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Torpor and hibernation are extreme physiological adaptations of

homeotherms associated with pro-longevity effects. Yet the underlying
mechanisms of how torpor affects aging, and whether hypothermic and
hypometabolic states can be induced to slow aging and increase healthspan,

remain unknown. Here we demonstrate that the activity of a spatially defined
neuronal populationin the preoptic area, which has previously beenidentified
asatorpor-regulating brain region, is sufficient toinduce a torpor-like state
(TLS) in mice. Prolonged induction of TLS slows epigenetic aging across
multiple tissues and improves healthspan. We isolate the effects of decreased

metabolic rate, long-term caloric restriction, and decreased core body
temperature (7,) on blood epigenetic aging and find that the decelerating
effect of TLSs onaging is mediated by decreased T,. Taken together, our
findings provide novel mechanistic insightinto the decelerating effects of
torpor and hibernation on aging and support the growing body of evidence
that T, is animportant mediator of the aging processes.

Inresponse to food deprivation or harsh environmental conditions,
many mammalian species engage energy-conserving strategies, such
as torpor and hibernation. Torpor is a state of profoundly decreased
metabolicrate, driving a decrease in core body temperature (7,) that
canlastfrom hoursto days, whereas hibernationis aseasonal behavior
comprising multiple bouts of torpor interrupted by periodic arousals
to euthermia. These extraordinary adaptations raise many unanswered
fundamental questions of homeotherm biology, one of the most com-
pelling being the link between torpor and longevity. Natural torpor
is characterized by tightly coupled, extreme physiological changes
that have been individually implicated in aging and longevity, such as
decreased core T, and metabolic rate, and caloric restriction. Indeed,
hibernating species exhibiting long torpor bouts show extended

longevity compared to closely related non-hibernators and longer
lifespan than would be expected based on body mass alone'. However,
thelack of genetic tools and controllable systems to study torpor have
left the central questions of how torpor affects aging and whether
hypothermic and hypometabolic states can be induced to slow aging
and increase healthspan, largely unexplored.

The brain is known to control core T, and metabolism??. Special-
ized populations of neurons in the preoptic area (POA) of the hypo-
thalamus receive information about physiological states, including
peripheral and core T, and modulate thermoregulatory circuits to
maintain homeostasis*”. In addition to the role of the POA in nor-
mothermic thermoregulation, recent work has identified neuronal
populations in the POA whose activity is necessary for the normal
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expression of fasting-induced daily torpor in mice®’. Stimulation of
these neurons is sufficient to induce torpor-like hypothermic and
hypometabolicstates® ™. Building on this work, we develop a control-
lable torpor-like state (TLS) that can be safely maintained for days and
repeatedly induced over months in non-transgenic laboratory mice.
While torpor and hibernation are complex behaviors that TLS does not
fully recapitulate, induction of TLS causes a profound decrease in core
T,,body temperature set point (7,,), metabolic rate (VO,), respiratory
quotient, activity, and food intake, phenocopying several key features
of natural torpor and hibernation'*".

To examine the effects of TLS on aging, we induce prolonged TLS
tomodel anatural hibernation-like pattern over the course of months
and find that TLS improved clinical measures of age-associated frailty
in mice and slowed epigenetic aging in a tissue-specific manner. TLS
had the greatest effect onepigenetic agingin the blood, where it slowed
epigenetic aging by up to 76% in individual mice. Moreover, we lever-
age the uniquely controllable nature of our model to elucidate the
underlying mechanisms of the decelerating effect of TLS on blood
epigenetic aging, demonstrating that this effect is not mediated by
caloricrestriction nor decreased metabolic rate but rather stems from
adecreasein Ty

Results

Development of an inducible TLS in non-transgenic

laboratory mice

Building on recent work that has identified the POA of the hypothala-
musas atorpor-regulating brainregion®", we tested whether targeted
stimulation of the anterior and ventral portions of the medial and lateral
preoptic area (avMLPA) of the hypothalamus could recapitulate key
physiological features of torpor in non-transgenic laboratory mice.

Micewereimplanted withtelemetric temperature probesandstere-
otactically injected in the avMLPA with AAV-hSyn-hM3D(Gq)-mCherry,
an adeno-associated virus (AAV) expressing a chemically activated
receptor, Gq-DREADD (Gq-coupled Designer Receptor Exclusively
Activated by Designer Drug), driven by the neuronally restricted hSyn
promoter (Fig. 1a—f). Activation of neurons within the avMLPA via
intraperitonealinjection of the Gq-DREADD-activating syntheticligand
clozapine-N-oxide (CNO) drove a decrease in T, (Fig. 1a-f), consist-
ent with targeting the avMLPA neuronal population whose activity is
sufficient to induce a large decrease in T, as observed during natural
fasting-induced torpor bouts.

In mice, fasting-induced daily torpor bouts last only several
hours before arousal to euthermy®'?'*'¢, Hibernators, by contrast,
engage in torpor bouts lasting days to weeks” . Having found that
targeted chemogenetic stimulation of the avMLPA recapitulates
decreases in T as in fasting-induced daily torpor, we tested whether
this approach could be used to induce a TLS in mice lasting days to
weeks, as seenin natural hibernation. Mice implanted with telemetric
temperature probes and stereotactically injected in the avMLPA with
AAV-hSyn-hM3D(Gq)-mCherry were continuously administered CNO
viadrinking water, inducing a hypothermic state that remarkably could
be safely maintained for days at a time (Fig. 1g,h). To characterize
and capture metabolic changes during TLS, we profiled T, locomo-
tor activity (meters), food intake, metabolic rate (as measured by
oxygen consumption (VO,)), and the respiratory quotient using the
Prometheon Metabolic System (Fig. 1h-I). We found that TLS caused
aprofoundreduction across all measured parameters (****P < 0.0001),
similar to changes seen in fasting-induced daily torpor (Fig. 1h-I and
Extended Data Fig. 1a—c). Over 4 days of TLS, the average T, dropped
by nearly 7 °C, while metabolic rate and food intake dropped by ~56%
and ~81%, respectively (Fig.1h-j). Upon removal of CNO from drinking
water, mice spontaneously recovered across all measured metabolic
parameters (Fig. 1h-I).

Natural hibernators achieve alowered T, during torpor by modify-
ingkey features of their thermoregulatory system, reducing both their

sensitivity to decreased T, (H) and their theoretical set point tempera-
ture (7,.,)" . Toassess changes in these thermoregulatory parameters
in TLS mice, we monitored metabolic rate (VO,) and T, in these ani-
mals across varied ambient temperatures (7,) as previously described
(Extended Data Fig. 2a—e)™. As animals are exposed to lower T,, their
T, dips and their VO, increases to maintain a steady T,. By measuring
how the animal’s VO, changes in response to a colder environment,
we can estimate how sensitive the animalis to changesin temperature
(H) and thus estimate the T, that the animal is attempting to maintain
(T,.)). Consistent with the entry into torpor of natural hibernators, we
foundthatboth Hand T weresignificantly reducedin TLS (Extended
Data Fig. 2a-e) in TLS. Taken together, these results suggest that the
thermoregulatory systemduring TLS shares key features with natural
hibernation and fasting-induced daily torpor.

TLS slows epigenetic aging across multiple tissues

Giventhe links between hibernation, which comprises multiple bouts of
torporinterrupted by periodic arousals to euthermia, and longevity, we
tested whether TLS slows aging. Aging is characterized by progressive
declinein physiological function, increased susceptibility to disease,
and death. While aging is a complex phenomenon, epigenetic clocks
haverecently emerged as powerful molecular biomarkers of aging?® >,
Recent work across multiple species of natural hibernators has found
thatblood epigenetic aging is slowed during hibernation, suggesting
that epigenetic clocks can capture torpor-related changes in aging
processes”*”. We induced TLS to model a natural hibernation-like pat-
ternby repeatedly administering CNO through drinking water, resulting
inbouts of TLS with periodic arousals to euthermia (Fig. 2a,b). In paral-
lel, control mice were injected with AAV-hSyn-mCherry inthe avMLPA
and administered CNO concurrently with TLS mice. While on CNO,
TLS mice had significantly lower T,,(30.96 + 0.19 °C) than control mice
(35.58 +0.02 °C) (***P< 0.0001) (Fig. 2c,d). After 3 months, we analyzed
the epigenetic age of the blood, liver, kidney, and cortex and found that
TLS mice aged on average 80% less in the blood (*P=0.007) and 20%
lessin the liver (*P=0.034) than age-matched controls (Fig. 2e,f).Ina
secondary analysis, we applied additional epigenetic clocks, including
two universal pan-mammalian clocks which track highly conserved
epigenetic aging effects. We found that TLS mice had lower blood
epigenetic age than control mice, evidencing the robustness of the
effects of TLS on blood epigenetic aging (Extended Data Fig. 3a-c).
Pan-tissue epigenetic clocks showed a non-statistically significant
decrease in liver epigenetic age. By contrast, there was no consistent
evidence of changes in epigenetic age of the kidney or cortex in TLS
mice compared with age-matched controls (Fig. 2g,h and Extended
Data Fig. 3a-e). Our results suggest that inducing TLS in a facultative
heterotherm that does not naturally hibernate can recapitulate the
effects of natural hibernation onblood epigenetic aging®. While work
in natural hibernators has only explored epigenetic aging of the blood*
and skin®*, both highly replicating tissues, our work across multiple tis-
sues suggests that hypothermic and hypometabolic states may exert
highly tissue-specific effects on epigenetic aging.

Long-term induction of TLS causes a cumulative and sustained
decrease inblood epigenetic age and improves healthspan

Asagingisagradualand complex process, weinduced TLS over a pro-
longed duration to better captureits effects onboth epigenetic aging
and age-related decline in physiological function. We serially measured
blood epigenetic age in mice after 0,3, 6and 9 months of TLS and com-
pared them to control mice that were stereotactically injected in the
avMLPA with AAV-hSyn-hM3D(Gq)-mCherry and administered drink-
ing water without CNO (Fig.3a). TLS had alinear, cumulative effect on
blood epigenetic age: while at T, TLS and control mice had equivalent
blood epigenetic age, TLS mice appeared -3.0 + 0.6 months younger
than control mice after 9 months of TLS (Fig. 3a-c). We used a linear
regression to estimate the rate of epigenetic aging over 9 months of TLS
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Fig.1|Development of aninducible TLS in non-transgenic laboratory mice.
a, Schematic of injection of AAV-hSyn-hM3D-mCherry into the avMLPA and
subsequent fasting. b, T,, over 24 h fasting (purple) compared to fed animals
(gray). Data from fed animals plotted as mean + s.e.m. (n = 4), data from fasted
animals plotted as individual mice. When fasted, all mice engaged in natural
fasting-induced daily torpor as defined by T, < 35 °C with no arousal. Mice
began engagingin torpor bouts -10 hinto the fasting interval. During torpor
bouts, individual mice had an average T, (33.0 + 0.32 °C) lower than at baseline
(37.9 £ 0.18 °C) as determined by paired ¢-test (**P=0.002) and reported as
mean *s.e.m. ¢, Schematic of injection of AAV-hSyn-hM3D-mCherry into the
avMLPA and subsequent CNO injection. d, T, after administration of CNO

to mice expressing AAV-hSyn-mCherry (controls, gray), and mice injected
with AAV-hSyn-hM3D-mCherry (TLS, blue) (n =4). CNO injection indicated

by dashed gray line. Data plotted and reported as mean + s.e.m. Average T,

of mice 6-24 h after CNO injection was lower in TLS animals (30.6 + 0.27 °C)
compared to controls (37.9 + 0.18 °C) as determined by two-sided paired ¢-test
(***P<0.0001). e, Representative coronal section showing neurons in the
avMLPA targeted by viral injection. hM3D expression in the avMLPA is visualized
by mCherry (black) after viral injection. f, Thermal imaging of T, of amouse
before (top) and after induction of TLS (bottom) illustrating the decrease in

T, thatoccurs during TLS. g, Schematic of TLS induction through continuous
administration of CNO via drinking water. h-1, T, (h), VO, (i), food intake (j),
respiratory quotient (RQ) (k), and activity at baseline (dark gray) (I),

during TLS (blue), and in recovery (light gray). Lines indicate mean; shading

denotes *s.e.m. (n = 8). Violin plots graphed as the average of each individual
atbaseline (Pre), during TLS (TLS), in recovery (Post), and during natural
fasting-induced torpor bouts (Torp.) (purple; Extended Data Fig. 1a-c).

All measured metabolic parameters had significant differences across conditions
as quantified by Tukey’s multiple comparisons test (T, Pre = 36.44 + 0.26,

TLS =29.54 £ 0.30, Post =36.71+ 0.22, Torp. = 33.86 + 0.30; Pre versus Torp.
***P < 0.0001; Torp. versus TLS, ***P < 0.0001; Torp. versus Post, ***P < 0.0001;
Pre versus TLS, ****P < 0.0001; Pre versus Post, NS, P= 0.894; TLS versus Post,
****P<0.0001) (VO,Pre =1.44 + 0.04, TLS=0.63 + 0.04, Post =1.37 + 0.05,
Torp.=0.73 + 0.05; Pre versus Torp., ***P < 0.0001; Torp. versus TLS, NS,
P=0.324; Torp. versus Post, **P = 0.0026; Pre versus TLS, ***P < 0.0001;

Pre versus Post, NS, P=0.6991; TLS versus Post, ***P=0.0003) (Food intake
Pre=0.16 £ 0.01, TLS = 0.03 + 0.01, Post = 0.20 + 0.02, Torp. = 0 + O; Pre

versus Torp., ****P < 0.0001; Torp. versus TLS, **P = 0.0017; Torp. versus Post,
%P < (0.0001; Pre versus TLS, ***P < 0.0001; Pre versus Post, NS, P=0.2259;
TLS versus Post, ***P=0.0001) (RQPre =0.85+0.01, TLS=0.69 + 0.02,

Post =0.89 + 0.01, Torp. = 0.67 £ 0.0; Torp. versus Pre, ***P < 0.0001;

Torp. versus TLS, NS, P=0.6233; Torp. versus Post, ****P < 0.0001; Pre

versus TLS, ***P=0.0004; Pre versus Post, NS, P = 0.1082; TLS versus Post,
***P=0.0004), (Activity Pre=1.11+ 0.33, TLS = 0.20 + 0.06, Post =1.27 + 0.17,
Torp.=0.03 £ 0.02; Torp. versus Pre, **P=0.0036; Torp. versus TLS, *P = 0.0353;
Torp. versus Post, ***P=0.0002; Pre versus TLS, NS, P= 0.0504; Pre versus Post,
NS, P=0.8689; TLS versus Post, **P=0.0008). Data reported as mean + s.e.m.
m, meters.
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and found that TLSreduced therate of blood epigenetic aging by 36.9%
(F-statistic (F) = 58.14, degrees of freedom for the numerator (DFn) =1,
degrees of freedom for the denominator (DFd) =70, ****P < 0.0001)
(Fig. 3a). Longitudinal quantification of the rate of blood epigenetic
aging across serial measurements from individual mice confirmed
this finding; on average, individual TLS mice aged 38.9% slower than
control mice (Fig. 3b). To test whether the decelerating effects of TLS
are sustained, we measured blood epigeneticage in TLS mice 3 months
after cessation of TLS (Fig. 3d). At this time, TLS mice still appeared
~1.5 £ 0.4 months younger than control mice (***P=0.00013) and did
notexhibitany accelerationin epigenetic aging (Fig. 3e and Extended
Data Fig. 4a). Indeed, 9 months after cessation of TLS, TLS mice still
had anaverage blood DNAmAge (18.1+1.19) ~1.5 months younger than
control mice (19.87 + 0.72) (Extended Data Fig. 4b). While this difference
did notreach significance (notsignificant (NS), P=0.297), it suggests
that TLS induces sustained epigenetic remodeling that was not rapidly
reversed following exit from this state.

Aging causes the accumulation of physical and physiological defi-
citsover time. Composite measures of deficit accumulation, such as the
mouse clinical frailty index, serve as powerful tools to measure biologi-
cal aging. Indeed, the mouse frailty index comprises 31 non-invasive
measurements and is strongly correlated with and predictive of age
and longevity**?. To examine whether TLS had an effect on functional
measures of aging, we profiled mice using the frailty index assessment.
After 9 months of TLS, TLS mice scored significantly lower on the frailty
index assessment than age-matched controls (*P=0.0290), indicating
that they had an improved healthspan and suggesting that they were
functionally younger (Fig. 3f and Extended Data Fig. 5a,b). Several
individual frailty index parameters that most strongly correlate with

Fig. 2| TLS slows epigenetic aging across multiple tissues. a, Schematic of
long-term TLS induction through repeated CNO administration. TLS mice
were injected with pAAV-hSyn-hM3D(GQ)-mCherry, while control mice

were injected with pAAV-hSyn-mCherry. Both TLS and control mice received
repeated paired CNO administration. b, T, of TLS (blue) (n = 8,4 male mice,

4 female mice) and control (gray) (n = 8,4 male mice, 4 female mice) mice over
12 weeks. Line represents mean; shading denotes ts.d. ¢, Aggregate plot of

T, of TLS and control mice over 12-week experiment displayed over a1-week
interval. CNO administration marked by light blue shading between days 1and
S.Lines and shading asinb. d, TLS mice had significantly lower average T, per
week (30.96 + 0.19 °C) than control (Con) mice (35.58 + 0.02 °C) while on CNO
as determined by unpaired two-sided ¢-test (****P < 0.0001) (n = 96, 48 male
mice, 48 female mice). Datareported as mean + s.e.m. Data plotted as average
T, of individuals per week while on CNO. e-h, Epigenetic age (DNAmAge) as
measured using tissue-specific epigenetic clocks of age-matched mice before
the experiment (T,, n = 8,4 male mice, 4 female mice) and after 3 months
(control, n=8,4 male mice, 4 female mice, and TLS n = 8,4 male mice, 4 female
mice). Data plotted as box plots indicating median, upper and lower quartiles,
and whiskers extending to minimum and maximum values. Data reported as
mean +s.e.m. We found significant differences in epigenetic age between T,
(blood, 4.694 + 0.2429; kidney, 3.650 + 0.1529; liver, 4.193 + 0.1031; cortex,
5.421+ 0.4188) and control mice (blood, 6.03 + 0.21; liver, 6.73 + 0.14; kidney,
6.03 + 0.47; cortex, 7.58 + 0.38) across all tissues as measured by one-way ANOVA
adjusted for multiple comparisons by Tukey’s HSD, validating the ability of
epigenetic clocks to capture age-related changes over the time period (blood,
**P=0.0025; liver, ***P < 0.0001; kidney, ***P = 0.0001; cortex, *P = 0.0274).
After 3 months, TLS mice (n = 8,4 male mice, 4 female mice) had significantly
lower epigenetic age in the blood (4.96 + 0.24) (e) and liver (6.23 + 0.14) (f)

than control mice (blood, *P = 0.011; liver, *P = 0.043). We found no significant
differences in the epigenetic age of the kidney (NS, P = 0.348) (g) and cortex
(NS, P=0.7438) (h) between control and TLS mice (kidney, 6.94 + 0.55; cortex,
8.15+ 0.69) as measured by one-way ANOVA adjusted for multiple comparisons
by Tukey’s HSD. In the liver, kidney and cortex, TLS mice had significantly
different epigenetic age than T, mice (liver, ***P < 0.0001; kidney, **P = 0.0036;
cortex, **P=0.0052), while in the blood T, mice had similar epigenetic age to TLS
mice (NS, P=0.7240).

age (r*>0.35, P <1x107°)* showed significant differences between TLS
and control mice, including tail stiffening (*P = 0.0463), gait disorders
(*P=0.043), and kyphosis (*P = 0.037)%, further indicating that TLS
slows age-related decline in physiological function (Fig. 3g). While
we cannot exclude the possibility that reverse metabolism of CNO to
clozapine contributes in part to the effect of TLS on healthspan and
epigenetic aging in this experiment, it is reassuring that the effects
of TLS on epigenetic age are comparable in our studies controlling
for CNO consumption (Figs. 2, 3a, and 4). Thus, taken together, these
findings suggest that prolonged TLS slows molecular measures of aging
and extend healthspan in mice.
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Decreased T, mediates the rate of blood epigenetic aging
during TLS

Hibernation and TLS are complex states characterized by a host of
physiological changes that have been heavily implicated in aging and
longevity, most notably decreased metabolic rate, long-term caloric
restriction and decreased T,”*%. In natural states, these factors are
inextricably intertwined, rendering them nearly inseparable. Here, we
harnessed our inducible model of TLS toisolate the effects of decreased
metabolicrate, long-term caloric restriction, and decreased 7,,on blood
epigenetic aging.

Metabolic rate has long been thought to modulate aging, as first
explained in the ‘rate-of-living’ theory, founded on the observation
that smaller animals with faster metabolisms have shorter lifespans
thanlarger animals with slower metabolisms®* 2, Metabolicrateand T,
often change in parallel, making it difficult to establishaunique role for
either mechanism underlying pro-longevity interventions, including
natural hibernation. We sought to decouple changes in metabolism
from changesin T, during TLS by stimulating avMLPA neurons in mice
housed at a thermoneutral temperature (7, =32 °C) to eliminate the
stimulation-induced dropin T, (Fig. 4a). We found that stimulation of
the avMLPA in mice housed at thermoneutrality largely recapitulated
the metabolic changes seenin TLS independent of large decreases in
T, (Fig.4b).Itisworth noting that mice at thermoneutrality exhibited
a similar decrease in metabolic rate to that of mice during TLS (NS,
P=0.1819) (Fig. 4b).

To test whether a decrease in metabolic rate is sufficient to slow
blood epigenetic aging, werepeatedly stimulated avMLPA neurons over
3 monthsinmice housed at thermoneutrality (Stim 32 °C), mimicking
the pattern oflong-term TLS (Fig. 4c,d). Stim 32 °C mice had equivalent
average T, to control mice injected with AAV-hSyn-mCherry dosed
with CNO and housed at 22 °C (Con 22 °C), indicating that we were
able to decouple changes in metabolic rate from changes in T, (NS,
P=0.9941) (Fig. 4d and Extended Data Fig. 7a,e,f). After 3 months,
we measured blood epigenetic age and found that Stim 32 °C mice
had equivalent blood epigenetic age to control mice injected with
AAV-hSyn-mCherry dosed with CNO when housed at 22 °C (No Stim
22°C) (NS, P=0.9961) and at 32 °C (No Stim 32 °C) (NS, P=0.7848)
(Fig. 4e). Stim 32 °C mice had significantly higher blood epigenetic
age than TLS mice (*P=0.0309) (Fig. 4e), indicating that decreased

metabolic rate alone is not sufficient to reproduce the decelerating
effects of TLS on blood epigenetic aging.

Having found that decreased metabolic rate was insufficient to
recapitulate the effects of TLS on blood epigenetic aging, we tested
whether caloric restriction underlies the decelerating effects of
TLS. Caloric restriction is one of the most well-known and effective
anti-aging interventions shown to extend lifespan across species™.
Caloricrestriction in mice results in time-restricted feeding and long
fasting intervals during which mice routinely enter torpor, as charac-
terized by decreasesin T,,**. Toisolate the effects of caloric restriction
independent of drops in T, during fasting-induced daily torpor, mice
injected with AAV-hSyn-mCherry were housed at thermoneutrality,
dosed with CNO through drinking water, and pair-fed to match food
intake in TLS mice (0.95g d™) (CR32 °C; CR, caloricrestriction) (Fig. 4f
and Extended DataFig.7a-d,g,h). CR32 °Cmice had similaraverage T,
toNo Stim 22 °C mice, indicating that we were able toisolate the effects
of caloric restriction from T, (NS, P=0.9030) (Fig. 4g and Extended
DataFig.7a,b,g,h). After 3 months, CR32 °Cmice had equivalentblood
epigenetic age tobothNo Stim22 °C mice (NS, P=0.9990) and No Stim
32°C mice (NS, P=0.7893) (Fig. 4h). CR 32 °C mice had significantly
higher blood epigenetic age than TLS mice (***P=0.0004) (Fig. 4h),
suggestingthat caloricrestrictioninthe absence of T, decreases during
natural fasting-induced daily torpor is not sufficient to recapitulate the
effects of TLS onblood epigenetic aging.

Given that caloric restriction and decreased metabolic rate on
their own were insufficient to slow blood epigenetic aging, we hypoth-
esized that decreased T, was necessary for the decelerating effects
of TLS on epigenetic aging. To isolate the effect of decreased T, dur-
ing TLS on blood epigenetic aging, we housed mice at thermoneu-
trality and both stimulated avMLPA neurons and pair-fed them with
TLS mice (Stim + CR 32 °C) (Fig. 4i and Extended Data Fig. 7a-d,i,j).
Stim + CR 32 °C mice thus exhibited both a decreased metabolic rate
andlong-term caloricrestrictionindependent of large decreasesin T,.
Stim + CR 32 °C mice had equivalent average T, to No Stim 22 °C mice
(NS, P=0.9915), indicating that we were able to blunt large decreases
in T, characteristic of TLS (Fig. 4j and Extended Data Fig. 7a,i). After
3 months, we measured blood epigenetic age and found that Stim + CR
32 °Cmice had equivalent blood epigenetic age toboth No Stim 22 °C
mice (NS, P=0.6854) and No Stim 32 °Cmice (NS, P> 0.9999) (Fig. 4k).

Fig.3|Long-terminduction of TLS causes a cumulative and sustained
decrease in blood epigenetic age and improves healthspan. a, Blood epigenetic
age was serially measured every 3 months in control (gray) and TLS (blue)

mice over 9 months. Both control and TLS mice were injected with pAAV-hSyn-
hM3D(GQ)-mCherry. TLS mice received repeated CNO administration, while
control mice received water. Data plotted as box plots (25th to 75th percentiles)
with whiskers from minimum to maximum with line at median. Simple linear
regression was used to calculate the rate of blood epigenetic aging over

9 months; line represents regression; shading denotes 95% confidence interval
(CI). TLS mice had a significantly slower rate of blood epigenetic aging 0.51[0.46,
0.56] (r*=0.924, ***P < 0.0001) than control mice 0.81[0.74, 0.86] (r*= 0.953,
****p < (0.0001) (F=58.14, DFn =1, DFd = 70, ****P < 0.0001) over 9 months of
TLS. Datareported as mean with 95% Clin brackets. b, Quantification of the
average rate of epigenetic aging measured every 3 months for 9 months across
individual mice. TLS mice had a significantly slower rate of epigenetic aging
(n=26,0.545 + 0.047) as determined by two-tailed unpaired ¢-test than control
mice (n=26,0.892 + 0.05) (***P< 0.0001). Datareported as mean + s.e.m.

¢, Estimation plots of the difference between means of TLS and control mice
across measured time points. Datareported as mean + s.e.m. Significance
determined by unpaired two-tailed ¢-tests. Before treatment began (7,), control
(2.83 +£0.075) and TLS (2.74 + 0.03) mice had equivalent blood epigenetic age
(controln=11, 6 female mice, 5male mice; TLS n =10, 6 female mice, 4 male
mice) (NS, P=0.252). After 3,6 and 9 months of TLS, TLS mice had increasingly
lower mean epigenetic age than controls (at 3 months, TLS =4.31+ 0.168,
Con=5.37 +0.121, ***P < 0.0001 (control n =11, 6 female mice, 5 male mice;

TLS n=10, 6 female mice, 4 male mice); at 6 months, TLS =5.67 + 0.180,
Con=7.87+0.178,***P < 0.0001 (control n = 10, 6 female mice, 4 male mice;
TLS n=9, 6 female mice, 3 male mice); at 9 months, TLS =7.90 + 0.330,
Con=10.89 + 0.434,**P=0.0001 (control n =8, 6 female mice, 2 male mice;
TLS, n=7,5female mice, 2 male mice). d, Schematic of testing for sustained
epigenetic remodeling. After 9 months of TLS, mice were off CNO for 3 months,
after which time blood epigenetic age was measured again. e, Quantification
ofblood epigenetic age 3 months post-TLS. Data plotted as box plots (25th to
75th percentiles) with whiskers from minimum to maximum with line at median.
TLS mice (9.51 £ 0.305) still had significantly younger blood epigenetic age
than control mice (10.96 + 0.305), (**P=0.0065) (control n="7,5 female mice, 2
male mice; TLS n = 6, 4 female mice, 2 male mice) as determined by two-tailed
unpaired ¢-test. Datareported as mean + s.e.m. f, Heat map of the average
scores on frailty index measurements of TLS and control mice after 9 months
of TLS (n = 7). Frailty index measurements are arranged in decreasing order of
strongest correlation with age. g, Violin plots of frailty index scores of TLS mice
and control mice on the five individual frailty index measurements that most
strongly correlate with age and overall frailty index score. TLS mice scored
significantly lower than control mice as determined by two-tailed unpaired
t-test (TLS n=7, 5 female mice, 2 male mice; controln =9, 6 female mice, 3 male
mice) on tail stiffening (TLS = 0.214 + 0.101, Con = 0.611 + 0.139, *P=0.0463),
gait disorders (TLS=0+ 0, Con = 0.222 + 0.088, *P = 0.043), and kyphosis
(TLS=0.071+0.071,Con =0.333 + 0.083, *P = 0.037), as well as overall frailty
index score (TLS = 0.118 + 0.034, Con = 0.238 + 0.035, *P = 0.0290). Data reported
asmean +s.e.m. Fl, frailty index.
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Stim + CR 32 °C mice had significantly higher blood epigenetic age
than TLS mice, (*P=0.0108), indicating that despite having both a
decreased metabolic rate and undergoing long-term caloric restriction,
Stim + CR 32 °C mice do not recapitulate the effects of TLS on blood
epigenetic aging (Fig. 4k). Differential methylation analysis further
supported the temperature dependence of epigenetic remodeling
during TLS (Extended DataFig. 9a-1). Takentogether, our results show
the insufficiency of caloric restriction and decreased metabolic rate,
both alone and when combined, to recapitulate the effects of TLS on
blood epigenetic age, thus pointing to decreased T, as necessary for
the decelerating effects of TLS on blood epigenetic aging.

In light of the necessity of decreased T;, to capture the effects of
TLSonblood epigenetic aging, we took advantage of the variability in
the depth of TLS across individual animals by comparing the rate of
blood epigeneticaging to the average decrease in T, while on CNO over
9 months of TLS (Fig. 41-n). This analysis revealed a significant corre-
lation (= 0.5869, ***P < 0.0001) between the average decrease in T,
andtherate of epigenetic aging across control and TLS mice (Fig.4m).
There was no significant correlation between the average decrease in
T, while on CNO and bodyweight, or betweenbodyweight and the rate
ofblood epigenetic aging (Extended Data Fig. 6). We further examined

whether sex had an effect on the rate of epigenetic aging in TLS and
found no sex differences within groups across experiments (Extended
Data Fig. 8). Taken altogether, our results suggest that temperature
might play a central role in mediating the rate of epigenetic aging.
The correlation between the rate of epigenetic aging and the aver-
age decrease in T held significance in TLS mice alone (r*= 0.2428,
*P=0.0321), further supporting the hypothesis that decreases in T,
might mediate the effect of TLS on blood epigenetic aging (Fig. 4n).

In summary, we show that long-term induction of a TLS through
targeted stimulation of the avMLPA has decelerating effects on both
functional and epigenetic measures of aging. While not possible in
natural torpor or hibernation, we took advantage of the controllable
nature of TLS to show that neither caloric restriction nor lower meta-
bolicrateare sufficientand thatinstead decreased core T, is necessary
for TLSs to slow blood epigenetic aging.

Discussion

Our study examines the age-decelerating effects of hypothermic
and hypometabolic states, such as torpor and hibernation, which are
extreme physiological adaptations of homeotherms. While there are
well-established links between hibernation, composed of multiple

Fig. 4 |Decreased T, mediates the rate of blood epigenetic aging during

TLS. a, Schematic of stimulating avMLPA neurons while housing mice at
thermoneutrality (7, =32 °C) to decouple changes in metabolic rate from
changes in temperature. b, Quantification of T, metabolic rate (VO,),
respiratory quotient (RQ), food intake, and activity of mice at baseline and
during stimulation of the avMLPA while housed at thermoneutrality (7, =32 °C)
compared to mice at baseline and in TLS (7, = 22 °C). Data plotted as the
average of each individual mouse and reported as mean + s.e.m. Significance
determined by one-way ANOVA adjusted for multiple comparisons by Tukey’s
HSD (7, Baseline 7,22 °C =36.44 + 0.26, Baseline 7,32 °C =37.50 + 0.22, Stim
T,32°C=35.73+0.32, TLS(Stim 7,22 °C) =30.85+ 0.28; TLS Stim T, 22 °C
versus Stim 7,32 °C, ***P < 0.0001; TLS Stim T, 22 °C versus Baseline 7,22 °C,
***+P < (0.0001; TLS Stim 7, 22 °C versus Baseline 7,32 °C, ***P < 0.0001; Stim
T,32°Cversus Baseline T, 22 °C, *P=0.0295; Stim 7,32 °C versus Baseline T,
32°C,***P<0.0001; Baseline T, 22 °C versus Baseline 7,32 °C, ***P < 0.0001),
(VO,Baseline 7,22 °C =1.44 + 0.04, Baseline 7,32 °C =1.17 £ 0.03, Stim
7,32°C=0.88+0.05, TLS (Stim 7,22 °C) =0.78 + 0.03; TLS Stim T, 22 °C

versus Stim 7,32 °C, NS, P=0.1819; TLS Stim 7,22 °C versus Baseline 7,22 °C,
****p < (0.0001; TLS Stim 7, 22 °C versus Baseline 7,32 °C, ***P=0.0001; Stim
T,32°Cversus Baseline T,22 °C, **P=0.0004; Stim T,32 °C versus Baseline T,
32°C,**P=0.0003; Baseline T,22 °C versus Baseline 7,32 °C, **P=0.0012),
(RQBaseline 7,22 °C=0.85+0.01, Baseline 7,32 °C = 0.78 + 0.02, Stim 7,
32°C=0.63+0.02, TLS (Stim T, 22 °C) = 0.68 + 0.01; TLS Stim T, 22 °C versus Stim
T,32°C,NS, P=0.1353; TLS Stim T, 22 °C versus Baseline 7,22 °C, ***P < 0.0001;
TLSStim 7,22 °C versus Baseline T, 32 °C, *P= 0.0104; Stim T, 32 °C versus
Baseline 7,22 °C,**P=0.0002; Stim T, 32 °C versus Baseline 7,32 °C, **P= 0.0025;
Baseline 7,22 °C versus Baseline T, 32 °C, *P= 0.0101), (Activity Baseline T,
22°C=1.11+0.33,Baseline 7,32°C=0.73 + 0.06, Stim 7,32 °C = 0.52 + 0.05,
TLS (Stim 7,22 °C) =0.33 + 0.10, TLS Stim 7,22 °C versus Stim 7,32 °C, NS,
P=0.4208; TLS Stim T, 22 °C versus Baseline T, 22 °C, NS, P= 0.0627; TLS Stim
T,22°Cversus Baseline T, 32 °C, NS, P= 0.0674; Stim T, 32 °C versus Baseline
T,22°C,NS, P=0.3760; Stim T, 32 °C versus Baseline 7,32 °C,NS, P=0.0702;
Baseline T, 22 °C versus Baseline 7,32 °C, NS, P= 0.6862), (Food Intake Baseline
7,22°C=0.16 £ 0.01, Baseline 7,32 °C = 0.13 + 0.01, Stim 7,32 °C =0.073 + 0.02,
TLS (Stim 7,22 °C) =0.03 + 0.01, TLS Stim T, 22 °C versus Stim 7,32 °C, NS,
P=0.0760; TLS Stim T, 22 °C versus Baseline T, 22 °C, ****P < 0.0001; TLS Stim
T,22°Cversus Baseline T, 32 °C, ***, P=0.005; Stim T, 32 °C versus Baseline T,
22°C,*P=0.0206; Stim T, 32 °C versus Baseline T, 32 °C, NS, P= 0.0711; Baseline
T,22°Cversus Baseline T, 32 °C, NS, P = 0.1285). ¢, Schematic of experimental
design to determine sufficiency of decreased metabolic rate for effects on
epigenetic aging. d, T, over 12 week experiment of mice undergoing stimulation
of avMLPA neurons while housed at thermoneutrality (Stim32°C,n=7,4
female mice, 3 male mice) plotted in pink and control non-stimulated mice
housed at thermoneutrality (No Stim 32 °C, n = 8, 4 female mice, 4 male mice)
plotted in orange. No Stim 32 °C and No Stim 22 °C mice were injected with

PAAV-hSyn-mCherry and administered CNO. T, of TLS mice shown in blue

for reference (as previously shown in Fig. 2b); lines represent means; shading
denotess.d. e, Tocompare changes in epigenetic aging across experiments,
blood DNAmAge was normalized to T, =0 + 0.176 and No Stim 22°C =1+ 0.166
(shown for reference, previously shown in Fig. 2b); data plotted as box plots
(25th to 75th percentiles) with whiskers from minimum to maximum with line
atmedian; datareported as mean + s.e.m. Significance determined by one-

way ANOVA adjusted for multiple comparisons by Tukey’s HSD. Stim 32 °C

(0.911 £ 0.198) (n = 7, 4 female mice, 3 male mice) had similar blood epigenetic
age to No Stim 32 °C mice (n = 8, 4 female mice, 4 male mice) (0.737 + 0.11)

(NS, P=0.9475) and No Stim 22 °C mice (n = 8, 4 female mice, 4 male mice)

(1.00 £ 0.166) (NS, P=0.9955). Stim 32 °C had higher blood epigenetic age than
TLS mice (n = 8,4 male mice, 4 female mice) (previously shown in Fig. 2b);
(0.203 £ 0.188) (*P=0.0394).f, Schematic of experimental design to determine
sufficiency of caloric restriction for effects on epigenetic aging. g, T, over
al2-week experiment of mice pair-fed with TLS mice while housed at thermo-
neutrality (CR32°C, n = 8, 4 female mice, 4 male mice) plotted in purple.
CR32°Cmice were injected with pAAV-hSyn-mCherry and received CNO. T, of No
Stim 32 °C mice (orange) and TLS mice (blue) shown for reference (as previously
shownind). Lines and shading as ind. h, Quantification of normalized blood
DNAmAge of CR 32 °C mice. Data plotted as box plots (25th to 75th percentiles)
with whiskers from minimum to maximum with line at median. Normalization
performedasine(7,=0+0.069,No Stim 22 °C =1+ 0.057). CR 32 °C mice had
similar blood epigenetic age to No Stim 22 °C mice (NS, P=0.9990) and No Stim
32°C mice (NS, P=0.7893) and significantly higher epigenetic age than TLS mice
(**P=0.0004) (shown for reference, as previously shownin Fig. 2b). i, Schematic
of experimental design to determine the necessity of decreased T, for effects on
epigenetic aging. j, T, over 12 week experiment of mice pair-fed with TLS mice
and undergoing avMLPA stimulation housed at 32 °C (Stim+ CR32°C,n=8,4
female mice, 4 male mice) plotted in green. T, of No Stim 32 °C mice (orange)
and TLS mice (blue) shown for reference (as shownin d). Lines and shading as
inh.k, Quantification of normalized blood DNAmAge of Stim + CR 32 °C mice.
Data plotted as box plots (25th to 75th percentiles) with whiskers from minimum
to maximum with line at median. Normalization performed asin e. Stim + CR
32°C mice (0.798 + 0.058) had similar blood DNAmAge to No Stim 32 °C mice
(NS, P>0.9999) and No Stim 22 °C mice (NS, P= 0.6854). Stim + CR 32 °C mice
had significantly higher blood epigenetic age than TLS mice (*P = 0.0108)
(shown for reference, as previously shown in Fig. 2b). 1, AT, of individual control
and TLS mice while on CNO over 9 months (mice previously shownin Fig. 3a).

m, Correlation between the average AT, and the rate of blood DNAmAgingin
individual Con 22 °C (gray) and TLS (blue) mice over 9 months (> = 0.5650,
****P < 0.0001, F=50.65, DFn, DFd =1,39); line represents simple linear
regression; shading denotes 95% CI. n, Correlation between the average AT, and
therate of blood DNAmAging in TLS mice over 9 months (r* = 0.2567, *P = 0.0269,
F=5.871,DFn,DFd =1,17). Datashownasinm.
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bouts of torpor, and longevity, how torpor and hibernation affect aging
remains largely unexplored due to difficulties in studying natural hiber-
nators. We demonstrate that the activity of aspatially defined neuronal
population in the avMLPA, which has previously been identified as a
torpor-regulating brain region, is sufficient to induce a TLS in mice.
TLS shares key metabolic and thermoregulatory features with both

fasting-induced daily torpor and hibernation, namely, a decrease in
metabolic rate and T,,. We harnessed our model of TLS to explore the
effects of torpor on aging and found that, similar to natural hiberna-
tion, TLS slows blood epigenetic aging. The effects of TLS on blood
epigeneticage are both cumulative and sustained, agreeing with work
performed in natural hibernators that found that the length of time
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spent in hibernation positively correlates with longevity, as meas-
ured by lifespan®. Long-term induction of TLS increased healthspan,
measured using the mouse frailty index assessment, indicating that
TLS has systemic and functional effects on aging processes. We went
on to leverage the controllable nature of TLS to isolate the effects of
decreased metabolic rate, long-term caloric restriction, and decreased
T, onblood epigenetic aging. We found that a decrease in T, is neces-
sary to slow blood epigenetic aging during TLS and that the rate of
blood epigenetic aging is mediated by the degree of decrease in Ty,
Neither a decrease in metabolic rate nor caloric restriction, alone or
combined, were sufficient to recapitulate the decelerating effects of
TLS onblood epigenetic age. Our finding that decreased T,, mediates
these effects of TLS agrees with recent work showing that 7, isamore
important modulator of lifespan than metabolic rate®. Similarly, our
finding that caloric restriction independent of a decrease in T, does
notslowblood epigenetic aging agrees with the previous finding that
housing mice at thermoneutrality blunts the pro-longevity effects
of caloric restriction®®. Recent work on caloric restriction has shown
that the lifespan extension effects of caloric restriction are primarily
mediated by fasting intervals of >12 h during which mice likely enter
torpor, reaffirming the possibility that torpor and decreased core T,
playacentralrolein caloric-restriction-mediated effects on longevity®.
Decreasesin T, have previously been correlated with increased lifespan
in transgenic mice”. Our finding that decreased Ty is necessary to slow
blood epigenetic aging during TLS further supports the growing body
of evidence that T, is animportant mediator of aging processes.

Itis important to recognize the limitations of this study. In this
regard, it is striking that in our longitudinal data we see a correla-
tion between the decrease in core T, in TLS and the rate of epigenetic
aging in individual mice. Given the necessity of decreased tempera-
ture for the effects of TLS on epigenetic aging (Fig. 4k), we believe
that temperature is the key mediator of this effect. However, recent
work has suggested that clozapine canindependently contributetoan
effect on aging biomarkers®*™*°, The effects of TLS on epigenetic age
in these longitudinal experiments are comparable to those observed
in our other studies that control for CNO consumption (Figs. 2 and
4), suggesting that any effects due to the reverse metabolism of CNO
to clozapine are minimal. Yet, we cannot currently exclude a possible
contribution role for clozapine in this aspect of our findings (Fig. 3).
Separately, it is noteworthy that the frailty index measures we report
inboth TLS mice and controls are elevated compared to those previ-
ously reported for mice of a similar age?. This may be due to several
factors, including differences in scoring between experimenters and
thesstressorsfaced by both controland TLS mice, including stereotactic
and abdominal surgery and repeated tail bleedings at 3, 6,and 9 months
of age before frailty testing. It thus remains possible that a protective
effect of TLS for stressor-induced frailty may also contribute to the
observed TLS-mediated increases in healthspan. Future studies that
isolate core Ty, caloricrestriction, and metabolic rate while monitoring
TLS-mediated effects on age-associated frailty absent these invasive
techniques will be informative. Whenever possible, we used the same
number of male and female mice; however, our study is not sufficiently
powered torobustly detect sex-specific differences. Finally, our current
analysis may underestimate the sustained nature of aspects of these
TLS effects. In this regard, it is notable that the control animal cohort
showed an unexplained deviation in blood epigenetic age relative to
their trend line at 3 months post-TLS that would tend to minimize the
sustained effects of TLS (Extended Data Fig. 4a).

Itis also important to recognize that torpor and hibernation are
complex behaviors involving profound physiological changes that
are not fully recapitulated in our model. In light of the necessity of
decreased T, for the effects of TLS on blood epigenetic aging, and the
correlationbetween the depth of TLS and the rate of blood epigenetic
aging, perhaps the most salient difference between TLS and natural
hibernationisthat micein TLS exhibit shallower dropsin 7, than some

natural hibernators, who drop their T, as low as 4 °C. While TLS cap-
tures meaningful changes in both epigenetic aging and healthspan,
TLS may not reproduce pro-longevity effects that might occur from
the more extreme drops of T innatural hibernators. Future studiesin
natural hibernators should address the role of extreme dropsin T in
torpor-mediated increases inlongevity.

Uncovering tissue-specific aging processes is critical to under-
standing the age-related decline of different organs and diverse cell
types. We found that while TLS has systemic effects on functional meas-
ures of aging, TLS exerts tissue-specific effects on epigenetic aging
whereby induction of TLS had greater effects on tissues with higher
rates of basal cell turnover, most notably the blood. It is well known that
temperatureis aregulator of mammalian cell cycle, whereby moderate
hypothermia arrests mitosis**2. Our work showing the temperature
dependence of blood epigenetic aging coupled with the observation
that there is a correlation between the rate of basal cell turnover in
profiled tissues and the effect size of TLS on epigenetic aging offers a
working framework for the observed tissue-specific effects of TLSs on
aging that future studies should further address.

Methods

Mice

Experiments performed at Harvard Medical School were approved
by the National Institute of Health and Harvard Medical School Insti-
tutional Animal Care and Use Committee. Experiments performed at
the Whitehead Institute at the Massachusetts Institute of Technology
were approved by the National Institute of Health and the Division of
Comparative Medicine and the Committee on Animal Care. All experi-
ments followed ethical guidelines described in the US National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals and
were performed using adult C57BL/6) mice (The Jackson Laboratory,
stock 000664). Unless otherwise noted, all mice were group-housed at
22 °Cunderastandard 12 hlight/dark cycle and fed ad libitum. Relative
humidity was maintained at 50 + 15% across all experiments. No statis-
tical methods were used to predetermine sample size of groups, and
unless otherwise noted, all groups contained equal numbers of male
and female mice randomly assigned to experimental groups before
surgery. Across all experiments, mice were between 16 and 20 weeks
old at the start of the experiment.

Telemetric monitoring of core T,

Mice were implanted with wireless probes (UID catalog number UCT-
2112, Temperature Microchip) in the intraperitoneal space. Mice were
allowed torecover for atleast 4 days before recording. Torecord core
T,,, cages were placed on the UID Mouse Matrix reader plate, allowing
continuous and undisturbed tracking of core T,. Unless otherwise
noted, core T, was logged every 30 s. For longitudinal experiments
(Fig. 3), temperature was recorded at least three times per week using
aUID handheld reader. For calculations of average temperature when
temperature was taken more than once in a week while on CNO, the
minimum temperature taken on CNO was used.

Viral constructs

pAAV-hSyn-mCherry (Addgene catalog number 114472-AAVS)
and pAAV-hSyn-hM3D(Gq)-mCherry (Addgene catalog number
50474-AAV8) were obtained from Addgene. All AAVs were packaged
by the Boston Children’s Hospital Viral Core in serotype AAVS. All
viruses were diluted with PBS to a final concentration between 1and
5 x 10" genome copies per ml before stereotaxic delivery.

Stereotactic viral injection

Stereotactic surgery was performed when mice were between 8 and
14 weeks of age. Mice were anesthetized via isoflurane inhalation and
placed in a stereotactic headframe (Kopf Instruments). For all injec-
tions, coordinates AP + 0.4 mm, ML + 0.5 mm, DV -5 mm relative to
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bregmawere used to target the avMLPA. An air-based injection system
was used toinfuse the virus atarate of approximately 100 nl min™, and
the needle was keptat the injection site for 5 min before withdrawing.
For mice singly injected, 100-150 nl of virus was bilaterally injected.
For mice co-injected, viruses were mixed before injectioninal:1ratio,
and 100-150 nl of virus was injected bilaterally.

Fasting-induced daily torpor induction

Adult mice (n = 4 female mice) were singly housed before food removal
ata T, of 22 °C. Food was removed at the beginning of the dark cycle,
andinitial bouts of torpor were seen in mice after approximately 10 h of
fasting. Natural torpor was defined by a T, of <35 °C and lack of arousal.
Food was returned to cages 24 h after the start of the fast.

CNO administration

CNO solutionwas prepared by initially dissolving CNO hydrochloride
(Sigma-Aldrich, SML2304) in H,O to a stock solution of 100 mM. For
intraperitoneal injection of CNO, the stock solution was diluted with
PBSto afinal concentration of 0.6 mM, and approximately 250 pl was
injected intraperitoneally per mouse for afinal injection concentration
of2 mg kg™. For continuous CNO administration, CNO was taken from
a100 mM stock solution and diluted in water to a final concentration
between 0.01 mM and 0.04 mM.

Image analysis

Mice were anesthetized via inhalation of isoflurane and euthanized
by transcardial perfusion of 10 ml PBS followed by 10 ml of 4% para-
formaldehyde. Brains were extracted, post-fixed overnight with 4%
paraformaldehydeat4 °C, and thenembedded in PBS with 3% agarose.
Brains were sliced onavibratome (Leica VT1200S) into 50 pm coronal
sections. Sections were imaged on a TissueFax SL Q 60 pm confocal
disk slide scanner using a 10 x 0.3 objective with extended focus and
z-stacking.

Metabolic measurements

Mice (n =4 male mice, 4 female mice) were implanted abdominally
with telemetric temperature probes (Starr Life Science VV-EMITT-G2)
and placed in the Sable Systems Promethion Core Metabolic System.
Mice were given 24 hto acclimate before baseline recordings (2 days),
followed by CNO water administration (5 days) and recovery (3 days).
Data were logged every 3 min. For analysis of natural torpor, mice
were fasted as described previously. Six out of eight mice underwent
natural fasting-induced daily torpor bouts as defined by 7, <35 °C
and lack of arousal. For downstream analysis, the average value of
metabolic parameters for each individual mouse was calculated across
alltorpor bouts.

Statistical analysis of the thermoregulatory system

To analyze the thermoregulatory system during TLS and at baseline,
parameters G, T, and H were estimated from observing T, and VO,
acrossvarying T, (8,16,24 °C) as previously described'*'*. Mice (n =11,
5female mice, 6 male mice) were placed in Sable Systems Promethion
Core Metabolic System for measurement of 7, and VO,. To record
baseline and TLS data, mice were intraperitoneally injected with PBS
and CNO, respectively, and T, was lowered every 3 h (24,16, 8 °C). The
minimum VO, and corresponding T,, theoretically correspondingtoa
metabolically stable state, of each individual mouse at each tempera-
ture were used in downstream analyses.

Long-term TLS induction

Group-housed 16-week-old mice were injected with either
pAAV-hSyn-mCherry (controls) or pAAV- hSyn-hM3D(Gq)-mCherry
(TLS) and implanted with telemetric temperature probes. Mice were
administered CNO water (0.01-0.04 mM) for 4 days, followed by 3 days
of recovery over 12 weeks. Bodyweight was measured every 2 weeks.

Food intake was measured twice a week—upon CNO administration
and removal—allowing us to capture food consumption while on and
off CNO.

Tissue processing

Mice were anesthetized viainhalation ofisoflurane and euthanized by
cervical dislocation. Blood was collected via cardiac puncture followed
by transcardial perfusion of 10 ml PBS to wash tissues. Tissues were
removed and washed in PBS twice before being flash frozen in liquid
nitrogen. Following collection, tissues were stored at —80 °C before
further processing. For DNA extraction, DNeasy Blood & Tissue Kits
were used (QIAGEN catalog number 69506). After extraction, DNA was
stored at —20 °C until further processing. For RNA extraction, RNeasy
Mini kits were used (QIAGEN catalog number 74104). After extraction,
RNA was stored at =80 °C until further processing.

Methylation analysis

DNA samples were normalized to between 12.5and 25 ng pul ™ in 30 pl.
DNA was bisulfite converted using the Zymo EZ DNA methylation kit
(D5004). Bisulfite-converted DNA was run on the lllumina Horvath
Mammalian Methylation 320k Chip, which combines the Illumina
Infinium Mouse Methylation 285k array with the mammalian meth-
ylation array, resulting in interrogation of >285,000 cytosine-phos-
phate-guanine (CpG) sites specific to mice and 37,000 conserved
mammalian loci*’. The SEnsible Step-wise Specific Analysis of DNA
MEthylation BeadChips (SeSaMe) normalization method was used to
estimate methylation levels (8 values) for each CpGsite.

Epigenetic clock analysis

Our epigenetic clocks are based on the HorvathMammalMethyl-
Chip320.The datawere generated and analyzed by the nonprofit Epige-
netic Clock Development Foundationas previously described?22434,
In our primary analysis (Fig. 2), we assessed the epigenetic ages of
various mouse tissues by using DNA methylation clocks tailored for
blood, liver, kidney, and cerebral cortex. These mouse methylation
clocks were developed based on distinct training datasets as reported
by ref. 44. We also used the universal pan-mammalian epigenetic
clocks (UniversalClock 2and 3), as described by ref. 23 and depictedin
Extended DataFig.3. These pan-mammalian clocks leverage conserved
cytosines to evaluate aging across mammalian species, highlighting
epigenetic aging effects likely relevant to human aging. The R code of
all of these epigenetic clocks can be found in the MammalMethylClock
R package (1.0.0.)*.

Differential methylation analysis

Differential methylation analysis was performed using the SeSaMe
pipeline (v.1.16). First, the differentially methylated loci function was
used toidentify differentially methylated probes between controland
TLS mice. The differentially methylated region (DMR) function was then
used to align probes to the mouse genome (mm10) and find differen-
tially methylated regions. The following thresholds for significance
were used, anadjusted P<102and |AB| > 0.05.

GREAT analysis

Geneenrichment and top biological processes analysis were performed
using the Genomic Regions Enrichment of Annotations Tool (GREAT)
v.4.0.4. In brief, differentially methylated regions were identified as
described above. Only genomicregions with an adjusted P< 0.001and
|AB| > 0.05 were used for GREAT analysis with a basal plus extension
of 5 kb proximal upstream, 1 kb proximal downstream, plus distal of
uptolkb.

Bulk RNA-sequencinglibrary preparation and sequencing
Libraries were prepared using the NEBNext Ultrall kit. In brief, 500 ng
of RNA per sample underwent Poly(A) selection before fragmentation
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and random priming followed by first-and second-strand complemen-
tary DNA synthesis. Following cDNA synthesis, NEBNext Multiplex
Oligos for lllumina (E6440S) were ligated before PCR enrichment. All
libraries were pooled to a final concentration of 1 nM and sequenced
onaNovaSeq 6000.

Transcriptomic clock analysis

To assess the transcriptomic age (tAge) of liver, white adipose tissue,
cortex, and kidney derived from control mice and mice subjected to
TLS, we applied amouse multi-tissue gene expression clock of relative
lifespan-adjusted age based on previously identified signatures of
aging and lifespan-regulating interventions*®*’. Genes with less than
5reads in more than 87.5% of samples were filtered out, resulting in
17,695 expressed genes according to Entrez annotation. Filtered data
were then passed to relative log expression normalization*®, Normal-
ized gene expression profiles were log-transformed and scaled. The
missing values corresponding to clock genes not detected in the
data were imputed with the precalculated average values. Samples
from control 4-month-old animals were used as reference groups for
every tissue. Differences between average tAges across the groups
were assessed with one-sample analysis of variance (ANOVA) and
adjusted for multiple comparisons using Tukey’s honestly significant
difference (HSD).

Differential gene expression
The following command was used to align reads to the mm10 reference
mouse genome using STAR v2.7.10:

for fqlin‘/bin/Is *R1_001.fastq.gz‘

do

name = ‘basename $fql | perl-pe‘s/_R1_001.fastq.gz//“

fq2 = ‘basename $fql| perl-pe ‘s/R1_001.fastq.gz/R2_001.fastq.gz/“
echo Processing $name...

#Slurm cluster call

# echo sbatch --partition=20 --job-name=STAR --mem=32 G
--wrap “STAR --genomeDir /nfs/genomes/mouse_mm10_dec_11_
no_random/STAR/GRCm38.102.canonical_overhang_100
--sjdbScore 2 --runThreadN 8 --outSAMtype BAM SortedBy-
Coordinate --readFilesCommand zcat --readFilesIn $fql $fq2
-outFileNamePrefix./STAR/$name.”

sbatch --partition=20 --job-name=STAR --mem=32 G --wrap
“STAR --genomeDir /nfs/genomes/mouse_mm1l0_dec_11_
no_random/STAR/GRCm38.102.canonical_overhang_100
--sjdbScore 2 --runThreadN 8 --outSAMtype BAM SortedBy-
Coordinate --readFilesCommand zcat --readFilesIn $fql $fq2
-outFileNamePrefix./STAR/$name.”

done

After alignment, data were processed through the DESeq2
pipeline. In brief, data were separated by tissue type and processed
independently. DESeq() was run to normalize counts using contrast
of treatment (TLS versus Con). DESeq results were transformed to
variance-stabilized expression levels using the vst() function fol-
lowed by log fold change shrinkage with the IfcShrink() function using
apelgm. Data were visualized using the EnhancedVolcano() function
with the following thresholds: -log;,(P) <10~ and log, fold change > 1.

Clinical frailty index

Clinical frailty measurements were performed as previously
described®®”. Inbrief, ablinded investigator scored mice on 31 nonin-
vasive measures using asimple scale: mice were givena O if they showed
no deficit, a 0.5 if they showed a mild deficit, and a 1if they showed a
severe deficit. All frailty measurements were performed when mice
were off CNO and had recovered to euthermia. All bodyweight and
temperature calculations were excluded from downstream frailty score
analyses given the confounding effects of TLS on T, and bodyweight.

ClampingT,

Toblunt decreasesin core T,, mice cages were placed at athermoneu-
tral temperature (32 °C) in a Powers Scientific Incubator (IT54SD) for
the duration of the experiment.

Caloricrestriction

CR32°Cmiceand Stim + CR32 °C mice were pair-fed to TLS mice 4 days
aweek and fed ad libitum 3 days aweek to isolate the effects of caloric
restriction during TLS. In brief, CR 32 °C mice, Stim + CR 32 °C mice,
and Con 32 °C mice were singly housed at thermoneutral T, (32 °C).
We measured that while on CNO, TLS mice (1.17 + 0.1 g) ate on average
35% of what Con22 °C mice ate (3.31+ 0.14 g). We found that, while on
CNO, Stim 32 °C mice (2.30 + 0.12 g) ate on average 70% of what Con
32 °C mice ate (3.25 + 0.22 g). When pair-feeding CR 32 °C mice and
Stim + CR 32 °C mice to TLS mice, we accounted for the difference in
basal metabolic rates between mice housed at 32 °C versus 22 °C and
thusfed mice1+ 0.1goffood per day (roughly equivalent to 35% of the
daily food intake of Con 32 °C mice). While on CNO, CR 32 °C mice and
Stim + CR 32 °Cwere fed daily at the beginning of the dark cycle. While
off CNO, CR 32 °C mice and Stim + CR 32 °C mice were fed ad libitum.
Food intake of all mice was measured twice weekly, once at the begin-
ning of CNO treatment and once at the end.

Statistics and reproducibility

Sample size was predetermined based on power analyses from previ-
ously reported epigenetic clocks” and estimates based on effect size
of hibernation on epigenetic age in other species?. Pre-established
criteria were used for data inclusion/exclusion. Mainly, in long-term
epigenetic experiments, only animals from which we were able to
extract sufficient blood for downstream processing were included
at each measured time point. Each experiment was performed a sin-
gle time with multiple animals (numbers indicated in manuscript).
Data are displayed as individual points indicating the distribution of
results throughout the manuscript. Inindependent experiments that
overlapped in groups (that is, TLS mice in short-term and long-term
experiments), the results were in agreement. Assignment of age- and
gender-matched mice to different surgical and experimental groups
was random. All epigenetic clock analyses were performed blinded
to group. Frailty measurements were performed blinded to group.
Datadistribution was assumed to be normal, but this was not formally
tested; all data are plotted as individual data points.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw and processed methylation data are deposited and available
at Gene Expression Omnibus database (GEO) (GEO accession num-
bers 282499, 282659, 282661). Raw and processed RNA-seq data are
deposited and available at GEO (GEO accession number GSE288355).
Alladditional source dataare available in supplementary information
files.If there are any additional data missing from repositories and/or
supplementalinformationfiles, dataare available fromthe correspond-
ing author upon reasonable request. RNA-seq reads were aligned to
the mm10 reference mouse genome using STAR v2.7.10. The mm10
reference genomeisavailable at the National Center for Biotechnology
Information RefSeq assembly (GCF 000001635.20).

Code availability

Analysis was performed in R (v.4.2.1), Python (v.3.8.5), and GraphPad
Prism (v.10.2.3). Statistical analysis of the thermoregulatory system was
performed as previously described with publicly available code'”.R
codeforall epigenetic clocks used can be found in the MammalMethyl-
Clock R package®. Differential methylation analysis was performed
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using the SeSaMe pipeline. Gene enrichment and biological processes
analyses were performed using the Genomic Regions Enrichment of
Annotations Tool (GREAT v.4.0.4). Transcriptomic clock analysis was
performed as previously described*~** by A. Tyshkovskiy using R pack-
age edgeR (v.4.2.0)*®, Differential gene expression was performed using
DESeq2 (v.1.46). Allcustom code are available from the corresponding
author uponreasonable request.
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Extended Data Fig. 1| Metabolic characterization of natural fasting-induced
daily torporbouts. a-c, T, VO,, RQ, and activity as measured by the Prometheon
Metabolic Systemin 3 representative individual mice over a 24-hour fasting

T,graph).
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induced daily torpor bouts during the fasting interval as defined by T,, < 35°C
and lack of arousal (threshold T, for torpor entry marked by dotted grey line on
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Extended Data Fig. 2| The thermoregulatory system during TLS. a, Schematic
ofthe thermoregulatory model. b, Minimum T, and VO, across ambient
temperatures (8,16, 24°C) at baseline (grey) and during TLS (blue) (n =11).

¢, Therelationship between VO, and T - T,. The slope of the curve denotes the
median value of G, the heat conductance, at baseline (grey) (0.233 mLg ™ h™°C™)
and during TLS (blue) (0.172 mL g h™*°C™), thin lines denote the 89% highest
posterior density interval (HPDI) of G at baseline [0.210,0.236]mLg'h™°C™!
and during TLS[0.159,0.184] mLg ' h°C™, and dots represent datad,

36 40 015 020 025
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Relationship between T, and VO, across varying T,. The negative slope denotes
the median value of Hat baseline (grey) (1.555 g h™°C™) and during TLS (blue)
(0.780 g h'°C™). The X-intercept, where VO, = 0, represents the median
theoretical set point temperature (T,) at baseline (38.414°C) and during TLS
(29.13°C), thin lines represent the 89% HPDI of both H[1.00,2.46] g h™°Cat
baselineand [0.52,1.31]1g h™°C™ during TLS and T,,,[37.323,40.0]°C at baseline
and 29.13[28.02,30.36]°C during TLS, dots represent data. e, Distribution of
estimated T,.,and H both at baseline (grey) and during TLS (blue).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Additional epigenetic and transcriptomic clock
analyses.a, DNAmAge across tissues as calculated using the Universal2
Epigenetic Clock. Data reported as mean + SEM. Significance determined

by one-way ANOVA adjusted for multiple comparisons by Tukey’s HSD. In the
blood, TLS mice (6.01 + 0.33) had significantly lower DNAmAge than control
mice (n=38)(7.34 £ 0.18) (**P=0.0015). In the liver, kidney, and cortex, TLS mice
(liver=7.76 + 0.39, kidney =10.25 + 0.56, cortex =11.92 + 0.51) had comparable
DNAmAge to control mice (liver =8.08 + 0.23, kidney =10.40 + 0.39, cortex =
12.54 + 0.38) (liver =ns, P=0.7240, kidney = ns, P= 0.9705, cortex=ns, P= 0.5352).
b, DNAmAge across tissues as calculated using the Universal3 Epigenetic Clock.
Datareported as mean + SEM. Significance determined by one-way ANOVA
adjusted for multiple comparisons by Tukey’s HSD. In the blood, TLS mice

(5.22 £ 0.34) had significantly lower DNAmAge than control mice (7.21+ 0.27)
(**P=0.0008).Intheliver, kidney, and cortex, TLS mice (liver =6.08 + 0.45,
kidney=9.71+ 0.51, cortex=11.50 + 0.41) had equivalent DNAmAge to control
mice (liver=6.28 + 0.29, kidney =10.31+ 0.39, cortex =12.41 + 0.22) (liver =ns,
P=0.7240, kidney =ns, P=0.6152, cortex =ns, P= 0.2434). c, DNAmAge across
tissues as calculated using the PanTissue Epigenetic Clock. Data reported as
mean + SEM. Significance determined by one-way ANOVA adjusted for multiple
comparisons by Tukey’s HSD. In the blood, TLS mice (3.5 + 0.37) had significantly
lower DNAmAge than control mice (4.80 + 0.26) (**P=0.0099). In the liver,
kidney, and cortex, TLS mice (liver =5.478 + 0.18, kidney = 5.40 + 0.45, cortex =
4.98 + 0.12) had equivalent DNAmAge to control mice (liver = 6.13 + 0.32, kidney
=5.27 £0.30, cortex =5.72 + 0.44) (liver =ns, P= 0.1484, kidney = ns, P= 0.959,
cortex=ns, P=0.1997).d, Tissue-specific epigenetic clock analyses across tissues
and sexes. All data plotted as box plots indicating median, upper and lower
quartiles, and whiskers extending to min and max values. Data reported as mean.
Significance determined by one-way ANOVA adjusted for multiple comparisons
by Tukey’s HSD. In the liver, there were significant differences between TO and
control mice inboth males (TOM =4.244, M Control =6.666, ****P < 0.001) and
females (TOF = 4.143, Control F = 6.788,***P < 0.001). There were significant
differences between TO and TLS mice in both males (TOM =4.224, TLSM = 6.169,
*¥*p < (0.001) and females (TOF =4.143, TLSF = 6.283, ****P < 0.001). There

were no significant differences between Control and TLS mice in both males
(ControlM = 6.666, TLSM = 6.169, ns, P = 0.549) and females (Control F = 6.788,
TLSF =6.283, ns, P=0.531). Across sexes, there were no significant difference
betweenTOMand TOF (ns, P=0.9990), between Control Mand Control F

(ns, P=0.9981), or between TLSM and TLSF (ns, P=0.9986). In the cortex, we
found nosignificant differences between any groups, suggesting the cortex
tissue-specific clock lacked the necessary resolution. In the kidney, we found
significant differences between TO F (3.783) and Control F (7.438) (*P = 0.010);
however, we did not find significance between TO M (3.518) and Control M
(6.444) (ns, P=0.0519). We found a significant difference between TOM and TLS
M (6.482) (*P=0.0478), however we found no significant difference between TO
Fand TLSF (5.575) (ns, P=0.4139). We found no significant differences between
control females and TLS females (ns, P= 0.3737) or between control males and
TLS males (ns, P> 0.9999). Across sexes, there were no significant difference
between TOMand TOF (ns, P=0.9997), between Control M and Control F

(ns, P=0.8855), orbetween TLSMand TLS F (ns, P= 0.9187). In the cortex there

were no significant differences between TO and control mice in both males
(TOM =5.129, M Control = 7.475, ns, P= 0.3653) and females (TO F = 5.713, Control
F=7.690, ns, P=0.5434). There were no significant differences between TO and
TLS miceinboth males (TLS M =7.813, ns, P=0.2365) and females (TLS F = 8.490,
ns, P=0.2075). There were no significant differences between Control and TLS
mice inboth males (ns, P=0.3653) and females (ns, P=0.9806). Across sexes,
there were no significant difference between TOM and TOF (ns, P=0.9953),
between Control M and Control F (ns, P> 0.9999), or between TLSMand TLSF
(ns, P=0.9907). e, Transcriptomic clock analysis across tissues. Data reported

as mean. Significance determined by one-way ANOVA adjusted for multiple
comparisons by Tukey’s HSD. In the liver, there were significant differences
between TO and control mice in females (F) and males (M) (F TO = 0.52, F control
=5.29,**P=0.0003; MTO =-0.24, M control =2.835, *P= 0.022). There were
significant differences between control and TLS mice in females (F control =5.29,
F TLS =2.46, *P=0.039), but not males (M control =2.835, M TLS =4.15, ns,
P=0.649). We found a significant difference between M TO (-0.2357) and M TLS
(4.147),**P=0.0009); however, this comparison was not significant in female
mice (FTO =0.5166, F TLS = 2.463, ns, P= 0.254). Across sexes there were no
significant differences between male and female TO (ns, P= 0.9467), control

(ns, P=0.090), or TLS mice (ns, P=0.396). In the cortex there were significant
differences between TO and control mice in females (F TO =-0.60, F control =
4.44,**P=0.0002) but notin males (MTO = 0.43, M control=3.12, ns, P = 0.1473).
We found no significant differences between control and TLS mice in females

(F control=4.44,F TLS =7.17,ns, P=0.1376), orin males (M control =3.12,M

TLS =5.45, ns, P=0.3055). We found significant differences between TO and TLS
mice in both males (***P=0.0007) and females (****P < 0.0001). Across

sexes, there were no significant differences between male and female TO

(ns, P=0.9942), control (ns, P=0.9476), and TLS mice (ns, P=0.7365).In the
kidney, there were significant differences between TO and control mice in both
females (F TO = 0.05, F control =5.37,**P=0.0027) and males (MTO = 0.01, M
control =4.33,*P=0.0166). There were no significant differences between
controland TLS mice in females or males (F control=5.37, F TLS =4.11, ns,
P=0.8792; M control=4.33, MTLS = 3.76, ns, P= 0.9960). We found significant
differences between TO and TLS mice in both males (*P = 0.045) and females
(*P=0.0269). Across sexes there were no significant differences between male and
female TO (ns, P> 0.9999), control (ns, P=0.9426), and TLS mice (ns, P= 0.9996).
Inthe WAT, there were significant differences between TO and control mice in
both females and males (F TO = 0.17, F control =7.05, ***P<0.0001) (MT0 =0.22,
M control =4.00, *P = 0.0025). There were significant differences between
controland TLS mice in females (F control =7.05, F TLS =4.42, *P = 0.0153),
butnotin males (M control=4.00, MTLS = 4.06, ns, P>0.9999). There were
significant differences between TO and TLS mice in both males (**P=0.0022) and
females (***P=0.0002). Across sexes we found significant differences between F
control and M control (**P=0.009). We found no significant differences between
male and female TO (ns, P>0.9999) and TLS mice (ns, P=0.9959). All data
plotted as box plots indicating median, upper and lower quartiles, and whiskers
extending to min and max values. Significance determined by one-way ANOVA
adjusted for multiple comparisons by Tukey’s HSD.
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Extended Data Fig. 4 | Sustained effects of TLS on epigenetic age. a, DNAmAge
blood of control (mice stereotactically injected in the avMLPA with AAV-hSyn-
hM3D(Gq)-mCherry and administered drinking water without CNO) and TLS
mice over the course of the experiment. Blue shading denotes CNO treatment.
Data plotted as box plots (25" to 75" percentile) with whiskers from min-to-max
with line at median. A standard curve (DF = 54, R*=0.934) was interpolated across
all timepoints in control mice to assess the measurements taken after 3 months of
water. At 16 months of chronological age, the standard curve approximates that
the blood DNAmAge of control mice would be 13.37 with 95% C1+0.494. This value
is higher than the observed value 0f10.96 + 0.305 (n = 7). Thus, while 3 months
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post CNO cessation there is asmaller difference in epigenetic age between TLS
and control mice, there is no evidence for animmediate acceleration of aging

in TLS mice (n = 6) after cessation of CNO, rather this effect appears toreflecta
possibly inaccurate measurement taken from control mice at 3 months post
CNO cessation. b, Examining blood DNAmAge from 9 months after cessation

of TLS indicates that while TLS mice (n = 8) still had an average blood DNAmAge
(18.1£1.19) ~ 1.5 months younger than control mice (n = 8) (19.87+ 0.72) this
difference did not reach significance as determined by unpaired two-tailed T-test
(ns, P=0.297). Data plotted as box plots (25" to 75" percentile) with whiskers
from min-to-max with line at median.
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Extended Data Fig. 5| Clinical Frailty Index measurements. a, Schematic of
TLS treatment and clinical Fl assessment b, Frailty scores across the remaining
23 individual frailty index measurements of TLS and control mice (mice
stereotactically injected in the avMLPA with AAV-hSyn-hM3D(Gq)-mCherry

Menace Reflex

Alopecia

Con 1 l>:l>:' Con ‘>—<l
0.0 0.5 1.0 0.0 0.5 1.0
FI Score FI Score
dermatitis rectal prolapse
Con 1 »—Q Con l
? :| ns
TLS o ' TLS '
0.0 0.5 1.0 0.0 0.5 1.0
FI Score FI Score
piloerection mouse grimace scale
TLS 1 [>-<l TLS '
e
0.0 0.5 1.0
Fl Score 00 Fl %go,e 1.0
corneal capacity nasal discharge
Con 1 b—4 Con l
3
]m ] "
LS 4 '}—4 LS '
0.0

0.0 0.5
Fl Score

0.5
Fl Score

Con 1

TLS o

Con 1

TLS o

Con 1

TLS o

Tumours

3
— 7
L
0.0 %.5 1.0

FI Score

distended abdomen

i

o

.0 1.0

0.5
FI Score

estibular disturbance

It

o

.0 1.0

0.5
FI Score

and administered drinking water without CNO) after 9 months of TLS. TLS mice
(n=7)(0.07+0.0) scored significantly lower than control mice (n =9) (0.67 + 0.0)
on measurement of alopecia as determined by unpaired two-sided T-test
(*P=0.01). Datareported as mean + SEM.
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Extended DataFig. 6 | Bodyweight and AT, (°C) Analysis. a, Longitudinal
measurements of bodyweight over 9 months. Control mice (mice stereotactically
injected in the avMLPA with AAV-hSyn-hM3D(Gq)-mCherry and administered
drinking water without CNO, grey) and TLS mice (blue) had similar bodyweights
over the course of the experiment (TLS n =8, Con n=11). Using simple linear
regression, we found that there was no significant difference in normalized
bodyweight between TLS and control groups over the course of the longest

study we performed (ns, F = 0.0467, DFn=1, Dfd =376, P= 0.8290). Data plotted
as box plots (25" to 75" percentile) with whiskers from min-to-max with line

at median. b, Average weight (g) plotted against the normalized epigenetic

aging rate of individual TLS mice over the course of 9 months. We found no
significant correlation between bodyweight and the rate of epigenetic aging as
determined by Pearson correlation two-tailed test (R* = 0.08914, nis, P= 0.1385).
c-e, Totest whether average bodyweight correlates with decrease in core body
temperature, we stratified the data into 3-month segments (also corresponding
to when we measured epigenetic age) to avoid the confounding factor of age. We
found no significant correlation between absolute bodyweight and dropin core
body temperature in TLS mice across any time points using Pearson two-tailed
correlation tests (¢, R?=0.2243, ns, P= 0.1412,d, R*= 0.2895, ns, P= 0.1351,
e,R?=0.04548, ns, P=0.6121).
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Extended Data Fig. 7 | See next page for caption.

Nature Aging


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-025-00830-4

Extended DataFig. 7 | Food intake and T, in TLS, Con 22°C, Con 32°C,

Stim 32°C, CR 32°C, and Stim + CR 32°Cmice. a, Average T, of individual mice
across all groups over 3 months. Significance determined by one-way ANOVA
adjusted for multiple comparisons by Tukey’s HSD Data reported as mean.

TLS mice had significantly lower average Ty (32.6) than Con 32°C mice (36.28)
(****P<0.0001), Stim + CR 32°C mice (35.33) (***P=0.0005), CR 32°C mice
(36.04) (***P < 0.0001), Stim 32°C mice (35.83) (****P < 0.0001), Con 22°C mice
(35.58) (**P=0.0001). There were no significant differences between Con 32°C
and Stim + CR 32°C mice (ns, P = 0.5964), between Con 32°C mice and CR 32°C
mice (ns, P=0.9983), between Con 32°C and Stim 32°C mice (ns, P = 0.9737),
between Con 32°C and Con 22°C mice (ns, P = 0.8410), between Stim + CR 32°C
and CR32°C mice (ns, P= 0.8357), between Stim + CR 32°C and Stim 32°C mice
(ns, P=0.9654), between Stim + CR 32°C and Con 22°C mice (ns, P = 0.9981),
between CR 32°C and Stim 32°C mice (ns, P=0.9992), between CR 32°C and
Con22°C mice (ns, P=0.9707), and between Stim 32°C and Con 22°C mice

(ns, P=0.9987).b, Food intake across all groups for the duration of the
experiment while on CNO. Data reported as mean + SEM. Significance
determined by one-way ANOVA adjusted for multiple comparisons by

Tukey’s HSD. TLS mice (1.17+0.10 g) had significantly lower food intake than
Con22°C mice (3.67+0.18 g) (****, P < 0.0001), Con 32°C mice (3.25+0.22 g)

(***P<0.0001), and Stim 32°C mice (2.30+ 0.12 g) (***, P=0.0003).
Importantly, TLS mice had similar food intake to CR 32°C mice (0.95+ 0.0)

(ns, P=0.8868) and Stim + CR 32°C mice (0.88+0.02) (ns, P=0.7270).

Stim + CR32°C mice ate equivalent amounts as CR 32°C mice (ns, P = 0.9945),
and both groups ate significantly less than Con 22°C mice (Stim + CR 32°C vs.
Con 22°C mice, ***P > 0.0001; CR 32°C vs. Con 22°C mice, **P < 0.0001),

Con 32°C mice (Stim + CR 32°C vs. Con 32°C mice, ***P > 0.0001; CR 32°C vs.
Con 32°C mice, ***P < 0.0001) and Stim 32°C mice (Stim + CR 32°C vs.

Stim 32°C mice, ****P > 0.0001; CR 32°C vs. Stim 32°C mice, ****P < 0.0001).
Con 32°C mice ate equivalent amounts as Con 22°C mice (ns, P = 0.3588).

Stim 32°C mice ate significantly less than Con 32°C mice (**P=0.0062)

and Con 22°C mice (****P < 0.0001). ¢, Aggregate plot of T, over 12 week
experiment displayed over al week interval of control (grey) and TLS (blue)
mice. Data plotted as mean + s.d. d, Food intake of TLS mice and Control mice
while on and off CNO over duration of the experiment. e, Aggregate plot

of T, over 12 week experiment displayed over a1l week interval of Con 32°C

and Stim 32°C mice. TLS mice shown in blue for reference. Data plotted as
mean = SD. f, Food-intake of Con 32°C and Stim 32°C mice while on and off CNO.
g-h, Characterization of CR 32°C mice, data shown as in e-f. i-j, Characterization
of Stim + CR 32°C mice, datashown as in e-f.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Analysis of potential sex-differences across
experiments. a, Violin plot showing the distribution of AT, [°C] while on CNO
over the course of the longitudinal experiment in male and female TLS mice
(Fig. 3). There was no significant difference (ns, P = 0.2691) between males
(-5.115) and females (-5.559) as determined by two-sided unpaired T-test
(t=1.131, df=24).b-d, To test for sex-differences in TLS, we compared rates of
epigenetic aging using simple linear regression between (b) female TLS mice
and female control mice (c) between male TLS mice and control mice, and

(d) between male and female TLS mice. Data plotted as box plots (25" to 75"
percentile) with whiskers from min-to-max with line at median. In (b) we found
that female TLS mice (r* = 0.91, slope = 0.5352 +0.037) age significantly slower
than female control mice (r* = 0.96, slope =0.8404 +0.038) (F =32.72, DFn =1,
DFd =43, *** P<0.0001).Slope reported as mean + standard error. In (c) we
found that male TLS mice (r* = 0.94, slope = 0.60+0.045) age significantly slower
than male control mice (r*=0.96, slope =0.97 + 0.05) (F =28.7, DFn=1, DFd = 26,
***+P < (0.0001).Slope reported as mean + standard error. In (d) we found that
there is no significant difference between the aging rates of female (r*=0.91,
slope=0.5352+0.037) and male TLS mice (r*= 0.94, slope = 0.60+0.045)
(F=1.141,DFn=1,DFd =32, ns, P= 0.293). In (e-h) we compared the epigenetic
age of male and female TLS and control mice at every timepoint using one-

way ANOVA with multiple comparisons. Data plotted as box plots (25" to 75™
percentile) with whiskers from min-to-max with line at median. In (e) we found
that there were no significant differences between groups at TO (ns, P = 0.2467).
In (f) we found that there were significant differences between control females
(0.438) and TLS females (0.357) (*P=0.011), and between control males (0.458)
and TLS males (0.362) (**P = 0.009). There was no significant difference between
control females and control males (ns, P= 0.831), or between TLS females and

TLS males (ns, P=0.998). In (g) we found that there were significant differences
between control females (0.657) and TLS females (0.465) (****P < 0.0001)

and between control males (0.644) and TLS males (0.485) (** P=0.0018).

We found no significant differences between control females and control males
(ns, P=0.971), or between TLS females and TLS males (ns, P=0.93).In (h) we
found that there were significant differences between control females (0.869)
and TLS females (0.639) (**P = 0.002) and between control males (1.024) and
TLS males (0.706) (**P=0.007). We found no significant differences between
control females and control males (ns, P=0.112), or between TLS females and
TLS males (ns, P=0.719).1, Violin plot showing the distribution AT, [°C] while
on CNO over the course of a3-month experiment in male and female TLS mice
(Figs. 2, 4). There was no significant difference (ns, P = 0.31) between males
(-5.223) and females (-5.496) as determined by unpaired T-test (t =1.039, df=22).
To test whether either sex responded differently to clamping the temperature
orto caloricrestriction, we compared male and female groups within each
experiment using one-way ANOVA corrected for multiple comparisons with
Tukey’s HSD in (j-k). In (j), we found that there were no significant differences
between TO females (0.377) and males (0.400) (ns, P=0.9998), between

No Stim 22°C (0.478) females and males (0.527) (ns, P= 0.9322), between TLS
males (0.374) and females (0.4525) (ns, P = 0.4795), between No Stim 32°C
females (0.47) and males (0.476) (ns, P> 0.9999), and between Stim 32°C
females (0.5008) and males (0.507) (ns, P> 0.999). In (k) we found that there
were no significant differences between TO females (0.316) and TO males
(0.316) (ns, P> 0.999), between No Stim 22°C females (0.484) and males

(0.496) (ns, P=0.9998), between CR 32°C females (0.462) and males (0.448)
(ns, P>0.9999), and between Stim+CR 32°C females (0.4755) and males (0.4861)
(ns, P=0.9995).
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9 | Differential methylation analysis. a-e, Volcano plots

of differentially methylated regions across all groups as compared to Control
22°C mice. Differential methylation analysis was performed using the SeSAMe
pipeline, which identified 183,635 genomic regions with correlated CpGs from
326,723 probes. Dashed lines represent significance thresholds as determined by
DMR function, which models DNA methylation levels using mixed linear models,
treating conditions as covariates, with the following thresholds (adjusted
P-value <1073 and |ABeta | > 0.05). Importantly, only mice that underwent TLS
had a meaningful number of differentially methylated regions as compared

to Control 22°C mice after 3 months of treatment, suggesting temperature-
dependent epigenetic remodeling. a, Control 32°C, no significantly differentially
methylated regions b, Stim 32°C, 1 hypermethylated region (highlighted in
pink). ¢, CR32°C, no differentially methylated regions d, Stim+CR 32°C, had

no differentially methylated regions e, TLS, 701 significantly hypermethylated
regions highlighted in light blue, 5,332 significantly hypomethylated regions
highlighted in dark blue. f, Manhattan plot showing the 286,212 probes that
mapped to the mouse genome using the SeSAME pipeline to visualize the
genomic locations of differentially methylated probes between TLS and Control
22°C mice. Lower dashed line represents the significance threshold (raw

P-value <1075). Probes that were significantly hypermethylated in TLS mice as
compared to controls are highlighted in light blue; significantly hypomethylated
probes are highlighted in dark blue. g, Top 10 enriched gene hits in TLS mice

as compared to Control 22°C mice after 3 months of treatment identified via
Genomic Regions Enrichment of Annotations Tool (GREAT) analysis from all
differentially methylated regions. h, Top 10 enriched biological processesin TLS
mice as compared to Control 22°C mice after 3 months of treatment identified
via GREAT analysis. Only biological processes with more than 10 foreground
gene hits were included. i-j, Volcano plots of differentially methylated

regions in TLS mice as compared to control mice after 6 (i) and 9 (j) months

of TLS. Differential methylation analysis was performed using the SeSAMe
pipeline, whichidentified 183,635 correlated genomic segments. Dashed lines
represent significance thresholds (adjusted P-value <10 and |ABeta | > 0.05).
Significantly hypermethylated regions are highlighted in light blue; significantly
hypomethylated regions are highlighted in dark blue. i, After 6 months of TLS,
there were 567 significantly differentially hypermethylated regions and 10,614
significantly differentially hypomethylated regions. j, After 9 months of TLS,
there were 517 significantly differentially hypermethylated regions and
871significantly differentially hypomethylated regions. k, Top 10 enriched
biological processes after 9 months of TLS identified via GREAT analysis.

Only biological processes with more than 10 foreground gene hits were included.
1, Shared significantly enriched biological processes after 3and 9 months of TLS
identified using GREAT analysis. Biological processes were limited to those with
anFDR < 0.05 and more than 5 foreground gene hits.
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Data collection  For long-term temperature monitoring, mice were implanted with UID temperature microchips (UID Cat# UCT2112) and cages were places
on the UID Mouse Matrix reader plate. For metabolic measurements, Mice were implanted abdominally with telemetric temperature probes
(Starr Life Science VV-EMITT-G2) and placed in the Sable Systems Promethion Core Metabolic System. For clamping temperature, mice were
housed in thermoneutral temperature in a Powers Scientific Incubator (IT54SD). For tissue processing, DNA was extracted using DNeasy Blood
and Tissue kits (Qiagen #69506), RNA was extracted using RNeasy mini kits (Qjagen #74104). For epigenetic clock analysis, DNA was bisulfite
converted using zymo EZ DNA methylation kit (D5004) and was run on the custom lllumina HorvathMammalMethylChip320. For RNAseq
analysis, libraries were prepared using the NEBNext Ultra Il kit and sequenced on a NovaSeq6000.

Data analysis Most analysis was performed in R, Python, and GraphPad Prism. Statistical analysis of the thermoregulatory system was performed as
previously described with publicly available code from G.A. Sunagawa, 2016. R code of all epigenetic clocks can be found in the
MammalMethylClock R package. Differential methylation analysis was performed using the SeSaMe pipeline (v1.16) . Gene enrichment and
biologicalprocesses analysis were performed using the Genomic Regions Enrichment of Annotations Tool (GREAT v.4.0.4.). RNAseq reads were
aligned to the mm10 reference mouse genome using STAR v2.7.10. Transcriptomic clock analysis was performed as previously described by A.
Tyshkovskiy (2019 and 2023) using edgeR(v 4.2.0) (Robinson, 2010). Differential gene expression was performed using DESeq2 (v1.46)
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All raw and processed methylation data is deposited and available at GEO accession (Geo accession #282499, 282659, 282661). Raw and processed RNA-seq data is
deposited and available at GEO accession (GSE288355). All additional source data available in supplementary information files. If there is any additional data
missing from repositories and/or supplemental information files, data is available from corresponding author upon reasonable request. RNA seq reads were aligned
to the mm10 reference mouse genome using STAR v2.7.10. The mm10 reference genome is available at NCBI RefSeq assembly (GCF 000001635.20).
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Sample size Sample size was predetermined based on power analyses from previously reported epigenetic clocks [21], and estimates based on effect size
of hibernation on epigenetic age in other species [25].

Data exclusions  Pre-established criteria were used for data inclusion/exclusion. Mainly, in long-term epigenetic experiments, only animals from which we
were able to extract sufficient blood for downstream processing were included at each measured time point.

Replication Each experiment was performed a single time with multiple animals (numbers indicated in manuscript). Data is displayed as individual points
indicating the distribution of results throughout the manuscript. In independent experiments that overlapped in groups (i.e. TLS mice in short-
term and long-term experiments), the results were in agreement.

Randomization  Assignment of age- and gender-matched mice to different surgical and experimental groups was random.

Blinding All epigenetic clock analyses were performed blinded to group. Frailty measurements were performed blinded to group.
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Laboratory animals All experiments were performed using adult C57BL/6J mice (Jackson laboratory #000664). Sample size was predetermined based on
power analyses from previously reported epigenetic clocks[21], and estimates based on effect size of hibernation on epigenetic age
in other species[25]. Unless otherwise noted, all groups contained equal numbers of age-matched male and female mice randomly
assigned to experimental groups before surgery. Across all experiments, mice were between 16-20 weeks old at the start of all
experiments. ). Unless otherwise noted, all mice were group-housed at 222C under a standard 12 h light/dark cycle and fed ad
libitum. Relative humidity was maintained at 30-70% across all experiments.

Wild animals This study did not involve wild animals.

Reporting on sex All experiments started with equal numbers of both male and female subjects unless otherwise stated. We've include the sample size
of male and female mice in each experiment, as well as performed additional analyses looking for sex-differences.

Field-collected samples  This study did not involve samples collected in the field.

Ethics oversight Experiments performed at Harvard Medical School were approved by the National Institute of Health and Harvard Medical School
Institutional Animal Care and use Committee. Experiments performed at the Whitehead Institute at the Massachusetts Institute of
Technology were approved by the National Institute of Health and the Division of Comparative Medicine and the Committee on
Animal Care. All experiments followed ethical guidelines described in the US National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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