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a b s t r a c t 

Hibernation is a state of reduced metabolic activity used by some animals to survive in harsh environ- 

mental conditions. The idea of exploiting hibernation for space exploration has been proposed many years 

ago, but in recent years it is becoming more realistic, thanks to the introduction of specific methods to 

induce hibernation-like conditions (synthetic torpor) in non-hibernating animals. In addition to the ex- 

pected advantages in long-term exploratory-class missions in terms of resource consumptions, aging, and 

psychology, hibernation may provide protection from cosmic radiation damage to the crew. Data from 

over half century ago in animal models suggest indeed that radiation effects are reduced during hiber- 

nation. We will review the mechanisms of increased radioprotection in hibernation, and discuss possible 

impact on human space exploration. 

© 2016 The Committee on Space Research (COSPAR). Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Hibernation is a state in which the metabolic activity of the

ody is reduced. The drop can be as high as 98%. It is a solu-

ion used by some mammals to survive periods of scarcity of re-

ources. Obligate hibernators are those mammals that seasonally

ecrease their metabolism and body temperature regardless of the

urrounding environment. Facultative hibernators enter hibernation

nly when experiencing a negative energy balance. Hibernation is

ot necessarily linked to a decrease in body temperature, but al-

ays comprises a reduced metabolism ( Heldmaier et al., 2004 ). 

Considering the drastic reductions in all the metabolic function,

t is not surprising that during hibernation cell proliferation is

alted and mitochondrial respiration decreases. Hibernation seems

o provide animals with a higher resilience to stress. For instance,

 lethal hemorrhagic shock in a non-hibernator was shown to be

on-lethal in hibernators ( Bogren et al., 2014 ). Cells of hibernators

re able to resist stress better than regular mammalian cells ( Talaei

t al., 2011 ). Serotonin and dopamine are some of the mediators

nvolved in providing such protection, potentially acting on the

 2 S pathway ( Dugbartey et al., 2015 ). 

Ionizing radiation is a powerful stressor, and therefore it can be

sked whether hibernation also protects from the damage induced
∗ Corresponding author. 

E-mail address: marco.durante@tifpa.infn.it (M. Durante). 
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y exposure to high-energy electromagnetic and particle radiation.

ioneering experiments with X- or γ -rays were performed in

he mid-XX century (see Table 1 and references therein). Most

f the experiments gave strong indications of induced radioresis-

ance during hibernation, yet the interest for humans was very

imited, because of the impossibility to induce hibernation in

on-hibernating animals. 

Hibernation is an excellent tool for space travel: it ensures very

ow metabolic consumption, and therefore minimizes the need of

toring large amounts of food and liquids for life support systems.

t also relieves most of the psychological problems associated to

solation in very long missions. Reduced metabolism also mitigate

ging. Hibernation is therefore an ideal solution for very long

issions, exceeding 3–4 years, as it should be for Mars and

eyond and was indeed proposed for exploratory space missions

lready many years ago ( Hock, 1960; Cockett and Beehler, 1962 ).

owever, the initial enthusiasm, also reflected in so many popular

cience fiction works, was hampered by the simple problem that

umans are non-hibernating animals, and inducing torpor with

rugs does not generally reproduce the main features of “real”

ibernation. Only recently, hibernation-like condition (synthetic 

orpor) was induced in non-hibernating animals ( Cerri et al., 2013;

upone et al, 2013 ). This new opportunity has immediately reno-

ated the interest in hibernation for interplanetary human travel

 Gemignani et al., 2015 ). NASA is studying the design of a

pecific habitat to host support crewmembers in hiberna-
. All rights reserved. 

http://dx.doi.org/10.1016/j.lssr.2016.09.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/lssr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lssr.2016.09.001&domain=pdf
mailto:marco.durante@tifpa.infn.it
http://dx.doi.org/10.1016/j.lssr.2016.09.001


2 M. Cerri et al. / Life Sciences in Space Research 11 (2016) 1–9 

Table 1 

Hibernation/hypothermia and radioresistance. The table shows the main references for the experiments conducted to test the hybernation induced radioresistance. 

Year Authors Species Title Key outcome 

2015 Cheng et al. Human cells Modulation of radiation-induced 

cytogenetic damage in human peripheral 

blood lymphocytes by hypothermia 

“This indicates that the temperature effect observed in 

peripheral blood lymphocytes after irradiation is not related 

to a temporary perturbation of the cell cycle. Also, it is not 

due to selective elimination of damaged cells by apoptosis”

2014 Lisowska et al. Human cells Effect of hypothermia on radiation-induced 

micronuclei and delay of cell cycle 

progression in TK6 cells 

“…in conclusion the protective effect of hypothermia observed 

at the level of cytogenetic damage was not due to a 

modulation of cell cycle progression”

2006 Ignat’ev et al. Rat The effect of hypothermia on the rat 

radioresistance 

“The cooling of Wistar rats up to 15–19 °C under a condition 

hypoxia-hypercapnia increased the radioresistance with a 

dose reduction factor (DRF) of 1.4 ′′ 
1973 Musacchia Hamster, Gerbil Hibernation, stress, intestinal functions, 

and catecholamine turnover rate in 

hamsters and gerbils 

“Radioresistance increased in hibernating as well as in 

hypothermic hamsters. Marked changes in hamster 

catecholamine turnover rates were observed during 

acclimatization to high temperature stress”

1972 Barr and Musacchia Ground squirrel Postirradiation and radiation response of 

ground squirrels: telemetry surveillance 

“The results showed the highest levels of survival among 

squirrels irradiated while torpid and that additional increase 

in survival may have occurred due to postirradiation 

hibernation. No significant effect was noted relating to the 

three postirradiation environments”

1971 Musacchia et al. Hamster Radioresistance in hamster during 

hypothermic depressed metabolism 

induced with helium and low 

temperatures 

“Increased radioresistance was evident in the metabolically 

depressed hypothermic hamsters… hypothermic hamsters 

showed increased mean survival times. Dose-reduction 

factors were approximately 1.22 and 1.31. The increased 

radioresistance was examined in light of limited hypoxia and 

general metabolic depression”

1969 Barr and Musacchia Thirteen-lined 

ground squirrel 

The effect of body temperature and 

postirradiation cold exposure on the 

radiation response of the hibernator 

Citellus tridecemlineatus 

“Results indicated that squirrels irradiated while hibernating 

had higher percentages of survival than squirrels irradiated 

while active…complicated relationship existed between the 

effects of a postirradiation exposure to environments of 5 °C, 

13 °C, or 23 °C for 90 days and the effects of irradiating 

squirrels while at body temperatures of 5 °C, 13 °C, 23 °C, or 

37 °C”

1961 Mraz and Praslicka Mouse Influence of Hypothermia on the survival 

of mice after large doses of X-radiation 

“…prolonged hypothermia at 22–25 °C, lasting 6–48 h, after 

irradiation also slows down destructive changes in the blood, 

spleen and bone marrow. After the ending of hypothermia 

and reaching the normal body temperature these changes, 

however, develop even more intensely than in controls 

subjected to irradiation only and the mean survival-time is 

shorter”

1951 Smith and Grenan Marmot Effect of hibernation upon survival time 

following whole-body irradiation in the 

Marmot (Marmota monax). 

“Increased metabolic rate resulting from thyroid administration 

has been found to coincide with an increased mortality in 

mice following irradiation. On the other hand, the 

administration of antithyroid substances, which reduce the 

metabolic rate, does not alter radiation lethality nor increase 

the survival time in irradiated mice”
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tion for the mission to Mars ( Bradford et al., 2014 ) ( Fig. 1 ).

ESA has sponsored a dedicated study and included hiberna-

tion in the life sciences roadmap ( Bereiter-Hahn et al., 2015 ).

However, for very long exploratory-class missions, the main

showstopper is generally considered the exposure to galac-

tic cosmic radiation ( Durante and Cucinotta, 2008 ). The re-

cent Mars Science Laboratory (MSL) measurements demon-

strate that the average dose-rate in deep space is about

1.8 mSv/day ( Zeitlin et al., 2013 ). Therefore any missions of several

years will exceed cumulative doses of 1 Sv. These recent measure-

ments support previous estimates of the dose in deep space and

confirm that countermeasures are indeed needed for a safe explo-

ration program. Unfortunately, shielding is poorly effective against

cosmic radiation, especially during the cruise where severe mass

constraints have to be imposed ( Durante, 2014 ). Biological coun-

termeasures, such as radioprotective drugs ( Kennedy, 2014 ), are

as yet far from providing practical solutions, and they are indeed

hardly used even in patients treated with radiotherapy for solid

tumors. 

Can hibernation reduce the radiation damage? If true, this

effect will greatly expand the benefits of hibernation for space

travel, and make it an essential tool for the safety of the crews. In

this review, we will provide an overview of the past experiments
n hibernation and radiation. Starting from the interpretation of

revious results, we will evaluate potential advantages offered by

he application of new approaches to induce a hibernation-like

tate for medical and space applications. 

. Biology of hibernation 

.1. Mammals 

The term torpor identify a state of active suppression of

etabolism, usually leading to a reversible and undefended state

f hypothermia. Multiple episodes of torpor are at the base of hi-

ernation, aestivation , in which hibernation takes place during the

ummer season, and brumation , that happens in ectothermic or-

anisms such as reptiles or hibernacula ( Fig. 2 ). All these peculiar

nimal states are characterized by the reduction of the metabolic

ate, decrease of oxygen consumption, decrease of heart and res-

iratory rate, reduction of the body temperature in dependence

f the ambient temperature and, at molecular level, gene expres-

ion and protein synthesis abatement ( Table 2 ). The large de-

rease in body temperature, caused by the reduction in metabolic

ate, does not activate homeostatic compensatory measures

 Heldmaier et al., 2004 ). Moreover, hibernators, besides the reduc-
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Fig. 1. Mars transfer habitat design by SpaceWorks Enterprises, Inc. (SEI). The habitat can support a crew of 6 in hibernation/stasis for a 180-day outbound mission transit, 

plus a 500-day aborted surface mission contingency, and 180-day Earth return transit. Robotic manipulator arms are used to manage the crew as needed, and neuromuscular 

electric stimulation (NMES) is used to prevent muscle atrophy. Total Parenteral Nutrition (TPN) is administered via tunneled central venous catheter in chest. The estimated 

weight and volume of the torpor stasis habitat is less than 1/2 of the NASA DRA 5 reference habitat for the same Mars mission. Courtesy of SpaceWork, study available 

online at https://www.nasa.gov/content/torpor- inducing- transfer-habitat-for-human-stasis-to-mars. 

Fig. 2. Different states of metabolic suppression experienced by different animals: squirrel, snake, frog, bear. 
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ion in metabolic needs, show other relevant features that may be

xploited in medical sciences, once a safe procedure to induce such

tate would be available for humans. 

For centuries it has been known that several mammals can

ndergo hibernation, e.g. squirrels, hamsters, and bears. Only in

004, a German research team discovered the first primate able

o undergo hibernation: the fat tailed dwarf lemur Cheirogaleus

edius ( Dausmann et al., 2004 ). The ability to enter a hy-
ometabolic state such as torpor, hibernation or aestivation is an

ncestral trait that was present in early mammals, and that was

ater lost in some species. The widespread distribution of hiber-

ators in the mammals family suggest that the gene set necessary

o survive the process is probably common among mammals,

hile the regulatory mechanisms may have been lost in non-

ibernators. 

https://www.nasa.gov/content/torpor-inducing-
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Table 2 

Physiological changes induced by hibernation. In bold, the changes that can be exploited by crews of interplanetary missions. 
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2.2. Molecular features of torpor and hibernation 

Torpor induces many changes in the molecular biology of the

cell in many animals ( Storey and Storey, 2010 ), including primates

( Faherty et al., 2016 ). Gene expression, for instance, is strongly

affected during hibernation in many organs such as the brown

adipose tissue ( Ballinger et al., 2016; Biggar et al., 2014 ), skeletal

muscle ( Anderson et al., 2016 ), the heart ( Vermillion et al., 2015 ),

and the bone marrow ( Cooper et al., 2016 ). Whereas gene ex-

pression studies provide relevant information, proteomics ( Grabek

et al., 2015 ) and epigenetics ( Storey, 2015 ) are opening new pos-

sibility to unravel the complex molecular cascade that regulates

cellular hypometabolic states. So far, gene expression related to

hypometabolic states has been studied only during natural torpor.

Transcriptomic and proteomic changes during synthetic torpor

(see below Cerri, 2017 ) have not been reported yet. 

Considering that the main feature of torpor is an active re-

duction in metabolic rate, and therefore in oxygen consumption

( Heldmaier et al., 2004 ), the activity of mitochondria has been a

relevant focus in hibernation research ( Staples and Brown, 2008 ).

The reduction in oxygen consumption could be in fact explained

by some form of inhibition of the mitochondrial function ( Mathers

et al., 2016 ). The overall idea that mitochondria are the target

of the mechanism of metabolic suppression is intriguing, but

not free of objections. For instance, if mitochondrial activity was

to be reduced first, cellular damage would probably arise for

the unbalance between energy demand and energy supply. To

solve such problem, it is possible to refer to the idea of channel

arrest ( Hochachka et al., 1986 ), according to which a reduction

in cellular energy consumption, for instance by reducing mem-

brane pumps activity, has to precede the reduction in energy

production. If this idea was applied to torpor, the reduction in

mitochondrial activity would not be the first target for metabolic
uppression, but the consequence of a drastic reduction in energy

emand. 

.3. Arousal 

Hibernation is interrupted by periodic arousals . In these periods

he increase of temperature and the acceleration of the metabolism

llow the animal to restore almost normal vital and active func-

ions. 

The arousal could permit the activation of the immune sys-

em and subsequently initiate an immune response ( Prendergast

t al., 2002 ) or the periodic arousal may be needed by the animal

o solve a slept-debt, as it occurs in the arctic ground squirrel

 Daan et al., 1991 ). It has been further speculated that the arousal

s needed to restore the energy deposit. The arousal is strictly

ependent on the body temperature and in Cheirogaleus medius it

ccurs when the temperature exceeds 30 °C. However, there is a

igh energetic cost for the arousal. In this dwarf mammal the in-

reased active thermogenesis necessary for the arousal is avoided

sing the temperature of the tropical situation in which they live.

n the case of the Cheirogaleus medius they simply continue to stay

n hibernation even over 30 ° and, suspending endogenous ther-

ogenesis and becoming then ectotherm like a reptile, can go over

0 ° without any energy consumption ( Dausmann et al., 2004 ). 

.4. Human hibernation 

After many reported cases of humans that surviving a pro-

onged low body temperature, it was suggested that humans could

lso be facultative hibernators. There are examples of people sur-

iving accident in situations where their whole body temperature

ell to 13.7 °C without any serious damage. 
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Table 3 

Different strategies used to induce an artificial state of torpor. “Synthetic torpor” indicates a state that mimics for the most part the natural features of the torpor occurring 

in hibernating species, which would be the ideal condition to translate for humans applications. It is noteworthy that the mouse is a facultative heterotherm, capable to 

enter torpor under specific circumstances, and therefore not the best model to be used. 

Year Species Ibernator Approach Effects Reference 

2005 Mouse Yes H 2 S inhalation Induction of a state resembling torpor Blackstone et al. 

2008 Rat No H 2 S inhalation No synthetic torpor Lou et al. 

2008 Piglet No H 2 S inhalation No synthetic torpor Li et al. 

2011 Pig No H 2 S iv No synthetic torpor Drabek et al. 

2015 Sheep No H 2 S inhalation No synthetic torpor Haouzi et al. 

2006 Mouse Yes 5 ′ -amp systemic Induction hypothermia but with 

different physiological characteristic 

compared to the state of torpor 

( Swoap et al., 2007 ) 

Zhang et al. 

2009 Rats No 5 ′ -amp systemic No synthetic torpor Zhang et al. 

2013 Rats No Inhibition of RPa neurons Synthetic torpor Cerri et al. 

2013 Rats No Central adenosine A1 receptor agonist Synthetic torpor Tupone et al. 
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Mitsutaka Uchikoshi is considered the first human being to

ndergo a hibernation-like state following an accident. According

is physicians, the hibernation-like state slowed many of his

rgans, yet his brain was protected. 

Anna Elisabeth Johansson Bagenholm is a Swedish radiologist

ho survived a prolonged extreme hypothermia. Her body tem-

erature was around 14.4 °C, the arterial blood sample showed

ormal serum potassium and oxygenation, the carbon dioxide

CO 2 ) concentration was higher than the standard level while the

cidosis was severely high. A foamy pink fluid streamed from the

ndotracheal tube. She even reached the lowest body temperature

ver recorded in a living human, i.e. 13.7 °C ( Gilbert et al., 20 0 0 ).

owever, besides small nerve injury and a slight tingling in her

ands, Anna Elisabeth Johansson five months later recovered com-

letely from this tragic experience and came back to her normal

ife and work. 

Erika Nordby, a 13 months old Canadian baby left the house

nattended wearing only a diaper. The ambient temperature out-

ide was around −24 °C. When Erika was found, she was consid-

red to be clinically dead. She had no heartbeat, no respiration and

er body temperature was around 16 °C. Her conditions became

ormal after that she was placed under a warming blanket. No se-

ious damage remained and her physician suggested that the low

emperature could have brought her to a hibernation-like state. 

.5. Synthetic torpor 

Hibernation, torpor, aestivation, hibernation-like state, torpor-

ike state, pseudo-torpor, hypometabolism, hypothermia, deep hy-

othermia, suspended animation, stasis and probably others are

ome of the names that are used in the field. They all refer

ore or less to a state of hypometabolism that is artificially in-

uced in a species that does not show any torpor or hiberna-

ion. With synthetic torpor we indicate not just an hypometabolic

tate, but a state that mimics for the most part the natural fea-

ures of the torpor occurring in hibernating species, which would

e the ideal condition to translate for humans applications ( Cerri,

017 ). Several methods to induce hibernation-like states are re-

orted in Table 3 . Mimicking hibernation may bring great benefits

lso to the clinical practice, in terms of neuroprotection after cere-

ral hypoxia, during major surgery, or to extend the window for

rgan transplantation. We also hypothesize that it can be a bene-

t in radiotherapy, for reducing radiotoxicity in normal tissues (see

ection 3.3 ). 

Since hibernation is characterized by a reduction of the

etabolism, a possible method mimicking it would be to lower

he metabolic rate by reducing the cellular energy production. This

pproach was tried in mice, and a suspended animation state was
nduced by using 5 ′ -AMP ( Zhang et al., 2006 ), or H 2 S ( Blackstone

t al., 2005 ). All these substances reduce or block the energy

roduced in every cell by inhibiting the mitochondrial function,

ut all these approaches proved ineffective when applied to

on-hibernating mammals ( Haouzi et al., 2008 ). It is noteworthy

hat the mouse is a facultative hibernator able to enter torpor

nder specific circumstances, and that this could be the reason of

he failure in translating those approaches to non-hibernators. In

ther words, the pharmacological treatments given to mice may

ave triggered the mechanism of torpor, but may not be effective

n doing so in species that do not have the same underlying

echanisms. 

It could be argued that hibernation is a trait of a specific group

f species, and therefore may not be replicated in non-hibernators.

or instance, flying is a trait of a specific group of mammals

bats), because they have evolved the biological structure (wings)

o support that trait. But that is not the case of hibernation.

ibernators are, in fact not a homogeneous group of species, but

s discussed above, they are present in every family of mammals,

ncluding primates. This suggests that the ability to suppress

etabolic rate was probably a trait present in the proto-mammal

approximately 150 million years ago), an animal that, because

f his homeothermy, was able to be nocturnal to reduce the risk

f predation by dinosaurs. Such ability was critical to improve

he survival chance of the newly-appeared mammal, since it

rovided the great energy saving skill, necessary to support the

igher energy expenditure required by homeothermy. The trait

as then lost in many mammals after the extinction of the di-

osaurs, but remained present in all the species that relied on

nergy saving to survive (for instance species living in extreme

limate). From this evolutionary reasoning, it can be argued that

he set of genes and the biochemical regulation necessary to

urvive during the hypometabolic bout are shared among mam-

als, while only the regulatory mechanism was lost in non-

ibernators. 

To this day, only two procedures were shown to induce such

onditions in non-hibernating rodents: (i) the inhibition of the

ympathetic premotor neurons within the Raphe Pallidus (RPa)

 Cerri et al, 2013 ); (ii) the activation of the central Adenosine A1

eceptors ( Tupone et al., 2013 ). The approach used differs substan-

ially from what was done in mice: instead of acting on the whole

rganism metabolism, it inhibits the activity of specific neural

athways within the central nervous system. The physiology ob-

erved during such hibernation-like state strongly resembles spon-

aneous hibernation, in terms of cardiovascular, respiratory and

euro-physiology, as well as behavior. Fig. 3 shows the decrease in

emperature in a rat following inactivation of the Raphe pallidus. 
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Fig. 3. Examples of infrared images taken during the procedure of induction of a 

synthetic torpor state by inhibition of RPa neurons. Top line: before the inhibition; 

middle line: shortly after the beginning of the procedure; bottom line: at the tem- 

perature nadir. In the right panel of the bottom line the rat shape is highlighted in 

red, since the animals shape is not very visible being in thermal balance with the 

environment. Experimental details in Cerri et al., 2013 . (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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3. Radiation effects during hibernation 

3.1. Experiments in hibernating animals 

It is generally accepted that hibernation increases resistance

to stress. In particular, many authors provided evidence indicating

a relevant increase in radioresistance. This effect was intensively

studied a few decades ago (1950–60) through animal experiments,

mainly comparing the survival rate of squirrels after providing

variable doses of gamma radiation ( Table 1 ). 

Smith and Grenan (1951) reported that lethal damage on ex-

posed hibernating marmots seems to be just delayed after the

arousal, where the same survival fractions are observed for mar-

mots irradiated during or outside hibernation, if the survival time
s considered from the time of the arousal. The result is later con-

rmed by Doull and Dubois (1953 ) for ground squirrels. Since irra-

iation affects mitosis, the radioprotective effect caused by the stall

f the cell cycle while in hibernation may be reduced after arousal.

 mild increase of radiosensitivity was observed by Kuskin and

oworkers ( Kuskin et al., 1959 ), where a small decrease of body

emperature was artificially induced on a population of mice by

eans of neuroplegic drugs. Hypothermia induced by neuroplegic

rugs followed by physical cooling of the animal instead did not

how a radioprotective effect. The authors suggested that the pro-

ective effect is not related to the depression of the metabolism

lone but instead to a general depression of bodily processes. 

Naturally occurring radioprotection in hibernating ground

quirrels ( citellus tridecemlineatus ) has been reported by Musacchia

nd Barr (1968) over a broad range of doses (10–200 Gy). Jaroslow

nd colleagues ( Jaroslow et al., 1969 ) reports the study of survival

ates for hibernating squirrels exposed to a lethal dose from a
0 Co source. The highest survival rate is observed for squirrels

roused from hibernation one day after irradiation. Although the

ack of food and water for longer hibernation periods may account

n part for the difference in survival rates, an increased survival is

bserved also with respect to squirrels immediately aroused after

rradiation. 

An increased radiosensitivity of ileum crypt cells of ground

quirrels was observed Jaroslow et al. (1976 ) comparing the cell

urvival fractions for irradiation during hibernation, arousal, and

uthermic state. In squirrels irradiated 1 h after the initiation

f the arousal, with core temperature in the range of euthermic

ontrols, the survival was comparable with the one observed for

rradiation during hibernation. The radioprotective effect disap-

ears 3–7 h after irradiation. This study suggests hypoxia as a

ossible explanation for the radioprotective effect. The changes in

he mitotic index of ileum cells during hibernation and arousal

ay also play a role. 

More recent experiments investigated mechanisms of acquired

esistance using in vitro systems. Baird et al. (2011) measured a

uppressed DNA repair response in BJ-hTERT human cells irradi-

ted in hypothermic conditions (irradiation at 13 °C, 20 °C and

0 °C). Hypothermia was observed to interfere with the cell cycle

rogression and a low fraction of cells in the S-phase. While repair

f double strand break is temperature-dependent and suppressed

t low temperature, the larger survival fractions for irradiation in

ypothermia suggests that slowly repair of double strand breaks

ay not have a large negative impact on the survival of the cell. 

Povinelli et al. (2015) reported that even a mild cold stress

as a protective effect on hematopoietic stem and progenitor cells

fter both nonlethal and lethal total body irradiation on mice,

rolonging the survival time. Injecting propanolol (non selective

-blocker) partially reduces the protective effect induced by cold

tress, while it has no effect on mice kept at thermoneutral

emperature. The proposed mechanism operates through the β-

drenergic signaling pathway, causing the inhibition of the apop-

osis of hematopoietic stem and progenitor cells in bone marrow. 

Taken together, all the experiments support the hypothesis that

ibernation increases radioresistance. It is difficult to pool the

ata to give quantitative estimates of the observed effects. Fig. 4

eports a pool of the data on survival to high γ - or X-ray doses.

n the panel (a) we pooled the data relative to ground squirrel,

 hibernating animal, while the panel (b) shows the survival of

ats, a non-hibernator, irradiated in hypothermia. The pooling

f different experimental conditions produce a very significant

pread in the data, but the trend clearly shows the increased

urvival of squirrels irradiated during hibernation. LD50 values

ere calculated with a probit fit: 

 ( % ) = 

1 

2 

{ 

1 − erf 

[ 
γ

√ 

π
(

1 − D 

LD 50 

)] } 

(1)
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Fig. 4. Meta-analysis of observed lethality in animals exposed to graded γ - or X-ray doses. Lines are fits with a probit function to lethality of: (a) squirrels in hibernation 

(blue) or active (red); (b) rats in hypothermia (blue) or normal temperature (red). Experimental data are mortality data from different published papers. (a), squirrels: circles 

are mortality at 30 days from Musacchia et al., 1968 : full circles, Summer hibernation; dashed circles, Winter hibernation; other symbols are mortality rates at 90 days from 

Jaroslow et al., 1969 ( �, normal hibernation; ♦ 2 weeks at 5 ºC; ∗ 20 h at 5 ºC). (b), rats: circles are mortality rates at 30 days from Ignat’ev et al. (2006) , squares from 

Benvenuto and Lewis (1960) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 4 

Fitting parameters of the data in Fig. 4 using the probit formula ( Eq. (1 )). The pro- 

tective factor is the ratio of the LD50 values. Uncertainties are standard errors of the 

fitting parameters calculated using the software package Wolfram Mathematica ®. 

Animal Normal conditions Hibernation/hypothermia Protective factor 

γ LD50 (Gy) γ LD50 (Gy) 

Squirrels 4.4 ± 1.2 10.82 ± 0.17 1.1 ± 0.4 14.6 ± 1.1 1.35 ± 0.07 

Rats 2.3 ± 0.5 6.03 ± 0.13 3.6 ± 2.7 8.6 ± 0.4 1.42 ± 0.10 
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5  
here M is the mortality rate, γ the slope parameter, erf the error

unction, D the dose, and LD50 the dose corresponding to 50%

ortality. The fitting parameters are reported in Table 4 . Even

onsidering the large differences in experimental conditions, it

s remarkable that the protective factor (ratio of LD50 values in

ibernation/hypothermia and normal conditions) is around 1.4 for

oth squirrels (hibernators) and rats (non-hibernators). This value

s high and makes it interesting for radioprotection. It is close to

he protection factor of the few agents (amifostine and palifermin)

n clinical use as radioprotectors during radiotherapy ( Johnke et al.

014 ). In a recent study in mice exposed to high X-ray doses and

rotected with amifostine (WR 2721) or its polymer complex, the

rotection factors calculated from LD50 values were 1.29 and 1.35,

espectively ( Koseva et al., 2014 ). 

.2. Possible mechanisms of radioresistance 

Discrepancies are present in the interpretation of the different

xperiments. Some may be related to differences in the reactions

f different species but also the differences in the realization of

he experiments (like time in hibernation before and after irradia-

ion, the ambient temperature) may have a non-negligible impact

n the outcome. At the cellular level, it is well known that cells

rradiated in resting state, and left undisturbed for 24 h after irra-

iation, are more resistant than cells re-plated immediately after

xposure. This effect is known as delayed plating, and is generally

ttributed to the potentially lethal damage repair (PLDR) in resting

hase ( Marchese et al., 1987 ). PLDR is also observed in vivo, fol-

owing exposure of xenografts in mouse ( Little et al., 1973 ) but it
s unclear whether a reduced metabolism grants enhanced protec-

ion from radiation in a whole organism. 

The oxygen level during hibernation may contribute to the

nhanced radioresistance. Hypoxia is a well know protective

echanism, and is arguably the main reason of local control

ailure in radiotherapy. In fact, tumors are generally hypoxic com-

ared to the normal tissues, and the ratio of the doses producing

he same cell killing in hypoxic and aerobic atmosphere (oxygen

nhancement ratio, OER) is close to 3 after X-rays ( Wilson and

ay, 2011 ). The reduction in oxygen metabolism during hiberna-

ion may well provide an additional protection towards radiation

amage. With respect to this latter point, it is important to notice

hat differences in the dynamics of awakening may affect the over-

ll health status of the animal ( Cerri et al., 2013 ), suggesting that

he previously reported silent damage induced by radiation during

ibernation may somehow be linked to the arousal process, the

hase when oxygen metabolism (and therefore the production of

eactive oxygen species (ROS)) is highest. The role of awakening in

he resulting damage from irradiation is clearly relevant, but still

nclear. For instance, it was also suggested that the protective ef-

ect might occur during the arousal from hibernation, following the

ncrease of catecholamines that may occur in the arousal process

nd could cause severe vasoconstriction ( Prewitt and Musacchia,

975 ). Similar results were observed by Barr and Musacchia (1972) ,

here different groups of squirrels were kept after irradiation in

nvironments with three different temperatures (5 °C, 13 °C and

3 °C), without observing any significant difference in terms of

adioresistance between the three groups. The temperature itself

as a sensible effect on the radiosensitivity of many biological sys-

ems. The radiosensitivity is generally reduced under hypothermia,

hich is one of the main peculiarities shown by animals during

ibernation. Living in a cold environment has an impact on the ra-

ioresistance of animals (see Sazykina and Kryshev, 2011 for a re-

iew). Imbalances in the temperature-dependent cell damage and

epair processes for animals living in cold environment make the

verall picture unclear and the topic is still an active research field.

.3. Radiotherapy 

Radiotherapy is an essential component of the cancer cure. Over

0% of the cancer patients are treated with high-doses of radia-
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tion, either alone or in combination with surgery or chemotherapy.

Radiotherapy has recently experienced many advances in method-

ology and techniques and the dose to the tumor is nowadays

delivered with a much higher precision. Highly conformal dose

distributions can be achieved with X-rays using intensity modu-

lated deliver (IMRT), or accelerating charged particles (generally

protons or C-ions) at very high energies ( Thariat et al., 2013 ).

Notwithstanding these excellent technological improvements, ra-

diotherapy is still limited by the normal tissue toxicity. In fact, or-

gan tolerance doses are thresholds to avoid unacceptable morbidity

in the patient. This limits the maximum dose that can be used to

control locally the tumor, and in some cases prevents treatments.

For instance, multiple metastases in close proximity cannot be

treated without exceeding the tolerance dose of the normal organ,

even if their treatment with hypofractionated radiotherapy can

substantially improve the survival of patients with stage IV cancers

( Lo et al., 2011 ). 

The torpor-induced reduced metabolic rate suggests that the

tumors will stop growing during hibernation. This was indeed

found in old experiments where human tumors where trans-

planted in hamsters ( Lyman and Fawcett, 1954; Patterson et al.,

1957 ). However, tumors return to normal proliferation as soon as

the body temperature is restored. It is, however, unknown whether

the radioresistance is differentially modulated by hibernation in

normal and tumor tissues. If hypoxia plays a role, it can be ex-

pected that normal tissues (aerobic) will be more protected than

tumors (normally already hypoxic). Hence, a hibernated patient

could be treated, e.g. for multiple metastases, at doses that would

not be acceptable in normal conditions, because the organ dose

would be exceeded. At arousal, the patient will be cured. This is

obviously a speculative hypothesis, and yet so attractive that we

believe it deserves experimental verification. 

4. Conclusions 

Hibernation might be a promising strategy for putative future

human interplanetary missions. Hibernated astronauts would re-

duce the spaceship’s total energy consumption more than 50%,

they would increase their lifespan, saving then the travelling time.

Furthermore a hibernation-like state would help them with psy-

chological issues resulting from the flight in a narrow spacecraft,

spending much of their time in an “unconscious-like” state, and

would reduce enormously the waste production. Moreover, hiber-

nation may solve another crucial objection for manned space ex-

ploration, i.e. radiation exposure. The old observations pointing to

increased radioresistance in torpor open new, fascinating scenar-

ios. Exposure to cosmic rays is generally acknowledged as the main

health threat in long-term exploratory-class missions. The problem

is particularly critical for the cruise period, when thick shielding of

the spacecraft is impossible. Drugs or dietary supplementary are,

as yet, equally disappointing. Hibernation may represent an ideal

solution. A radioprotective effect of hibernation is observed for

several species and on different irradiation conditions. Our meta-

analysis ( Fig. 4 ) suggests a protective factor around 1.4, close to

that provided by drugs used in radiotherapy (such as amifostine)

to prevent normal tissue toxicity. The overall mechanisms at the

basis of the increased radioresistance in hibernation or hypother-

mia are poorly understood and need further investigation. Old ex-

periments are limited to natural hibernators exposed to high doses,

with acute effects as main endpoints, generally survival. For space

exploration, new experiments are needed, and they should explore

late effects at low doses. The issue is extremely relevant not only

for space travel, but also for cancer radiotherapy. 
cknowledgments 

We thank Juergen Bereiter-Hahn and Alexander Chouker, from

he ESA Topical Team on hibernation for useful discussions. MD is

n leave from University of Naples Federico II. This work was sup-

orted by the National Institute for Nuclear Physics (INFN) under

rant HIBRAD, CSN5 (2016). 

eferences 

nderson, K.J. , Vermillion, K.L. , Jagtap, P. , Johnson, J.E. , Griffin, T.J. , Andrews, M.T. ,
2016. Proteogenomic analysis of a hibernating mammal indicates contribution

of skeletal muscle physiology to the hibernation phenotype. J. Proteome Res.
15, 1253–1261 . 

aird, B.J. , Dickey, J.S. , Nakamura, A.J. , Redon, C.E. , Parekh, P. , Griko, Y.V. , Aziz, K. ,
Georgakilas, A.G. , Bonner, W.M. , Martin, O.A. , 2011. Hypothermia postpones DNA

damage repair in irradiated cells and protects against cell killing. Mutat. Res.

711, 142–149 . 
allinger, M.A. , Hess, C. , Napolitano, M.W. , Bjork, J.A. , Andrews, M.T. , 2016. Sea-

sonal changes in brown adipose tissue mitochondria in a mammalian hiber-
nator: From gene expression to function. Am. J. Physiol. Regul. Integr. Comp.

Physiol. 311, R325–R336 . 
arr, R.E. , Musacchia, X.J. , 1969. The effect of body temperature and postirradiation

cold exposure on the radiation response of the hibernator Citellus tridecemlin-

eatus. Radiat. Res. 38, 437–448 . 
arr, R.E. , Musacchia, X.J. , 1972. Postirradiation hibernation and radiation response

of ground squirrels: Telemetry surveillance. Radiat. Res. 51, 631–637 . 
envenuto, R. , Lewis, F.J. , 1960. Influence of deep hypothermia upon sensitivity of

rats to X-radiation. Surg. Forum 10, 558–560 . 
ereiter-Hahn, J. , Heldmaier, G. , Carey, H.V. , Herwig, A. , Choukèr, A. , Henning, R.H. ,

Cerri, M. , Hut, R. , Daan, S. , Ruf, T. , Dirkes, M. , Singer, D. , Drew, K.L. , Vya-
zouskiy, V. , 2015. ESA, Topical Team “Hibernation and Torpor” Recommenda-

tions to ESA. ESA ESTEC, Nordwijk, The Netherlands . 

iggar, Y. , Storey, K.B. , 2014. Global DNA modifications suppress transcription in
brown adipose tissue during hibernation. Cryobiology 69, 333–338 . 

lackstone, E. , Morrison, M. , Roth, M.B. , 2005. H 2 S induces a suspended animation–
like state in mice. Science 308, 518 . 

Bogren, L.K. , Murphy, C.J. , Johnston, E.L. , Sinha, N. , Serkova, N.J. , Drew, K.L. , 2014.
1 H NMR metabolomic biomarkers of poor outcome after hemorrhagic shock are

absent in hibernators. PLoS One 9, e107493 . 

Bradford, J. , Schaffer, M. , Talk, D. , 2014. Torpor inducing transfer habitat for human
stasis to Mars. NASA Innovative Advanced Concepts – Phase I – Final Report.

Space Works Enterprises, Inc. (SEI), Atlanta, GA . 
erri, M., 2017. Central control of energy expenditure: exploiting torpor for med-

ical applications. Annu. Rev. Physiol. 79. doi: 10.1146/annurev- physiol- 022516- 
034133 . 

erri, M. , Mastrotto, M. , Tupone, D. , Martelli, D. , Luppi, M. , Perez, E. , Zamboni, G. ,

Amici, R. , 2013. The inhibition of neurons in the central nervous pathways for
thermoregulatory cold defense induces a suspended animation state in the rat.

J. Neurosci. 33, 2984–2993 . 
heng, L. , Lisowska, H. , Sollazzo, A. , Wegierek-Ciuk, A. , Stepie ́n, K. , Kuszewski, T. ,

Lankoff, A. , Haghdoost, S. , Wojcik, A. , 2015. Modulation of radiation-induced cy-
togenetic damage in human peripheral blood lymphocytes by hypothermia. Mu-

tat. Res. 793, 96–100 . 

ockett, T.K. , Beehler, D.C. , 1962. Protective effect of hypothermia in exploration of
space. JAMA 8, 977–979 . 

ooper, S.T. , Sell, S.S. , Fahrenkrog, M. , Wilkinson, K. , Howard, D.R. , Bergen, H. ,
Cruz, E. , Cash, S.E. , Andrews, M.T. , Hampton, M. , 2016. Effects of hibernation on

bone marrow transcriptome in thirteen-lined ground squirrels. Physiol. Genom.
48, 513–525 . 

aan, S. , Barnes, B.M. , Strijkstra, A.M. , 1991. Warming up for sleep? Ground squirrels

sleep during arousals from hibernation. Neurosci. Lett. 128, 265–268 . 
ausmann, K.H. , Glos, J. , Ganzhorn, J.U. , Heldmaier, G. , 2004. Physiology: Hiberna-

tion in a tropical primate. Nature 429, 825–826 . 
Doull, J. , Dubois, K.P. , 1953. Influence of hibernation on survival time and weight

loss of x-irradiated ground squirrels. Proc. Soc. Exp. Biol. Med. 84, 367–370 . 
Drabek, T. , Kochanek, P.M. , Stezoski, J. , Wu, X. , Bayir, H. , Morhard, R.C. , Stezoski, S.W. ,

Tisherman, S.A. , 2011. Intravenous hydrogen sulfide does not induce hypother-

mia or improve survival from hemorrhagic shock in pigs. Shock 35, 67–73 . 
ugbartey, G.J. , Talaei, F. , Houwertjes, M.C. , Goris, M. , Epema, A.H. , Bouma, H.R. ,

Henning, R.H. , 2015. Dopamine treatment attenuates acute kidney injury in a rat
model of deep hypothermia and rewarming – The role of renal H 2 S-producing

enzymes. Eur. J. Pharmacol. 769, 225–233 . 
urante, M. , Cucinotta, F.A. , 2008. Heavy ion carcinogenesis and human space ex-

ploration. Nat. Rev. Cancer 8, 465–472 . 
urante, M. , 2014. Space radiation protection: Destination Mars. Life Sci. Space Res.

1, 2–9 . 

Faherty, S.L. , Villanueva-Canas, J.L. , Klopfer, P.H. , Alba, M.M. , Yoder, A.D. , 2016. Gene
expression profiling in the hibernating primate, cheirogaleus medius. Genome

Biol. Evol. 8, 2413–2426 . 
Gemignani, J. , Gheysens, T. , Summerer, L. , 2015. Beyond astronaut’s capabilities: The

current state of the art. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2015, 3615–3618 . 

http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0001
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0001
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0001
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0001
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0001
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0001
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0001
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0002
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0003
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0003
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0003
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0003
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0003
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0003
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0004
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0004
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0004
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0005
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0005
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0005
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0006
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0006
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0006
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0023
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0007
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0007
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0007
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0008
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0008
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0008
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0008
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0009
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0009
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0009
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0009
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0009
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0009
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0009
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0010
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0010
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0010
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0010
http://dx.doi.org/10.1146/annurev-physiol-022516-penalty -@M 034133
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0012
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0012
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0012
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0012
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0012
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0012
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0012
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0012
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0012
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0013
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0014
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0014
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0014
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0015
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0016
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0016
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0016
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0016
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0017
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0017
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0017
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0017
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0017
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0018
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0018
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0018
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0019
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0019
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0019
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0019
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0019
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0019
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0019
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0019
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0019
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0020
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0020
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0020
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0020
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0020
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0020
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0020
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0020
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0021
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0021
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0021
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0022
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0022
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0024
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0024
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0024
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0024
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0024
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0024
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0025
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0025
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0025
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0025


M. Cerri et al. / Life Sciences in Space Research 11 (2016) 1–9 9 

G  

 

G  

H  

 

H  

H  

H  

I  

 

J  

 

J  

 

J  

K  

K  

 

K  

 

L  

 

L  

 

 

L  

L  

 

 

L  

 

L  

M  

M  

 

M  

M  

M  

 

M  

 

P  

P  

 

P  

 

P  

 

S  

S  

 

S  

S  

S  

S  

T  

 

T  

 

T  

 

V  

 

W  

Z  

 

 

 

Z  

Z  

 

 

ilbert, M. , Busund, R. , Skagseth, A. , Nilsen, P.A. , Solbø, J.P. , 20 0 0. Resuscitation
from accidental hypothermia of 13.7 degrees with circulatory arrest. Lancet 355,

375–376 . 
rabek, K.R. , Martin, S.L. , Hindle, A.G. , 2015. Proteomics approaches shed new light

on hibernation physiology. J. Comp. Physiol. B 185, 607–627 . 
aouzi, P. , Notet, V. , Chenuel, B. , Chalon, B. , Sponne, I. , Ogier, V. , Bihain, B. , 2008.

H 2 S induced hypometabolism in mice is missing in sedated sheep. Respir. Phys-
iol. Neurobiol. 160, 109–115 . 

eldmaier, G. , Ortmann, S. , Elvert, R. , 2004. Natural hypometabolism during hiber-

nation and daily torpor in mammals. Respir. Physiol. Neurobiol. 141, 317–329 . 
ochachka, P.W. , 1986. Defense strategies against hypoxia and hypothermia. Science

231, 234–241 . 
ock, R.J. , 1960. The potential application of hibernation to space travel. Aerosp.

Med. 31, 4 85–4 89 . 
gnat’ev, D.A. , Fialkovskaia, L.A. , Perepelkina, N.I. , Markevich, L.N. , Kraev, I.V. , Kolomi-

itseva, I.K. , 2006. The effect of hypothermia on the rat radioresistance. Radiat.

Biol. Radioecol. 46, 706–712 . 
aroslow, B.N. , Smith, D.E. , Williams, M. , Tyler, S.A. , 1969. Survival of hibernating

ground squirrels (Citellus tridecemlineatus) after single and fractionated doses
of cobalt-60 gamma radiation. Radiat. Res. 38, 379–388 . 

aroslaw, B.N. , Fry, R.J.M. , Suhrbier, K.M. , Sallese, A.R. , 1976. Radiosensitivity of ileum
crypt cells in hibernating, arousing, and awake ground squirrels (Citellus tride-

cemlineatus). Radiat. Res. 66, 566–575 . 

ohnke, R.M. , Sattler, J.A. , Allison, R.R. , 2014. Radioprotective agents for radiation
therapy: future trends. Future Oncol. 10, 2345–2357 . 

ennedy, A. , 2014. Biological effects of space radiation and development of effective
countermeasures. Life Sci. Space Res. 1, 10–43 . 

oseva, N. , Tsacheva, I. , Mitova, V. , Vodenicharova, E. , Molkentine, J. , Mason, K. ,
Troev, K. , 2014. Polymer complex of WR 2721. Synthesis and radioprotective ef-

ficiency. Eur. J. Pharm. Sci. 65, 9–14 . 

uskin, S.M. , Wang, S.C. , Rugh, R. , 1959. Protective effect of artificially induced hi-
bernation against lethal doses of whole body x-irradiation in CF male mice. Am.

J. Physiol. 196, 1211–1213 . 
i, J. , Zhang, G. , Cai, S. , Redington, A.N. , 2008. Effect of inhaled hydrogen sulfide

on metabolic responses in anesthetized, paralyzed, and mechanically ventilated
piglets. Pediatr. Crit. Care Med. 9, 110–112 . 

isowska, H. , Brehwens, K. , Zölzer, F. , Wegierek-Ciuk, A. , Czub, J. , Lankoff, A. , Hagh-

doost, S. , Wojcik, A. , 2014. Effect of hypothermia on radiation-induced micronu-
clei and delay of cell cycle progression in TK6 cells. Int. J. Radiat. Biol. 90,

318–324 . 
ittle, J.B. , Hahn, G.M. , Frindel, E. , Tubiana, M. , 1973. Repair of potentially lethal ra-

diation damage in vitro and in vivo. Radiology 106, 689–694 . 
o, S.S. , Moffatt-Bruce, S.D. , Dawson, L.A. , Schwarz, R.E. , Teh, B.S. , Mayr, N.A. , Lu, J.J. ,

Grecula, J.C. , Olencki, T.E. , Timmerman, R.D. , 2011. The role of local therapy in

the management of lung and liver oligometastases. Nat. Rev. Clin. Oncol. 8,
405–416 . 

ou, L.X. , Geng, B. , Du, J.B. , Tang, C.S. , 2008. Hydrogen sulphide-induced hypother-
mia attenuates stress-related ulceration in rats. Clin. Exp. Pharmacol. Physiol.

35, 223–228 . 
yman, C.P. , Fawcett, D.W. , 1954. The effect of hibernation on the growth of sarcoma

in the hamster. Cancer Res. 14, 25–28 . 
archese, M.J. , Zaider, M. , Hall, E.J. , 1987. Potentially lethal damage repair in human

cells. Radiother. Oncol. 9, 57–65 . 

athers, K.E., McFarlane, S.V., Zhao, L., Staples, J.F., 2016. Regulation of mitochon-
drial metabolism during hibernation by reversible suppression of electron trans-

port system enzymes. J. Comp. Physiol. B doi: 10.10 07/s0 0360- 016- 1022- 0 . 
raz, L. , Praslicka, M. , 1961. Influence of hypothermia on the survival of mice after
large doses of X-radiation. Nature 189, 677–678 . 

usacchia, X.J. , Barr, R.E. , 1968. Survival of whole-body-irradiated hibernating and
active ground squirrels; Citellus tridecemlineatus. Radiat. Res. 33, 348–356 . 

usacchia, X.J. , Volkert, W.A. , Barr, R.E. , 1971. Radioresistance in hamsters during
hypothermic depressed metabolism induced with helium and low temperatures.

Radiat. Res. 46, 353–361 . 
usacchia X.J. (1973) Hibernation, Stress, Intestinal Functions, and Catecholoamine

Turnover Rate in Hamsters and Gerbils. NASA Technical Report. Document AD:

19760013715. Accession Number: 76N20803. 
atterson, W.B. , Lyman, C.P. , Patterson, H.R. , 1957. Growth of human tumors in hi-

bernating hamsters. Proc. Soc. Exp. Biol. Med. 96, 94–97 . 
ovinelli, B.J. , Srivastava, P. , Nemeth, M.J. , 2015. Related-to-receptor tyrosine kinase

receptor regulates hematopoietic stem and progenitor sensitivity to myelosup-
pressive injury in mice. Exp. Hematol. 43, 243–252 . 

rendergast, B.J. , Freeman, D.A. , Zucker, I. , Nelson, R.J. , 2002. Periodic arousal from

hibernation is necessary for initiation of immune responses in ground squirrels.
Am. J. Physiol. Regul. Physiol. 282, R1054–R1062 . 

rewitt, R.L. , Musacchia, X.J. , 1975. Radio-protection of arousing ground squir-
rels (Citellus tridecemlineatus) by endogenous catecholamines. Experientia 31,

230–232 . 
azykina, T.G. , Kryshev, A.I. , 2011. Manifestation of radiation effects in cold environ-

ment: Data review and modeling. Radiat. Environ. Biophys. 50, 105–114 . 

mith, F. , Grenan, M.M. , 1951. Effect of hibernation upon survival time following
whole-body irradiation in the marmot (Marmota monax). Science 113, 6 86–6 88 .

taples, J.F. , Brown, J.C. , 2008. Mitochondrial metabolism in hibernation and daily
torpor: A review. J. Comp. Physiol. B 178, 811–827 . 

torey, K.B. , Storey, J.M. , 2010. Metabolic rate depression: The biochemistry of mam-
malian hibernation. Adv. Clin. Chem. 52, 77–108 . 

torey, K.B. , 2015. Regulation of hypometabolism: Insights into epigenetic controls.

J. Exp. Biol. 218, 150–159 . 
woap, S.J. , Rathvon, M. , Gutilla, M. , 2007. AMP does not induce torpor. Am. J. Phys-

iol. Regul. Integr. Comp. Physiol. 293, R468–R473 . 
alaei, F. , Bouma, H.R. , Van der Graaf, A.C. , Strijkstra, A.M. , Schmidt, M. , Hen-

ning, R.H. , 2011. Serotonin and dopamine protect from hypothermia/rewarming
damage through the CBS/H 2 S pathway. PLoS One 6, e22568 . 

hariat, J. , Hannoun-Levi, J.M. , Sun Myint, A. , Vuong, T. , Gérard, J.P. , 2013. Past,

present, and future of radiotherapy for the benefit of patients. Nat. Rev. Clin.
Oncol. 10, 52–60 . 

upone, D. , Madden, C.J. , Morrison, S.F. , 2013. Central activation of the A1 adenosine
receptor (A1AR) induces a hypothermic, torpor-like state in the rat. J. Neurosci.

33, 14512–14525 . 
ermillion, K.L. , Jagtap, P. , Johnson, J.E. , Griffin, T.J. , Andrews, M.T. , 2015. Character-

izing cardiac molecular mechanisms of mammalian hibernation via quantitative

proteogenomics. J. Proteome Res. 14, 4792–4804 . 
ilson, W.R. , Hay, M.P. , 2011. Targeting hypoxia in cancer therapy. Nat. Rev. Cancer

11, 393–410 . 
eitlin, C. , Hassler, D.M. , Cucinotta, F.A. , Ehresmann, B. , Wimmer-Schweingru-

ber, R.F. , Brinza, D.E. , Kang, S. , Weigle, G. , Böttcher, S. , Böhm, E. , Burmeister, S. ,
Guo, J. , Köhler, J. , Martin, C. , Posner, A. , Rafkin, S. , Reitz, G. , 2013. Measurements

of energetic particle radiation in transit to Mars on the Mars science laboratory.
Science 340, 1080–1084 . 

hang, J. , Kaasik, K. , Blackburn, M.R. , Lee, C.C. , 2006. Constant darkness is a circadian

metabolic signal in mammals. Nature 439, 340–343 . 
hang, F. , Wang, S. , Luo, Y. , Ji, X. , Nemoto, E.M. , Chen, J. , 2009. When hypother-

mia meets hypotension and hyperglycemia: the diverse effects of adenosine
5 ′ -monophosphate on cerebral ischemia in rats. J. Cereb. Blood Flow Metab. 29,

1022–1034 . 

http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0026
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0026
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0026
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0026
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0026
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0026
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0027
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0027
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0027
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0027
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0028
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0028
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0028
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0028
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0028
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0028
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0028
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0028
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0029
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0029
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0029
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0029
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0030
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0030
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0031
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0031
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0032
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0032
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0032
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0032
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0032
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0032
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0032
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0033
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0033
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0033
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0033
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0033
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0034
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0034
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0034
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0034
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0034
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0035
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0035
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0035
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0035
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0036
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0036
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0037
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0037
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0037
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0037
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0037
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0037
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0037
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0037
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0038
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0038
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0038
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0038
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0039
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0039
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0039
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0039
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0039
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0040
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0040
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0040
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0040
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0040
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0040
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0040
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0040
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0040
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0041
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0041
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0041
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0041
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0041
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0042
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0043
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0043
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0043
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0043
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0043
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0044
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0044
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0044
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0045
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0045
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0045
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0045
http://dx.doi.org/10.1007/s00360-016-1022-0
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0047
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0047
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0047
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0048
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0048
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0048
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0049
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0049
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0049
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0049
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0050
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0050
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0050
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0050
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0051
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0051
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0051
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0051
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0052
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0052
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0052
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0052
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0052
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0053
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0053
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0053
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0054
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0054
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0054
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0055
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0055
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0055
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0056
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0056
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0056
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0057
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0057
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0057
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0058
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0058
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0059
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0059
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0059
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0059
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0060
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0060
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0060
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0060
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0060
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0060
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0060
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0061
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0061
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0061
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0061
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0061
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0061
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0062
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0062
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0062
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0062
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0063
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0063
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0063
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0063
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0063
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0063
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0064
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0064
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0064
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0065
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0066
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0066
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0066
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0066
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0066
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0067
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0067
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0067
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0067
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0067
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0067
http://refhub.elsevier.com/S2214-5524(16)30054-2/sbref0067

	Hibernation for space travel: Impact on radioprotection
	1 Introduction
	2 Biology of hibernation
	2.1 Mammals
	2.2 Molecular features of torpor and hibernation
	2.3 Arousal
	2.4 Human hibernation
	2.5 Synthetic torpor

	3 Radiation effects during hibernation
	3.1 Experiments in hibernating animals
	3.2 Possible mechanisms of radioresistance
	3.3 Radiotherapy

	4 Conclusions
	 Acknowledgments
	 References


