis/trans isomerization o generating radicals through 

the so-called peroxidation reactions; or it may affect also the sphingolipid metabolism. Consequently, 

membrane fluidity and permeability, the maintenance of ion gradients and transmembrane processes 

and the activity of membrane-associated proteins can be compromised. On the other hand, operating 

on the amino acids of proteins, ROS induce the production of Ŭ-carbonyl radicals and, with a chain 

reaction mechanism, the fragmentation of the protein backbone (Pouget, Georgakilas, and Ravanat 

2018). 

Itôs worthy of note that such radiation damage and the correlated responses occur typically after the 

exposure to moderate/high doses of radiations, thus above 0,1 Gy according to UNSCEAR1. 

Many experimental studies of species ranging from bacteria to human argued that mild stress, just 

like low doses of IR, might be beneficial for health, even if larger doses are harmful. These results 

 
1 . The UNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radiation) 

classifies low doses radiation below 100 mGy, moderate doses between 0.1 and 1 Gy and high 

doses above 1Gy. 
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perfectly describe the phenomenon of the hormesis, whereby a physical or chemical agent has one 

effect at high doses and the reverse effect at low doses. This beneficial adaptive response, exploited 

in clinical practice, involves several pathways, such as the promotion of DNA damage repair, 

autophagy, anti-inflammatory and antioxidant responses, neurogenesis or normal cell proliferation 

(Berry and López-Martínez 2020; Guéguen, Bontemps, and Ebrahimian 2019; Cuttler 2020). 

 

In light of the above, the health impact of radiation exposure will depend on the type of radiation and 

its energy, on the radiation dose and the time exposure, but also on the radio susceptibility of that 

particular tissue which, ultimately, depends on a plethora of biological properties of the cells (for 

instance, their scavenging capacity, chromatin conformational status, the cell cycle state or their 

differentiation grade). Hence, the gonads, the intestine or the bone marrow will be more radiosensitive 

compared to spleen, muscles or CNS.    

 

1.5.2  TORPOR AND RADIORESISTANCE: STATE OF THE ART  

The association between hibernation and radioresistance is not recent: since the last century, many 

pioneering studies have come and gone and, despite some conflicting interpretations, a reduced 

sensibility to radiation damage induced by hypothermia has been clearly highlighted, both in vitro 

and in vivo, using different hibernating and non-hibernating models. 

Already in 1950s it was known that the reduction of the metabolism, and thus the body temperature, 

influenced the rate of development of toxic effects induced by radiation exposure: e.g. a higher 

survival had been achieved irradiating frogs at low environmental temperatures, as well as chick 

embryos and amphibian eggs. But also in mammals, increasing the metabolic rate through the thyroid 

stimulation had been resulted in a higher mortality in mice following irradiation, even if the opposite 

effect did not occur by using antithyroid substances (Smith and Grenan 1951). 

With that in mind, researchers began to test the resistance of different kind of hibernators towards a 

wide range of radiation doses, experiencing that hibernators, irradiated during the hypothermic phase, 

exhibited a resistance to higher doses of radiation and a prolonged survival time. For instance, the 

marmots irradiated during hibernation survived for 40-45 days after 650 r of X-rays, compared with 

a survival time of only 18-27 days for the non-hibernators given 550 r (Smith and Grenan 1951); or 

in another study, using doses of 800 r, 1000 r and 1200 r of X-rays, non-hibernating ground squirrels 

exhibited 100% mortality within 30 days after irradiation while those kept hibernating during and 

after the same radiation doses showed no mortality within 30 days (Doull and DuBois 1953). 

However, both studies agreed that the prolonged survival time observed in the hibernating irradiated 
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animals did not alter their ultimate mortality: in fact, in the latter study, the hibernating ground 

squirrels died within 10 days after their return to room temperature, either at 2 or at 4 weeks after 

irradiation, like the non-hibernating animals (thus the damage was just postponed after the arousal) 

(Doull and DuBois 1953). Same results for mice (Mràz and Praslicka 1961), in which the hypothermia 

increased the mean survival time and slowed down destructive changes in the blood, spleen and bone 

marrow, but after the arousal these changes developed even more intensely if  compared to non-

hypothermic animals. A mild increase of radioresistance was also observed in mice artificially 

induced in hypothermia using neuroplegic drugs and a cold environment (freezer, -10°C) (Kuskin, 

Wang, and Rugh 1959). 

 

Instead, a great contribution in demonstrating the association between hibernation and radioprotection 

was given by Musacchia and Barr, who published several consecutive studies on ground squirrels 

(Barr and Musacchia 1967; Musacchia and Barr 1968; Barr and Musacchia 1969, 1972; Musacchia, 

Volkert, and Barr 1971) and hamsters (Musacchia, Volkert, and Barr 1971), using X-rays or Cobalt-

60 ɔ photons. In one of them, active ground squirrels displayed 100% mortality when irradiated with 

1200 r of 60Co rays, percentage that the hibernating animals reached only at 3000 r (Barr and 

Musacchia 1967), showing a longer mean survival time. Moreover, it was also noted that the 

beneficial effect operated throughout the three major systems associated with radiation lethality - 

ematopoietic, gastrointestinal, and central nervous system ï , indicating the existence of protective 

mechanisms at work in all the hibernating animalôs body (Musacchia and Barr 1968). 

However, it has to be considered that variance of results in experimental radiobiology can be related 

to many features: indeed, the type and energy of radiation, the geometry of the exposure or the 

radiation facilities, together with the species and the strain of the animal, the period of hibernation 

before and after the irradiation, the depth of hibernation during the irradiation as well as the 

environmental temperature, may be responsible for a significant difference in the observed response 

(Barr and Musacchia 1967). Thatôs why researchers start testing animalsô survival by playing with 

many parameters, such as changing the ambient temperature post irradiation and/or the animalôs 

temperature during the irradiation (Barr and Musacchia 1969). In this regard, it was suggested that 

either after a single or a double exposure to radiation, the time spent in hibernation after irradiation 

was the major factor in survival: the highest survival was achieved irradiating the ground squirrels 

during hibernation and then moving the animal to 23°C after 20 hours spent hibernating at 5°C 

(Jaroslow et al. 1969). The positive relationship between post-irradiation hibernation and survival 

was also shown by others, despite no differences in response caused by distinct post-irradiation 

environmental temperatures (Barr and Musacchia 1972).  A meta-analysis summarizing some of the 
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data shown about radioprotection and hibernation in ground squirrels was subsequently given by 

Cerri and coworkers (Cerri et al. 2016). Pooling several data, it clearly emerged, despite a significant 

spread in results, an increased survival of squirrels irradiated during hibernation, with a high 

protective factor (ratio of LD50 values in hibernation/hypothermia and normal conditions) around 

1.4. Same result occurred pooling data of hypothermic rats (non-hibernators) taken from Ignatôev et 

al. (2006) and Benvenuto and Lewis (1960).  

 

Until then, many reasons were suggested by the authors of these papers to explain the data shown: 

reduced mitotic activity, some level of tissue hypoxia, higher chemical protectants (catecholamine) 

or an increased intracellular repair given by a delayed metabolic activity (Musacchia and Barr 1968; 

Jaroslow et al. 1969). The role of hypoxia and cell cycle phase was stressed as potentially involved 

in radioprotection also in other papers.  For instance, the persistence of hypoxia soon after the return 

to normothermia could explain why the ileal crypt cellsô survival of ground squirrels irradiated during 

the hibernation was almost as high as the one of animals irradiated 1 h after initiation of arousal (crypt 

survival returned to the level of irradiated non-hibernating controls in animals irradiated 3-7 h after 

initiation of arousal); the changes in the mitotic index as well as the altered progression through the 

cell cycle ï the crypt cells accumulate in G1 during hibernation ï may also played a role (Jaroslow 

et al. 1976).  

More recently, several in vitro studies focused on investigating the mechanisms of such 

radioprotection, paying particular attention to the cellular DNA damage repairing systems, rather than 

cell cycle perturbation (L. Cheng et al. 2015; Lisowska et al. 2014). It has been reported that 

hypothermia increases cellular resistance to IR reducing the DSBs ï even though the IR-induced 

DNA damage in not prevented (Doull and DuBois 1953) ï, it improves cell survival after IR and 

cytotoxic drugs (Elmroth et al. 2000) and it protects cells from apoptosis (Sakurai et al. 2005). Fukuda 

and colleagues (Fukuda et al. 2005) demonstrated that a mild hypothermia (32°C), induced for 4 

hours after exposure to 8 Gy of X-rays, could ameliorate the cell injury to the developing brain by 

reducing caspace-3 activation and p53 nuclear translocation (Fukuda et al. 2005).  Moreover, Baird 

and colleagues identified a pronounced radioprotective effect on human BJ-hTERT cells survival 

when they were cooled down to 13°C during and 12 h after the irradiation; mild hypothermia at 20°C 

and 30°C also resulted in some degree of radioprotection. Nevertheless, a suppressed DNA repair 

response was measured in hypothermic conditions, while accelerating upon return to 37°C. They also 

reported that lymphocytes irradiated at 37 °C showed a rapid increase and decrease in the intensity 

of ɔ-H2AX foci while at 13°C their intensity did not disappear with time. Considering the increased 

survival at 13°C, these results seem to suggest that slowly repair of double strand breaks, due to 
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hypothermia, might have beneficial impact on the survival of the cell (Baird et al. 2011). This insight, 

together with the restored DNA accessibility and the improvement of repair processes obtained when 

the animals return to normothermia ï as previously described by the squirrels with a higher survival 

rate arousing from hibernation one day after irradiation ï could play an important role as 

radioprotection mechanism. In contrast to what shown by Baird and colleagues, another study 

described a reduced transformation of DNA damage to chromosomal aberrations in human peripheral 

blood lymphocytes during the first hours after the exposure to radiation at 0.8°C, compared to those 

at 37°C, suggesting a promotion of DNA repair at low temperatures (Lisowska et al. 2018). 

Itôs worth mentioning that the hypothermic-related protective effect, measured in vitro at the level of 

micronuclei IR-induced, was detected regardless of whether cells were cooled before, during or soon 

after the radiation (Lisowska et al. 2014). These data have been also confirmed in vivo by Ghosh and 

colleagues, who reported how 6 hours of hypometabolism/hypothermia, triggered by adenosine 

monophosphate (AMP), induced 1-3 hours post-irradiation rescued mice from radiation-induced 

lethality, perhaps mitigating the oxidative DNA damage and augmenting the survival of 

Hematopoietic stem and progenitor cells (thanks to a shift towards anti-inflammatory environment) 

(Ghosh et al. 2017). 

Most recently, two interesting papers about hypothermia and higher radiation resistance have been 

published. In the first one, the authors irradiated hypothermic rats ï induced in a condition of synthetic 

torpor by means of an intraperitoneal injection of adenosine 5ǋ-monophosphate monohydrate (5ǋ-

AMP) ï with high energy heavy ions and then maintained the animals in a cold room (16°C) for six 

hours. As result of this procedure, they obtained an increased survival: 100% of saline-injected rats 

have died within 8 days, while among the hypothermic rats the 92% have died within 11 days and the 

8% survived over 30 days. The histological analysis demonstrated less inflammation in the brain, a 

preserved tissue organization in the liver (with less vacuolization and apoptotic hepatocytes) as well 

as less damage in the lung. Moreover, in vitro analysis on retinal pigment epithelial cells displayed a 

delay in DNA repair and a suppression of the radiation-induced mitotic catastrophe compared to 

control cells (Puspitasari et al. 2021). About the second paper, the authors have characterized the 

genomic signatures of radioprotection hypothermia-induced using the zebrafish as model animal, led 

into a torpor-like state by means of melatonin treatment and a reduced temperature. They 

demonstrated that torpor attenuated the stress response induced by the low dose radiation (0.3 Gy), 

increasing pro-survival signals and reducing oxidative stress (as a consequence of the detection and 

removal of misfolded proteins and hypoxia) (Cahill et al. 2021). Finally, our research group recently 

collaborated in a study (Tinganelli et al. 2019), in which some encouraging data showing the lack of 

histological damages post-irradiation in the liver and testicle (highly radiosensitive organs) of rats 
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exposed to 3 Gy of X-rays during synthetic torpor compared to animals irradiated in normothermic 

conditions were presented, suggesting a radioprotective effect of synthetic torpor. In addition, the 

observation of some down-regulation of ATM and several other genes involved in the DNA damage 

signaling in synthetic torpid irradiated animals led to the hypothesis that a specific response of DNA 

repair mechanism could play a role in this phenomenon.  

 

1.5.3  TRANSLATIONAL APPLICATIONS OF A RADIOPROTECTIVE 

TORPOR  

If the phenomenon of radioprotection described in hibernating animals was confirmed also in the 

synthetic torpid animals, its potential translational application would be even more attractive. Two 

fields in which the enhanced radioprotection could represent a meaningful breakthrough are the 

radiotherapy and the long-distance space exploration.  

 

1.5.3.1   RADIOTHERAPY 

Radiotherapy, a technique typically used in the treatment of cancer, exploits high energy ionizing 

radiation to selectively induce lethal damages to cancer cells. Itôs employed in over 50% of all 

oncologic patients to treat many kind of cancers, either alone or often in combination with 

chemotherapy to shrink the tumor before the surgical excision.  

Since the discovery of X-rays by Röntgen in 1895, the field of radiotherapy has undergone a 

tremendous development. Nowadays, in the clinical practice several kinds of radiotherapy ï 

according to the needs of the tumor ï are used, which differ for the position and the type of the 

accelerator serving as a radiation source, how and to what extent the radiation beam can be shaped to 

fit the profile of the tumor or also the type and the intensity of radiation. Indeed, recently the widely 

used X-rays have been accompanied by heavier ions (mostly protons and carbons) and radionuclides,  

whose favorable curve of energy release allows the using of higher doses to the target, decreasing the 

amount of radiation deposited into the healthy tissue surrounding the tumor (Cuttler 2020; Allen, Her, 

and Jaffray 2017; Abshire and Lang 2018).  

 

Notwithstanding these excellent technological improvements, radiotherapy does not always have the 

expected effectiveness, not only because of distant metastatic spread, but also because of local 

treatment site failure. The lack of responsiveness of neoplasms to ionizing radiation can be influenced 

by several aspects: tumor location or size, the hypoxic areas of its heterogeneous microenvironment, 
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tumor differential tissue-specific gene expression as well as tumor survival strategies (stimulation of 

proliferation, evasion of cell death, etc.) (Pawlik and Keyomarsi 2004).  

This radioresistance cannot be easily overcome just using higher doses of radiation because of the 

toxicity to the normal tissue. In fact, itôs important to consider that the cells constantly communicate 

among them. Thereby, even though the healthy tissue has not been hit by the radiation beam, the 

transmission of damaging signals to neighboring cells not directly irradiated might induce a response 

similar to that of directly irradiated cells: cell cycle delay, cell death, mutations, malignant 

transformation or a delayed genomic instability ï which arises de novo in the offspring cells several 

generations after irradiation. For instance, it has been reported an increased risk for second primary 

rectal cancer in patients who received radiotherapy to the pelvic region, in particular for prostate and 

cervical cancer (Rombouts et al. 2018; Rodriguez, Kuo, and Goodwin 2014). This is the so-called 

bystander effect and itôs mediated by gap junctions (if in contact) or by the releasing of soluble factors, 

including cytokines, reactive oxygen and nitrogen species, lipid peroxides or also exosomes 

containing mRNA, microRNA and DNA (Pouget, Georgakilas, and Ravanat 2018; Baskar et al. 

2014). The higher is the dose, the higher are the side-effects.  

On the contrary, it might be possible that the radiation induces long and systemic effects able to drive 

the regression of non-irradiated tumor lesions ï probably mediated by the immune system. That goes 

under the name abscopal effect (Daguenet et al. 2020).  

With that in mind, radiotherapy could be improved through its combination with torpor: exploiting 

the enhanced radiation resistance torpor-induced, it could be possible to use higher doses of radiation, 

resulting in a greater effectiveness of the treatment as well as a protection of the normal tissue, 

especially the one surrounding the tumor ï it has been hypothesized, and in part demonstrated, a 

significant radioprotective effect cooling down the rectal wall during prostate stereotactic body 

radiation therapy effect (Hrycushko et al. 2017) ï or the most radiosensitive ones.  

 

1.5.3.2   SPACE TRAVELS 

A natural desire for knowledge has always prompted humans beyond their own borders, thus 

obviously what concerns the Universe is source of seduction. 

Thanks to the huge technological improvements, space explorations are increasing frequency: there 

are plans for reaching Mars, the satellites of Jupiter and Saturn, and even to build a permanent base 

on the Moon; even ordinary men have been experiencing space travels, though just for a tour around 

the Earth.  

However long-term missions are still challenging, both because of the effect of a reduced gravity and 

because of the exposure to cosmic radiation. Indeed, microgravity causes many physiological 
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changes, such as bone and muscle loss, impaired cardiovascular and renal functions, a change in body 

fluid distribution ï thatôs why astronauts have a ñpuffy faceò ï and thus vision deficits, a 

compromised immune system as well as chromosomal aberration of the cells. Although microgravity 

effect can be partially mitigated ï maintaining muscle tone and avoiding bone weakening through 

daily workouts of several hours ï the DNA damage due to the exposure to galactic cosmic radiation, 

essentially protons and highly charged heavy ions, cannot be prevented and thus represents the major 

hazard and limit for human interplanetary exploration (whose consequences are exposed above). In 

fact, the shielding currently used is not able to completely stop the cosmic heavy ion particles. 

Scientists are working on improving the ñpassive shieldingò of the spacecraftôs hull (light and 

extremely hydrogenated materials are preferable) as well as on creating an ñactive shieldingò, realized 

by covering the spacecraft with giant magnets to produce an artificial protective magnetosphere and 

deflect the cosmic rays. Multiple limitations are related to materials, costs and the huge weight the 

spaceship would have. 

Finally, astronautsô confinement in a narrow spacecraft for very long periods leads to many 

psychological consequences (depression, anxiety, interpersonal conflict); long space travel 

simulations conducted on Earth have shown that two of five people of the crew develop psychotic 

episodes (Gemignani, Gheysens, and Summerer 2015; Szocik et al. 2021; Puspitasari et al. 2021).  

 

Against this backdrop, synthetic torpor could be considered a promising strategy for astronauts, 

allowing the resolution of those problems which currently make the interplanetary missions 

unachievable. Indeed, spending most of the time in an ñunconscious-likeò state, hibernated astronauts 

would reduce the spaceshipôs total energy consumption more than 50% (limiting food supply and 

waste production), saving the boring and long travelling time as well as avoiding the psychological 

issues mentioned above (Cerri et al. 2016). Moreover, hibernation would make the astronauts able to 

regulate the cardiovascular, immune and central nervous system, to preserve muscles and bones 

during prolonged inactivity, counterbalancing the metabolic changes induced during and after space 

exploration. Finally, enhancing the body resistance towards radiation, hibernated astronauts would 

escape from the lethality of radiation, travelling faster on a not heavy-shielding spacecraft.  
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This thesis is centered on the synthetic torpor, a reversible hypometabolic-hypothermic state induced 

in rats, non-hibernators, by the central pharmacological inhibition of the RPa, a key brainstem area 

for thermogenic responses. Previous works have described some physiological systemic 

modifications occurring during synthetic torpor, e.g. the ceasing of behavioral activity, the decrease 

of brain and body temperature, the depression of EEG activity and the reversible 

hyperphosphorylation of Tau protein in the central nervous system (Cerri et al. 2013; Hitrec et al. 

2021). By pursuing this line of research, this thesis aimed at: 

 

i) providing a multiorgan description of the functional cellular adaptations to synthetic 

torpor . Since the rats are homeothermic animals conceived to maintain a constant body 

temperature, the induction of hypothermia leads to a disruption of the normal cellular and 

systemic physiology. The molecular adaptations to synthetic torpor as well as the resulting 

cell phenotype have been assessed by transcriptional and histological analysis in multiple 

organs. The evidence that synthetic torpor is feasible, reliable and well tolerated by non-

hibernators will lead to many intriguing translational applications, for instance in the 

clinical practice or in space exploration.   

ii)  exploring the possibility of enhanced radioresistance induced by synthetic torpor 

and studying the underpinning molecular mechanisms. Many evidence have 

demonstrated that hibernators and facultative heterotherms are able to survive higher 

doses of radiation during torpor compared to the euthermic phase (Barr and Musacchia 

1969; Ghosh et al. 2017), even though the underlying mechanisms are yet unknown. 

Furthermore, in a recent study, the lack of histological damages post-irradiation in the 

liver and testicle (highly radiosensitive organs) of rats exposed to 3 Gy of X-rays during 

synthetic torpor compared to animals irradiated in normothermic conditions has been 

shown, suggesting a radioprotective effect of synthetic torpor (Tinganelli et al. 2019). In 

addition, the concomitant observation of some down-regulation of ATM and several other 

genes involved in the DNA damage signaling in synthetic torpid irradiated animals led to 

the hypothesis that a specific response of DNA repair mechanism could play a role in this 

phenomenon. These observations have led us to carry out a more complex study aimed at 

better characterizing the deep mechanism of such apparent radioprotection, by evaluating 

the early hypothermia-induced responses towards radiation not only at the level of tissue 

damage, but also of DNA damage and mRNA expression. In this perspective, the proof 

of an increased radioresistance in synthetic torpor and a better clarification of the possible 
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underlying mechanisms would be translationally useful for the development of new 

approaches of radiotherapy or for the feasibility of long-term space exploration.  
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3.1 GENERALITY  

All the experiments were performed in accordance with the DL 26/2014 and the European Union 

Directive 2010/63/EU, under the supervision of the Central Veterinary Service of the University of 

Bologna, under the approval of the National Health Authority (decrees 779/2017- PR; 112/2018-PR; 

262/2020-PR). All possible efforts were made to minimize the number of animals used and their pain 

and distress.  

 

3.1.1 ANIMALS  

Experiments were performed on 16 male Sprague-Dawley rats (Charles River), weighting 

approximately 250ï300 g. After their arrival, animals were hosted for one week under standard 

laboratory conditions: light-dark cycle (LD cycle) 12h:12h (L 9:00-21:00) with ad libitum access to 

food (4RF21 diet, Mucedola, Settimo Milanese, Italy) and water, at an ambient temperature of 24 ± 

1°C. During the adaptation period, animals were housed in couple in plexiglass cages (Techniplast) 

containing dust-free wood shavings; the bedding was changed every two days. 

 

3.1.2 PREOPERATIVE PROCEDURES 

The preoperative procedures involved the setup of two fundamental parts: the microinjection 

apparatus, used for the brain injection of drugs during surgical and experimental procedures, and the 

temperature sensor, which had to be reliable and precise, measuring this crucial physiological 

parameter. 

The microinjection apparatus has been developed in our laboratory and was made up of a 1 meter 

Teflon tube, with a constant diameter along its length ((DI0.2mm, FEP-Tubing 4001005 10X1m 

Microbiotech / se AB, Stockholm, Sweden), connected, throughout two watertight connectors, on 

one side to the internal cannula (fitted to implanted guide cannula) and on the other side to a Hamilton 

5 ɛl syringe (Hamilton Company, Bonaduz, Switzerland). During the experimental session, this latter 

was filled of mineral oil and it was placed on an infusion pump (infusion rate 0,3 ul/min, Harvard 

Apparatus) positioned outside the registration box to not disturb the animals at each injection. 

Prior to use, the Teflon tube was filled with the drug which had to be injected (muscimol or aCSF) 

and a dye, properly separated by mineral oil to create a hydrophobic interphase between them. 

Regulating the pump speed according to the diameter of the tube and the syringe, it was possible to 

inject a known amount of drug by monitoring the movement of the hydrophobic interphase.   

To monitor the hypothalamic temperature (Thy) during the adaptation and the experimental period, 
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thermistors (NTC Thermometrix) of 0.3 mm diameter ï whose electrical resistance changes in 

response to changes of temperature ï were used. The thermistors were inserted into a 21G needle 

welded to a 2-pin connector and then insulated with electrode resin. Before their surgical 

implantation, thermistors were calibrated to evaluate their sensibility and linearity; to achieve that, 

the tip of the thermistor was introduced in a heated bath set at 37°C, measured with a mercury 

thermometer (scale 34 °C - 42 °C), and was connected to the same amplifier in direct current that will 

be used during the experiment. The impedance was then measured at three different temperatures 

(37.0, 38.0, 39.0°C) and the three values were interpolated. 

 

3.1.3 SURGERY 

Animals underwent surgery after one week of adaptation to standard laboratory conditions. The day 

of surgery, they were the pre-anesthetized with Diazepam (Valium Roche, 5 mg/Kg intramuscular) 

and, after sedation was obtained, they underwent a general anesthesia with an intraperitoneal injection 

of Ketavet (Ketamine - HCl, Parke-Davis, 100 mg/Kg). After confirming the surgical plane of 

anesthesia by the absence of blink and toe-pinch reflexes, the trichotomy of the dorsal part of the head 

was carried out using a small animal shaver. 

Then each animal was positioned on a stereotaxic apparatus (David Kopf Instruments) to firmly block 

the head with the aid of a transverse support bar for the jaw (muzzle blocking bar, 4 mm) and two ear 

bars inserted gently in the external auditory meatus. The exposed skin was disinfected with iodine 

solution to avoid bacterial contamination of the surgical field and the scalp was incised in the midline 

from the frontal bone to the nuchal muscles with a surgical sterile blade. The periosteum was 

removed, and the cranium surface was cleaned, making the cranial sutures clearly visible. The proper 

positioning of the head was further checked and eventually corrected in order to keep the bregma and 

lambda on the same horizontal plane. 

Using a 0.5 mm drill tip, four craniotomies were made two on the left and right frontal bones (in 

antero-lateral position), and two on the left and right parietal bones (in postero-lateral position) in 

order to implant four stainless steel screws, previously disinfected in alcohol 70%, to ensure the 

inserted probes in place. Then a microinjection guide cannula (C315G-SPC, Plastics One; external 

gauge of the guide cannula: 0.46 mm; extension of the internal cannula from the pedestal: +3.5 mm; 

external caliber of the internal cannula: 0.20 mm) was stereotactically implanted at Raphe Pallidus 

coordinates (-3.0mm posterior to lambda , 0.0mm lateral to the midline and -9,7mm ventral to the 

dura mater dorsally corresponding to the RPa) obtained from ñThe Rat Brain in Stereotaxic 

Coordinatesò (Paxinos and Watson 2007). Another hole was made close to bregma and above the 

right anterior hypothalamus (-7mm ventral to the dura mater) to insert the calibrated thermistor and 
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record deep brain temperature (Fig. 4). 

Since the inhibition of Raphe Pallidus neurons causes massive vasodilation (Blessing and Nalivaiko 

2001), the right positioning of the guide cannula into the RPa was assessed through a intraoperative 

microinjection of the selective GABAA agonist muscimol (100 nl, 1mM) dissolved in artificial 

cerebrospinal fluid (aCSF); the cutaneous temperature was monitored through a temperature probe 

positioned at 1/3 of the of the tail length on the skin surface. The functional test was assumed correct 

if consistent increase in tail surface temperature was observed within 5 minutes from muscimol 

injection. If the test failed, the cannula was extracted and the dorso-ventral and latero-lateral 

coordinates were adjusted. Once the cannulaôs correct positioning ï always achieved within the 

second attempt ï was determined, it was fixed with dental resin (ResPal, Salmoiraghi Produzione 

Dentaria), covering the whole surgical field and incorporating the thermistor, the RPa cannula and 

the screws.  

Finally, rats were administered intramuscularly with wide-spectrum antibiotics (benzathine 

benzylpenicillin, 12.500.000 U.I., dihydrostreptomycin sulphate 5 g/100 mL - Rubrocillina 

Veterinaria, Intervet, 1 mL/kg), analgesics (Carprofen - Rimadyl, Pfizer, 5 mg/kg) and rehydrated 

subcutaneously with 5 mL of saline. Animals were constantly monitored until regaining of 

consciousness and then left to recover for 1 week under standard laboratory conditions. The animalôs 

pain, distress or suffering symptoms were constantly evaluated using the Humane End Point (HEP) 

criteria and if they displayed some degree of suffering symptoms were administered, as needed, with 

5mg/kg of Rimadyl (Carprofen 5mg/ml, Pfizer). 

 

3.1.4 EXPERIMENTAL SET -UP  

After the recovery period, rats were moved to new cages and adapted for 48 hours to the new 

experimental conditions: ambient temperature moderately below thermoneutral (TA15°C), constant 

darkness and high-fat diet (35% fats, Mucedola), all conditions known to facilitate the occurrence of 

a torpor in hibernators (Cerri et al. 2013).  

The experimental cages (Fig. 5) were located in a thermoregulated and sound-attenuated box, 

consisting of a modified freezer that allows a fine control of the TA through a thermostat connected 

to the freezer compressor and to an electric stove (1500 W) positioned inside the box. Once setting 

the required TA, the thermostat switches on the compressor or the heater to adjust any temperature 

deviations. 

The modified freezer box was also equipped with a ventilation system, a black and white video system 

(Philips) for monitoring the animal's behavior and a timer-controlled illumination system consisting 

of optical fibers (100 lux at the cage level). 
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During the adaptation period, the animalôs brain temperature was also monitored. The hypothalamic 

temperature was measured by thermistors connected to the external amplifiers. In particular, the 

bioelectric signal coming from the hypothalamic thermistor was recorded and transported, by means 

of insulated copper wires, to a swivel; the latter was positioned on a tilting arm above the cage, so the 

animal was allowed to move freely during the experiment. From the swivel, the signal was conveyed 

polygraph located out of the box, where it was amplified (mod. Grass 7P511L, Astro-Med Inc, West 

Warwick (RI), USA), filtered (Tbrain highpass 0.5 Hz), converted from analog to digital (12-bit 

analog-digital, CED Micro MK 1401 II) and finally stored on a digital hard drive with a sampling 

rate of 50 Hz.  

 

3.1.5 PORTABLE THERMOREGULATED BOX  

To be X-rays irradiated, the animals were transported to the irradiation site and then brought back to 

the housing place inside transportable, single-seat, custom-made cages (Fig. 6). Each cage was 

homogeneously radio-transparent, sound-attenuated and thermoregulated, instrumented with inner 

plexiglass bars, to delimit the area exposed to the radiation beam, and a battery-power to enable the 

maintenance of the experimental TA (15°C) regardless the external temperature and during the 

irradiation period.  

The cages were realized in collaboration with the National Institute for Nuclear Physics (INFN), 

Bologna Division, and a patent for industrial invention has been filed (n° 102019000022236). 

 

3.1.6 RADIATION DATA  

Exposure to radiation was performed at the Department of Nuclear Medicine, S. Orsola Hospital,  

irradiating the entire thermoregulated portable cage from above. The irradiation setup was calibrated 

using a ionization chamber inside a plexiglass phantom resembling a typical rat thickness. 

The animals were irradiated with a target average dose of 3 Gy total body at the dose rate of 23 

cGy/min (total irradiation period of 15 min) using a X-ray tube operating at 180 kV which produced 

a uniform radiation field in the whole region where the animal resided. The verification of the dose 

was obtained placing a radiochromic film below the animal: the outcome (Fig. 6) ï shown in a 

previous paper (Tinganelli et al. 2019) ï exhibited deviations of the order of 20% from the target dose 

in the upper and lower part of the animal, as a consequence of X-rays absorption in the animal tissue. 
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3.2 EXPERIMENTAL PROTOCOL  

As mentioned above, two days before the experimental day, the animals were moved the experimental 

cages ï TA 15°C, darkness, high-fat diet (35% fats, Mucedola) ï and their thermistors were wired to 

the swivels in order to start recording the baseline hypothalamic temperature.  

This study was conducted on 16 male Sprague-Dawley rats, divided into four groups and undergone 

to the following experimental protocol (Fig. 7): 

1) Warm non-irradiated (non-hypothermic, non-irradiated)  

2) Warm irradiated (non-hypothermic, irradiated) 

3) Cold non-irradiated (hypothermic, non-irradiated) 

4) Cold irradiated (hypothermic, irradiated) 

In order to reduce as much as possible any environmental differences, animals underwent the 

experiment in couples: animals from the cold irradiated group paired with animals of the warm 

irradiated group; animals from the cold control group paired with animals of the warm control group.  

The experimental day started at 7:00 h. The cold groups (control and irradiated) were induced into 

synthetic torpor through multiple injection of GABAA agonist muscimol (1mM) within the Raphe 

Pallidus. Each animal received approximately one injection per hour (100 nL): they shortly became 

hypothermic, bringing down their hypothalamic temperature within 4 hours, and maintained such 

condition until the end of the experiment (lowest Thy 23.41 ± 0.66) (Fig. 8). The warm groups (control 

and irradiated) were injected hourly with aCSF (EcoCyte Bioscience) within the RPa, matching the 

hypothermic group injections. All the animals remained normothermic, keeping a Thy between 37°C 

and 38°C.  

After 4 hours from the first injection, at 11:00 h, each animal was transported to the radiation site, by 

the means of a portable thermostated box, to be irradiated with 3 Gy of X-rays or sham-irradiated. 

Afterwards, they were returned to the experimental cages where they were kept in hypothermia or 

normothermia, by hourly injection, for the further four hours before the sacrifice and the organ 

collection.   

 

3.2.1 ORGANS COLLECTION AND PROCESSING OF SAMPLES 

After 8 hours of synthetic torpor, animals were euthanized with a lethal dose of anesthetic (500 ɛl of 

Ketavet, Ketamine - HCl, Parke-Davis) and different organs were collected for histological 

(hematoxylin and eosin staining or immunohistochemistry) and molecular assays.  
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3.2.1.1 RNA-seq 

The organs designed for the transcriptome analysis were: liver, spleen, heart, muscle, prostate and 

kidney. Immediately after their extraction, smaller tissue fragments were obtained and submerged in 

600 ɛl of the tissue storage reagent RNAlater (Ambion) to stabilize the cellular RNA and postpone 

the sample processing without compromising the quality and the quantity of RNA itself. After few 

minutes at room temperature to allow the RNAlater penetration in the tissue, the samples were stored 

at -80°C before being sequenced. The analysis of the gene expression was obtained through RNA 

sequencing, provided by a specialized firm Sequentia Biotech. 

RNA-seq analysis involved quality check, reads processing and statistical analysis of the RNA-seq 

data from sixteen samples.  

The quality check was performed on the raw sequencing data, removing low quality portions while 

preserving the longest high-quality part of NGS reads; the trimming step has been performed with 

the software BBDuk (minimum length set to 35 bp and the quality score to 10). 

Then the high-quality reads were aligned against the Rattus norvegicus reference genome sequence 

Rnor_6.0 (GCA_000001895.4) with STAR aligner (version 2.5.2b). Alignment FeatureCounts 

(version 1.5.1) was used to calculate gene expression values as raw fragment counts. Normalization 

was applied to the raw fragment counts by using the Trimmed Mean of M -values (TMM) 

normalization and Fragments Per Kilobase Million (FPKM) normalization. All the statistical analyses 

were performed with R with the packages HTSFilter and NOISeq (this latter, a non-parametric 

approach for the identification of differentially expressed genes ï DEGs ï from count data or 

previously normalized count data). 

The following step has been the removal of the not expressed genes and the ones showing too much 

variability for each comparison. The HTSFilter package was chosen for this scope, which implements 

a filtering procedure for replicated transcriptome sequencing data based on a Jaccard similarity index. 

The Trimmed Means of M -values (TMM) normalization strategy was used. 

The overall quality of the experiment was evaluated, on the basis of the similarity between replicates, 

by a Principal Component Analysis (PCA) using the normalized gene expression values as input (Fig. 

9).  

3.2.1.2 Bioinformatics analysis 

3.2.1.2.1 Data analysis 

The raw read counts for each gene were used in DESeq2 version 1.37.6 (Love, Huber, and Anders 

2014), a statistical package installed on R v. 4.2.1 and Bioconductor v. 3.15.  
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DESeq2 is able to discriminate differential gene expression by assuming a negative binomial 

distribution and performing a Wald test (ñDESeq2 experimental design and interpretationò Steven 

Xijin Ge). DESeq2 was exploited to understand the differential gene expression in each organ for the 

following model set up: 

1) Synthetic torpor vs normothermia; 

2) Irradiation vs non-irradiation; 

3) Synthetic torpor vs irradiation.  

DEGs for each of the previous conditions are shown in UpSetR plots, in order to emphasize the up-

regulated and down-regulated genes overlapping among the different gene sets.  

3.2.1.2.2  Gene ontology 

DEGs of each organ and condition were filtered using a cut-off of p value adjusted (padj) < 0,05 

(significant results) and a log2 fold change > 0 (up-regulated) and < 0 (down-regulated).  

Filtered DEGs were used to perform GO enrichment analysis by using clusterProfiler R package v. 

4.5.2 (T. Wu et al. 2021). For each organ and condition, it was performed a qualitative GO 

classification, a quantitative GO over-representation analysis (ORA) and a quantitative KEGG 

pathway over-representation analysis. From ORA and KEGG analysis, a hierarchical clustering of 

enriched terms has been performed, using the treeplot function.  

Filtered DEGs of all organs for each condition were used to perform a biological theme comparison 

exploiting the function ñcompareClusterò provided in clusterProfiler package. 

The bioinformatics analysis has been carried out by the laboratory of Cellular and Developmental 

Biology of the University of Pisa. 

 

3.2.1.3 HISTOLOGY 

Three of the six collected organs (that are liver, heart and muscle) have been designed for the 

histological analysis. After their collection, bigger fractions of tissue have been obtained ï being 

careful to preserve tissue integrity ï, submerged in 4% paraformaldehyde (Sigma-Aldrich, St Louis, 

MO, USA) to immediately stop all cellular autolytic processes, and fixed overnight at 4 °C. After 24 

hours, samples were washed in Phosphate Buffered Saline (PBS, 10mM) to eliminate excess fixative 

ï and thus staining artefacts caused by over-fixation ï and stored in 70% ethanol. Then the fixed 

tissues were cut in smaller pieces and transferred individually into histology cassettes to be 

completely dehydrated through their incubation in aqueous solutions of increasing ethanol 

concentration (1 day in 95% ethanol, 3 h in 100% ethanol). Thereafter the samples were clarified 

through incubation in xylene for 30 minutes, to optimize the subsequent step, and submerged in 
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paraffin for 6h at 58°C, to permit its filtration before the paraffin embedding. Once solidified, the 

tissue blocks were cut on a microtome, obtaining slices of 3 µm, and the general morphology 

(hematoxylin and eosin) as well as the DNA damage (ɔ-H2AX) has been investigated.  

The stainings and the related analysis have been carried out by the Pathological Anatomy Operative 

Unit of the Department of Specialized, Diagnostic, and Experimental Medicine (S. Orsola University 

Hospital, Bologna). 

 

3.2.1.3.1 H&E 

Three of the six collected organs (that are liver, heart and skeletal muscle) have been designed for 

Hematoxylin and Eosin staining (H&E). This latter uses a combination of two dyes: hematoxylin, a 

basic dye which colors in blue violet negatively charged cellular components (such as nucleic acids, 

membrane proteins and cell membranes, thus mainly the nucleus) and eosin, an acidic dye which 

stains in pinkish red positively charged components, such as many cellular proteins, mitochondrial 

proteins, collagen fibers, thus the cytoplasm and extracellular substances.   

The H&E staining was performed by using the automated VENTANA HE 600 system (Roche). The 

resulting slides were cyto-histological evaluated under an optical microscope. 

 

3.2.1.3.2  ɔ-H2AX 

Among the harvested organs, liver, heart and muscle (quadricepts) were designed for the analysis of 

the DNA damage, detected immunohistochemically by means of the antibody ɔ-H2AX (dilution 

1:600, code 05-636, Merck Millipore). This staining has been carried out automatically by using 

VENTANA 600 system (Roche): a pretreatment step with the ULTRA cell conditioning (CC1) 

solution, which is a tris based buffer with a slightly basic pH used at elevated temperatures (32 min 

at 95°C), was performed to hydrolyze the covalent bonds formed by formalin in tissue, in order to 

allow renaturation of protein molecules and to increase antibody accessibility. After the incubation 

with ɔH2AX (20 minutes at 36ÁC), the OptiView DAB IHC Detection Kit (an indirect biotin-free 

system) and the Hematoxylin staining were used respectively to detect the primary antibody and to 

color the nuclei, with the final aim of colocalyzing ɔ-H2AX and the nuclei. From the resulting slides, 

10 images per sample, and thus 40 images per experimental condition, were acquired under an optical 

microscope (magnification 40X); for each image, the percentage of immunolabeled area upon the 

total area and the number of positive (i.e. ɔ-H2AX labelled) nuclei upon the total (positive or not) 
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number of nuclei were evaluated, paying attention to discriminate between the specific and unspecific 

signal. 

 

STATISTICAL ANALYSIS  

The statistical analysis for the immunohistochemical study was carried out by Two way ANOVA 

test. In order to understand the effects of the two main treatments (hypothermia and radiation) and 

their interaction on DNA integrity, we have performed a 2X2 factorial analysis, considering as the 

two main factors a) the factor ñhypothermiaò, for the comparison of data from the normothermic 

groups (warm control and warm irradiated) with those of the hypothermic groups (cold control and 

cold irradiated), and b) the factor ñradiationò, for the comparison of data of the non-irradiated groups 

(warm and cold control groups) with those of  the irradiated groups (warm and cold irradiated groups). 

The statistical interaction between main factors was also assessed. Post-hoc pairwise comparisons 

have also been performed among the four experimental groups. Data analysis was carried out with 

the modified t-test. Significance level was pre-set at p<0.05 for all comparisons. All the statistical 

analyses were performed using IBM SPSS Statistics 25.0 version. 
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4.1 AIM 1: SYNTHETIC TORPOR EFFECT  

4.1.1 RNA-seq ANALYSIS  

The up-regulated and down-regulated genes overlapping among the six evaluated organs in the 

synthetic torpid animals vs the normothermic control animals are shown in the Figure 10. 

All the organs showed a comparable proportion of genes up- and down-regulated; the most responsive 

organs to synthetic torpor were spleen and liver, followed by heart, kidney and finally prostate and 

skeletal muscle. Spleen and liver were also the organs showing the highest number of genes expressed 

during synthetic torpor (1448 and 1353, respectively). The common genes differentially expressed 

by all the organs were 122, regarding up-regulation, and 116, regarding down-regulation.  

The results of the enrichment analysis for each organ and for the comparison among organs are given 

below. 

 

4.1.1.1 LIVER  

The functional enrichment analysis, using KEGG and ORA, of the genes significantly up-regulated 

and down-regulated in the liver of the animals in synthetic torpor compared to normothermic 

controls is shown by the treeplots in Figures 11 and 12, respectively. 

4.1.1.1.1   Up-regulation 

Concerning KEGG analysis, the up-regulated terms referred to: splicing; circadian rhythm; ribosome 

biogenesis and protein processing; FoxO signaling pathway; autophagy and mitophagy; energy 

production (TCA cycle and oxidative phosphorylation); proteasome; chemical carcinogenesis related 

to oxygen species; thermogenesis; diseases, such as non-alcoholic fatty liver disease or related to 

protein accumulation, such as ferroptosis, Alzheimer, Parkinson, Huntington diseases. 

ORAôs analysis evidenced the activation of the cell at all the biological levels. In particular, in the 

category ñbiological processò (BP), the nucleotide/ribonucleotide biosynthetic and metabolic process, 

the rRNA processing and ribosome biogenesis, the catabolism and the mitochondrial energy 

production were up-regulated. Same results for the category ñcellular componentò (CC), where 

ribosomal activation and mitochondrial respiration were upregulated, together with splicing and 

proteasome. The category ñmolecular functionò (MF), coherently, highlighted terms related to 

ribosomes, transcription and translation initiation, ubiquitination and energy production (NADH 

dehydrogenase activity).  
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4.1.1.1.2   Down-regulation 

From KEGG analysis emerged a downregulation of innate and adaptive immune responses (NOD-

like and toll-like receptor, NF-kB and B cell receptor signaling pathways), viral and bacterial 

responses (e.g. Herpes simplex virus 1 and Salmonella infections), diseases (e.g. Hepatitis B and C, 

measles), DNA repair (i.e. homologous recombination, non-homologous end joining, base excision 

repair, mismatch repair and Fanconi anemia pathway - which is required for the efficient repair of 

damaged DNA), ubiquitin mediated proteolysis, cell cycle and necroptosis. 

The suppression of immune response and DNA repair is also shown by the ORAôs BP category, 

together with a downregulation of chromatin and DNA biosynthetic processes, tRNA metabolic 

processing, microtubules (centrosomes and cilium organization/assembly) and mitotic cell cycle. All 

together they seem to indicate a decreasing of cell growth. 

In the CC category, many pathways appeared transcriptionally decreased. At the DNA level, the 

chromatin remodeling (of both centromeric and telomeric region), the heterochromatin, the DNA 

damage and repair were under-expressed. Coherently with KEGG and BPôs results, the cell division 

seemed to be prevented as shown by the downregulation of DNA replication fork, RNA polymerase 

II transcription and microtubules activity (e.g. spindle, centriole). Many terms highlighted the 

downregulation of cilium (microtubules) dynamics (ciliary tip, ciliary transition zone, ciliar basal 

body, MKS complex, intraciliary transport); vesicles intracellular transport (vesicles tethering 

complex, SNARE), Golgi function (Golgi stack, Golgi apparatus and subcompartment) and ubiquitin 

ligases were down-regulated as well. 

The MF categoryôs downregulated terms were related to the catalytic activity on DNA and RNA (e.g. 

helicase activity, single-stranded DNA binding, DNA polymerase activity, nucleotydil transferase 

activity), methylation-related pathways (proteins and histones demethylase activity, 

methyltransferase activity and methylated-dependent binding) and GTPase activation and regulation. 

  

4.1.1.2 SPLEEN  

The most significant up-regulated and down-regulated pathways, produced by KEGG and ORA, in 

the spleen of hypothermic rats compared to the normothermic rats are shown by the treeplots in 

Figures 13 and 14 respectively.  
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4.1.1.2.1   Up-regulation 

Concerning KEGG analysis, several terms were significantly upregulated: apoptosis, autophagy and 

mitophagy; circadian rhythms; splicing; TNF and chemokine signaling pathways; insulin resistance 

and glycation (AGE-RAGE signaling pathway); a series of pathways involved in the regulation of 

cellular homeostasis, metabolism, proliferation, growth, angiogenesis, survival (Apelin, ErbB, 

mTOR, FoxO, JAK/STAT, HIF-1, Wnt signaling pathways). 

From ORAôs BP category, an over-expression of terms related to splicing, ubiquitination, 

autophagosome as well as transcription regulation and repression, preribosomes and 

ribonucleoproteins emerged. In the CC category resulted an up-regulation of: immunity (TNF and 

IL -1); cellular catabolism; splicing; mRNA and RNA metabolism, catabolism and stability; 

simultaneous activation and repression of translation, amide metabolism and macromolecule 

biosynthesis. In the last ORAôs category, MF, we found the upregulation of: DNA and RNA binding; 

MAPK and thyroid hormone receptor binding; activation and repression of transcription; protein 

serin/threonine/tyrosine kinase activity; ubiquitin-like proteins binding and 

ubiquitination/deubiquitination activity.  

4.1.1.2.2   Down-regulation 

KEGG revealed a downregulation of: innate immune response (NF-kB and cytosolic DNA-sensing 

pathways), reaction to virus (e.g. Herpes simplex 1) and to virus-dependent diseases (measles, 

influenza A, hepatitis C, viral carcinogenesis), phosphatidylinositol signaling system, biosynthesis 

and metabolism of nucleotide sugars (which produce carbohydrates, in particular polysaccharides), 

peroxisomes and Fanconi anemia pathway (maybe related to DNA repair).  

The ORAôs BP category strongly highlighted the downregulation of innate and adaptive immune 

responses through a series of terms: interferon-beta production and regulation, pattern recognition 

receptors signaling pathways (such as toll-like receptors signaling pathway), interleukin-6 production 

and leucocyte mediated-immunity. It was also under-expressed the defense to biotic stimuli, tRNA 

metabolic process, cilium organization and DNA double-strand break repair. By the way, three terms 

related to ñsite of DNA break damageò were the only down-regulated pathways in the CC category. 

The MF category showed a downregulation of nucleotidyltransferase activity, catalytic activity on 

tRNA, NAD+ nucleosidase activity, transferase and methyltransferase activity, and chemokine and 

chemoattractant receptor activity. 
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4.1.1.3 HEART  

The KEGG and ORA most significantly up-regulated and down-regulated pathways in the heart of 

synthetic torpid animals (compared to normothermic animals) are shown in the treeplots in Figures 

15 and 16 respectively. 

4.1.1.3.1   Up-regulation 

KEGG analysis reported the following upregulated pathways: tRNA and ribosome biogenesis; 

circadian rhythm; splicing; FoxO signaling pathway; insulin resistance and thyroid hormone 

signaling pathway; ubiquitin-mediated proteolysis through proteasome; energy production (TCA 

cycle and oxidative phosphorylation); thermogenesis and reactive oxygen species. Two heart-specific 

terms, that are ñadrenergic signaling in cardiomyocytesò and ñcardiac muscle contractionò were 

upregulated as well. 

The upregulated terms showed in the three categories of ORA were all referable to: mRNA splicing 

via spliceosome; ubiquitin-dependent protein catabolism through proteasome; energy production 

through mitochondrial respiration; mRNA/rRNA/ribosome biogenesis and processing; regulation of 

transcription and translation.  

4.1.1.3.2   Down-regulation 

KEGG analysis of the under-expressed genes reported an immunomodulation of innate immune 

responses (evidenced by down-expression of PD-L1/PD checkpoint pathways, TNF, Nf-KB, Fc 

gamma R-mediated phagocytosis, NOD-like receptor, Cytosolic DNA-sensing) and adaptive immune 

responses (PD-L1/PD checkpoint pathways, B cell receptor signaling pathways), as well as a 

reduction of pathways related to virus or bacterial infections and to DNA damage repairing. 

The results obtained using ORA coherently recapitulated the ones from KEGG. Indeed, in the BP 

category, the most significant downregulated enriched terms referred to innate and adaptive immune 

responses and defense to virus; autophagy and DNA modifications (and in particular, 

heterochromatin organization, histone methylation, DNA DSBs repair) were also down-regulated. In 

the CC category, the only significant downregulated pathway was the one of heterochromatin. For 

MF, the enriched downregulated genes were involved in modulation of transcription, through both 

the downregulation the DNA-binding transcription activator and mostly through the downregulation 

of the DNA-binding repressor activity (via RNA polymerase II-specific) and the GTPase nucleoside-

triphosphatase regulator activity; protein phosphatase binding and methyltransferase activity 

(particularly regarding histones) were also downregulated. 
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4.1.1.4 KIDNEY  

The KEGG and ORA most significantly up-regulated and down-regulated pathways in the kidney of 

synthetic torpid animals are shown in the treeplots in Figures 17 and 18 respectively. 

4.1.1.4.1   Up-regulation 

Using KEGG analysis, the most significant pathways among the upregulated genes were: circadian 

rhythm; splicing; fatty acid metabolism and PPAR signaling pathway; proteasome; cancer diseases 

and the signaling pathways of FoxO, ErbB and Neurotrophin.  

The three categories of ORA showed the over-expression of: splicing; response to nutrients or 

starvation; metabolism (triglyceride biosynthetic process, response to fatty acid and carbohydrate); 

cell growth and DNA replication; ubiquitin-proteasome catabolic process; and mRNA processing.  

4.1.1.4.2   Down-regulation 

KEGG analysis showed a downregulation of NF-kB signaling pathway, apoptosis and some diseases 

(of which many were virus-dependent such as Herpes simplex1 infection, measles and hepatitis B). 

The ORA analysis reported: in the BP category, a decreased transcriptionally expression of negative 

regulation of phosphate and phosphorus metabolic processes together with a decreased tRNA 

processing; in the CC, the down-regulation of Cul3-RING ubiquitin ligase complex; in the MF, the 

under-expression of the activity of both DNA-binding transcription activator and repressor (RNA 

polymerase II-specific) and the under-expression of transferase and methyltransferase activity.  

 

4.1.1.5 PROSTATE  

4.1.1.5.1   Up-regulation 

The prostateôs significant upregulated pathways in the hypothermic rats, resulting from the KEGG 

and ORA analysis, are shown in the treeplots in Figure 19. 

KEGG analysis reported the upregulation of: circadian rhythm; splicing; hormones, in particular the 

synthesis, secretion and action of aldosterone, growth hormone and parathyroid hormone and the 

signaling pathways of insulin and thyroid hormone; EGFR tyrosine kinase inhibitor resistance; innate 

immune pathway (through TGF-beta, NF-kB and IL-17); cellular senescence; Hippo, Apelin, MAPK 

and FoxO signaling pathways. 

The ORAôs category BP showed an increase of the pathways related to: response to IL-1, hormones 

and starvation; circadian rhythm; regulation of p38 MAPK; fat cell differentiation; splicing; miRNA 
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transcription; protein acetylation. Concerning the other two ORAôs categories, CC and MF, the 

resulting up-regulated pathways were the following: euchromatin; transcription activators and 

repressors activity; splicing; ubiquitin protein ligase and transferase activity; protein phosphatase 

activity. 

4.1.1.5.2   Down-regulation 

For KEGG, the ñHerpes simplex virus 1 infectionò was the only one pathway resulted significantly 

down-regulated (count 43, padj=3,124x10-14) whereas for ORA analysis the down-regulated 

pathways did not reach the statistical significance.  

 

4.1.1.6 SKELETAL MUSCLE  

The functional enrichment analysis of genes that appear up-regulated and down-regulated in the 

skeletal muscle during synthetic torpor using ORA and KEGG analysis are shown in the treeplots in 

Figure 20 and 21, respectively. 

4.1.1.6.1   Up-regulation 

KEGG analysis showed a plethora of significantly up-regulated pro-survival pathways, which are 

listed below: some hormones, such as aldosterone, parathyroid, thyroid and growth hormones; EGFR 

tyrosine kinase inhibitor resistance; migration factors, like focal adhesion and VEGF, and Rap1 

signaling pathways; PI3K-Akt, FoxO signaling pathways and the longevity regulating pathway. In 

addition, spliceosome, circadian rhythm, p53 signaling pathway and TGF-beta/NF-kB signaling 

pathways are upregulated as well.  

Concerning ORA analysis, the BP category highlighted the upregulation of: p38 MAPK cascade; 

erythrocyte, epithelial and fat cells differentiation; epithelial and muscle cells proliferation; tissue 

migration; and circadian rhythm. Instead, CC and MF ORAôs categories collectively reported the 

simultaneous upregulation of the transcription activators and repressors and also the upregulation of 

euchromatin, nuclear receptors binding and protein kinase activities.  

4.1.1.6.2   Down-regulation 

KEGG analysis reported only the downregulation of NOD-like receptor signaling pathway and 

Herpes simplex virus 1 infection, thus related to immune response. This was firmly more evident 

examining the results of ORA analysis. Indeed, in the BP category, almost all the enriched under-

expressed pathways referred to innate and adaptive immune responses: in particular, the response to 
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IFN-ɓ and TNF and their production, the pattern recognition receptor signaling pathway, the cytokine 

production and responses and the leucocyte-mediated immunity were down-regulated. The CC 

category did not evidence any significant pathways whereas the MF reports only the down-regulation 

of double-stranded RNA binding and hydrolase activity.  

 

4.1.1.7 MULTIORGAN RESPONSE 

The significant pathways (obtained by GO classification, ORA and KEGG analysis) of the animals 

in synthetic torpor compared to normothermic controls have been compared among the 

aforementioned organs. The results are shown hereafter. 

4.1.1.7.1   Gene Ontology 

The common annotations of the three main categories of Gene Ontology (GO), obtained from a 

qualitative analysis, are listed in the Figure 22. Each term contains up- and down-regulated genes. 

Considering the number of differentially expressed genes over the total number of genes associated 

with a given GO term (gene ratio), the shared pathways showed a similar expression among the 

different organs. The most represented pathways were related to the regulation of cellular metabolic 

processes (for BP), ñintracellular anatomical structureò, ñcytoplasmò and ñorganelleò (for CC) and 

ñprotein bindingò, ñion bindingò, ñorganic cyclic compound bindingò and ñheterocyclic compound 

bindingò (for MF).  

4.1.1.7.2   Up-regulation 

As shown in Figure 23, the KEGG significantly upregulated pathways during synthetic torpor and 

common to all the 6 selected organs were the following: spliceosome, circadian rhythm, FoxO 

signaling pathway and colorectal cancer. In addition, ñEGFR tyrosine kinase inhibitor resistanceò 

was up-regulated in 4 organs (muscle, prostate, spleen and liver) instead ñproteasomeò, ñMAPK 

signaling pathwayò and two diseases (ñchemical carcinogenesis ï reactive oxygen speciesò and 

ñsmall cell lung cancerò) were over-expressed in 3 different organs. Moreover, itôs worth mentioning 

the upregulation of oxidative phosphorylation in heart and liver and the upregulation of mitophagy 

and autophagy in spleen and liver.  

Several significantly upregulated pathways, resulting from ORA analysis, were shared among the 

organs (Fig. 23). Concerning the BP category, the upregulated terms in all the organs referred to: 

mRNA processing and metabolism, RNA splicing, circadian rhythm, intracellular receptor signaling 

pathway, regulation of cellular amide metabolic process, response to stimuli (peptide, external 

stimulus and starvation) and macromolecules biosynthetic process. Other upregulated pathways 
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shared by groups of organs were: cellular catabolic process (all organs except muscle), cellular 

respiration (heart and liver), ribosome biogenesis (heart, kidney, spleen and liver), fat cell 

differentiation (heart, muscle, prostate and spleen) and muscle cell proliferation (all organs except 

liver).  

In the CC category, the upregulated terms shared among all the organs belonged to splicing (nuclear 

speck, spliceosomal complex, catalytic step 2 spliceosome) and euchromatin pathway. Other 

pathways upregulated in some of the organs were related to transcription repressor (heart, muscle, 

prostate, spleen) or regulator (heart, muscle, prostate, spleen, liver) complex, ubiquitin ligase complex 

(all the organs except muscle), mitochondrial inner membrane and matrix (heart and liver), 

proteasome (heart, kidney liver), preribosome (heart, spleen and liver), histone acetyltransferase 

complex (kidney, prostate and spleen) and nuclear membrane (kidney muscle and spleen).  

In the last ORAôs category, MF, the regulation of transcription (RNA polymerase II-specific) and the 

mRNA binding were upregulated in all the organs; single stranded DNA binding was increased in 

kidney, muscle and spleen. Except for kidney, other terms referring to transcription activator or 

coactivator activity were upregulated. Besides transcription, other pathways shared by many organs 

were: protein serin kinase activity and serin/threonine/thyrosine kinase activity (all organs, except for 

prostate and muscle, respectively); ubiquitin-like protein binding, catalytic activity on RNA and 

translation regulator activity (heart, kidney, spleen, liver); nuclear glucocorticoid receptor binding 

(heart, muscle, prostate, and spleen); electron transfer activity (heart and liver); histone deacetylase 

binding (heart, muscle, prostate, liver). 

4.1.1.7.3   Down-regulation 

KEGG analysis (Fig. 24) reported only ñHerpes simplex 1 infectionò as a downregulated pathway 

during synthetic torpor in all the evaluated organs. The other listed pathways were referable to: virus-

dependent diseases, namely influenza A, hepatitis B and measles (heart, liver, kidney and/or spleen); 

innate immune response, i.e. NF-kB (heart, kidney, spleen and liver) and NOD-like receptor (heart, 

muscle and liver) signaling pathways; DNA repair, i.e. homologous recombination (heart and liver) 

and Fanconi anemia pathway (heart, spleen and liver); apoptosis (kidney and liver); osteoclast 

differentiation (heart, kidney and liver).  

Regarding ORA analysis (Fig. 24), the BP and MF categories were lacking in prostate results 

(because of the low number of downregulated genes) whereas the CC category was lacking in both 

prostate and muscle results. In BP, the shared down-regulated pathways were: defense response to 

stimuli such as virus and symbiont (heart, muscle, spleen and liver); DNA repair (heart, kidney, 

spleen and liver); innate (heart, muscle, spleen and liver) and adaptive immune response (heart, 
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kidney, muscle, and spleen); regulation of autophagy (heart, kidney, spleen and liver); negative 

regulation of phosphorylation and phosphate/phosphorus metabolic process (heart, kidney and liver); 

tRNA processing (kidney, spleen and liver); cilium assembly/organization and smoothened signaling 

pathway (spleen and liver). For CC, there were no downregulated pathways shared among all the 

organ. The listed pathways were related to: heterochromatin (heart and liver) and chromosomal region 

(spleen and liver); transferase activity (heart and liver); endoplasmic reticulum (heart and spleen); 

ubiquitin ligases (kidney and liver); site of DNA damage (spleen and liver); intraciliary transport 

(spleen and liver).  

In the MF category, the most represented downregulated pathways among organs were: DNA-binding 

transcription activator and repressor activity (heart, kidney and liver); transferase activity (heart, 

kidney, spleen and liver); transmembrane transporter activity (heart, spleen and liver); hydrolase and 

NAD+ nucleosidase activity (muscle and spleen); catalytic activity on DNA (heart, spleen and liver) 

and on tRNA (spleen and liver); modification-dependent protein binding (heart and liver).  

 

4.1.2 HISTOLOGICAL ANALYSIS  

4.1.2.1 Histochemical analysis 

The qualitative histochemical analysis, performed by using H&E staining, revealed no differences 

between the organs (heart, skeletal muscle and liver) of synthetic torpid rats and normothermic 

control rats: in both experimental conditions, the tissue morphology was preserved, with no signs of 

cytoplasm vacuolization, fibrosis, necrosis and apoptosis (skeletal muscle: Fig. 25a, b; heart: Fig. 

26a, b; liver: Fig. 27a, b) 

4.1.2.2 Immunohistochemical analysis 

Among the organs designed for the immunohistochemical detection of ɔ-H2AX, the heart and muscle 

of hypothermic and normothermic animals did not show any significant differences in the percentage 

of the immunolabeled area as well as in the ratio between the number of positive nuclei and the 

number of total nuclei (skeletal muscle: Fig. 28a, b; heart: Fig. 29a, b). For both organs, the factor 

ñhypothermiaò was not statistically significant and no significant interaction was observed between 

the factor ñhypothermiaò and ñradiationò and in the pairwise comparison between the warm non-

irradiated and the cold non-irradiated groups.  

On the contrary, in the liver an increase of the DNA damage due to hypothermia was observed 

considering both the percentage of the immunolabeled area and the ratio between the number of 

positive nuclei and the number of total nuclei (liver: Fig. 30a, b). The factor ñhypothermiaò was 
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significant for both parameters (p<0,0001 for the percentage of ɔ-H2AX-positive area; p=0,011 for 

the ratio between the number of positive nuclei and the number of total nuclei), although a statistically 

significant interaction with factor ñradiationò was observed for the parameter percentage of the 

immunolabeled area (see below). Pairwise comparisons between the non-irradiated groups did not 

reach statistical significance for both parameters. 

 

 

4.2 AIM 2: RADIOPROTECTION  

4.2.1 RADIATION EFFECT  

4.2.1.1 RNA-seq ANALYSIS 

The up-regulated and down-regulated genes overlapping among the six evaluated organs in the warm 

irradiated animals vs the warm non-irradiated animals are shown in the Figure 31.  

The proportion of up- and down-regulated genes is quite comparable for each organ, except for 

prostate, whose number of up-regulated genes is considerably greater than those down-regulated. 

The spleen is the most responsive organ, with about 2800 up- and down-regulated genes exclusively 

expressed in this organ after the radiation exposure; kidney and, above all heart and muscle, are the 

less responsive ones. Among the common genes, only 1 down-regulated gene (ribosomal protein L12, 

pseudogene 1) and 10 up-regulated genes (Gtse1, Aen, Cd80, Ankrd13d, Bax, Pvt1, Tyms, NA, NA, 

LOC103690393) resulted to be expressed by all the organs in response to the irradiation. 

The results of the enrichment analysis for each organ and for the comparison among organs are 

provided below. 

 

4.2.1.1.1 SPLEEN 

The functional enrichment analysis, using KEGG and ORA, of the genes significantly up-regulated 

and down-regulated in the spleen of rats exposed to radiation compared to control rats is shown in 

Figures 32 and 33 respectively. 

 

Up-regulation 

The first 30 significantly up-regulated terms, with a p value adjusted ranging from 1x 10-14 (for the 

highest) and 4,8x10-6 (for the lowest), obtained through the usage of KEGG database are listed in the 

Figure 32. This plot showed an over-expression of immunity (Toll-like receptor, TNF, NF-kB and 
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chemokine signaling pathways), multiple diseases, apoptosis, mitophagy and lysosomes, focal 

adhesion and Rap1, MAPK, PI3K-Akt signaling pathways.  

From ORAôs analysis (BP, CC and MF), the overall outcome was the one of an inflammatory 

phenotype, with a consistent upregulation of terms related to: inflammation and immune responses, 

positive regulation towards external stimuli, angiogenesis, vacuolar (lysosomal) membranes, 

epithelial/endothelial/white blood cells migration and chemotaxis, focal adhesion. The upregulation 

of this latter, namely cell-matrix adhesions (which play a role in cell motility and differentiation as 

well as changes in cell shape) was also corroborated by the over-expression of several other terms, 

such as binding of growth factors to their respective receptors, plasma membrane and extracellular 

matrix activation, integrin binding and some related kinases activity, adherens junction and 

reorganization of actin bundles (cytoskeleton).  

 

Down-regulation 

The KEGG down-regulated pathways were related to cell cycle and DNA replication, B cell signaling 

pathway, phosphatidylinositol signaling system, ribosomes, DNA repair (nucleotide excision repair, 

mismatch repair and homologous recombination) and diseases. The three ORAôs categories (BP, CC 

and MF) reinforced the information coming from the KEGG down-regulated terms, referring to: B 

cell activation and proliferation; chromatin reorganization; DNA replication, cell cycle and mitotic 

spindle (centrioles); DNA repair (evidenced by the down-regulation of the double-strand break repair 

via homologous recombination and the exonuclease, which acts as proofreader during DNA 

replication); histone enzymes activity; methylation-dependent activity; ribosomal subunits and rough 

endoplasmic reticulum membrane. 

 

4.2.1.1.2 PROSTATE 

The most significant up-regulated and down-regulated pathways, produced by KEGG and ORA, in 

the prostate of warm irradiated rats compared to non-irradiated controls are shown in Figures 34 and 

35 respectively. 

 

Up-regulation 

KEGG analysis reported the upregulation of apoptosis, p53 signaling pathway, oocyte meiosis, 

cardiac muscle contraction and some neurodegenerative diseases. Instead the ORAôs BP, CC and MF 

upregulated pathways were almost entirely related to sperm and cilium assembly, development, 

differentiation and motility as well as meiosis and chromosome segregation/condensation. 
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Down-regulation 

KEGG analysis showed the under-expression of: insulin and glucagon signaling pathways as well as 

insulin resistance; growth and parathyroid hormones synthesis, secretion and action; adipocytokine 

(e.g. Apelin) signaling pathway and, coherently, of its target AMPK; FoxO and cGMP-PKG signaling 

pathways.  

The BP was the only ORAôs category with significant down-regulated pathways, mostly related to 

carbohydrate metabolic process and to muscle development, adaptation, hypertrophy and contraction. 

 

4.2.1.1.3  LIVER 

The functional enrichment analysis, using KEGG and ORA, of the significantly up-regulated and 

down-regulated genes in the liver of warm irradiated rats compared to warm non-irradiated rats is 

shown in Figures 36 and 37 respectively. 

 

Up-regulation 

The result of KEGG and ORA analysis was the up-regulation of: radiation-induced responses, such 

as p53 signaling pathway, apoptosis and reactive oxygen species; splicing; autophagy and 

mitochondrial respiration; ribonucleoprotein complex assembly and biogenesis; a plethora of 

diseases; ErbB, FoxO and mTOR signaling pathways; retinol metabolism. 

 

Down-regulation 

Concerning the downregulation, KEGG analysis reported pathways mostly related to cell migration 

(such as focal adhesion, the regulation of actin cytoskeleton and Rap1 signaling pathway), hormones 

signaling pathways (thyroid hormone, insulin and glucagon) and hedgehog signaling pathway 

(involved in cell differentiation); instead ORAôs categories, above all BP, highlighted the 

morphogenesis and development of the limb, the germ cell, the epithelial and neuronal tube.  

 

4.2.1.1.4  KIDNEY 

The KEGG and ORA most significantly up-regulated pathways in the kidney of the rats exposed to 

radiation are shown in Figure 38. Instead, the functional enrichment did not report any significant 

down-regulated pathways, both for KEGG and ORA analysis.  
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Up-regulation 

KEGG and ORA outcomes converged on identifying similar up-regulated pathways, related to: an 

intense activation of inflammation (i.e. TNF, IFN-ɔ, IL-17, IL-1, Toll-like and NOD-like receptor 

signaling pathways), chemotactic leukocyte migration and cell adhesion binding (integrin); responses 

to radiation and p53 signaling pathway; apoptosis and necroptosis; MAPK signaling pathways.  

 

4.2.1.1.5  HEART 

The KEGG and ORA most significantly up-regulated and down-regulated pathways in the heart of 

warm irradiated animals compared to warm non-irradiated animals are shown in Figures 39 and 40 

respectively. 

 

Up-regulation 

Comprehensively, KEGG and ORAôs BP (the other two ORAôs categories did not show significant 

pathways, except for one term of CC) strongly highlighted the upregulation of pathways related to 

radiation-induced DNA damage responses, such as p53 signaling pathway and intrinsic apoptosis, 

several diseases and oxidative stress. 

 

Down-regulation 

For KEGG, the ñECM-receptor interactionò was the only pathway resulted significantly down-

regulated, whereas for ORA analysis the urogenital system development (in BP category) and the 

cytokine binding, such as TGF-beta, (in MF category) appeared down-regulated.  

 

4.2.1.1.6 SKELETAL MUSCLE 

The KEGG and ORA functional enrichment analysis of the up-regulated and down-regulated genes 

expressed in rats exposed to radiation is reported below.  

 

Up-regulation 

KEGG and ORAôs BP analysis (CC and MF did not show any statistical significant pathways) 

reported the over-expression of the genes involved in the response to ionizing radiation, in particular 

involved in p53 and intrinsic apoptosis signaling pathways (Fig. 41). 
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Down-regulation 

The ORAôs BP category was the only one to show terms significantly down-regulated: the 

ñregionalizationò (padj=0,007; count=6) and the ñanterior/posterior pattern specificationò 

(padj=0,007; count=5), both related to multicellular organism development.  

 

4.2.1.1.7   MULTIORGAN RESPONSE 

The multi-organ comparison of the up-regulated and down-regulated pathways in the rats exposed to 

radiation has been carried out using Gene Ontology database (from a qualitative perspective) and 

KEGG and ORA analysis (from a quantitative perspective). 

 

Gene Ontology  

The common annotations of the three main categories of GO (BP, CC and MF) are listed in the Figure 

42. Each term contains up- and down-regulated genes. According to the gene ratio, the expression of 

the pathways is relatively comparable among organs. The most represented pathways are: cellular 

metabolic processes (for BP), ñintracellular anatomical structureò, ñcytoplasmò and ñorganelleò (for 

CC) and ñprotein bindingò, ñion bindingò, ñorganic cyclic compound bindingò and ñheterocyclic 

compound bindingò (for MF).  

 

Up-regulation 

The only significantly upregulated term among the 6 evaluated organs was the p53 signaling pathway, 

produced by KEGG analysis (Fig. 43); but, it is possible to consider the apoptosis as a pathway shared 

among all the organs as well, since the only two organs which do not express apoptosis in KEGG plot 

show, in the ORAôs BP category, an upregulation of intrinsic apoptosis.  

In particular, concerning KEGG analysis, other pathways upregulated in multiple organs were some 

diseases (among all, the most represented are bladder cancer and colorectal cancer), TNF signaling 

pathway and cytokine-cytokine receptor interaction (kidney and spleen) and chemical carcinogenesis 

related to reactive oxygen species (spleen and liver).  

Regarding ORA analysis (Fig. 43) the other upregulated pathways shared by multiple organs were: 

in BP category, the response to IL-1, the chemotactic leukocyte migration and the wound healing 

(kidney and spleen); in the CC category, the transferase complex (heart and liver) and the external 

side of plasma membrane (kidney and spleen); in the MF category, the chemokine and cytokine 

activity, cell adhesion molecule binding, the growth factor and cytokine receptor binding (kidney and 

spleen).  
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It has to be underlined that the CC plot was lacking in muscle result whereas the MF plot was lacking 

in both muscle and heart results. 

 

Down-regulation 

Concerning the under-expressed pathways (Fig. 44), there were no terms shared by all the evaluated 

organs. Among the ones listed, the pathways shared by at least two organs were: in KEGG plot, 

insulin and glucagon signaling pathways (prostate and liver) and phosphatidylinositol (spleen and 

liver); in ORAôs BP plot, the urogenital system development (heart and liver) and chromatin 

organization (prostate and spleen); in ORAôs MF plot, the growth factor binding (heart and prostate).   

 

4.2.1.2 HISTOLOGICAL ANALYSIS 

4.2.1.2.1 Histochemical analysis 

Except for liver, the qualitative histological analysis of the other studied organs (heart and muscle) 

of the irradiated and non-irradiated normothermic animals showed no macroscopic differences 

between the two groups (muscle: Fig. 25 a, c; heart: Fig. 26 a, c). The liver appeared to be the only 

organ affected by the exposure to X-rays, exhibiting an altered tissue morphology with vacuolized 

hepatocytes, blood stasis, apoptosis and perivascular edema (Fig. 27 a, c).  

4.2.1.2.2  Immunohistochemical analysis 

After four hours from radiation exposure, the damage was clearly evidenced at DNA level in all the 

studied organs of the irradiated normothermic animals compared to normothermic non-irradiated 

animals (muscle: Fig. 28 a, c; heart: Fig. 29 a, c; liver: Fig. 30 a, c). Indeed, the factor ñradiationò 

was significant in all the organs, both considering the percentage of the area labelled by ɔ-H2AX 

upon the total area and the ratio between the number of positive nuclei and the total number of nuclei, 

although a significant interaction between ñhypothermiaò and ñradiationò was observed for the 

parameter percentage of the area labelled in liver (see below). Concerning the single comparisons, 

the percentage of the area detected by ɔ-H2AX was significantly increased in the irradiated liver 

(p<0,01) and muscle (p<0,05); while, the ratio between the number of positive nuclei and the number 

of total nuclei was significantly increased in irradiated liver (p<0,001), heart (p<0,05) and muscle 

(p<0,05). 
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4.2.2 INTERACTION BETWEEN RADIATION AND SYNTHETIC TORPOR  

4.2.2.1 RNA-seq ANALYSIS 

The genes, both up- and down-regulated, expressed specifically during the synthetic torpor in 

response to radiation, overlapping among the six evaluated organs, are shown in Figure 45. 

The spleen responded more than all the other organs to the interaction of the two treatments, showing 

the highest number of differentially expressed genes: 1731 genes, of which 1694 were exclusively 

expressed in the spleen. Following, the liver with 124 DEGs (of which 91 liver-specific), the heart 

with 30 DEGs (of which 21 heart-specific), the kidney with 21 DEGs (of which 16 kidney-specific), 

the prostate with 2 DEGs (both prostate-exclusive) and the muscle with 2 DEGs (of which 1 muscle-

specific). As shown in the Upset plot (Fig. 45), there were no DEGs common to all the 6 evaluated 

organs. Except for the intersection liver-spleen (that shared 30 DEGs of which 28 exclusively 

expressed in this group), the DEGs common to multiple organs were very few: 7 genes between 

spleen and heart (of which 6 group-specific), 3 for liver and kidney (of which 2 group-specific), 1 for 

heart and muscle intersection, 2 genes (of which 1 group-specific) each for the heart-liver, spleen-

kidney and spleen-liver-kidney intersections. The intersection which involves more organs (that are 

spleen, liver, heart and kidney) contained only one DEG, the Cdkn1a.  

The functional enrichment analysis, using KEGG and ORA, of the significant DEGs showed almost 

no pathways for each organ (because of the low number of genes involved), with the exception of the 

spleen, whose result is displayed below. 

 

4.2.2.1.1 SPLEEN 

The KEGG and ORA up-regulated and down-regulated pathways of the hypothermic and irradiated 

rats are shown in the Figure 46 and 47 respectively.   

 

UP-regulation 

From KEGG analysis emerged the upregulation of pathways related to: immune responses (NF-kB 

and B cell receptor signaling pathway, intestinal immune network for IgA production, Th17 cell 

differentiation as well as allograft rejection and asthma); DNA replication and DNA repair (mismatch 

repair and Fanconi anemia); hematopoietic cell lineage; and virus-dependent diseases. 

The ORAôs BP category was entirely dedicated to immunity: it showed the upregulation of innate 

immune response, through the cell surface receptor signaling pathway, and adaptive immune 

response, through leukocyte activation, differentiation and proliferation and immunoglobulin 



 91 

production. Both CC and MF reported the over-expression of the MHC class II protein complex 

(responsible for antigen presentation); MF also highlighted the helicase activity on the single-stranded 

DNA.  

 

DOWN-regulation 

KEGG analysis showed a plethora of significantly down-regulated pathways, related to: immunity 

(TNF signaling pathway and cytokine-cytokine receptor interaction); cell motility (focal adhesion, 

RAP1 signaling pathway, regulation of actin cytoskeleton and ECM-receptor interaction); 

phagosome and lysosome; hematopoietic cell lineage; cholesterol metabolism; calcium, 

phospholipase D, PI3K-Akt, MAPK and relaxin signaling pathways.  

The reduction of cell motility, evidenced by KEGG pathways, was firmly confirmed by ORAôs BP 

category, which reported the down-regulation of leukocyte chemotaxis, epithelial and ameboidal-type 

cell migration, cell-substrate and cell-matrix adhesion and actin filament organization. In addition, 

wound healing, cellular response to IL-1 (linked to damaging inflammation), to ROS and to hypoxia, 

regulation of angiogenesis and ERK1/ERK2 cascade were significant downregulated.  

Again, ORAôs CC and MF highlighted the under-expression of focal adhesion, adherens junction, 

actin and integrin binding and extracellular matrix activation. Moreover, in CC category emerged the 

downregulation of lysosome and lytic vacuole whereas MF category also reported the down-

regulation of growth factor, cytokine and immune receptor activity as well as of 

metallo(endo)peptidase activity. 

 

4.2.2.2 HISTOLOGICAL ANALYSIS 

4.2.2.2.1  Histochemical analysis 

The histological qualitative comparison between the cold irradiated and the warm irradiated rats did 

not show any macroscopic differences in the heart and muscle. The only studied organ with a different 

histological outcome between the two groups was the liver: indeed, the hypothermic irradiated livers 

presented a classic organization in lobes and lobules, with much less blood stasis and cytoplasm 

vacuolization, no signs of apoptosis and perivascular edema (Fig. 30 c, d) compared to the animals 

irradiated during normothermia (whose results are described in the paragraph 4.2.1.2.2). 

Itôs worth mentioning that histological qualitative comparison between the cold non-irradiated and 

cold irradiated rats did not display any macroscopic differences in the heart and muscle. Only in the 

liver, a little increase of blood stasis and cytoplasm vacuolization was found in the cold irradiated 

rats compared to the cold non-irradiated rats (Fig. 30 b, d). 
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4.2.2.2.2  Immunohistochemical analysis 

The immunohistochemical detection of ɔ-H2AX in the rats irradiated during hypothermia or 

normothermia revealed a different outcome in the three evaluated organs. 

In the skeletal muscle, the cold irradiated animals did not show a significant higher damage compared 

to the warm irradiated, both considering the percentage of the area labelled by ɔ-H2AX and the ratio 

between the number of positive nuclei and the number of total nuclei. Moreover, the increase in both 

parameters in the cold irradiated group compared to the cold non-irradiated group was comparable to 

that observed in the warm groups for both parameters (Fig. 28). 

In the heart, the results were similar to those of the skeletal muscle for what concerns the ratio between 

the number of positive nuclei and the number of total nuclei, while for the percentage of the area 

labelled by ɔ-H2AX both the comparison between hypothermic and normothermic irradiated animals 

and that between hypothermic non-irradiated and hypothermic irradiated animals resulted significant 

(p<0,05 and p<0,1 respectively) (Fig. 29). 

In the liver, for what concerns the percentage of the area labelled by ɔ-H2AX (for which the factors 

ñhypothermiaò, ñradiationò and their interaction were significant) the levels of the staining were 

significantly larger in the cold irradiated group compared to either those of the cold non-irradiated 

(p>0,001) or the warm irradiated (p<0,001) groups.  For what concerns the ratio between the number 

of positive nuclei and the number of total nuclei (for which the factors ñhypothermiaò, ñradiationò 

were significant, but the interaction was not), single comparison was significant for cold non-

irradiated vs cold irradiated only (p>0,001) (Fig. 30). 
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5.1 AIM 1: EFFECTS OF SYNTHETIC TORPOR 

5.1.1 A COMPARISON WITH NATURAL TORPOR  

This thesis aimed at providing a first description of the very early adaptations occurring in multiple 

organs after the centrally-induced state of synthetic torpor. We show that the synthetic torpor triggers 

a substantial systemic modification, with specific and general responses. Indeed, the transcriptome 

analysis has revealed many differentially expressed genes ST-related, whose proportion between up- 

and down-regulated is quite comparable (Fig. 48). Considering that the hypothermia-induced 

hypometabolism pairs with a decrease of cellular and transcriptional functions, the relevant number 

of up-regulated genes leads to think that the new cellular homeostasis is maintained by the activation 

of specific regulatory mechanisms during synthetic torpor, rather than by a merely passive adaptation  

This is very well highlighted by the comparative analysis of the pathways differentially expressed 

during synthetic torpor, which reflects the cellular and systemic response to 8 hours of hypothermia, 

of which at least 4 hours spent at Tb below 26°C. 

Indeed, in all the evaluated organs, the up-regulation of euchromatin, the dispersed and uncompacted 

form of chromatin, denotes that DNA is in a transcription-competent conformation. Unlike the natural 

torpor, where the chromatin is tendentially condensed and the transcription largely suppressed (Morin 

and Storey 2006; Biggar and Storey 2014), during the early stages of synthetic torpor the coexistence 

between transcription activation and repression is remarkable: although the hypometabolic condition, 

which is also demonstrated by the activation of cellular responses to starvation pathway, the cell 

shows an intensive regulation of transcriptional activity, resulting in a positive or negative balance 

according to the requirements and the duties of the belonging organ.  

A player taking part in gene expression remodeling and up-regulated in all the organs during synthetic 

torpor is the splicing. This is not surprising since alternative splicing temperature-dependent has been 

documented during torpor in many hibernating species (Kebbaj et al. 2009; Stieler et al. 2011), in 

relation to circadian clock genes (perhaps contributing to the control of its function according to the 

temperature) (Shiina and Shimizu 2020), metabolism or also to stock pre-mRNAs before their prompt 

releasing during arousal (Malatesta et al. 2008). Comprehensively, alternative splicing is assumed to 

expand stress tolerance and to have a protective role against negative effects of hypothermia (Shiina 

and Shimizu 2020; Tessier and Storey 2014). For instance, the cold shock proteins Cirbp and Rbm3 

ï stress-responsive genes involved in promoting animal survival during hypothermia by enhancing 

protein synthesis under cold conditions or taking part in stemness, cell proliferation and inhibition of 

apoptosis ï undergo a temperature-dependent alternative splicing which is indispensable to keep the 

heart beating even in a deep hypothermia (Zhu, Bührer, and Wellmann 2016; Andrews 2019); 
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similarly to hibernators, in synthetic torpid animals both Cirbp and Rbm3 genes are upregulated and 

cluster in the common pathway of splicing. 

Hence, the cell has to adapt to a totally new physiology, pretty far from the commonly experienced 

thermoneutrality; thus, it has to ensure a certain level of energy and protein production to sustain the 

enhanced mechanisms of protection and stress resistance. A relatively higher cellular activity of the 

synthetic torpid animals is also justified by the degree of hypothermia, and consequently the 

metabolic inhibition, which is not as substantial as the one reached by natural hibernators; and indeed 

the bears, which hibernate at higher body temperature, show a shallower suppression of metabolic 

rate and, coherently, higher levels of gene and protein expression (Fedorov et al. 2011, 2009).   

Therefore, the cellular activation is reflected in the increase of mRNA binding, processing and 

metabolism and thus of cellular macromolecule biosynthetic process. The enhanced translation is 

often supported by ribosome biogenesis; moreover, in the organs playing a role in thermogenesis 

(whose pathway is transcriptionally activated in the liver and heart of synthetic torpid animals) a 

marked energy production via mitochondrial respiration arises, accompanied by a certain production 

of ROS. This feature has been detected also in natural hibernators (Orr et al. 2009), who face up the 

ROS formation by increasing antioxidant molecules ï such as melatonin, Nrf2, heat shock proteins ï 

and ROS clearance through autophagy. These protective mechanisms are very likely adopted also by 

the animals in synthetic torpor, as evidenced by the upregulation of autophagy, mitophagy or 

ubiquitin-proteasome system in many organs as well as by the increased circulating levels of 

melatonin during synthetic torpor (Squarcio et al. 2022). Moreover, the upregulation of proteasome 

signaling and autophagy, thus of cellular catabolism, in almost all the organs (except muscle, see 

below) could very likely represent protective and survival adaptations to the challenging condition of 

hypothermia-hypometabolism, recycling metabolites during starvation (autophagy) or contrasting the 

accumulation of misfolded/degraded proteins, in order to maintain the cell quality control (Madeo et 

al. 2015). The beneficial effects of these mechanisms towards such stressful condition is also proved 

by the suppression of apoptosis in the liver, one of the most active metabolic organ, and kidney. 

KEGG analysis shown other interesting pathways activated or inhibited in all the organs. 

One of them is the circadian rhythm pathway. In literature it has been demonstrated that temperature 

has a modulatory effect on the circadian system: clockôs molecular machinery still oscillates during 

torpor, with a certain temperature sensitivity  (Herwig et al. 2007) while it seems to stop ticking 

during deep hibernation (Revel et al. 2007). Beside their effect on the circadian oscillation of 

physiological functions, clock genes are also involved in the control of the cell cycle, both in healthy 

and in cancer cells. Many clock genes appear to be upregulated during synthetic torpor: the 

cryptochrome and period circadian regulators (Cry2 and Per1), the nuclear factors interleukin-3 



 97 

regulated protein (Nfil3), the nuclear receptor subfamily 1 group D (Nr1D1, or Nr1d2) and the basic 

helix-loop-helix like 1 (Bmal1). Similarly, a differential expression of the circadian clock genes has 

been detected during natural torpor: for instance, Per1 and Per2, Nfil3 are up-regulated in lemurs 

(Faherty et al. 2016); Per1 and Cry2 in hypothalamus and liver are significantly over-expressed in 

torpor compared with post reproduction active animals (Yan et al. 2008). It is interesting to note that 

Per1 overexpression can sensitize cancer cells to radiation damage. The possibility that ST could 

increase radiosensibility in cancer vs healthy tissues is an intriguing hypothesis, that will require 

further investigations (Burton et al. 1997). 

Another KEGG pathway strongly activated in synthetic torpid animals is the FoxO pathway. The 

forkhead box O (FoxO) family of transcription factors regulates the expression of several processes 

of key importance for cellular homeostasis and it plays a fundamental role in longevity. Indeed, 

several studies performed on centenarians and aiming at identifying specific alleles which possibly 

contribute to such longevity, have highlighted a remarkable association between human long-term 

survival and various FoxO SNPs. Although the mechanisms through which FoxO might concur to 

longevity determination are still unrevealed, its pro-survival role within the cell occurs promoting: 

cell-cycle arrest (e.g. through Cdkn1a) and apoptosis, but also stemness; cellular energy production 

and metabolism; autophagy, mitophagy and ubiquitin-proteasome system; oxidative stress resistance 

and DNA repair (e.g. through MnSOD and Gadd45), improving the antioxidant potential of cells; 

immune-regulation and tumor suppression (Murtaza et al. 2017; Martins, Lithgow, and Link 2016; 

Morris et al. 2015). Interestingly, FoxO has been proposed as one of the most important link between 

mammalian hibernation and longevity: its upregulation during hibernation, in particular at the early 

stages of torpor, is thought to function as a cytoprotective response towards cellular stress, 

ameliorating lifespan (C. W. Wu and Storey 2014; Nespolo et al. 2018a). In the light of above, the 

remarkable and multiorgan expression of FoxO during synthetic torpor suggests the possible 

association of this procedure to an increased longevity; furthermore, in some organs, particularly in 

skeletal muscle, the enrichment analysis has showed other pro-survival up-regulated pathways (see 

below). Some of the FoxO signaling pathwayôs genes up-regulated during synthetic torpor are: FoxO1 

and FoxO3, Gadd45 (DNA repair), Sgk1 (linked to PI3K-Akt pathway and involved in contrasting 

muscle atrophy during hibernation), Cdkn1a (cell-cycle regulator) or Sirt1 (metabolic sensor 

increased during torpor, which is thought to link mitochondrial biogenesis with caloric restriction and 

cold exposure), or various MAPK (also differentially expressed during hibernation).  

The last KEGG term positively enriched in all the selected organs is the colorectal cancer pathway. 

Its genetic characterization has revealed that most of the engaged genes are shared with FoxO 

pathway (Cdkn1a, Gadd45, Kras, Braf, Raf1 and many MAPK) or they are related to cell proliferation 
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(such as Myc, Jun, Fos and EGF), suppression (Appl1) or induction (Pmaip1) of apoptosis, or 

autophagy (Bcl2l11). Hence, although clustered under the name ñcolorectal cancerò, these genes 

coherently follow the line previously described, in a perspective of survival: resistance to stress, 

which always requires a balancing between pro- and anti-apoptotic signals, cell-cycle progression 

and suppression, according to the needs of the cells.  

Concerning the downregulation, the only KEGG pathway common to all the six organs is the ñHerpes 

simplex virus 1 infectionò. Again, a better characterization of these genes has shown that the great 

majority of those encodes for zinc finger proteins involved in the regulation of transcription by RNA 

polymerase II (both activators and repressors); the other genes mainly belong to immune response 

(Irf3, Tlr2, Traf2, Il1b, Tbk1, Tab1, Irak4, Ticam, Traf5) and cell death (Fas, Casp8, Casp3, Daxx).  

The latter results lead to the discussion of another feature shared by synthetic and natural torpor: the 

suppression of immune response. Indeed, both innate and adaptive immune responses, and thus the 

inflammatory pathways, appear comprehensively and significantly downregulated in synthetic torpid 

animals, especially in muscle, heart, spleen, liver and less in kidney; no data are available for prostate 

downregulated pathways. Interestingly, despite the immunosuppression, hibernators does not seem 

to be more susceptible to infective diseases; rather, for instance, it has been associated to an increased 

protection against oxidative damage and  preventing inflammatory responses during the reperfusion 

of the tissues that become metabolically active during rewarming (Kelly L Drew et al. 2001). 

Another relevant and recurrent pathway is the DNA repair, which is down-regulated in almost all the 

organs (except for muscle and prostate). Assuming a physiological amount of DNA damage in the 

control animal (exposed to cold but thermogenically competent), the decreased activation of DNA 

repair mechanisms in synthetic torpid animals might be related to the decreased cellular transcription 

hypometabolism-induced; in turn, such down-expression does not lead to an increase in the DNA 

damage since it is counteracted by the low cellular activity. However, in the long term, this 

equilibrium can unbalance, resulting in higher levels of DNA damage (indeed, during hibernation it 

has been described a certain production of DNA damage, which is completely resolved once the 

animal arouses).  

Trying to correlate the transcriptional down-regulation of DNA repair and the DNA damage during 

synthetic torpor, and ultimately the impact of 8 hours of synthetic torpor on DNA stability, we 

performed histological analysis on liver, heart and muscle. The organs of synthetic torpid animals 

show a normal tissue morphology, without differing from the normothermic control animals. From a 

molecular point of view, the detection of ɔ-H2AX has confirmed the absence of a significant DNA 

damage in the heart, skeletal muscle and liver of the synthetic torpid animals compared to 

normothermic animals. It has to be underlined that unlike heart and muscle, the liver of the 
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hypothermic rats shows a higher level of ɔ-H2AX compared to normothermic rats, even though not 

significant. This is in accordance with what previously discussed: the liver appears active during 

synthetic torpor, showing a higher rate of mitochondrial respiration and ROS production, which can 

ultimately concur to a relatively greater DNA damage. In addition, as will be further discussed, the 

retention of the DNA repair machinery (and thus ɔ-H2AX) hypothermia-induced contributes to the 

detection of a higher signal. A summary of the cellular adaptations to synthetic torpor is depicted in 

the Figure 49. 

 

5.1.2 SKELET AL MUSCLE  

The skeletal muscle shows the most pronounced survival phenotype. Besides the aforementioned 

FoxO signaling pathway, other pro-survival pathways were significantly over-expressed: i) longevity 

regulating pathway (Kras, Igf1, Atg101, Prkab1, Appl1, Irs2, Sirt1, Foxo3), which is believed to 

promote cellular fitness and ultimately longevity, activating autophagy, stress defense mechanisms 

and survival pathways while attenuating pro-inflammatory mediators and cellular growth; ii) EGFR 

tyrosine kinase inhibitor resistance (Prkcg, Pik3r1, Fgf2, Bcl2l1, Braf, Kras, Igf1, Vegfa, Foxo3), 

which can induce cell differentiation, growth, proliferation, survival, motility and angiogenesis as 

well as antioxidant responses; iii) Growth hormone (Prkcg, Pik3r1, Gnai3, Plcb4, Kras, Sstr1, Igf1, 

Socs2, Irs2, Junb, Bcar1), whose production, regulated by hypothalamic neuroendocrine hormones, 

leads to the activation of JAK2 and the signaling cascade including Raf-MEK-ERK, PI3K-Akt and 

STAT5, resulting in the promotion of cell growth, cell-cytoskeleton reorganization, development, 

and metabolism; iv) Thyroid hormone (Esr1, Prkcg, Pik3r1, Notch1, Plcb4, Kras, Hdac1, Myc, Actb, 

Med13l, Slc16a2, Atp1b4), which, through PI3K-Akt, ERK1/2 MAPK pathways, promotes cell 

protection and survival, ameliorating antiapoptotic, antioxidant, anti-inflammatory and cell 

proliferation responses, besides enhancing detoxification capabilities, energetic and thermal support 

(Videla et al. 2015); v) Parathyroid hormone (Prkcg, Mef2a, Mef2d, Gnai3, Nr4a2, Plcb4, Braf, 

Pde4b, Hbegf, Cdkn1a), whose receptors have been found also in skeletal muscle of rats (Ureña et al. 

1993) where it is able to enhance myocyte regeneration, differentiation and proliferation (Kimura and 

Yoshioka 2014); vi) Signaling pathways regulating pluripotency of stem cells (Pik3r1, Fgf2, Rif1, 

Id1, Kras, Klf4, Id2, Igf1, Myc, Rest, Id4, Jarid2), which involves various cellular responses, mostly 

related to proliferation and suppression of cell death; vii) VEGF, RAP1 and focal adhesion signaling 

pathways, which induce cell proliferation, survival and migration through the interplay of PI3K-Akt, 

MAPK (i.e. p38 MAPK) and Raf-MEK-ERK; viii) p53 signaling pathway (Bcl2l1, Gadd45b, Igf1, 

Gorab, Gadd45g, Pmaip1, Siah1, Cdkn1a) whose activation following different types of cellular 

stress, can result either in the stimulation of cell survival (inducing DNA repair, adaptation to 
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metabolic stress, autophagy, antioxidant activity) or cell death (triggering apoptosis, senescence, pro-

oxidant activities, etc.) (Kruiswijk, Labuschagne, and Vousden 2015).  

The last remarkable player up-regulated in muscle during synthetic torpor is the known anti-apoptotic 

pathway PI3K-Akt, whose activation (following exercise, insulin or focal adhesion stimulation) is 

responsible for the muscular protein biogenesis. At the same time, PI3K-Akt triggers the suppression 

of the muscular catabolism proteasome-mediated by phosphorylating, and thus inhibiting, FoxO. The 

balancing between muscular anabolism and catabolism (and thus PI3K-Akt and FoxO signaling 

pathways) seems to be one of the key processes allowing hibernating animals, which experience long 

periods of immobility, the avoidance of muscular atrophy. During synthetic torpor, the activation of 

FoxO signaling does not appear to induce an increased myofibrillar catabolism; indeed, muscle is the 

only organ not to show the transcriptional expression of ubiquitin-proteasome pathway but rather the 

muscle cells proliferation. Moreover, the up-regulation of p38 MAPK pathway and Sirt1, as well as 

cold stimulation, (upstream factors of PGC-1Ŭ, involved in muscle fiber-type plasticity) has been 

linked to muscle improvement through increased fatty acid oxidation, mitochondrial biogenesis and 

ROS clearance.  

 

5.2 AIM 2: RADIOPROTECTION  

5.2.1 RADIATION EFFECT  

From the enrichment analysis, the normothermic rats exposed to a dose of 3 Gy total-body of X-rays 

appear strongly affected by the radiation. As expected, all the organs show a transcriptional activation 

of the p53 pathway (Cdkn1a, Gtse1, MDM2, Sesn2, Bax, Bbc3, Ccng1, Fas, Pmalp1, El24, Casp3) 

and, except for prostate, of the ñresponse to ionizing/gamma radiationò pathways. 

Moreover, considering both KEGG and ORA analysis, from all the organs emerge the up-regulation 

of apoptosis (i.e. Cdkn1a, Aen, Bax, Bbc3, Casp3, Ddx, etc.) and in particular the intrinsic apoptotic 

signaling pathway, known to be activated mainly by non-receptor stimuli, such as DNA damage, ER 

stress, growth-factor deprivation and, indeed, radiation. Similarly, the up-regulation of the pathway 

ñcolorectal cancerò in almost all the organs highlights the pro-apoptotic phenotype (Cdkn1a, Bax, 

Bbc3, Pmail1, Casp3). 

The transcriptome outcome is coherent with the immunohistochemical results: indeed, compared to 

the non-irradiated ones, all the irradiated and studied organs show a significant increase of ɔ-H2AX 

nuclear immunolabeling (which is a measure of the amount of damage within the nuclei) and ɔ-

H2AX-positive nuclei (which is an indicator of the extent of the damage). From a cyto-histological 
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point of view, the effect of the radiation exposure is macroscopically visible only in the liver. This is 

very likely due to the different radiosensibility evoked by the structural and cellular composition of 

the evaluated organs: heart and muscle consist of compacted post-mitotic myocytes as well as 

endothelial and connective cells with an extremely low proliferative activity, and thus a greater 

radioresistance; on the contrary, the liver is a parenchymatous organ with higher proliferative and 

regenerative capacity and, ultimately, a higher radiosensibility. This clearly explains why after 4 

hours from irradiation the cell damage is histologically evident only in the liver.  

We can conclude that the radiation absorbed dose was sufficient to induce a considerable damage 

throughout the body, in accordance with the data showed by the radiochromic film placed below the 

animal (Fig. 8). 

 

5.2.2 INTERACTION BETWEEN RADIATION AND SYNTHETIC TORPOR  

This thesis also aimed at testing whether the synthetic torpor might enhance the resistance of the 

organism to stressful condition, in particular ionizing radiation, as the natural torpor does. 

Recently, it was shown that animals irradiated during torpor or within 3 hours from the induction of 

torpor were resistant to higher doses of radiation (Ghosh et al. 2017), showing an increased survival 

rate. The reasons of such radioprotection are not yet known. Many factors have been positively 

associated to radioresistance during torpor: regulation of cell-cycle, hypoxia, the avoidance of the 

apoptosis, mitigation of oxidative DNA damage, the promotion of survival hematopoietic stem and 

progenitor cells, the increasing of anti-inflammatory responses or a greater DNA repair efficiency. 

About this latter, some studies have speculated a better DNA repair performance during the torpid 

state (Lisowska et al. 2018), whereas others have detected a hypothermia-induced higher survival in 

the presence of a slower repair of DSBs, both in vitro (Baird et al. 2011) and in vivo (Puspitasari et 

al. 2022).  

Therefore, with the aim of exploring whether also the synthetic torpor, obtained pharmacologically 

inhibiting the RPa, could confer radioprotection (and if so, its mechanism), rats were exposed to 3 

Gy of X-rays in the middle of the eight hours of synthetic torpor, namely 4 hours after the induction 

of ST and 4 hours before the euthanasia. The target dose of 3 Gy has been chosen because of its 

capability of inducing a measurable, but not lethal, damage to the organism; at the same time, 

representing an estimation of the total radiation exposure the astronauts would have in a round trip to 

Mars, the dose used in this study gives the chance to investigate the potential radioprotection provided 

by synthetic torpor in the translational perspective of space exploration.  

In a recent study, the lack of histological damages post-irradiation in the liver and testicle (highly 

radiosensitive organs) of rats exposed to 3 Gy of X-rays during synthetic torpor compared to animals 
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irradiated in normothermic conditions has been shown, suggesting a radioprotective effect of 

synthetic torpor (Tinganelli et al. 2019). In addition, the concomitant observation of some down-

regulation of ATM and several other genes involved in the DNA damage signaling in synthetic torpid 

irradiated animals led to the hypothesis that a specific response of DNA repair mechanism could play 

a role in this phenomenon. These observations have led us to carry out the present study, which was 

aimed at better characterizing the deep mechanism of such apparent radioprotection, by evaluating 

the early hypothermia-induced responses towards radiation not only at the level of tissue damage, but 

also of DNA damage and mRNA expression. 

 

Starting from the histological evidence, we found that all the analyzed organs (liver, heart and muscle) 

of the hypothermic-irradiated rats showed a phenotype comparable to that present in normal 

conditions, and thus without appearing to be damaged by the irradiation.  

Particularly relevant is the histological outcome of the liver: indeed, as previously said, while heart 

and skeletal muscle are more resistant to radiation damage (and, indeed, no remarkable tissue 

alterations were evidenced in the irradiated animals), the liver of the normothermic irradiated animals 

appeared to be strongly affected by radiation, which was able to induce visible damages after a short 

time (4 hours); coherently, the liver is the organ with the greatest regenerative capacity as well as one 

of the most active metabolic organ in the body. In this perspective, the normal histological appearance 

of the hypothermic irradiated liver suggests a radioprotection induced by hypothermia. 

Trying to unravel the mechanisms of such radioprotection, we quantified the DNA damage radiation-

induced in hypothermic and normothermic irradiated rats by detecting the phosphorylation of the 

histone protein H2AX on serine 139 (Ὓ-H2AX), which typically occurs at sites flanking DSBs. It 

emerged that the hypothermic irradiated rats display a significant higher percentage of Ὓ-H2AX 

nuclear detection in liver and heart but not in muscle, if compared to normothermic irradiated rats.  

This is in agreement with the transcriptional evidence that liver and heart are termogenically active 

during synthetic torpor, as previously discussed, thus more metabolically active compared to muscle.   

In addition, the higher detection of Ὓ-H2AX in liver and heart does not match with a wider extension 

of damaged tissue, since the proportion of the cells marked by Ὓ-H2AX does not change in the two 

experimental conditions. 

To make a correct evaluation, these data have to be contextualized to the hypometabolic/hypothermic 

background, wherein the biological and enzymatic activities are slowed down. In normothermic 

conditions, it has been demonstrated that H2AX is rapidly phosphorylated, within the first minutes 

after IR, and it is equally rapidly dephosphorylated (mainly by PP2A and other phosphatases) within 

few hours after IR (Firsanov et al. 2012). It is reasonable to think that the decrease of cellular 
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metabolic activity might involve also to the enzymes responsible for such dephosphorylation; 

moreover, the hypothermia leads to the inhibition of PP2A activity (~ 60% at 23°C) (Planel et al. 

2004), further slowing the Ὓ-H2AX detachment from the DSBs sites.  

A prove of that might be represented by the almost unchanged ratio of positive nuclei on total nuclei 

in all the organs: the greater expression of Ὓ-H2AX in hypothermic irradiated tissues does not seem 

to be related to an extensive tissue damage, but rather to a higher immunolabeling in a discrete number 

of nuclei comparable to those of the normothermic irradiated rats, likely because of a retention of Ὓ-

H2AX. In other words, considering the same starting DNA damage radiation-induced (given that the 

radiation dose is the same and the background of hypothermia does not appear to significantly 

increase Ὓ-H2AX in non-irradiated animals), it is very likely that the normothermic irradiated rats 

have already started to fix the DNA damages, consequently lowering the amount of Ὓ-H2AX, whereas 

in the hypothermic irradiated rats the slower repairing makes the DNA damage more visible.  

 

The mechanisms behind such apparent radioresistance ST-induced have also been evaluated through 

the analysis of the transcriptome. The spleen appears to be definitely the most responsive organ; much 

less genes are differentially expressed in the liver, followed by heart and kidney. The prostate and the 

muscle show just 2 genes specifically expressed in the hypothermic irradiated animals. These results 

seem to suggest that the radioprotection should not be exclusively sought in a particular adaptation 

which comes out in hypothermic animals just in response to challenging situations but, perhaps, more 

in the gene expression background induced by synthetic torpor itself. In this perspective, even not 

denying the relevant role of potential radiation-specific responses, it could be possible that all the 

pathways activated during synthetic torpor (namely related to survival, longevity, stress defense 

mechanisms as well as to the mitigation of inflammation, apoptosis and oxidative stress) might 

enhance the capability of the organism to cope with challenging stimuli, i.e. radiation, countering 

their harmful effects.  

On the other hand, the higher number of genes expressed in the spleen in response to irradiation 

during hypothermia might suggest its peculiar role within radioprotection, which can be explored by 

analyzing the differentially expressed pathways obtained from the enrichment analysis (for the other 

organs, the low number of genes selectively expressed in hypothermic-irradiated animals resulted in 

almost no significant pathways).  

The KEGG and ORA analysis of the hypothermic irradiated animals clearly highlights the relevant 

role of the spleen in immunity: it is evidenced an activation of the innate and adaptive immune 

responses (awakening from the immune silence induced by the hypothermia) together with a 

suppression of the immune cells migration. On the contrary, in the normothermic irradiated animals, 
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the adaptive immunity is downregulated while the innate immune responses and the chemotactic 

leukocyte migration are up-regulated.  

Other interesting pathways appear to be expressed in a opposite way in the two types of irradiated 

animals: DNA replication and DNA repair (stressed by the mismatch repair pathway and the Fanconi 

anemia pathway, whose genes ï Palb2, Fancl, Atrip, Pms2, Blm, Rmi1, Cenps ï take part in DNA 

repair process) are strongly down-regulated in warm irradiated rats whereas they are up-regulated in 

cold irradiated rats; PI3K-Akt, focal adhesion, Rap1 signaling pathways are up-regulated in warm 

irradiated rats but down-regulated in cold irradiated rats; lysosomes and lytic vacuoles are up-

regulated in response to irradiation in normothermic condition whereas are downregulated in 

hypothermic irradiated rats; the growth factor binding is up-regulated in warm irradiated animals and 

down-regulated in cold irradiated animals; finally, the hypothermic irradiated spleen shows the over-

expression of fatty acid metabolism and the down-expression of ROS.  

Since the radiation in normothermic condition is known to be detrimental and since the hypothermic 

tissues appear to be more resistant to radiation exposure, the differential expression of these pathways 

in the hypothermic irradiated rats may be beneficial.  

In the light of the above, it can be derived that the spleen responds to the same dose of radiation in a 

different way depending on whether it is in a normothermic or hypothermic condition. When 

hypothermic (and irradiated), it activates the immune system but not the cellular migration, it shows 

less amount of ROS and lytic vacuoles and promotes DNA replication as well as, at transcriptional 

level, the DNA repair.    

 

It was not possible to derive a multiorgan response to the irradiation during synthetic torpor for all 

six organs; however, 4 of the 6 organs shared one gene, Cdkn1a. 

Cdkn1a, alias P21, is a p53 target, up-regulated in response to various stressors, including DNA 

damage and oxidative stress; but its expression is also p53-indipendent. It is a well-known inhibitor 

of cell cycle by acting on CDK2/cyclin-E and thus blocking the cell cycle progression in G1/S; it can 

also act inhibiting apoptosis (Karimian, Ahmadi, and Yousefi 2016). At the same time, p21 acts as a 

positive regulator of CDK4 and CDK6. Hence p21 has a dual role: when expressed at moderate levels, 

it preferentially binds CDK4 and CDK6 and promotes cell-cycle progression; upon activation of p53, 

p21 is strongly up-regulated, resulting in a sharp proliferation arrest (Sherr and Roberts 1999).  

From our results, p21 is up-regulated in the synthetic torpid not-irradiated rats, it is up-regulated in 

the normothermic irradiated rats (likely via p53 stimulation) but, surprisingly, it is down-regulated in 

the synthetic torpid irradiated rats. The down-regulation of p21 has been associated to tumor 

promotion: indeed, p21-deficient mice developed spontaneous tumors (hematological, endothelial 
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and epithelial origin) within 16 months, while wild-type mice were free of tumor for at least 2 years; 

however, after the exposure to ɔ-radiation, p21-deficient mice survived longer than irradiated wild-

type mice (with a survival rate of, respectively, 68% versus 0% after 10 months from the irradiation) 

and even longer than non-irradiated p21 deficient mice (Martín-Caballero et al. 2001). The authors 

assumed that p21-deficiency did not accelerate tumor development but, on the contrary, it provided 

a certain degree of protection against ɔ-radiation carcinogenesis, maybe enhancing the apoptosis. 

Indeed, most of the tumors developed by one-third (32%) of p21-deficient mice were lymphomas, 

whose histochemical analysis revealed a high level of apoptosis and phagocytosis.  

In the light of above, the activation of protective responses intrinsically induced by ST and 

specifically induced as a reaction to the radiation exposure (for instance, p21 down-regulation) could 

represent the mechanism underpinning the radioprotection conferred by synthetic torpor. 

 

5.3 CONCLUSIONS 

The ability to induce non-hibernators, like humans, in a condition resembling natural torpor is 

extremely appealing since it could be exploited in many disparate situations, from the clinical practice 

to the space exploration. As demonstrated in this thesis, the synthetic torpor induced in rats through 

the inhibition RPa may represent a valid strategy to mimic natural torpor: indeed, many 

transcriptional features are shared between these two hypometabolic-hypothermic conditions (Fig. 

50). This evidence supports the potential feasibility of torpor induction in non-hibernators, reinforcing 

the idea that it might be an adaptation inherited by an ancient proto-mammal, and arises the possibility 

to exploit the organ-specific adaptations to synthetic torpor in a therapeutic prospect.  

This dissertation has also demonstrated that synthetic torpor, similar to natural torpor, is capable of 

enhancing tissue protection towards ionizing radiation damage. Regarding the mechanisms allowing 

radioresistance, three speculations are either possible: i) the nonspecific hypothermia-induced 

adaptations (i.e. increased survival and stress responses); ii) the hypothermia-induced adaptations 

specifically activated in response to radiation exposure (i.e. down-regulation of p21); iii) the 

hypothermia-induced avoidance of the canonical responses to radiation damage (i.e. p53 activation).  

Although further investigations will be required to disentangle the role of each three, an educated 

guess could be put forward based on the number of genes whose expression is modified in each 

condition (irradiation, ST, ST and irradiation). According to this, the main role in ST-induced 

radioprotection appears to be played by the nonspecific responses to synthetic torpor (Fig. 51). 
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In conclusion, this thesis provided the characterization of the early systemic adaptations to synthetic 

torpor, with and without the radiation stress. The next step will be exploring their medium- and long-

term effect, in order to validate this procedure for translational purposes. 
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Figure 1. Phylogenesis of torpor.  

The dendrogram shows the spread of torpor among mammals, in particular within eight mammalian 

groups. The type of torpor displayed by a specific family (each leave of the dendrogram) is labelled 

with a specific color: red for hibernation, green for daily torpor, blue for starvation torpor and yellow 

for estivation. Representative animals showing torpor are illustrated for each group (except for 

Xenarthra). 
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Figure 2. Body temperature in daily torpid and hibernating animals. 

Core body temperature as a function on time of a daily heterotherm showing daily torpor bouts (panel 

a) and of a hibernator undergoing seasonal hibernation (panel b). The grey dashed lines represent the 

ambient temperature.  
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Figure 3. Efferent thermoregulatory pathways. 

Functional neuroanatomical and neurotransmitter model of the fundamental efferent 

thermoregulatory pathways. DRG (dorsal root ganglia); DH (dorsal horn); LPB (lateral parabrachial 

nucleus); LPBel (external lateral subnucleus of the LPB); LPBd (dorsal lateral parabrachial nucleus); 

MnPO (median preoptic area); MPO (medial preoptic area); CVC (controls cutaneous vasomotion); 

rRPa (rostral raphe pallidus); IML (intermediolateral column); iBAT (interscapular brown adipose 

tissue); DMH (dorsomedial hypothalamic nucleus). 
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Figure 4: Surgical procedure for the chronic positioning of a microcannula in the Raphe 

Pallidus in the rat. 

The upper figure is a representation of a rat skull: the four purple dots represent the placement of the 

screws to hold the resin implant, the yellow dot indicates the placement of the hypothalamic 

thermistor, whereas the green dot on the occipital bone represents the superficial spot where the guide 

cannula was inserted during the surgery through a craniotomy. 

The lower figure is a brain coronal section, obtained by ñThe Rat Brain in Stereotaxic Coordinatesò 

(Paxinos and Watson, 2007), which shows the target (Raphe Pallidus) of the microcannula. 
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Modified from: (Paxinos and Watson, 2007) 
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Figure 5: Schematic representation of the experimental set-up for microinjections in the free- 

behaving rat. 

During the adaptation period and the experimental day, each rat is positioned in a cage located in a 

sound attenuated and thermoregulated box, in which darkness and TA of 15°C are constantly 

maintained. The cage is equipped with a tilting arm through which the bioelectric signals, coming 

from the hypothalamic thermistor, are transmitted to the set-up, while allowing the animals to move 

freely. By means of a microinjection pump, located outside the box to minimize the animalôs 

disturbance, the drug in the syringe is delivered to the targeted brain area; a known amount of drug 

is injected by monitoring the movement of the hydrophobic interphase in the teflon tube. 
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Figure 6: Portable thermoregulated box and experimental set-up during the irradiation.  

On the left is shown the thermoregulated and sound-attenuated transportable box (whose patent has 

been filed) placed under the X-ray tube.  On the right, the upper picture is a focus of the inside of the 

box and shows the area, delimited by plexiglass bars, where the animal is placed to be X-rays 

irradiated. The image of a representative radiochromic film, located below the animal during the 

irradiation in order to measure the exit dose, is also shown.  
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Figure 7: Experimental plan. 

After one week from the surgical implantation of the hypothalamic thermistor and the microcannula 

targeting the RPa, the rats were adapted to the experimental conditions: TA of 15°C, continuous 

darkness and high-fat diet. On the experimental day, they were randomly assigned to one of 4 

experimental groups (each group, n=4): 2 hypothermic groups (CnR, cold non-irradiated, and CR, 

cold irradiated) underwent multiple injections (one per hour) of the GABAA agonist muscimol (1mM) 

within the RPa in order to induce a state of synthetic torpor; 2 normothermic groups (WnR, warm 

non-irradiated, and WR, warm irradiated) were injected with aCSF in the RPa, matching the 

hypothermic groups injections. Four hours after the first injection of muscimol or aCSF, the rats were 

exposed to 3Gy total body of X-rays or sham irradiated, according to the belonging experimental 

group, and after additional 4 hours of hypothermia or normothermia, the rats were euthanized and 

their organs were collected. 
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Figure 8: Hypothalamic temperatures during the experimental day. 

Mean value ±SEM of the hypothalamic temperature (Thy), recorded during the experimental day by 

means of a thermistor, surgically implanted in the Lateral Hypothalamus.  

Red dots: Warm irradiated and warm non-irradiated groups (n = 8), blue dots: Cold irradiated and 

cold non-irradiated groups (n = 8). 
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Figure 9: Principal Component Analysis of the sequenced genes. 

Principal Component Analysis (PCA) conducted on the normalized gene expression values of the 

samples. X- and Y-axes show the PC1 and PC2, respectively, with the amount of variance explained 

by each component reported in parenthesis. Each point in the plot represents a sample, boxes of the 

same colors are replicates of a same experimental group. 
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Figure 10: DEGs of synthetic torpor . 

The Upset plots show the up-regulated (panel a) and down-regulated (panel b) genes overlapping 

among the six evaluated organs of the synthetic torpid animals compared to the normothermic 

animals. 

For each plot, the bar plot on the left reports the count of the genes for each organ. Their distribution 

among organs is depicted in the right part, where each column corresponds to a gene set: the bar 

charts on top show the size of the set whereas the filled-in dots below show the organ or the 

intersection of organs where this gene set is exclusively expressed.   
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Figure 11: Functional enrichment analysis of the genes significantly up-regulated (log2 fold 

change >0) in the liver during synthetic torpor . 

The pathways up-regulated in the liver of synthetic torpid rats compared to normothermic rats are 

shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to 

their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene 

numbers whereas its color encodes its significance (p value adjusted).  

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the 

treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene 

Ontology classification. In particular, three ORAôs categories have been analyzed: biological process 

(panel b1), cellular component (panel b2) and molecular function (panel b3). 
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Figure 12: Functional enrichment analysis of the genes significantly down-regulated (log2 fold 

change <0) in the liver during synthetic torpor. 

The pathways down-regulated in the liver of synthetic torpid rats compared to normothermic rats are 

shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to 

their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene 

numbers whereas its color encodes its significance (p value adjusted).  

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the 

treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene 

Ontology classification. In particular, three ORAôs categories have been analyzed: biological process 

(panel b1), cellular component (panel b2) and molecular function (panel b3). 
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Figure 13: Functional enrichment analysis of the genes significantly up-regulated (log2 fold 

change >0) in the spleen during synthetic torpor. 

The pathways up-regulated in the spleen of synthetic torpid rats compared to normothermic rats are 

shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to 

their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene 

numbers whereas its color encodes its significance (p value adjusted).  

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the 

treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene 

Ontology classification. In particular, three ORAôs categories have been analyzed: biological process 

(panel b1), cellular component (panel b2) and molecular function (panel b3). 
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Figure 14: Functional enrichment analysis of the genes significantly down-regulated (log2 fold 

change <0) in the spleen during synthetic torpor. 

The pathways down-regulated in the spleen of synthetic torpid rats compared to normothermic rats 

are shown in the treeplots, wherein the enriched terms have been hierarchically clustered according 

to their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene 

numbers whereas its color encodes its significance (p value adjusted).  

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the 

treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene 

Ontology classification. In particular, three ORAôs categories have been analyzed: biological process 

(panel b1), cellular component (panel b2) and molecular function (panel b3). 
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Figure 15: Functional enrichment analysis of the genes significantly up-regulated (log2 fold 

change >0) in the heart during synthetic torpor. 

The pathways up-regulated in the heart of synthetic torpid rats compared to normothermic rats are 

shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to 

their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene 

numbers whereas its color encodes its significance (p value adjusted).  

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the 

treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene 

Ontology classification. In particular, three ORAôs categories have been analyzed: biological process 

(panel b1), cellular component (panel b2) and molecular function (panel b3). 
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Figure 16: Functional enrichment analysis of the genes significantly down-regulated (log2 fold 

change <0) in the heart during synthetic torpor. 

The pathways down-regulated in the heart of synthetic torpid rats compared to normothermic rats are 

shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to 

their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene 

numbers whereas its color encodes its significance (p value adjusted).  

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the 

treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene 

Ontology classification. In particular, three ORAôs categories have been analyzed: biological process 

(panel b1), cellular component (panel b2) and molecular function (panel b3). 
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Figure 17: Functional enrichment analysis of the genes significantly up-regulated (log2 fold 

change >0) in the kidney during synthetic torpor. 

The pathways up-regulated in the kidney of synthetic torpid rats compared to normothermic rats are 

shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to 

their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene 

numbers whereas its color encodes its significance (p value adjusted).  

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the 

treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene 

Ontology classification. In particular, three ORAôs categories have been analyzed: biological process 

(panel b1), cellular component (panel b2) and molecular function (panel b3). 

  



 141 
 



 142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Functional enrichment analysis of the genes significantly down-regulated (log2 fold 

change <0) in the kidney during synthetic torpor. 

The pathways down-regulated in the kidney of synthetic torpid rats compared to normothermic rats 

are shown in the treeplots, wherein the enriched terms have been hierarchically clustered according 

to their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene 

numbers whereas its color encodes its significance (p value adjusted).  

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the 

treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene 

Ontology classification. In particular, three ORAôs categories have been analyzed: biological process 

(panel b1), cellular component (panel b2) and molecular function (panel b3). 
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Figure 19: Functional enrichment analysis of the genes significantly up-regulated (log2 fold 

change >0) in the prostate during synthetic torpor. 

The pathways up-regulated in the prostate of synthetic torpid rats compared to normothermic rats are 

shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to 

their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene 

numbers whereas its color encodes its significance (p value adjusted).  

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the 

treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene 

Ontology classification. In particular, three ORAôs categories have been analyzed: biological process 

(panel b1), cellular component (panel b2) and molecular function (panel b3). 
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