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Heterothermy allows organisms to cope with fluctuating environmental conditions. The
use of regulated hypometabolism allows seasonal heterothermic species to cope with
annual resource shortages and thus to maximize survival during the unfavorable season.
This comes with deep physiological remodeling at each seasonal transition to allow
the organism to adjust to the changing environment. In the wild, this adaptation is
highly beneficial and largely overcomes potential costs. However, researchers recently
proposed that it might also generate both ecological and physiological costs for the
organism. Here, we propose new perspectives to be considered when analyzing
adaptation to seasonality, in particular considering these costs. We propose a list of
putative costs, including DNA damage, inflammatory response to fat load, brain and
cognitive defects, digestive malfunction and immunodeficiency, that should receive more
attention in future research on physiological seasonality. These costs may only be
marginal at each transition event but accumulate over time and therefore emerge with
age. In this context, studies in captivity, where we have access to aging individuals with
limited extrinsic mortality (e.g., predation), could be highly valuable to experimentally
assess the costs of physiological flexibility. Finally, we offer new perspectives, which
should be included in demographic models, on how the adaptive value of physiological
flexibility could be altered in the future in the context of global warming.

Keywords: flexibility, seasonal transitions, heterothermy, hypometabolism, physiological costs, aging

INTRODUCTION

In seasonal environments, resource availability fluctuates over the year, mainly between a phase
of resource abundance and a phase of resource shortage. Heterothermy is an adaptation to
these seasonal changes, which are mainly periodic and therefore predictable, in environmental
conditions. Heterothermy is defined as “the pattern of temperature regulation” in an endothermic
species (i.e., mammal or bird) “in which the variation in core temperature, either nychthemerally
or seasonally, exceeds that which defines homeothermy” [IUPS Thermal Commission (The
Commission for Thermal Physiology of the International Union of Physiological Sciences), 2003].
To cope with seasonal fluctuations, heterothermic species show great variations in their metabolic
activity. They alternate between an active/reproductive state with a high metabolic rate during the
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favorable phase and an inactive/resilient state with a low
metabolic rate and reduced responsiveness to stimuli [i.e., state
of torpor; IUPS Thermal Commission (The Commission for
Thermal Physiology of the International Union of Physiological
Sciences), 2003] during the unfavorable phase (Gwinner, 1986;
Ruf et al., 2012; Ruf and Geiser, 2015). In this article, we
chose to focus exclusively on seasonal heterotherms (hereafter
abbreviated as “SH”) ‘that employ hypometabolism [. . .] on a
seasonal basis’ (Lyman et al., 1982; Ruf and Geiser, 2015), as
opposed to opportunistic heterotherms that use hypometabolism
as an emergency life-history stage (Wingfield, 2003; Nowack
and Dausmann, 2015). There is a difference between obligatory
seasonal remodeling (predictable; synchronized with the
photoperiod) and unpredictable environment-dependent
adjustment (corresponding to the plasticity of opportunistic
expression of heterothermy). SH use seasonal changes in the
photoperiod as an environmental cue to synchronize their
physiology to the environment and to adjust their metabolic
rate to undergo either hibernation (i.e., with torpor episodes
lasting weeks) or daily torpor during unfavorable phases (Geiser,
2017). Photoperiod-induced changes in metabolic activity (and
reproduction) are so deeply imprinted in these species’ genomes
that we still observe them in captivity where resources are
constantly abundant, even after many generations (e.g., Perret
et al., 1998). This predominant role of the photoperiod does
not preclude the roles of other environmental cues, e.g., food
availability, in the expression patterns of heterothermy (Vuarin
et al., 2015). SH show specific changes in several physiological
and behavioral functions between seasons. For instance, torpor
use is linked with the alteration of cell membrane function,
neural and cardiovascular functions, skeletal muscle function,
immune function, anorexia and nonshivering thermogenesis, or
lipidic metabolism and fatty acid saturation (Carey et al., 2003;
Klug and Brigham, 2015).

Heterothermy comes with both ecological and physiological
benefits (Nowack et al., 2017). Overall, these benefits have to
largely exceed the potential costs in fluctuating environments
(Lovegrove, 2012; Lovegrove et al., 2014). However, these costs
have been largely neglected by researchers. Yet it is important
to consider these costs for several reasons. First, understanding
how physiological transitions affect both benefits and costs in
survival and reproduction and when they occur throughout
life is crucial to assess the effects of environmental fluctuations
(in harshness, duration and periodicity, see Figure 1A) on
individual fitness. Second, understanding the constraints linked
to heterothermic life cycles (i.e., the covariance between
life-history traits resulting from the interactions between
environmental conditions and physiological transitions) will
allow us to better integrate heterothermic strategies within life-
history theory.

In this paper, we propose new perspectives on the marginal
costs of seasonal flexibility. We do not intend to provide an
extensive review of the literature on the regulation of seasonal
heterothermy but rather to shed light on putative physiological
costs that have been overlooked so far and should be considered
in future research. We propose that these costs should be better
supported by experimental evidence to be further included in

studies modeling the interactions between heterothermy and
environmental changes (Boyles et al., 2020).

THE OBVIOUS ECOLOGICAL BENEFITS
OF SEASONAL HETEROTHERMY. . . AND
ITS COSTS

Heterothermy brings ecological benefits. First, matching
metabolic activity with resource availability maximizes
survival, as the organism is less constrained by energy
and water shortages. The match of metabolic activity to
resource fluctuations in SH also enhances reproductive success.
Second, heterothermy promotes metabolic flexibility, i.e., the
ability to adjust the origin of substrates used for oxidative
metabolism, switching from carbohydrate to lipid usage.
Metabolic flexibility is thought to enhance the control of
energy balance and has even been proposed to favor longevity
(Goodpaster and Sparks, 2017; Smith et al., 2018). Regulated
hypometabolism (as opposed to unregulated, pathological
hypothermia; Barros et al., 2001) has been shown to increase
survival and to lower the senescence rate during the unfavorable
season (e.g., Liow et al., 2009; Turbill et al., 2011, 2012).
It also often correlates with reproductive inactivity (e.g.,
Canale et al., 2012), which, according to the disposable
soma theory of aging (Kirkwood and Holliday, 1979),
could also promote repair mechanisms and slow down the
senescence process, as energy is not invested in reproduction
(Ricklefs and Wikelski, 2002).

However, seasonal heterothermy may also come with
ecological costs. In the wild, these costs are compensated
by the benefits of heterothermy and are therefore hidden
(not observable). However, several recent studies revealed
such costs. For example, some species avoid using torpor
when environmental conditions are good enough (e.g., Landry-
Cuerrier et al., 2008; Levy et al., 2011). This suggests that the
benefits of using torpor only hold in unfavorable conditions
and that expression of torpor when not necessary might come
with costs. Organisms using heterothermy are also shown to
perform poorly in terms of resource acquisition because of a
phenological trophic mismatch. For example, mice using torpor
emerge later than nontorpid mice and “miss” the period of
good resource availability (Levy et al., 2012). When they emerge,
competition for food is high, and the best resources are no longer
available. Therefore, mice using torpor show less energy intake
and compensate by using longer torpor periods, which contribute
to maintaining the mismatch. Another potential ecological cost of
heterothermy is increased predation risk during torpor and at the
beginning of the active period due to decreased locomotor ability
and reduced perception of the environment (Humphries et al.,
2003; Carr and Lima, 2013), although torpor use also reduces
exposure to predators (e.g., Turbill and Stojanovski, 2018).
Torpor also leads to dehydration, which implies compromised
circulation and modification of the ionic balance (Humphries
et al., 2003). The decrease in locomotor abilities associated with
torpor use also leads to an increase in hoard pilferage risk for
food-storing SH (Humphries et al., 2003).
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FIGURE 1 | (A-Top panel) schematic representation of the hypothetical changes over time in the cumulative damage induced by different physiological costs of
heterothermy and the corresponding key phases when these costs are likely to occur. These changes account for phases of bursts and phases of uncomplete
restoration of the considered damages. The red dotted line represents the threshold at which the balance between the benefits and the costs for each considered
physiological feature is null. Each cost emerges early in life but is only partially compensated for, therefore leading to the accumulation of damage with age.
(A-Bottom panel) parameters, i.e., harshness (1), duration (2), and periodicity (3), involved in the seasonal transitions undergone by heterothermic species.
(B) Examples of physiological costs of heterothermy, the key time phases at which they may occur, and proposed methods to assay these costs.
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PHYSIOLOGICAL COSTS OF
HETEROTHERMY EMERGE EARLY IN
LIFE AND ACCUMULATE WITH AGE

There is an apparent paradox between the fact that seasonal
heterothermy is an adaptation to predictable environmental
changes and the recent hypothesis that the associated circannual
physiological changes are detrimental to the organism in
terms of increased mortality and early emergence of aging
phenotypes (Landes et al., 2017). Indeed, the seasonal transitions
between inactive and active metabolic states, as manifestations
of phenotypic plasticity, come with a major remodeling of
organismal physiology. For example, the changes in metabolic
rate and body temperature are due to finely tuned modifications,
such as changes in the expression of enzymes involved in
anabolic and catabolic metabolism, erythropoiesis, fuel sources,
regulation of protein transcription, membrane composition
and thermogenesis (Ramenofsky and Wingfield, 2007; Klug
and Brigham, 2015; Ruf and Geiser, 2015). This remodeling
comes with generic costs of phenotypic plasticity referred
to as maintenance, production, information acquisition,
developmental instability and genetic costs (reviewed by Auld
et al., 2010). Such costs may appear early in life, at key phases
where they could be measured (Figure 1) and may affect
mortality (Box 1 and Figure 2A; Landes et al., 2017).

Experimental Evidence of the Costs of
Seasonal Physiological Remodeling
Increased frequency of seasonal transitions has been linked to
increased mortality in captive gray mouse lemurs (Microcebus
murinus; Landes et al., 2017). In this study, individuals were
exposed to different numbers of seasonal transitions per year.
Those experiencing more frequent seasonal transitions than usual
showed an increase in mortality that was already visible at

a very young age, therefore potentially contributing to faster
aging (see Box 1). Functionally, increasing the frequency of
seasonal transitions is known to lead to disorders, such as the
emergence of altered circadian rhythmicity similar to the ones
exhibited by aged individuals under a natural seasonal rhythm
(Cayetanot et al., 2005). Interestingly, the animals that were
put on accelerated seasonal rhythms (up to five seasons per
year instead of two) were all properly “seasonally” entrained
in terms of many of their physiological features (e.g., body
mass, body temperature, reproduction, brain function) and
did not show any sign of discomfort or illness. However,
further increases in the frequency of seasonal transitions (i.e.,
more than five transition events per year) clearly showed that
animals were not responsive to the change in photoperiod and
escaped to the imposed seasonal rhythms as a manifestation of
photorefractoriness (unpublished data; Martine Perret, personal
communication). This demonstrates that the remodeling that
occurs at each transition requires time and that there is a limit
to the number of times that the organism can adjust. In addition,
an increased frequency of seasonal transitions may increase the
associated costs, as animals showed a more rapid decline with age
in melatonin production and in their suprachiasmatic response
to light (Aujard et al., 2001).

Repair Mechanisms Are Altered During
Aging
Extreme physiological performance (“profound physiological
remodeling” in Regan et al., 2019) jointly evolved with
specific physiological compensatory mechanisms that protect
from and/or restore inevitable somatic damage. For instance,
if an extreme metabolic performance generates above-normal
oxidative stress, it usually comes along with the overexpression of
enzymes that protect against/or repair DNA and cell membrane
damage (Figure 1A). Aging results from the accumulation
of damage to the organism over the lifetime, for which

BOX 1 | Potential demographic effects of seasonal transitions on aging.
We discuss here several possible ways in which frequencies and magnitudes of seasonal physiological transitions may shape mortality over age.
Figure 2A depicts the case where doubling the frequency of transition each year has a proportional hazard effect (PH) on mortality. This was observed in female gray
mouse lemurs (Microcebus murinus) by Landes et al. (2017). In this case, the mortality of individuals subjected to accelerated seasonal transitions was multiplied by
a factor independent of age (i.e., a relative risk). As a consequence, mortality rose faster in accelerated individuals (the slope h’(t) of mortality at a given age was
increased). This supports accelerated aging in line with empirical observation that accelerated individuals exhibit early appearance of phenotypes and pathologies
associated with aging (Aujard et al., 2001; Cayetanot et al., 2005). However, in this case, the rate of aging h’(t)/h(t) (i.e., how much mortality increased with age with
respect to the level of mortality at this age) was constant.

An alternative effect of seasonal transitions could have been an accelerated failure time effect (AFT, Figure 2B). In this case, the frequency of transition changed
how the time unit affected mortality and changed the parameter b of the Gompertz function. For instance, 1 year of time of reference individuals was equivalent to
2 years for accelerated individuals in Figure 2B and, consequently, accelerated individuals senesced twice as fast as reference individuals. Accelerated individuals
clearly aged faster here since both h’(t) and h’(t)/h(t) were larger in accelerated individuals. This model would have been a perfect fit for the expectation that
increasing transition frequency accelerates biological aging. This was, however, not supported by the data in Landes et al. (2017), even when testing for a
combination of both PH and AFT effects (as in Figure 2C) following the statistical formulations in Landes et al. (2017), Supplementary Material, Appendix 2).
Although such an AFT effect was not evidenced in Landes et al. (2017), this hypothesis still seems probable and should be further explored in future research.

Let us now focus on changes in the magnitude of mortality fluctuations with age. Figure 2D depicts the case where the magnitude of mortality fluctuations
declines with age in accelerated individuals. This was observed in male gray mouse lemurs (alternative PH-(negative)-AFT model in Landes et al., 2017,
supplementary table 2). Here, young adult accelerated males had, as did females, a proportional increase in mortality with age, but mortality increases fast in the
young ages and then more and more slowly while individuals age (β < 0). It seems therefore that because males’ seasonal transitions had a lower amplitude with age
(illustrated by reduced body mass fluctuations), the cost in terms of mortality also decreased with age. This is interesting because, if proven true, this would be a
case where deterioration of the ability to perform seasonal transitions with age leads to a decreasing aging rate. To better emphasize the originality of these results,
we provided in Figures 2E,F two alternative models that should fit the data if senescence of physiological transitions leads to an increase in the magnitude of
mortality fluctuations without (Figure 2E) or with (Figure 2F) a positive AFT effect on the aging rate (although the models did not fit the data in Landes et al., 2017).
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FIGURE 2 | Scenarios for the potential effect of seasonal transitions (in frequency and magnitude) on mortality patterns with age. Age-specific mortality h(t) is
modeled by a Gompertz-shaped function such that the mortality hazard at age t is h(t) = (aesr.α)(ebtesr.β

)(es.(γt+σ)), where (i) the first term is the proportional hazard
(PH) component of the Gompertz parameter a, with sr (for seasonal rhythm) being the covariate describing the frequency of the alternation between seasons and α

being its PH effect; (ii) the second term is the accelerated failure time (AFT) component of the Gompertz parameter b, with β being the AFT effect of variable sr; (iii)
the third term is the effect of the Boolean variable season s on mortality, with a magnitude σ and a potential increase or decrease of the magnitude of fluctuations
with age t according to the sign of γ. (A) PH effect of sr on mortality; (B) positive AFT effect of sr on mortality; (C) combined PH and positive AFT effect; (D) PH and
negative AFT effects with a decreased magnitude of fluctuations with age; (E) PH effect with an increased magnitude of fluctuations with age; (F) PH and positive
AFT effects with an increased magnitude of fluctuations with age.

repair mechanisms no longer fully and efficiently compensate.
Indeed, damage accumulates during each season, but repair
processes (e.g., antioxidant enzymes in the case of oxidative
stress) compensate, at least partially, for this damage to restore
proper function at the adult stage (Figure 1A). In this case,
the net benefits of heterothermy fully balance the costs,
which are, therefore, not necessarily observable. Because the
ability to perform this damage compensation decreases with
age, for example, at the mitochondrial (Babbar et al., 2020)
or genomic (Petr et al., 2020) levels, and because of the
progressive accumulation of this damage, seasonal organisms
may not suffer from the cost of physiological transitions
before advanced age. Therefore, as compensation is not fully
complete at each seasonal transition (Figure 1A), damage
emerges early and further accumulates over age to reach a
limit where the net costs overcome the benefits (Figure 1A).
This principle of balance between damage and protective/repair
responses applies to the different hypothetical physiological cost
mechanisms listed hereafter. However, the cost of transitions
would not be easily observed in the wild, where old ages are
not often reached. Moreover, the ecological and physiological
benefits of torpor expression hide these potential costs in
the wild, a feature that does not hold in captivity where
environmental constraints are mild. However, the study of
individuals in captivity, where extrinsic mortality is negligible
and more individuals reach advanced ages, promotes the
observation of such costs. Captivity also allows control of
photoperiodic entrainment and therefore facilitates access to
animals reaching key phases when costs may arise and thus
facilitates their assessment (Figure 1). Moreover, the links

between seasonal transitions and aging are not trivial and need
further investigation (see Box 1).

Heterothermy Affects the Aging Process
In SH, such as the gray mouse lemur, the mortality pattern
over age is driven by seasonality. The link between seasonal
transitions and aging is interesting, as aging can be interpreted
as the manifestation of damage accumulated at multiple
levels. Indeed, seasonal physiological transitions must affect
one or several biological functions, therefore contributing to
the senescence process, which becomes apparent with the
assessment of biological markers of aging (López-Otín et al.,
2013). Some of these markers directly show the cause of
the accumulating cellular damage, such as genomic instability,
telomere attrition or epigenetic alterations. Other markers are the
response of the organism to accumulating damage that becomes
deleterious after a certain age, such as the loss of proteostasis,
deregulation of nutrient sensing, mitochondrial dysfunction or
cellular senescence.

Experimentally, regulated hypometabolism can be triggered in
different ways, including food shortage or caloric restriction, thus
mimicking phases of food scarcity in wild conditions (Vuarin
and Henry, 2014). In this context, caloric restriction experiments
have also evidenced hidden costs of regulated hypometabolism.
These experiments have been extensively studied to manipulate
intrinsic functioning and the pace of senescence in a large
variety of species, including primates (Mattison et al., 2017;
Pifferi et al., 2018). These studies showed that organisms under
caloric restriction exhibit a decrease in metabolic rate and
energy expenditure (DeLany et al., 1999; Redman et al., 2018),
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an enhanced lifespan and a delayed emergence of biomarkers
of aging and age-related phenotypes (Mattison et al., 2017;
Pifferi et al., 2018). However, these studies did not yet provide
evidence on the extent to which metabolic depression following
caloric restriction mimics a reduction in the pace of life and/or
influences the speed at which mortality increases with age.
In contrast, other studies suggest that increased mitochondrial
uncoupling may also decrease oxidative stress and increase
longevity (e.g., Caldeira da Silva et al., 2008). However, different
studies support the hypothesis of an energy trade-off between
somatic maintenance and reproduction during caloric restriction
(e.g., Sitzmann et al., 2008, 2010; Pifferi et al., 2018), which
may also hold during seasonal hypometabolic episodes. This
is further supported by empirical data showing a negative
correlation between the use of regulated hypometabolism
and reproductive success in hibernating eastern chipmunks
(Dammhahn et al., 2017).

Thus, adaptation to seasonal environments comes at a cost,
which might translate into increased mortality risk. However,
the underlying mechanisms linking the costs of seasonality
and survival remain misunderstood. Here, we provide a list of
putative physiological costs that should be further considered in
experimental work to determine whether these costs are real and
could contribute, to some extent, to minimizing the benefits of
heterothermy and further accelerating the rate of aging.

PUTATIVE PHYSIOLOGICAL COSTS OF
HETEROTHERMY

We expect physiological costs of seasonal heterothermy to
emerge from imperfect biological regulations, imperfect
seasonal regulation of competing functions and from
suboptimal phenotypic matching with environmental changes.
This recurrent phenotypic remodeling contributes to the
accumulation of damage and thus to the aging process in SH (see
Figure 1A). Although experimental evidence on each of these
costs is very weak, the associated deep physiological remodeling
has to be costly (Auld et al., 2010). Here, we will discuss five
types of potential physiological costs of heterothermy that seem
especially potent and relevant according to our knowledge on
seasonality in SH. Indeed, in addition to their relevance from
ecological perspectives, these five physiological costs are hot
topics in other disciplines, including biomedical research (e.g.,
anti-inflammatory and antioxidant mechanisms), which would
be interesting to take into account when studying heterothermy.
For each cost, Figure 1 proposes an example of the potential
evolution with time of the associated damages (Figure 1A),
including phases of bursts and of incomplete restoration of
damages and the key time phases at which these costs may occur
(Figures 1A,B). We also provide some methodological examples
that could be used to assay these costs in captivity and that are
applicable to the field (Figure 1B).

Oxidative Stress and Genomic Instability
As mentioned earlier, biological aging is mechanistically linked
with metabolism since cellular functioning generates free radicals

that cause cellular damage (Selman et al., 2012). The excess
of free radicals compared to the cellular antioxidant response
leads to oxidative stress. Under such circumstances, organisms
experience a loss of functionality and a loss of cellular
control, linked, for example, with cancer emergence when
cells develop resistance capacities to high levels of oxidative
stress (Sosa et al., 2013). Thus, the effect of oxidative stress
on senescence depends on the balance between damage and
molecular/cellular repair efficiency. As a consequence, the
observed oxidative stress can be either directly the cause of
DNA damage accumulation with age (i.e., genomic instability,
telomere attrition, or epigenetic alterations), the responses to
the damages becoming deleterious with age through impaired
cellular processes (i.e., loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, or cellular senescence), or
phenotypic results of the two previous phenomena leading
to functional decline (i.e., stem cell exhaustion and altered
intercellular communications; López-Otín et al., 2013). In SH,
regulated hypometabolism is linked with low oxidative stress,
such as in Arctic ground squirrels (Orr et al., 2009). In addition,
variations in relative telomere length (a marker of aging) in
SH model species show an elongation of telomeres during the
hypometabolic state (Turbill et al., 2013). Telomere attrition
is a marker of biological aging and apparently compromises
DNA integrity; oxidative stress is thus low during regulated
hypometabolism. However, arousal from a hypometabolic state
may generate a brief but massive peak in oxidative damage
(Figure 1). In mouse lemurs, when metabolic activity increases,
DNA oxidative damage increases and relative telomere length
decreases (Terrien et al., 2017). Telomere shortening during this
seasonal transition may be an adaptive response. Indeed, this
attrition would contribute to the amplification of the signaling
of metabolic debt and therefore to the prioritization of somatic
maintenance processes (Casagrande and Hau, 2019). In this
respect, telomerase, whose activity varies across species, cell
types and life stages (Gomes et al., 2010), represents the most
widespread repair mechanism in normal cells. Interestingly,
while telomerase activity in somatic tissues has been lost in
some species, including humans, there is experimental evidence
of maintained telomere repair capacity in normal somatic cells
in SH (Wang et al., 2011; Gorbunova et al., 2014; Trochet
et al., 2015). One could therefore hypothesize that maintenance
of telomerase activity in somatic tissues is one feature of SH
and that this repair mechanism might concur with extended
longevity compared to that of homeotherm species (Turbill
et al., 2011). However, although major focus has been placed on
the potential of telomerase reactivation in anti-aging strategies,
there exists little evidence that telomerase activity is impaired
with age and that this translates into altered repair capacity
(Anchelin et al., 2011).

Excess Fat and the Associated
Inflammatory Response
Another potential physiological cost of heterothermy is the risk
associated with massive variations in body condition and, more
particularly, fat reserves (Figure 1). For instance, SH often
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anticipate the harsh season by experiencing massive fattening
(+50 to +100%) to build energy reserves on which they will
rely for weeks or months. What remains exceptional, and not
fully understood, is their faculty to store massive amounts
of fat with no adverse effects. Briefly, excess fat, inducing
metabolic imbalance, usually induces chronic low-grade systemic
inflammation (Lumeng and Saltiel, 2011), leading to increasing
circulating levels of proinflammatory and neurotoxic mediators.
These signals migrate to the brain to trigger neuroinflammation,
preceding the onset of obesity and insulin resistance (Thaler
et al., 2012). In SH, a paradox is emphasized, as insulin sensitivity
seems to be preserved during the obesogenic phase, which could
be mediated by altered adipose PTEN/AKT signaling (Rigano
et al., 2017). Recent work on the mouse lemur has shown
that the relative expression of phospho-IRS-1 was enhanced in
muscle during torpor but decreased in white adipose tissue,
thus suggesting an inhibition of insulin/IGF-1 signaling during
torpor in these tissues (Tessier et al., 2015). In parallel,
animals seem to be protected from an inflammatory response
during massive fattening (Terrien et al., 2017). Further work
is needed to determine to what extent the mechanisms that
prevent insulin resistance and inflammation during fattening are
altered with age.

Cognitive and Brain Dysfunction
During regulated hypometabolism, locomotor and sensory
capacities are decreased temporarily (Figure 1), which is linked
with reversible cerebral disorders (tau phosphorylation, loss
of neuron functionality) and sleep debt (impaired memory
consolidation; Royo et al., 2019). Among the exceptional features
of SH, the homeostasis of the protein Tau is of major interest.
Indeed, while Tau hyperphosphorylation causes Alzheimer’s
disease in humans (Noble et al., 2013), this hyperphosphorylation
is totally reversible in hibernating species and does not cause
brain damage (Su et al., 2008). This reversibility, induced by the
activity of phosphatases (Liu et al., 2005), prevents brain cellular
damage and probably helps to maintain cognitive function,
including spatial recognition, social interaction and predator
avoidance, at emergence from a hypometabolic state (Figure 1).
Nevertheless, it was shown that the activity of these phosphatases
is altered during aging (Veeranna et al., 2011, therefore impairing
the capacity of Tau dephosphorylation and probably altering the
plasticity of the brain of SH with age.

Alteration of Digestive Capacity
In several SH, the decrease in food quantity and quality
associated with the unfavorable season leads to changes in gut
size and structure (reviewed in Canale and Henry, 2010) to
maintain their energy and protein metabolism (Figure 1). This
reversible gut atrophy leads to additional energetic costs to
maintain a functional digestive tract through the unfavorable
season (Humphries et al., 2003). In addition, the gut microbiota
composition is also flexible, and the intestinal microbial diversity
changes in response to food composition (Carey et al., 2013;
Stevenson et al., 2014; Amato et al., 2015, 2016; Hatton et al.,
2017; Kaczmarek et al., 2017; Carmody et al., 2019; Hauffe
and Barelli, 2019). The gut microbiota has been extensively

associated with energy homeostasis and metabolic control (Wang
et al., 2017), particularly in relation to the effects of microbial
metabolites on the gut-brain axis (Clemmensen et al., 2017;
Cryan et al., 2019). More precisely, the gut microbiota has a
major impact on digestive efficiency and on the nutrients that
are rendered available for energy homeostasis (Scheithauer et al.,
2016; Riedl et al., 2017). The loss of intestinal microbial diversity
has been proven to be detrimental to energy balance and mental
health (Cryan et al., 2019). Finally, under a hypometabolic state,
protein synthesis is inhibited, and it is known that protein
deficiency leads to a decrease in tissue restoration capacity
(Humphries et al., 2003). The gut remodeling that operates
at each seasonal transition may induce a functional mismatch
between food availability and digestive efficiency, therefore
impairing metabolic control and cognitive function.

Immunodeficiency
Low body temperature has been linked to reductions in
tissue lesions and avoidance of hypoxia during severe systemic
inflammation (Liu et al., 2012; Corrigan et al., 2014). Therefore,
this dichotomy in host defense might benefit heterotherms
during torpor. However, regulated hypometabolism also leads
to reduced immune efficiency (Figure 1). For example, in
several SH, hypometabolism leads to a decrease in the number
of circulating leukocytes, a loss of proliferative capacity of
lymphocytes and a decrease in the capacity to induce a cellular
response (Bouma et al., 2010). In the case of an infection
by a pathogen resistant to cold temperatures, organisms in
hypothermia would be immunodeficient (Canale and Henry,
2012). Even if the infection triggers a reactivation of metabolic
activity, the immune system could be too late to efficiently
cope with the infection. Moreover, depending on its severity,
infection will lead to either resistance (through microbicidal
mechanisms, for example) or tolerance (through management of
collateral damage; Medzhitov et al., 2012; Ganeshan et al., 2019;
Steiner and Romanovsky, 2019).

CONCLUSION AND PERSPECTIVES IN
THE CONTEXT OF GLOBAL WARMING

In this article, we focused on five potential physiological costs of
heterothermy, i.e., oxidative stress, excess fat, cognitive defects,
digestive inefficiency, and immunodeficiency, which seem the
most relevant. Ecological evidence of these costs is lacking, as
the benefits of using heterothermy in a constrained, seasonal
environment hide these costs. However, captivity annihilates the
ecological benefits of using torpor and promotes the emergence of
damage, especially during aging. Therefore, experimental studies
in photoentrained heterothermic species should be further
considered to assess the costs of physiological remodeling at each
key phase of seasonal transition (Figure 1). Other physiological
costs may arise, such as the inhibition of mitosis and protein
synthesis during torpor and their rapid reactivation at arousal
(Humphries et al., 2003) or imperfect phenotype-environment
matching during ontogeny that is costly to compensate once
growth is terminated (Auld et al., 2010; Dammhahn et al., 2017).
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Understanding how heterothermy comes with ecological and
physiological costs for seasonal organisms will provide insights
into the constraints and physiological processes underlying
the reaction norms of phenotypic performances and fitness
components to seasonal environmental change (Boyles et al.,
2020). This will help us to better understand physiological
processes such as circannual biological rhythms and reproductive
cycles (Cayetanot et al., 2005). In addition, such studies may
shed light on the mechanisms associated with degrading health
conditions at old ages (high survival syndrome of hibernators;
Turbill et al., 2011) and better prevent physiological disorders
such as obesity (Terrien et al., 2017).

Moreover, understanding the costs of heterothermy will
allow us to better understand how seasonality influences the
evolution of life cycles, life-history traits, such as senescence,
and life-history trade-offs. For example, it is important to know
whether these costs affect important fitness components, such as
growth or young adult survival and fecundity, or affect only old
individuals through faster senescence.

The reasoning in the present perspective paper was focused
on circannual metabolic changes, but many of these same
changes also occur within days (circadian metabolic changes,
i.e., peak oxidative stress during phases of catabolism or
arousal from torpor, sleep dept, tau phosphorylation of the
central nervous system). Hence, the physiological costs that
damage the organism over the long term (seasonal cycles)
may actually also operate on a daily basis (daily cycles;
Melvin and Andrews, 2009).

Finally, given the major ongoing changes and variability in
environmental conditions, the benefits of seasonal metabolic
changes may decrease (higher winter temperature, increased
winter resource availability). If the costs remain unchanged,
the cost/benefit imbalance should reduce the net selective
advantage of seasonally flexible genotypes, with a reduction in
net immediate survival, reproduction, or growth, or an increase
in the aging rate. Costs that are negligible compared to benefits in

current environments may become crucial in determining future
population dynamics in the case of environmental changes. In
this respect, opportunistic heterotherms but not SH should be
advantaged by environmental changes (Nowack et al., 2017).
Indeed, there might exist a mismatch between unpredictable
fluctuations in resource availability that do not follow seasonal
patterns and the obligatory physiological remodeling undergone
by SH, synchronized on variations in the photoperiod. We
know that phenological plasticity can be sex- and reproductive
phase-dependent and that different timings of hibernation and
reproduction are observed in different populations of arctic
ground squirrels (Williams et al., 2012, 2017). However, in the
case of environmental changes, in which strong SH are unable
to plastically adapt, the gap between seasonal and opportunistic
heterotherms might increase, which could alter the adaptive value
of being seasonally plastic.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article, further inquiries can be directed to the
corresponding author.

AUTHOR CONTRIBUTIONS

JL, SP, P-YH, and JT contributed to the conception and writing
of the manuscript. All authors contributed to the article and
approved the submitted version.

ACKNOWLEDGMENTS

We are thankful to Dr. Jacques Epelbaum for his help on Figure 1
and to Dr. Martine Perret for sharing unpublished data.

REFERENCES
Amato, K. R., Martinez-Mota, R., Righini, N., Raguet-Schofield, M., Corcione,

F. P., Marini, E., et al. (2016). Phylogenetic and ecological factors impact the
gut microbiota of two Neotropical primate species. Oecologia 180, 717–733.
doi: 10.1007/s00442-015-3507-z

Amato, K. R., Yeoman, C. J., Cerda, G., Schmitt, C. A., Cramer, J. D., Miller,
M. E., et al. (2015). Variable responses of human and non-human primate gut
microbiomes to a Western diet. Microbiome 3:53.

Anchelin, M., Murcia, L., Alcaraz-Perez, F., Garcia-Navarro, E. M., and Cayuela,
M. L. (2011). Behaviour of telomere and telomerase during aging and
regeneration in zebrafish. PLoS One 6:e16955. doi: 10.1371/journal.pone.
0016955

Aujard, F., Dkhissi-Benyahya, O., Fournier, I., Claustrat, B., Schilling, A.,
Cooper, H. M., et al. (2001). Artificially accelerated aging by shortened
photoperiod alters early gene expression (Fos) in the suprachiasmatic nucleus
and sulfatoxymelatonin excretion in a small primate, Microcebus murinus.
Neuroscience 105, 403–412. doi: 10.1016/s0306-4522(01)00202-0

Auld, J. R., Agrawal, A. A., and Relyea, R. A. (2010). Re-evaluating the costs and
limits of adaptive phenotypic plasticity. Proc. R. Soc. B 277, 503–511. doi:
10.1098/rspb.2009.1355

Babbar, M., Basu, S., Yang, B., Croteau, D. L., and Bohr, V. A. (2020). Mitophagy
and DNA damage signaling in human aging. Mech. Ageing Dev. 186:111207.
doi: 10.1016/j.mad.2020.111207

Barros, R. C. H., Zimmer, M. E., Branco, L. G. S., and Milsom, W. K. (2001).
Hypoxic metabolic response of the golden-mantled ground squirrel. J. Appl.
Physiol. 91, 603–612. doi: 10.1152/jappl.2001.91.2.603

Bouma, H. R., Carey, H. V., and Kroese, F. G. (2010). Hibernation: the immune
system at rest? J. Leukoc. Biol. 88, 619–624. doi: 10.1189/jlb.0310174

Boyles, J. G., Johnson, J. S., Blomberg, A., and Lilley, T. M. (2020).
Optimal hibernation theory. Mammal. Rev. 50, 91–100. doi: 10.1111/mam.
12181

Caldeira da Silva, C. C., Cerqueira, F. M., Barbosa, L. F., Medeiros, M. H. G.,
and Kowaltowski, A. J. (2008). Mild mitochondrial uncoupling in mice affects
energy metabolism, redox balance and longevity. Aging Cell 7, 552–560. doi:
10.1111/j.1474-9726.2008.00407.x

Canale, C. I., and Henry, P.-Y. (2010). Adaptive phenotypic plasticity and resilience
of vertebrates to increasing climatic unpredictability. Clim. Res. 43, 135–147.
doi: 10.3354/cr00897

Canale, C. I., and Henry, P.-Y. (2012). Energetic costs of the immune response and
torpor use in a primate. Funct. Ecol. 25, 557–565. doi: 10.1111/j.1365-2435.
2010.01815.x

Frontiers in Physiology | www.frontiersin.org 8 August 2020 | Volume 11 | Article 985

https://doi.org/10.1007/s00442-015-3507-z
https://doi.org/10.1371/journal.pone.0016955
https://doi.org/10.1371/journal.pone.0016955
https://doi.org/10.1016/s0306-4522(01)00202-0
https://doi.org/10.1098/rspb.2009.1355
https://doi.org/10.1098/rspb.2009.1355
https://doi.org/10.1016/j.mad.2020.111207
https://doi.org/10.1152/jappl.2001.91.2.603
https://doi.org/10.1189/jlb.0310174
https://doi.org/10.1111/mam.12181
https://doi.org/10.1111/mam.12181
https://doi.org/10.1111/j.1474-9726.2008.00407.x
https://doi.org/10.1111/j.1474-9726.2008.00407.x
https://doi.org/10.3354/cr00897
https://doi.org/10.1111/j.1365-2435.2010.01815.x
https://doi.org/10.1111/j.1365-2435.2010.01815.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00985 August 10, 2020 Time: 14:52 # 9

Landes et al. Heterothermy Is Costly

Canale, C. I., Perret, M., and Henry, P.-Y. (2012). Torpor use during gestation and
lactation in a primate. Naturwissenschaften 99, 159–163. doi: 10.1007/s00114-
011-0872-2

Carey, H. V., Andrews, M. T., and Martin, S. L. (2003). Mammalian
hibernation: cellular and molecular responses to depressed metabolism and
low temperature. Physiol. Rev. 83, 1153–1181. doi: 10.1152/physrev.00008.
2003

Carey, H. V., Walters, W. A., and Knight, R. (2013). Seasonal restructuring of
the ground squirrel gut microbiota over the annual hibernation cycle. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 304, R33–R42.

Carmody, R. N., Bisanz, J. E., Bowen, B. P., Maurice, C. F., Lyalina, S., Louie,
K. B., et al. (2019). Cooking shapes the structure and function of the
gut microbiome. Nat. Microbiol. 4, 2052–2063. doi: 10.1038/s41564-019-
0569-4

Carr, J. M., and Lima, S. L. (2013). Nocturnal hypothermia impairs flight ability
in birds: a cost of being cool. Proc. R. Soc. B. 280:20131846. doi: 10.1098/rspb.
2013.1846

Casagrande, S., and Hau, M. (2019). Telomere attrition: metabolic regulation
and signalling function? Biol. Lett. 15:20180885. doi: 10.1098/rsbl.2018.
0885

Cayetanot, F., Van Someren, E. J. W., Perret, M., and Aujard, F. (2005). Shortened
Seasonal Photoperiodic Cycles Accelerate Aging of the Diurnal and Circadian
Locomotor Activity Rhythms in a Primate. J. Biol. Rhythms 20, 461–469. doi:
10.1177/0748730405279174

Clemmensen, C., Muller, T. D., Woods, S. C., Berthoud, H. R., Seeley, R. J., and
Tschop, M. H. (2017). Gut-brain cross-talk in metabolic control. Cell 168,
758–774. doi: 10.1016/j.cell.2017.01.025

Corrigan, J. J., Fonseca, M. T., Flatow, E. A., Lewis, K., and Steiner, A. A.
(2014). Hypometabolism and hypothermia in the rat model of endotoxic shock:
independence of circulatory hypoxia. J. Physiol. 592, 3901–3916. doi: 10.1113/
jphysiol.2014.277277

Cryan, J. F., O’riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. S.,
Boehme, M., et al. (2019). The microbiota-gut-brain axis. Physiol. Rev. 99:1877.

Dammhahn, M., Landry-Cuerrier, M., Reale, D., Garant, D., and Humphries,
M. M. (2017). Individual variation in energy-saving heterothermy affects
survival and reproductive success. Funct. Ecol. 31, 866–875. doi: 10.1111/1365-
2435.12797

DeLany, J. P., Hansen, B. C., Bodkin, N. L., Hannah, J., and Bray, G. A. (1999).
Long-term calorie restriction reduces energy expenditure in aging monkeys.
J. Gerontol. A Biol. Sci. Med. Sci. 54, B5–B11.

Ganeshan, K., Nikkanen, J., Man, K., Leong, Y. A., Sogawa, Y., Maschek, J. A.,
et al. (2019). Energetic trade-offs and hypometabolic states promote disease
tolerance. Cell 177, 399–413.

Geiser, F. (2017). More functions of torpor and their roles in a changing world.
J. Comp. Physiol. B. 187, 889–897. doi: 10.1007/s00360-017-1100-y

Gomes, N. M. V., Shay, J. W., and Wright, W. E. (2010). “Telomeres and
telomerase,” in The Comparative Biology of Aging, ed. N. Wolf (Dordrecht:
Springer), 227–258.

Goodpaster, B. H., and Sparks, L. M. (2017). Metabolic flexibility in health and
disease. Cell Metab. 25, 1027–1036. doi: 10.1016/j.cmet.2017.04.015

Gorbunova, V., Seluanov, A., Zhang, Z., Gladyshev, V. N., and Vijg, J. (2014).
Comparative genetics of longevity and cancer: insights from long-lived rodents.
Nat. Rev. Genet. 15, 531–540. doi: 10.1038/nrg3728

Gwinner, E. (1986). Circannual Rhythms. Heidelberg: Springer-Verlag.
Hatton, J. J., Stevenson, T. J., Buck, C. L., and Duddleston, K. N. (2017). Diet

affects arctic ground squirrel gut microbial metatranscriptome independent of
community structure. Environ. Microbiol. 19, 1518–1535. doi: 10.1111/1462-
2920.13712

Hauffe, H. C., and Barelli, C. (2019). Conserve the germs: the gut microbiota and
adaptive potential. Conserv. Genet. 20, 19–27. doi: 10.1007/s10592-019-01150-
y

Humphries, M. M., Thomas, D. W., and Kramer, D. L. (2003). The role of
energy availability in mammalian hibernation: a cost-benefit approach. Physiol.
Biochem. Zool. 76, 165–179. doi: 10.1086/367950

IUPS Thermal Commission (The Commission for Thermal Physiology of the
International Union of Physiological Sciences) (2003). Glossary of terms for
thermal physiology. J. Therm. Biol. 28, 75–106. doi: 10.1016/s0306-4565(02)
00055-4

Kaczmarek, J. L., Musaad, S. M., and Holscher, H. D. (2017). Time of day and
eating behaviors are associated with the composition and function of the human
gastrointestinal microbiota. Am. J. Clin. Nutr. 106, 1220–1231.

Kirkwood, T. B., and Holliday, R. (1979). The evolution of ageing and longevity.
Proc. R Soc. Lond. B Biol. Sci. 205, 531–546.

Klug, B. J., and Brigham, R. M. (2015). Changes to metabolism and cell physiology
that enable mammalian hibernation. Sci. Rev. 3, 39–56. doi: 10.1007/s40362-
015-0030-x

Landes, J., Perret, M., Hardy, I., Camarda, C. G., Henry, P.-Y., and Pavard, S.
(2017). State transitions: a major mortality risk for seasonal species. Ecol. Lett.
20, 883–891. doi: 10.1111/ele.12785

Landry-Cuerrier, M., Munro, D., Thomas, D. W., and Humphries, M. M. (2008).
Climate and resource determinants of fundamental and realized metabolic
niches of hibernating chipmunks. Ecology 89, 3306–3316. doi: 10.1890/08-
0121.1

Levy, O., Dayan, T., and Kronfeld-Schor, N. (2011). Adaptive thermoregulation
in golden spiny mice: the influence of season and food availability on body
temperature. Physiol. Biochem. Zool. 84, 175–184. doi: 10.1086/658171

Levy, O., Dayan, T., Rotics, S., and Kronfeld-Schor, N. (2012). Foraging sequence,
energy intake and torpor: an individual-based field study of energy balancing in
desert golden spiny mice. Ecol. Lett. 15, 1240–1248. doi: 10.1111/j.1461-0248.
2012.01845.x

Liow, L. H., Fortelius, M., Lintulaakso, K., Mannila, H., and Stenseth, N. C. (2009).
Lower extinction risk in sleep-or-hide mammals. Am. Nat. 173, 264–272. doi:
10.1086/595756

Liu, E., Lewis, K., Al-Saffar, H., Krall, C. M., Singh, A., Kulchitsky, V. A., et al.
(2012). Naturally occurring hypothermia is more advantageous than fever
in severe forms of lipopolysaccharide- and Escherichia coli-induced systemic
inflammation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 302, R1372–R1383.

Liu, F., Grundke-Iqbal, I., Iqbal, K., and Gong, C. X. (2005). Contributions of
protein phosphatases PP1, PP2A, PP2B and PP5 to the regulation of tau
phosphorylation. Eur. J. Neurosci. 22, 1942–1950. doi: 10.1111/j.1460-9568.
2005.04391.x

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013).
The hallmarks of aging. Cell 153, 1194–1217.

Lovegrove, B. G. (2012). The evolution of endothermy in Cenozoic mammals: a
plesiomorphic-apomorphic continuum. Biol. Rev. 87, 128–162. doi: 10.1111/j.
1469-185x.2011.00188.x

Lovegrove, B. G., Lobban, K. D., and Levesque, D. L. (2014). Mammal survival
at the Cretaceous-Palaeogene boundary: metabolic homeostasis in prolonged
tropical hibernation in tenrecs. Proc. R. Soc. B Biol. Sci. 281:1304.

Lumeng, C. N., and Saltiel, A. R. (2011). Inflammatory links between obesity
and metabolic disease. J. Clin. Invest. 121, 2111–2117. doi: 10.1172/jci
57132

Lyman, C. P., Willis, J. S., Malan, A., and Wang, L. C. H. (1982). Hibernation And
Torpor In Mammals And Birds. New York, NY: Academic Press.

Mattison, J. A., Colman, R. J., Beasley, T. M., Allison, D. B., Kemnitz, J. W., Roth,
G. S., et al. (2017). Caloric restriction improves health and survival of rhesus
monkeys. Nat. Commun. 8:14063.

Medzhitov, R., Schneider, D. S., and Soares, M. P. (2012). Disease tolerance as a
defense strategy. Science 335, 936–941. doi: 10.1126/science.1214935

Melvin, R. G., and Andrews, M. T. (2009). Torpor induction in mammals: recent
discoveries fueling new ideas. Trends Endocrin. Met. 20, 490–498. doi: 10.1016/
j.tem.2009.09.005

Noble, W., Hanger, D. P., Miller, C. C., and Lovestone, S. (2013). The importance
of tau phosphorylation for neurodegenerative diseases. Front. Neurol. 4:83.
doi: 10.3389/fneur.2013.00083

Nowack, J., and Dausmann, K. H. (2015). Can heterothermy facilitate the
colonization of new habitats? Mammal. Rev. 45, 117–127. doi: 10.1111/mam.
12037

Nowack, J., Stawski, C., and Geiser, F. (2017). More functions of torpor and their
roles in a changing world. J. Comp. Physiol. B. 187, 889–897.

Orr, A. L., Lohse, L. A., Drew, K. L., and Hermes-Lima, M. (2009). Physiological
oxidative stress after arousal from hibernation in Arctic ground squirrel. Comp.
Biochem. Physiol. AMol. Integr. Physiol. 153, 213–221. doi: 10.1016/j.cbpa.2009.
02.016

Perret, M., Aujard, F., and Vannier, G. (1998). Influence of daylength on metabolic
rate and daily water loss in the male prosimian primate Microcebus murinus.

Frontiers in Physiology | www.frontiersin.org 9 August 2020 | Volume 11 | Article 985

https://doi.org/10.1007/s00114-011-0872-2
https://doi.org/10.1007/s00114-011-0872-2
https://doi.org/10.1152/physrev.00008.2003
https://doi.org/10.1152/physrev.00008.2003
https://doi.org/10.1038/s41564-019-0569-4
https://doi.org/10.1038/s41564-019-0569-4
https://doi.org/10.1098/rspb.2013.1846
https://doi.org/10.1098/rspb.2013.1846
https://doi.org/10.1098/rsbl.2018.0885
https://doi.org/10.1098/rsbl.2018.0885
https://doi.org/10.1177/0748730405279174
https://doi.org/10.1177/0748730405279174
https://doi.org/10.1016/j.cell.2017.01.025
https://doi.org/10.1113/jphysiol.2014.277277
https://doi.org/10.1113/jphysiol.2014.277277
https://doi.org/10.1111/1365-2435.12797
https://doi.org/10.1111/1365-2435.12797
https://doi.org/10.1007/s00360-017-1100-y
https://doi.org/10.1016/j.cmet.2017.04.015
https://doi.org/10.1038/nrg3728
https://doi.org/10.1111/1462-2920.13712
https://doi.org/10.1111/1462-2920.13712
https://doi.org/10.1007/s10592-019-01150-y
https://doi.org/10.1007/s10592-019-01150-y
https://doi.org/10.1086/367950
https://doi.org/10.1016/s0306-4565(02)00055-4
https://doi.org/10.1016/s0306-4565(02)00055-4
https://doi.org/10.1007/s40362-015-0030-x
https://doi.org/10.1007/s40362-015-0030-x
https://doi.org/10.1111/ele.12785
https://doi.org/10.1890/08-0121.1
https://doi.org/10.1890/08-0121.1
https://doi.org/10.1086/658171
https://doi.org/10.1111/j.1461-0248.2012.01845.x
https://doi.org/10.1111/j.1461-0248.2012.01845.x
https://doi.org/10.1086/595756
https://doi.org/10.1086/595756
https://doi.org/10.1111/j.1460-9568.2005.04391.x
https://doi.org/10.1111/j.1460-9568.2005.04391.x
https://doi.org/10.1111/j.1469-185x.2011.00188.x
https://doi.org/10.1111/j.1469-185x.2011.00188.x
https://doi.org/10.1172/jci57132
https://doi.org/10.1172/jci57132
https://doi.org/10.1126/science.1214935
https://doi.org/10.1016/j.tem.2009.09.005
https://doi.org/10.1016/j.tem.2009.09.005
https://doi.org/10.3389/fneur.2013.00083
https://doi.org/10.1111/mam.12037
https://doi.org/10.1111/mam.12037
https://doi.org/10.1016/j.cbpa.2009.02.016
https://doi.org/10.1016/j.cbpa.2009.02.016
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00985 August 10, 2020 Time: 14:52 # 10

Landes et al. Heterothermy Is Costly

Comp. Biochem. Physiol. Part A 119, 981–989. doi: 10.1016/s1095-6433(98)
00015-4

Petr, M. A., Tulika, T., Carmona-Marin, L. M., and Scheibye-Knudsen, M. (2020).
Protecting the aging genome. Trends Cell Biol. 30, 117–132. doi: 10.1016/j.tcb.
2019.12.001

Pifferi, F., Terrien, J., Marchal, J., Dal-Pan, A., Djelti, F., Hardy, I., et al. (2018).
Caloric restriction increases lifespan but affects brain integrity in grey mouse
lemur primates. Commun. Biol. 1:30.

Ramenofsky, M., and Wingfield, J. C. (2007). Regulation of migration. Bioscience
57, 135–143.

Redman, L. M., Smith, S. R., Burton, J. H., Martin, C. K., Il’yasova, D., and Ravussin,
E. (2018). Metabolic slowing and reduced oxidative damage with sustained
caloric restriction support the rate of living and oxidative damage theories of
aging. Cell Metab. 27, 805–815.

Regan, J. C., Froy, H., Walling, C. A., Moatt, J. P., and Nussey, D. H. (2019). Dietary
restriction and insulin-like signalling pathways as adaptive plasticity: a synthesis
and re-evaluation. Funct. Ecol. 00, 1–22.

Ricklefs, R. E., and Wikelski, M. (2002). The physiology/life-history nexus. Trends
Ecol. Evol. 17, 462–468. doi: 10.1016/s0169-5347(02)02578-8

Riedl, R. A., Atkinson, S. N., Burnett, C. M. L., Grobe, J. L., and Kirby, J. R. (2017).
The Gut microbiome, energy homeostasis, and implications for hypertension.
Curr. Hypertens. Rep. 19:27.

Rigano, K. S., Gehring, J. L., Evans Hutzenbiler, B. D., Chen, A. V., Nelson, O. L.,
Vella, C. A., et al. (2017). Life in the fat lane: seasonal regulation of insulin
sensitivity, food intake, and adipose biology in brown bears. J. Comp. Physiol. B
187, 649–676. doi: 10.1007/s00360-016-1050-9

Royo, J., Aujard, F., and Pifferi, F. (2019). Daily torpor and sleep in a Non-human
primate, the gray mouse lemur (Microcebus murinus). Front. Neuroanat. 13:87.
doi: 10.3389/fneur.2013.00087

Ruf, T., Bieber, C., and Turbill, C. (2012). “Survival, aging, and life-history tactics
in mammalian hibernators,” in Living in a Seasonal World, eds T. Ruf, C. Bieber,
W. Arnold, and E. Millesi (Berlin: Springer).

Ruf, T., and Geiser, F. (2015). Daily torpor and hibernation in birds and mammals.
Biol. Rev. Camb. Philos. Soc. 90, 891–926. doi: 10.1111/brv.12137

Scheithauer, T. P., Dallinga-Thie, G. M., De Vos, W. M., Nieuwdorp, M., and
Van Raalte, D. H. (2016). Causality of small and large intestinal microbiota in
weight regulation and insulin resistance. Mol. Metab. 5, 759–770. doi: 10.1016/
j.molmet.2016.06.002

Selman, C., Blount, J. D., Nussey, D. H., and Speakman, J. R. (2012). Oxidative
damage, ageing, and life-history evolution: where now? Trends Ecol. Evol. 27,
570–577. doi: 10.1016/j.tree.2012.06.006

Sitzmann, B. D., Mattison, J. A., Ingram, D. K., Roth, G. S., Ottinger, M. A.,
and Urbanski, H. F. (2010). Impact of moderate calorie restriction on the
reproductive neuroendocrine axis of male rhesus macaques. Open Longev. Sci.
3, 38–47. doi: 10.2174/1876326x00903010038

Sitzmann, B. D., Urbanski, H. F., and Ottinger, M. A. (2008). Aging in male
primates: reproductive decline, effects of calorie restriction and future research
potential. Age 30, 157–168. doi: 10.1007/s11357-008-9065-0

Smith, R. L., Soeters, M. R., Wust, R. C. I., and Houtkooper, R. H. (2018).
Metabolic flexibility as an adaptation to energy resources and requirements
in health and disease. Endocr. Rev. 39, 489–517. doi: 10.1210/er.2017-
00211

Sosa, V., Moliné, T., Somoza, R., Paciucci, R., Kondoh, H., and LLeonart, M. E.
(2013). Oxidative stress and cancer: an overview. Ageing Res. Rev. 12, 376–390.

Steiner, A. A., and Romanovsky, A. A. (2019). Energy trade-offs in host defense:
immunology meets physiology. Trends Endocrinol. Metab. 30, 875–878. doi:
10.1016/j.tem.2019.08.012

Stevenson, T. J., Duddleston, K. N., and Buck, C. L. (2014). Effects of season
and host physiological state on the diversity, density, and activity of the arctic
ground squirrel cecal microbiota. Appl. Environ. Microbiol. 80, 5611–5622.
doi: 10.1128/aem.01537-14

Su, B., Wang, X., Drew, K. L., Perry, G., Smith, M. A., and Zhu, X.
(2008). Physiological regulation of tau phosphorylation during hibernation.
J. Neurochem. 105, 2098–2108. doi: 10.1111/j.1471-4159.2008.05294.x

Terrien, J., Gaudubois, M., Champeval, D., Zaninotto, V., Roger, L., Riou, J. F., et al.
(2017). Metabolic and genomic adaptations to winter fattening in a primate
species, the grey mouse lemur (Microcebus murinus). Int. J. Obes. 42, 221–230.
doi: 10.1038/ijo.2017.195

Tessier, S. N., Zhang, J., Biggar, K. K., Wu, C. W., Pifferi, F., Perret, M., et al. (2015).
Regulation of the PI3K/AKT pathway and fuel utilization during primate torpor
in the gray mouse lemur, Microcebus murinus. Genom. Proteom. Bioinformat.
13, 91–102. doi: 10.1016/j.gpb.2015.03.006

Thaler, J. P., Yi, C. X., Schur, E. A., Guyenet, S. J., Hwang, B. H., Dietrich,
M. O., et al. (2012). Obesity is associated with hypothalamic injury in
rodents and humans. J. Clin. Invest. 122, 153–162. doi: 10.1172/jci5
9660

Trochet, D., Mergui, X., Ivkovic, I., Porreca, R. M., Gerbault-Seureau, M., Sidibe,
A., et al. (2015). Telomere regulation during aging and tumorigenesis of the
grey mouse lemur. Biochimie 113, 100–110. doi: 10.1016/j.biochi.2015.04.002

Turbill, C., Bieber, C., and Ruf, T. (2011). Hibernation is associated with increased
survival and the evolution of slow life histories among mammals. Proc. Biol. Sci.
278, 3355–3363. doi: 10.1098/rspb.2011.0190

Turbill, C., Ruf, T., Smith, S., and Bieber, C. (2013). Seasonal variation in telomere
length of a hibernating rodent. Biol. Lett. 9:20121095. doi: 10.1098/rsbl.2012.
1095

Turbill, C., Smith, S., Deimel, C., and Ruf, T. (2012). Daily torpor is associated
with telomere length change over winter in Djungarian hamsters. Biol. Lett. 8,
304–307. doi: 10.1098/rsbl.2011.0758

Turbill, C., and Stojanovski, L. (2018). Torpor reduces predation risk by
compensating for the energetic cost of antipredator foraging behaviours. Proc.
R. Soc. B 285:20182370. doi: 10.1098/rspb.2018.2370

Veeranna, Yang, D. S., Lee, J. H., Vinod, K. Y., Stavrides, P., Amin, N. D., et al.
(2011). Declining phosphatases underlie aging-related hyperphosphorylation of
neurofilaments.Neurobiol. Aging 32, 2016–2029. doi: 10.1016/j.neurobiolaging.
2009.12.001

Vuarin, P., Dammhahn, M., Kappeler, P. M., and Henry, P. Y. (2015). When to
initiate torpor use? Food availability times the transition to winter phenotype
in a tropical heterotherm. Oecologia 179, 43–53. doi: 10.1007/s00442-015-
3328-0

Vuarin, P., and Henry, P. Y. (2014). Field evidence for a proximate role of food
shortage in the regulation of hibernation and daily torpor: a review. J. Comp.
Physiol. B 184, 683–697. doi: 10.1007/s00360-014-0833-0

Wang, L., Mcallan, B. M., and He, G. (2011). Telomerase activity in the bats
Hipposideros armiger and Rousettus leschenaultia. Biochemistry 76, 1017–1021.
doi: 10.1134/s0006297911090057

Wang, Y., Kuang, Z., Yu, X., Ruhn, K. A., Kubo, M., and Hooper, L. V. (2017).
The intestinal microbiota regulates body composition through NFIL3 and the
circadian clock. Science 357, 912–916. doi: 10.1126/science.aan0677

Williams, C. T., Buck, C. L., Sheriff, M. J., Richter, M. M., Krause, J. S., and Barnes,
B. M. (2017). Sex-dependent phenological plasticity in an arctic hibernator. Am.
Nat. 190, 854–859. doi: 10.1086/694320

Williams, C. T., Sheriff, M. J., Kohl, F., Barnes, B. M., and Buck, C. L. (2012).
“Interrelationships among timing of hibernation, reproduction, and warming
soil in free-living female arctic ground squirrels,” in Living in a Seasonal World,
eds T. Ruf, C. Bieber, W. Arnold, and E. Millesi (Berlin: Springer).

Wingfield, J. C. (2003). Control of behavioural strategies for capricious
environments. Anim. Behav. 66, 807–815.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Landes, Pavard, Henry and Terrien. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 10 August 2020 | Volume 11 | Article 985

https://doi.org/10.1016/s1095-6433(98)00015-4
https://doi.org/10.1016/s1095-6433(98)00015-4
https://doi.org/10.1016/j.tcb.2019.12.001
https://doi.org/10.1016/j.tcb.2019.12.001
https://doi.org/10.1016/s0169-5347(02)02578-8
https://doi.org/10.1007/s00360-016-1050-9
https://doi.org/10.3389/fneur.2013.00087
https://doi.org/10.1111/brv.12137
https://doi.org/10.1016/j.molmet.2016.06.002
https://doi.org/10.1016/j.molmet.2016.06.002
https://doi.org/10.1016/j.tree.2012.06.006
https://doi.org/10.2174/1876326x00903010038
https://doi.org/10.1007/s11357-008-9065-0
https://doi.org/10.1210/er.2017-00211
https://doi.org/10.1210/er.2017-00211
https://doi.org/10.1016/j.tem.2019.08.012
https://doi.org/10.1016/j.tem.2019.08.012
https://doi.org/10.1128/aem.01537-14
https://doi.org/10.1111/j.1471-4159.2008.05294.x
https://doi.org/10.1038/ijo.2017.195
https://doi.org/10.1016/j.gpb.2015.03.006
https://doi.org/10.1172/jci59660
https://doi.org/10.1172/jci59660
https://doi.org/10.1016/j.biochi.2015.04.002
https://doi.org/10.1098/rspb.2011.0190
https://doi.org/10.1098/rsbl.2012.1095
https://doi.org/10.1098/rsbl.2012.1095
https://doi.org/10.1098/rsbl.2011.0758
https://doi.org/10.1098/rspb.2018.2370
https://doi.org/10.1016/j.neurobiolaging.2009.12.001
https://doi.org/10.1016/j.neurobiolaging.2009.12.001
https://doi.org/10.1007/s00442-015-3328-0
https://doi.org/10.1007/s00442-015-3328-0
https://doi.org/10.1007/s00360-014-0833-0
https://doi.org/10.1134/s0006297911090057
https://doi.org/10.1126/science.aan0677
https://doi.org/10.1086/694320
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Flexibility Is Costly: Hidden Physiological Damage From Seasonal Phenotypic Transitions in Heterothermic Species
	Introduction
	The Obvious Ecological Benefits of Seasonal Heterothermy… and Its Costs
	Physiological Costs of Heterothermy Emerge Early in Life and Accumulate With Age
	Experimental Evidence of the Costs of Seasonal Physiological Remodeling
	Repair Mechanisms Are Altered During Aging
	Heterothermy Affects the Aging Process

	Putative Physiological Costs of Heterothermy
	Oxidative Stress and Genomic Instability
	Excess Fat and the Associated Inflammatory Response
	Cognitive and Brain Dysfunction
	Alteration of Digestive Capacity
	Immunodeficiency

	Conclusion and Perspectives in the Context of Global Warming
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References


