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SUMMARY

Intermittent fasting has gained global popularity for its potential health benefits, although its impact on so-
matic stem cells and tissue biology remains elusive. Here, we report that commonly used intermittent fasting
regimens inhibit hair follicle regeneration by selectively inducing apoptosis in activated hair follicle stem cells
(HFSCs). This effect is independent of calorie reduction, circadian rhythm alterations, or the mTORC1 cellular
nutrient-sensing mechanism. Instead, fasting activates crosstalk between adrenal glands and dermal adipo-
cytesin the skin, triggering the rapid release of free fatty acids into the niche, which in turn disrupts the normal
metabolism of HFSCs and elevates their cellular reactive oxygen species levels, causing oxidative damage
and apoptosis. A randomized clinical trial (NCT05800730) indicates that intermittent fasting inhibits human
hair growth. Our study uncovers an inhibitory effect of intermittent fasting on tissue regeneration and iden-
tifies interorgan communication that eliminates activated HFSCs and halts tissue regeneration during periods

of unstable nutrient supply.

INTRODUCTION

Fasting has been a longstanding tradition among many religious
groups for centuries. In recent years, various intermittent fasting
regimens incorporating periodic fasting or time-restricted
eating schedules have become increasingly popular worldwide.
Growing evidence suggests that these fasting paradigms not
only benefit metabolic health and weight control' ™ but also exert
profound effects on tissue health,>° although the mechanisms
of such impacts are not well understood. Somatic stem cells
are the driving force for the maintenance and regeneration of
many tissues throughout the body. Within tissues, somatic
stem cells reside in a specialized microenvironment called the
“niche.”’®"" Niche integrates signals from both local and sys-
temic sources to determine the fate of stem cells and modulate
regenerative processes in response to diverse physiological and
environmental changes, which are critical for animals’ adapta-
tion and survival in nature.'? However, the detailed mechanisms

by which intermittent fasting affects somatic stem cells and their
niches are not fully understood. Establishing these mechanisms
is crucial for understanding the root cause of intermittent fast-
ing’s effects on tissue health.

Previous studies have shown that fasting improves the func-
tion and stress resistance of multiple somatic stem cell popula-
tions in the intestine, muscle, and hematopoietic system.'®'®
However, the effects of intermittent fasting on other peripheral
tissues, such as the skin, have not been determined. Mechanis-
tically, intermittent fasting leads to extended intervals between
meals, changes in circadian rhythm, and reduced overall calorie
intake.® Nevertheless, it remains unclear which of these factors
primarily drives the impacts of intermittent fasting on somatic
stem cells and tissue regeneration. Additionally, intermittent
fasting causes considerable shifts in body physiology, but the
pathways by which these systemic changes are communicated
to peripheral tissues and whether specific niche components
play a role in influencing stem cell fate remain largely unknown.
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Lastly, somatic stem cells often exhibit unique metabolic signa-
tures,”” "9 utilizing distinct metabolic programs during various
stages of tissue regeneration.?>?" However, how these inherent
properties shape their unique responses to fasting is not clear.

Here, we investigated these questions in the skin. Within the
skin, the hair follicles undergo cyclic phases of growth (anagen),
regression (catagen), and rest (telogen) to produce new hairs,
driven by the periodic activation of hair follicle stem cells
(HFSCs).?>?* During telogen, HFSCs remain quiescent in the
hair follicle’s bulge and hair germ regions.”>’ They become
transiently active upon anagen entry, initiating hair follicle regen-
eration and performing self-renewal %2 (Figure S1A). Addition-
ally, diverse cell types in the skin organize into a complex niche
surrounding the HFSCs,?° enabling the modulation of their
regenerative activities in response to external stimuli or physio-
logical changes.*%*" Prior clinical observations suggest that pa-
tients on very low-calorie diets for rapid weight loss may experi-
ence hair loss.®>**® However, the effects of modern intermittent
fasting regimens on hair follicle regeneration and hair growth
remain unclear. The well-defined behaviors of HFSCs and the
visible nature of the hair make the hair follicle an ideal system
for studying how various intermittent fasting regimens impact
somatic stem cells and tissue biology.

RESULTS

Commonly used intermittent fasting regimens inhibit
hair follicle regeneration

To examine the effects of intermittent fasting on hair follicle
regeneration, we adopted two commonly used intermittent fast-
ing regimens: 16/8 time-restricted feeding (TRF), where daily
food consumption is limited to an 8-h window followed by a
16-h fasting period, and alternate-day fasting (ADF), which in-
volves alternating between a 24-h fasting period and a 24-h un-
restricted eating period® (Figure 1A). We applied these para-
digms on adult C57BL/6 mice starting from postnatal day (P)
60, when the hair follicles on their back skin were at the extended
2" telogen phase, before anagen entry (Figure S1A). The mice
were shaved before treatments, and their hair regrowth was
monitored over a 96-day treatment period until P156 (Figure 1B).
Animals under regular ad libitum (AL) feeding entered anagen
around P80 and had most of their back hair regrown by P100.
By contrast, animals subjected to the TRF or ADF paradigms ex-
hibited significantly impaired hair follicle regeneration, with only
partial hair regrowth observed by P156 (Figures 1B and 1C). He-
matoxylin and eosin (H&E) staining revealed that hair follicles
from the treated groups were stuck in an extended telogen/early
anagen phase, resulting in a lack of new hair shaft production
(Figure 1D). This inhibitory effect can be observed in both male
and female mice, as well as in mice treated from P24, a stage
when their back skin hair follicles were in the 15! telogen
phase (Figures S1A-S1E). We monitored the animals’ food
intakes and metabolic status using metabolic cages and
confirmed that the fasting paradigms were effectively performed
(Figures 1E and S1F). In addition, consistent with previous re-
ports,>**® mice subjected to intermittent fasting exhibited
enhanced glucose tolerance, an indicator of improved metabolic
health (Figure S1G). Collectively, these findings indicate that
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while commonly used intermittent fasting regimens offer meta-
bolic benefits, they exhibit substantial inhibitory effects on hair
follicle regeneration.

Intermittent fasting selectively induces apoptosis in
activated HFSCs
Next, we aimed to analyze how intermittent fasting impacts the
fates of HFSCs (Figure 2A). HFSCs in the bulge exhibit expres-
sion of high CD34 and low P-cadherin (CD34"9"/Pcad'¥), while
HFSCs in the hair germ are CD34"°"/Pcad"9".%® Upon entering
anagen, HFSCs in the hair germ are activated first, followed by
those in the bulge. These activated HFSCs further develop into
a highly proliferative transit-amplifying progenitor population
(HF-TACs) with elevated ephrin-B1 expression, driving hair folli-
cle growth (Figure 2A). Failure to activate quiescent HFSCs is a
common cause of many hair follicle regeneration defects.®'*’
To test whether intermittent fasting inhibits HFSC activation,
we applied ADF to mice starting from P24, when their hair folli-
cles were in telogen and HFSCs in the quiescent state, and
examined HFSCs daily for activation defects. 5-ethynyl-2’-deox-
yuridine (EdU, a thymidine analog that incorporates into the DNA
of dividing cells) was injected to label proliferative HFSCs. Mice
under AL could activate HFSCs and enter anagen by P26, as evi-
denced by the EdU+ HFSCs within their hair follicles (Figures 2B,
AL, green arrowhead and S2A). Similarly, mice subjected to ADF
could also activate a comparable number of HFSCs by P26
(Figures 2B, ADF, yellow arrowhead and S2A). However,
following the 24-h fasting period, the number of EdU+ HFSCs
within their hair follicles decreased dramatically, while many
apoptotic signals appeared, as evidenced by the staining of
active caspase-3 (Figures 2B, ADF, red arrowhead and S2B).
During the subsequent feeding period, more HFSCs were acti-
vated, only to be eliminated again by fasting. As a result,
HFSCs were activated and eliminated repetitively during inter-
mittent fasting, leading to insufficient production of HF-TACs
and inhibited hair follicle growth (Figures 2B and S2C). Whole-
mount staining confirmed the extensive HFSC apoptosis after
24 h of fasting (Figure 2C). Similarly, apoptotic HFSCs can be
found in mice under TRF as well as in mice with intermittent fast-
ing starting from the 2™ telogen phase (Figures S2D and S2E).
To determine whether activated HFSCs are selectively elimi-
nated by fasting, we labeled proliferative HFSCs by injecting
EdU intraperitoneally every 6 h during a 24-h feeding period in
mice subjected to ADF and then traced the fate of these cells af-
ter the 24-h fasting period (Figure 2D). Most apoptotic HFSCs
were positive for EAU, indicating that they were previously acti-
vated before undergoing apoptosis (Figure 2D). Flow cytometry
analysis showed that approximately 25% of HFSCs were acti-
vated during the feeding period in ADF, and approximately
90% of them were eliminated after fasting (Figure 2E), leading
to a significant decrease in total HFSC number after multiple
rounds of fasting in ADF (Figure 2F). By contrast, quiescent
HFSCs within either 15' or 2"¥ telogen hair follicles did not
show any apoptotic signal after 24-h fasting (Figures S2F and
S2G), suggesting that only activated HFSCs are affected by fast-
ing. To further confirm this, we artificially activated quiescent
HFSCs in the 2™ telogen hair follicles by hair plucking,®® and
subsequently implemented ADF (Figure 2G). Hair plucking
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Figure 1. Intermittent fasting inhibits hair follicle regeneration

A) Schematic of dietary intervention paradigms, including AL, 16/8 TRF, and ADF. Feeding starts from zeitgeber time (ZT) 12 after lights off.
B) Progression of hair regrowth in female mice subjected to AL, 16/8 TRF, and ADF between P60 and P156. Mice were shaved before treatments (n = 8-10).

(
(
(C) Quantification of the hair regrowth in mice in (B) (n = 5, two-way ANOVA).
(D) H&E staining of skin. Scale bar, 100 um.

(

E) Metabolic cage data of mice under AL, TRF, and ADF over a 72-h period starting from ZTO. Fasting periods are shadowed by gray. Parameters measured: food
intake (gram), body mass (gram), water intake (gram), respiratory quotient (VCO,/VO,), the volume of oxygen consumed VO, (mL/min), and energy expenditure
(kcal/h, n = 3). Data are presented as mean + SEM. *p <0.05, *p < 0.01, ***p < 0.001, ***p < 0.0001, n.s., not significant.

See also Figure S1.

activates a greater number of HFSCs compared with natural an-
agen entry (Figure S2H). With the increased number of active
HFSCs, more apoptotic HFSCs were observed after fasting (Fig-
ure 2G). Consequently, the number of HFSCs decreased
dramatically in fasted mice compared with mice under AL (Fig-
ure S2I), and a significant delay in hair follicle regeneration and
hair regrowth was observed (Figure 2H). Fasting-induced
apoptotic signals were also observed in anagen hair follicles in
the tail skin but not in telogen hair follicles in the ear skin
(Figures S2J and S2K). Additionally, apoptosis was observed in
melanocyte stem cells (McSCs) that share the same niche and

are activated together with HFSCs, but not in other skin cell
types, including epidermal stem cells (EpiSCs), keratin 6+ inner
bulge cells, dermal fibroblasts, or immune cells (Figures S2L-
S20). After a significant delay, pigmented hairs can regrow in
some areas of the back skin (Figures 1B and S1B), likely due
to the accumulation of the remaining activated HFSCs and
McSCs after fasting (Figures S2C and S2L), which continue to
differentiate and drive hair follicle growth and pigment produc-
tion (Figure S2P).

To assess the potential long-term effects of intermittent fasting
on HFSCs, we applied intermittent fasting paradigm TRF on mice
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for 8 months. Chronic application of intermittent fasting resulted
in baldness in some regions of their back skin (Figure 2I). Upon
examination of hair follicles, we observed a significant reduction
in HFSC number, hair follicle length, and HFSC compartment
size (Figure 2l), indicative of hair follicle degeneration driven by
stem cell loss.®® Collectively, these data suggest that under
intermittent fasting, HFSCs undergo repetitive cycles of activa-
tion and apoptosis (Figure 2J). When implemented for a short-
term, intermittent fasting disrupts the normal progression of
the hair follicle regeneration program into later stages, resulting
in delayed hair follicle regeneration. When applied chronically,
they cause HFSC loss and hair follicle degeneration.

Extended duration of fasting drives stem cell death
Intermittent fasting is generally believed to achieve its effects
through the reduction of overall calorie intake and modification
of eating patterns, often involving cycles of extended fasting
(Figure 3A). To determine whether the regeneration defect was
due to reduced overall calorie intake, we closely examined the
daily food consumption of our experimental mice. Contrary to
our expectations, mice subjected to either TRF or ADF did not
exhibit a significant decrease in average daily calorie intake
compared with those under AL (Figure 3B). Further analysis re-
vealed that these mice quickly adapted to the feeding schedules
by adjusting eating behaviors to consume more food within
the designated feeding windows (Figure 3C). Therefore, the
apoptosis of HFSCs cannot be attributed to a reduction in total
calorie intake.

Extended duration of fasting is another key component
embedded within various intermittent fasting regimens. Mice
subjected to 16/8 TRF experience 16 h of fasting daily, while
mice subjected to ADF experience 24 h of fasting every other
day (Figures 1A and 1E). To determine if the apoptosis of
HFSCs correlates with the length of fasting duration, we sub-
jected mice to varying lengths of fasting and examined the
occurrence of HFSC apoptosis (Figure 3D). After 8 h of fasting,
the hair follicles had minimal apoptotic signals. However, as
the fasting duration increased to 16 h, many apoptotic HFSCs
appeared. The number of apoptotic HFSCs continued to rise
with longer fasting durations and disappeared after refeeding

¢ CellP’ress

(Figure 3D). To further confirm that extended fasting duration
mediated the inhibitory effect of intermittent fasting on hair folli-
cle regeneration, we modified the typical 16/8 TRF paradigm by
extending the daily feeding window from 8 to 12 h (Figures 3E
and 3F). Despite no significant increase in food consumption,
mice with a longer feeding window (thus shorter daily fasting
time) exhibited nearly normal hair regrowth (Figures 3G-3l). By
contrast, when we implemented more stringent TRF paradigms
with a daily feeding window reduced from 8 to 5 or 3 h, without
significant reduction in food intake, mice with longer daily
fasting time exhibited more pronounced delays in hair regrowth
(Figures 3E=3I). In addition, fasting during either the day or the
night resulted in similar delays in hair follicle regeneration, indi-
cating that the defects cannot be attributed to changes in circa-
dian rhythms (Figures S3A-S3C). Together, these findings sug-
gest that the apoptosis of HFSCs and hair follicle regeneration
defects are primarily caused by extended durations of fasting
embedded within various intermittent fasting regimens, rather
than reduced overall calorie intake or circadian rhythm changes.
As the fasting period lengthens, the severity of the defects
worsens. Because the ADF paradigm induces severe HFSC
apoptosis and hair follicle regeneration defects, we focus on us-
ing ADF for most of the remaining mechanistic studies.

Fasting-induced lipolysis in niche adipocytes drives
HFSC apoptosis

Next, we aimed to identify the mechanism by which extended
fasting impacts HFSCs. Fasting induces a temporary fall in sys-
temic nutrient levels, which could be directly sensed by HFSCs’
cellular nutrient-sensing mechanisms, eventually leading to
apoptosis’’ (Figure 4A). To test this possibility, we first measured
the blood glucose levels throughout the 24-h fasting and 24-h re-
feeding cycle in mice under ADF (Figures 4B and S4A). Following
fasting, blood glucose levels drop significantly, indicating a
temporal reduction in systemic nutrient levels (Figure 4B).
As the mammalian target of rapamycin (mTOR) signaling
pathway serves as the primary cellular nutrient-sensing mecha-
nism in HFSCs,*' we generated K15°FCR: Tsc2™ mice to
knockout tuberous sclerosis complex 2 (Tsc2), the negative
regulator of the mammalian target of rapamycin complex 1

Figure 2. Intermittent fasting induces apoptosis in activated HFSCs

(A) Possible mechanisms of inhibited hair follicle (HF) regeneration.

(B) Activation and apoptosis of HFSCs in mice subjected to AL and ADF starting from P24. Antibodies stained: active caspase-3 (aCAS3, n = 30 HFs from 5 mice,

one-way ANOVA).

(C) Whole-mount staining of HFs from mice subjected to 24-h fasting at P27. Antibodies stained: P-cadherin (Pcad, outlining the HFSC compartment), aCAS3

(n = 30 HFs from 3 mice, two-tailed unpaired t test).

(D) Tracing the fate of activated HFSCs upon intermittent fasting (n = 30 HFs from 5 mice, two-tailed unpaired t test).
(E and F) (E) Flow cytometry analysis showing the proportion of EdU+ HFSCs and (F) total number of HFSCs decrease after a 24-h fasting period in ADF (n = 3,

two-tailed unpaired t test).

(G) Fasting induces apoptosis of HFSCs that were artificially activated by hair plucking. Antibodies stained: keratin 14 (K14, outlining the HF), aCAS3 (n = 30 HFs

from 3 mice, two-tailed unpaired t test).
(H) Delayed hair regrowth after hair plucking upon ADF (n = 3).

() Left: changes in HF morphology after 8 months of intermittent fasting. Antibodies stained: Pcad, K14, and collagen 17A1 (a marker for HFSCs). White ar-
rowheads indicate degenerated HFs. Right: quantification of HFSC compartment size, HF length, and HFSC numbers (n = 30 HFs from 3 mice, two-tailed
unpaired t test).

(J) Model summarizing the cyclic activation and apoptosis of HFSCs during intermittent fasting. Scale bars, 30 um. In the bar graph, data are presented as mean +
SEM. In the box plot, data are presented as the interquartile range and median. *p < 0.01, **p < 0.001, ***p < 0.0001, n.s., not significant.

See also Figure S2.
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Figure 3. Extended duration of fasting induces HFSC death and inhibits hair follicle regeneration

(A) Possible factors that cause HFSC apoptosis and HF regeneration inhibition.

(B) Average daily calorie intake of female mice under AL, TRF, and ADF between P60 to P130 (n = 35 days of calorie intake record from 5 mice, one-way ANOVA).
(C) Daily calorie intake records from P60 to P88 (n = 5).

(D) Time course of HFSC apoptosis along the 24-h fasting and 24-h refeeding periods. Red arrowheads mark the apoptotic HFSCs. (n = 30 HFs from 5 mice, one-
way ANOVA.)

(E) Manipulating the duration of fasting in TRF.

(F) Metabolic cage monitors the food intake of mice under different TRFs (n = 3).

(G and H) Hair regrowth in mice under different TRFs (n = 3-5).

(I) Average daily calorie intake (n = 12 days of caloric intake record from 5 mice, one-way ANOVA). Scale bar, 30 um. Data are presented as mean + SEM. ***p <
0.0001, n.s., not significant.

See also Figure S3.
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(MTORCH1) signaling pathway, specifically from HFSCs (Fig-
ure S4B). Without TSC2, the mTORCH signaling pathway be-
comes constitutively active, losing its functional nutrient-sensing
ability.*? Despite this, HFSCs in the Tsc2 knockout mice still un-
derwent apoptosis following fasting, resulting in delayed hair
regrowth, while HFSC activation and hair growth remained unaf-
fected under AL (Figures 4C, 4D, and S4C). Hence, fasting-
induced apoptosis in HFSCs is not dependent on the classical
mTORC1 cellular nutrient-sensing mechanism.

Extended duration of fasting also triggers a range of evolution-
arily conserved adaptative responses to initiate fitness behaviors
and mobilize stored fats from adipose tissues.**~*° Within the
skin, adipocytes in the dermis are crucial components of the
HFSC niche*’+*® (Figure 4E). Therefore, we asked if systemic
changes induced by fasting could transmit into the skin and influ-
ence HFSCs through niche adipocytes. Indeed, after 24 h of fast-
ing, dermal adipocytes underwent extensive lipolysis to break
down stored ftriglycerides, releasing substantial amounts of
free fatty acids (FFAs) into the niche (Figures S4D-S4G). As a
result, the local FFA concentration in the skin far exceeds that
found in circulation (Figure S4G). To test whether the lipolysis
in dermal adipocytes correlates with HFSC death, we monitored
their lipolysis process across the 24-h fasting period in ADF.
Notably, prominent lipolysis in dermal adipocytes can be
observed after 16 h of fasting (Figure 4F, blue arrowheads), coin-
ciding with the appearance of apoptotic HFSCs in the hair follicle
(Figure 3D). Once the mice were fed, the lipolysis of dermal adi-
pocytes ceased promptly, and the apoptosis of HFSCs also sub-
sided (Figures 3D and 4F). Together, these data imply a strong
link between dermal adipocyte lipolysis and HFSC apoptosis
during fasting.

To determine whether fasting-induced lipolysis in dermal
adipocytes drives HFSC death, we generated AdipoQCER;
Atgl”™ mice to knockout adipose triglyceride lipase (Atgl),*° a
critical lipolytic enzyme, specifically from dermal adipocytes
(Figures 4G and S4H). Without ATGL, dermal adipocytes
became resistant to fasting-induced lipolysis (Figure 4H, lower).
Simultaneously, a significant reduction in HFSC apoptosis was
observed upon fasting (Figure 4H, upper). To determine if the
oxidation of these excessive FFAs by HFSCs induces apoptosis,
we generated Lhx2°ER: Cpt1a™" mice to knockout carnitine

Cell

palmitoyltransferase 1A (Cpt1a), a rate-limiting enzyme respon-
sible for transporting FFAs into the mitochondrial matrix for
beta-oxidation,'* specifically from HFSCs (Figures 4G and
S4l). Although with extensive lipolysis in dermal adipocytes, ge-
netic blocking of fatty acid oxidation (FAO) in HFSCs significantly
reduced their apoptosis upon fasting (Figure 4l), and the in-
hibited hair follicle regeneration in mice subjected to ADF was
also alleviated (Figure 4J). The surviving HFSCs with Cpt1a
knockout exhibited reduced proliferation during fasting
compared with AL (Figure S4J). Treatment with the glutaminase
inhibitor CB-839 induced significant apoptosis in these HFSCs
upon fasting but not under AL (Figures 4K and S4K). These find-
ings suggest that HFSCs with Cpt7a knockout reduce prolifera-
tion during fasting and likely depend on glutamine metabolism as
an alternative energy source to maintain survival. Under AL,
HFSC activation, lipolysis in dermal adipocytes, and hair cycle
progression remain largely unaffected in these genetic knockout
models (Figures S4L-S4Q). Thus, excessive FFAs released from
dermal adipocytes and their oxidation in HFSCs drive the
apoptosis of HFSCs upon fasting, and this pathway remains
inactive under AL feeding conditions.

To further determine if elevated levels of FFAs in the niche are
sufficient to drive HFSC apoptosis without fasting, we purified
dermal adipocytes from the skin and analyzed the composition
of FFAs within their triglycerides using gas chromatography-
mass spectrometry (GC-MS). The most abundant FFA species
are palmitic acid (16:0), oleic acid (18:1, cis-9), and linoleic acid
(18:2, cis-9,12, Figure 4L). Intradermal injection of these FFAs
into a small region of the skin induced apoptosis in HFSCs
without fasting but not in EpiSCs (Figures 4M, S4R, and S4S).
Collectively, our data demonstrate that fasting-induced lipolysis
in dermal adipocytes and FAO in HFSCs are pivotal processes
driving HFSC apoptosis during intermittent fasting.

Fasting activates adrenal glands to halt tissue
regeneration

To investigate how fasting signals are transmitted into the skin
and induce lipolysis in dermal adipocytes, we started by exam-
ining the role of sympathetic nerves, which serve as a crucial
mediator of the body’s response to low energy levels®® (Fig-
ure 5A). Inside the skin, postganglionic sympathetic nerves are

Figure 4. Fasting-induced lipolysis in niche adipocytes drives HFSC apoptosis

(A) Possible mechanisms of fasting-induced HFSC apoptosis through the mTORC1 pathway.

(B) Blood glucose changes during the 24-h fasting and 24-h refeeding periods. (n = 6, one-way ANOVA.)

(C) Whole-mount staining of HFs from K15°°FCR; Tsc2™ mice and littermate controls for aCAS3 and Pcad under ADF (n = 5).

(D) Delayed hair regrowth in K15°°°CF; Tsc2™" mice and littermate controls under ADF (n = 3).

(E) Whole-mount staining of dermal adipocytes (Plin1, marks the surface of lipid droplets) and HFs (K14).

(F) Time course of dermal adipocyte lipolysis along the 24-h fasting and 24-h refeeding periods. 6 outlines the HF, and BODIPY marks lipid droplets (n = 30 lipid

droplets from 3 mice, one-way ANOVA).

(G) Possible mechanisms of fasting-induced HFSC apoptosis. TAG, triglyceride; DAG, diglyceride; MAG, monoglyceride.
(Hand I) (H) Lipolysis of dermal adipocytes (bottom) and apoptosis of HFSCs (top) in AdipoQC™ER; Atgl™" (ATGL cKO) mice or () Lhx2"ER; Cpt1a™" (CPT1A cKO)

mice after 24-h fasting (n = 30 HFs from 6 mice, two-tailed unpaired t test).

(J) Hair regrowth in Lhx2C"°ER; Cpt1a™" mice and littermate controls under ADF (n = 3).
(K) Apoptosis of HFSCs in CPT1A cKO mice treated with CB-839 after 24-h fasting (n = 30 HFs, two-tailed unpaired t test).

(L) GC-MS analysis of FFA composition in dermal adipocytes (n = 4).

(M) Apoptosis of HFSCs upon FFAs intradermal injection on AL mice. (n = 30 HFs from 3 mice, one-way ANOVA.) Scale bars, 30 um. Data are presented as mean +

SEM. **p < 0.0001, n.s., not significant.
See also Figure S4.
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Figure 5. Fasting activates adrenal glands to induce lipolysis in niche adipocytes and apoptosis in HFSCs

(A) Possible mechanisms of fasting-induced lipolysis in dermal adipocytes.

(B) Sympathetic innervation of dermal adipocytes in mice back skin. Whole-mount staining for Plin1 in DBH-Cre;Rosa-TdTomato mice, TdTomato marks
sympathetic nerves.

(C) Inhibited hair regrowth in sympathetic nerve ablated (SN abla) mice upon ADF (n = 5).

(D) Schematic of fasting-induced adrenal gland activation.

(E) ELISA measurement of plasma leptin, corticosterone, and epinephrine levels during the 24-h fasting and 24-h refeeding periods. (n = 5, one-way ANOVA.)
(F and G) (F) Intradermal injection of corticosterone or epinephrine causes lipolysis of dermal adipocytes and (G) apoptosis of HFSCs. (n = 30 HFs from 3 mice,
one-way ANOVA.)

(H) Fasting-induced lipolysis in dermal adipocytes was blocked in adrenalectomized (ADX) mice. (n = 30 lipid droplets from 3 mice, one-way ANOVA.)

(I) Fasting-induced apoptosis of HFSCs was blocked in ADX mice. (n = 30 HFs from 3 mice, one-way ANOVA.)

(J) Hair regrowth in ADX mice became insensitive to intermittent fasting (n = 6, two-way ANOVA). Scale bars, 30 um. Data are presented as mean + SEM. *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001, n.s., not significant.

See also Figure S5.
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Figure 6. Elevated ROS in HFSCs leads to apoptosis, and enhancing antioxidant capability prevents HFSC apoptosis upon fasting

(A) RNA-seq workflow.

(B) IPA of differentially expressed genes (48 h fasting).

(C and D) (C) Heatmaps of signature gene expression related to glycolysis, fatty acid metabolism, and (D) oxidative stress response.

(E) Measurement of mitochondrial ROS (mROS) by MitoSox red and mitochondrial membrane potential by TMRM in HFSCs from mice upon 24-h fasting (n = 3).
Positive controls: 500 uM H,O; (for MitoSox), carbonyl cyanide m-chlorophenylhydrazone (CCCP, an oxidative phosphorylation uncoupler, for TMRM).

(legend continued on next page)
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close to dermal adipocytes (Figure 5B). Upon fasting, sympa-
thetic nerves are mildly activated, as shown by the elevated
levels of FOS (a reporter for neuronal activity®') in the cell bodies
of the sympathetic neurons (Figure S5A). To test whether sympa-
thetic signals drive lipolysis in dermal adipocytes upon fasting,
we used 6-hydroxydopamine (6-OHDA), a selective neurotoxin
that targets adrenergic nerves, to remove sympathetic nerves
in the skin® (Figure S5B). Without sympathetic innervation,
dermal adipocyte lipolysis and HFSC apoptosis still exist upon
fasting (Figures S5C and S5D), and the delayed hair regrowth
in mice subjected to ADF was not restored (Figure 5C). Thus,
sympathetic innervations do not play a significant role here.

Another possibility is the adrenal glands (Figure 5A). Adrenal
glands play a central role in regulating the body’s physiological ad-
aptations to fasting.****** Upon fasting, the fall in systemic leptin
levels stimulates neurons in the hypothalamus, initiating a hormon-
al cascade through the hypothalamic-pituitary-adrenal (HPA) axis
to prompt the release of hormones, primarily cortisol and epineph-
rine, from adrenal glands into the bloodstream®*~°’ (Figure 5D).
Both cortisol and epinephrine harbor potent lipolytic functions,
and analysis of data from a previous study®® demonstrated the
expression of the $3-adrenergic receptor (ADRB3, a receptor for
epinephrine) and glucocorticoid receptor (GR, a receptor for corti-
costerone, the mouse equivalent of cortisol) in dermal adipocytes
(Figure S5E). Thus, we hypothesized that the activation of adrenal
glands upon fasting induces lipolysis in dermal adipocytes, thus
mediating the effects of intermittent fasting on HFSCs and hair fol-
licle regeneration. To test this, we first monitored the activity of the
adrenal glands throughout the 24-h fasting and 24-h refeeding cy-
cle in mice under ADF by measuring the levels of leptin, epineph-
rine, and corticosterone in the blood every 6 h (Figure 5E). During
the initial 12 h of fasting, hormone levels remained relatively stable.
However, beyond this point, leptin levels significantly declined,
while epinephrine and corticosterone levels increased simulta-
neously, indicating adrenal gland activation (Figure 5E). This was
concurrent with prominent lipolysis in dermal adipocytes and the
presence of apoptotic HFSCs (Figures 3D and 4F). Upon refeed-
ing, these responses promptly ceased. These data imply a strong
correlation between adrenal gland activation, dermal adipocyte
lipolysis, and HFSC apoptosis during fasting.

To assess whether released corticosterone and epinephrine
induce lipolysis in dermal adipocytes, we established a skin
explant culture system using a low-glucose medium to mimic
fasting conditions. Dose-response analyses demonstrated
that physiological concentrations of these hormones under
fasting can induce significant lipolysis in dermal adipocytes
(Figures S5F and S5G). Moreover, intradermal injection of higher
concentrations of corticosterone or epinephrine into the skin re-
sulted in extensive lipolysis in dermal adipocytes together with

¢ CellP’ress

apoptosis in HFSCs without fasting (Figures 5F and 5G). Notably,
injecting equivalent concentrations of corticosterone or epineph-
rine did not induce apoptosis in HFSCs in AdipoQ°*7; Atgl™ or
Lhx2CER: Cpt1a™" mice (Figures S5H-S5K), suggesting that the
observed apoptosis in HFSCs is due to lipolysis induced by
increased levels of corticosterone or epinephrine rather than
non-specific toxicity of these hormones. Furthermore, when we
generated AdipoQ®"EF; GR™ mice to knockout GR specifically
from dermal adipocytes (Figure S5L) or employed the beta-
adrenergic antagonist propranolol to block ADRB3 signaling,
the fasting-induced lipolysis in dermal adipocytes and
the apoptosis in HFSCs are both significantly reduced
(Figures S5M and S5N). These data suggest that both hormones
play a role here. To further confirm this, we performed complete
adrenalectomy surgery on mice to remove both adrenal glands
(Figure 5H). Then, we subjected these mice to ADF together
with sham controls. Strikingly, without adrenal glands, both fast-
ing-induced lipolysis in dermal adipocytes and the apoptosis of
HFSCs were rescued, and the hair follicle regeneration and
hair regrowth also became insensitive to intermittent fasting
(Figures 5H-5J). The sham control mice still showed inhibited
hair regrowth upon intermittent fasting (Figure S50). Under AL
conditions, neither lipolysis in dermal adipocytes nor apoptosis
in HFSCs was observed during the early anagen stage in either
group (Figures S5P and S5Q). Taken together, our findings indi-
cate that extended fasting activates the adrenal glands to release
lipolytic hormones, which signal through adipocytes in the niche
to eliminate activated HFSCs and inhibit hair follicle regeneration.

Fasting induces elevated ROS in HFSCs

To investigate the molecular mechanisms underlying fasting-
induced HFSC death, we purified HFSCs from control and fasted
animals during early anagen using fluorescence-activated cell
sorting (FACS). To best capture common gene changes associ-
ated with HFSCs apoptosis in vivo, we subjected mice to 24 or
48 h of fasting, then dissociated the back skin and FACS-sorted
HFSCs directly into Trizol for RNA sequencing (RNA-seq) anal-
ysis (Figures 6A and S6A-S6C). Ingenuity pathway analysis
(IPA) was conducted to identify major changes in molecular
pathways (Figure 6B). We observed downregulation of the
glycolysis pathway and upregulation of the fatty acid metabolism
pathway in fasted HFSCs, confirming their transition from utiliz-
ing glucose to FFAs (Figure 6C). Notably, apart from alterations
related to cellular metabolism, the most prominent changes in
fasted HFSCs were those associated with oxidative stress
response, mitochondrial dysfunction, and apoptosis pathways
(Figures 6D, S6D, and S6E). These findings suggest that fast-
ing-induced HFSC apoptosis may be associated with height-
ened cellular oxidative stress.

(F) Ultrastructure of HFSCs. Pseudo-coloring indicates normal HFSCs (green) and apoptotic HFSCs (red). White arrowheads mark the damaged mitochondria in

fasted HFSC (blue box).
(G) 8-0x0G staining of HFs after 24-h fasting (n = 3).

(H) Heatmaps of signature antioxidant gene expression in HFSCs and EpiSCs.

(I) Topical application of vitamin E (VE), or genetic overexpression of catalase (CAT OE), rescued HFSC apoptosis upon fasting.
(J) Hair regrowth of mice receiving VE or CAT OE under ADF (n = 3-5). Data are presented as mean + SEM.

Scale bars, 500 nm (F), 30 um (G and ).
See also Figure S6.

Cell 188, 1-18, January 9, 2025 11




(2025), https://doi.org/10.1016/j.cell.2024.11.004

Please cite this article in press as: Chen et al., Intermittent fasting triggers interorgan communication to suppress hair follicle regeneration, Cell

¢ CellPress

As cellular oxidative stress usually arises from increased pro-
duction of reactive oxygen species (ROS), we employed MitoSox
mitochondrial superoxide indicators to measure the levels of
mitochondrial ROS in fasted HFSCs. A substantial rise in
MitoSox signals was detected in HFSCs following 24 h of fasting,
suggesting elevated mitochondrial ROS (Figure 6E). Elevated
mitochondrial ROS, without effective antioxidant mechanisms,
can damage components of the respiratory chain in mitochon-
dria. This leads to the release of more free radicals, initiating a vi-
cious cycle that results in oxidative stress and apoptosis.®®
To confirm the mitochondrial damage and oxidative stress in
fasted HFSCs, we utilize tetramethylrhodamine, methyl ester
(TMRM), to measure mitochondrial membrane potential in fasted
HFSCs. A dramatic decrease in TMRM signals was observed in
fasted HFSCs, indicating mitochondrial dysfunction (Figure 6E).
In addition, transmission electron microscopy identified degen-
erated mitochondrial cristae in fasted HFSCs, a feature of
damaged mitochondria (Figure 6F, white arrowheads). Further-
more, 8-oxoguanine (8-oxoG) staining revealed elevated oxida-
tive DNA damage in fasted HFSCs, indicating heightened cellular
oxidative stress in the stem cells (Figure 6G). These data suggest
that fasting-induced apoptosis of HFSCs is associated with acti-
vated FAO and increased production of ROS, causing oxidative
damage and apoptosis.

In mice undergoing long-term intermittent fasting for 6 months,
elevated 8-oxoG signals could also be detected in the HFSC
compartment (Figure S6F). RNA-seq analysis revealed similar
upregulation of fatty acid metabolism and oxidative stress
pathways in these HFSCs (Figure S6G). Notably, levels of
8-isoprostane, a marker of systemic oxidative stress, were
reduced in the blood of these mice (Figure S6H), aligning with
previous observations in human studies.’® This discrepancy in-
dicates that changes in HFSCs’ cellular oxidative stress levels
during intermittent fasting do not align with changes in systemic
oxidative stress levels of the body. Furthermore, these HFSCs
showed increased expression of genes associated with the
Wnt signaling pathway and cell cycle progression, likely because
some hair follicles were still stuck in an early anagen stage
(Figures S6l and S6J). While the number of stem cells decreases
due to repeated activation and elimination (Figure 2I), the surviv-
ing HFSCs displayed reduced inflammatory markers, sup-
pressed differentiation programs, and increased markers of
stress resistance and DNA damage repair (Figure S6K). This is
consistent with previous findings in other stem cell systems
and human studies, suggesting that repetitive metabolic
switching during intermittent fasting induces adaptive cellular
stress response and may actively select for more resilient
cells.®'""® In aged skin, the dermal adipose layer expands,
accompanied by elevated 8-oxoG signals in the activated
HFSCs (Figures S6L and S6M). Additionally, apoptotic HFSCs
were observed in some hair follicles even without fasting (Fig-
ure S6N), likely caused by heightened oxidative stress.

Enhancement of antioxidant capability prevents fasting-
induced HFSC death

In contrast to the glycolysis pathway normally employed by acti-
vated HFSCs,?° FAO inherently generates more ROS from the
electron transport chain leakage.®® Indeed, blocking FAO in
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HFSCs using Lhx2°°EF: Cpt1a™" mice alleviated fasting-
induced HFSC death (Figure 4l). Because oxidative stress often
occurs when cellular ROS production outweighs antioxidant ca-
pacity,®’ we postulated that the lack of effective antioxidant
mechanisms in activated HFSCs could be the underlying reason
for their apoptosis when transitioning to FAO upon fasting. To
test this hypothesis, we FACS-purified EpiSCs, which share
the same lineage origin with HFSCs during development but
are resistant to fasting-induced apoptosis (Figure S2N), directly
into Trizol for RNA-seq analysis. We then compared their expres-
sion of genes encoding key antioxidant enzymes with HFSCs.
Compared with EpiSCs, activated HFSCs have significantly
lower expression levels of antioxidant genes (Figure 6H), making
them more susceptible to ROS-induced damage. By contrast,
quiescent HFSCs in telogen hair follicles, which are resistant to
fasting-induced apoptosis, exhibited higher levels of antioxidant
gene expression and lower oxidative damage upon fasting
(Figures S60 and S6P). Based on these findings, we asked
whether HFSC death can be alleviated by applying exogenous
antioxidants. Topical application of antioxidant vitamin E to
the skin, or genetic overexpression of a critical antioxidant
enzyme catalase (CAT),°® effectively prevented fasting-induced
apoptosis of HFSCs and mitigated hair follicle regeneration inhi-
bition in mice subjected to intermittent fasting (Figures 61 and 6J).
Under AL, HFSC activation, lipolysis in dermal adipocytes, and
hair cycle progression remain largely unaffected in these models
(Figures S6Q-S6S). Taken together, our data indicate that
extended fasting activates FAO in HFSCs, leading to increased
cellular ROS production. Due to their limited antioxidant capac-
ity, this results in oxidative damage in the stem cells and
apoptosis. Enhancing the antioxidant capacity of HFSCs, either
pharmacologically or genetically, effectively prevents stem cell
death and mitigates regeneration defects.

Metabolic switching to FAO induces HFSC apoptosis and
inhibits hair growth in humans
To determine whether utilizing FFAs also induces elevated ROS
and apoptosis in human HFSCs, we purified HFSCs from the
scalp hair follicles of healthy donors and treated them with
FFAs®®%* (Figure S7A). Elevated MitoSox signals were observed
in human HFSCs following FFA treatment, indicating increased
mitochondrial ROS levels (Figures 7A and S7B). Moreover,
TMRM assays revealed heightened mitochondrial damage,
and apoptosis detection assays indicated increased apoptosis
in these HFSCs, consistent with our findings in mouse HFSCs
(Figures 7A and 7B). To further support these findings, we estab-
lished a human hair follicle explant model and performed similar
FFA treatments. Evident apoptotic signals can be identified
within human hair follicles where active cycling HFSCs and pro-
genitor cells are located,*® along with elevated 8-0xoG signals
in these cells (Figures 7C and S7C). Together, these findings pro-
vide evidence that similar to mouse HFSCs, human HFSCs also
experience increased ROS production and subsequent mito-
chondria dysfunction, eventually undergoing apoptosis when
switching to utilizing FFAs.

To determine whether intermittent fasting affects hair growth
in humans, we conducted a human randomized controlled
trial (RCT) study (Westlake Precision Nutrition Study 2,
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Figure 7. Metabolic switching to FAO induces HFSC apoptosis and inhibits hair growth in humans

(A) MitoSox and TMRM measurement in human HFSCs treated with FFA (n = 3).

(B) Analysis of apoptosis in human HFSCs treated with FFA using annexin V/DAPI apoptosis detection kit (n = 3).

(C) Left: whole-mount staining for EQU and aCAS3 of cultured human HFs treated with FFA or vehicle. Right top, staining for aCAS3, keratin 15 (K15, a marker for
human HFSC), and EdU of human HFs treated with FFA or vehicle (n = 9-12 HFs, two-tailed unpaired t test).

(D) Schematic of dietary intervention in the Weprecision-2 human RCT study.

(E) Average hair growth speed (millimeter per day) in the last 3 days of intervention.

(F) Changes in hair shaft density after intervention.

(G) Hairs regrown 3 days post-shaving during baseline or intervention periods. Red arrowheads mark the abnormal hair shafts. Scale bars, 100 um (C, left), 30 um
(C, right), 1 mm (G). In the bar graph, data are presented as mean + SEM. In the box plot, data are presented as the interquartile range and median. *p < 0.05, *p <
0.01, ***p < 0.0001, n.s., not significant.

See also Figure S7 and Tables S1 and S2.

Clinicaltrials.gov. NCT05800730). The primary outcome as- many regrown hairs became shorter and thinner in diameter
sessed the effects of intermittent fasting on glycemic homeosta-  (Figures 7F, 7G, and S7K; Table S2). Moreover, as observed in
sis, while changes in hair growth were measured as a secondary  mice, 18 h of fasting increases levels of lipolytic hormones in
outcome. Recruitment of the first participant began on April 14,  the blood of human participants following 18/6 TRD (Figure S7L),
2023, and the study started on May 8 and concluded on May indicating that the systemic-level mechanisms mediating inter-
19, 2023. 49 healthy young adults comprising both males and fe-  mittent fasting’s effect on HFSCs and hair growth are likely
males were randomized to the 18/6 time-restricted diet (TRD), shared in humans.

the energy restriction diet (ERD, 1,200-1,500 kcal/day), and a

control group with a normal diet (ND, regular meal without timing  DISCUSSION

restrictions; Figures S7D and S7E; Table S1; supplemental infor-

mation). Consistent with previous findings, " intermittent fasting  Intermittent fasting offers a flexible and attractive alternative
improved metabolic health (Figures S7F-S7I). To identify to conventional calorie restriction for weight management
changes in hair growth, we shaved the existing hair within @ and metabolic health improvement. Here, our findings un-
1 cm? area on the scalp and then measured the length of hair  cover its previously overlooked inhibitory effects on tissue
regrown back after 3 days. This experiment was conducted at  regeneration in the skin. In mammals, fasting triggers evolu-
both the baseline period and at the end of the intervention period  tionarily conserved adaptative responses at both physiolog-
(Figure 7D). Consistent with our findings in preclinical models, ical and cellular levels that are vital for survival, with adrenal
human participants undergoing intermittent fasting showed a glands playing a pivotal role in the process.’®°*°7:67:68 |
significant inhibitory effect on hair growth—the average speed  this study, we identified close interorgan communication be-
of hair growth in the TRD group decreased by 18% compared  tween adrenal glands and niche adipocytes during intermittent
with the control group (p = 0.0028, Figures 7E and S7J). fasting, which functions to eliminate activated somatic stem
While hair shaft density did not show significant changes, cells and disrupt the normal tissue regeneration process. As
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adipocytes are common niche components for many stem cell
systems, we postulated that this crosstalk may impact other
tissue regeneration processes as well. During evolution, both
wild animals and our human ancestors faced environments
with fluctuating food availability, making fasting a regular
occurrence. Our identified mechanism may enable them to
halt peripheral tissue regeneration to conserve resources for
more critical organs like the brain, thereby promoting adapta-
tion and survival.

Previous studies have shown that activated adrenal glands
affect stem cells through other niche cells. During chronic
stress, corticosterone produced by the adrenal glands acts
on the dermal papilla, inhibiting the activation of HFSCs and
causing the hair follicle to remain in a prolonged telogen
phase.®' Fasting also stimulates the sympathetic nervous sys-
tem, promoting the body’s fitness behaviors and physiological
adaptive responses. Nevertheless, ablation of sympathetic
nerves does not prevent fasting-induced lipolysis in niche adi-
pocytes and apoptosis in HFSCs. This contrasts with the role of
sympathetic nerves in cold-temperature adaptation, where
their activation promotes the activation of quiescent HFSCs
and enhances hair growth.*® Additionally, during acute stress,
hyperactivation of sympathetic nerves in the skin can ectopi-
cally activate quiescent McSCs, depleting the stem cell pool
and leading to gray hairs.®® The differing responses of stem
cells and tissue regeneration to adrenal and sympathetic acti-
vation in various contexts may be related to different inten-
sities, durations, and patterns of stimuli, as well as to the spe-
cific characteristics of stem cells and the organization of their
niches.'? These complexities and variabilities may enable tis-
sue regeneration processes to respond differently to diverse
physiological and environmental changes.

The beneficial effects of intermittent fasting on body health are
believed to stem from the periodic switching of metabolic fuel
sources, which help optimize cellular energy utilization and
induce adaptive cellular stress response.® This response en-
hances the expression of antioxidant defense and repair
mechanisms, inhibits protein synthesis, and reduces cellular
inflammation.®®"" While similar responses were observed in
HFSCs upon intermittent fasting, the activated HFSCs were
selectively eliminated during the extended fasting periods, lead-
ing to inhibited hair follicle regeneration. Moreover, long-term
intermittent fasting decreases the stem cell pool and induces
hair follicle degeneration. Notably, fasting selectively harms
HFSCs, but not EpiSCs, that maintain the epidermis with vital
barrier functions. Previous studies have shown that in the gut,
fasting and refeeding enhance intestinal stem cell function and
intestinal epithelial repair,’*”> while in the muscle, fasting in-
duces the muscle stem cells to enter a deep quiescent status
and delays muscle regeneration upon injury.’® These observa-
tions suggest that the effects of fasting on various tissues and
stem cell systems are likely context-dependent and require
careful examination. Here, we demonstrated that the inherent
variations in EpiSCs and HFSCs’ antioxidant capacities are
crucial for their distinct responses to fasting. While previous
studies and our own data both indicated that intermittent fasting
reduces markers of whole-body oxidative stress levels in circu-
lation,'® for activated HFSCs with limited endogenous antioxi-
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dant capacity and thus primarily rely on glycolysis for energy
production, switching to utilizing FFAs during fasting increases
their cellular ROS production, leading to increased cellular
oxidative damage and apoptosis. This discrepancy in oxidative
stress level changes between HFSCs and the whole-body un-
derscores the unique metabolic demands and specific microen-
vironments (“niches”) of these stem cells. As tissue regeneration
is a resource-demanding process, one potential explanation for
the divergence in response to fasting among different stem cell
populations and tissue types could be that it allows the body to
allocate limited resources toward preserving essential organ
systems for survival, such as the intestine for nutrient absorption
and the skin epidermis for barrier function. Importantly, we show
that enhancing HFSCs’ antioxidant ability through the external
supply of antioxidants can significantly alleviate the inhibitory ef-
fect of intermittent fasting on hair follicle regeneration, offering a
promising strategy for counteracting its impact on hair growth in
humans.

Our study suggests that the basic principles and mechanisms
underlying the effects of intermittent fasting on HFSCs are likely
conserved between mice and humans. However, significant dif-
ferences in metabolism, physiology, and hair follicle biology
between the two species may account for the varying severity
of the effects observed. For example, rodents have a higher
metabolic rate and respond more rapidly to fasting, which likely
facilitates faster and more robust metabolic switching during
intermittent fasting, causing a stronger inhibitory effect on hair
follicle regeneration and hair growth compared with humans.
Additionally, mouse hair follicles predominantly stay in the telo-
gen phase and transition to anagen for hair growth. Eliminating
activated HFSCs prevents the hair follicle from growing further
to produce hair shafts. By contrast, around 90% of human scalp
hair follicles normally stay in anagen. Apoptosis of activated
HFSCs and progenitor cells in these hair follicles leads to slower
and defective hair shaft production, just as we have observed in
human participants under the 18/6 TRD.

In conclusion, our findings illustrate the principles and mech-
anisms through which intermittent fasting profoundly influ-
ences somatic stem cells and tissue biology and delineate a
comprehensive strategy for studying such impacts. Consid-
ering the widespread adoption of intermittent fasting globally,
in the future, it will be important to thoroughly assess the ef-
fects of various fasting regimens on different stem cell sys-
tems. Understanding the complexity of responses across
different stem cells and tissues is critical for optimizing these
intervention strategies in humans and exploring ways to miti-
gate any unintended effects on tissue biology while retaining
their benefits.

Limitations of the study

This study has several limitations. First, while we have demon-
strated that activated HFSCs in aged skin exhibit elevated
oxidative damage, the exact relationship between fasting-
induced and age-related HFSC apoptosis requires further inves-
tigation. Second, due to challenges in acquiring material,
whether FAO induces apoptosis in early anagen human hair fol-
licles was not tested. Third, our human RCT study was conduct-
ed exclusively on healthy young adults and did not include
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individuals with obesity, where intermittent fasting regimens
are commonly adopted. Additionally, the long-term effects of
intermittent fasting on hair growth and hair shaft density were
not evaluated, as this was outside the predefined scope of
the study.
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Dispase Il solution STEM CELL Cat#7913
MitoSox-Red Invitrogen Cat#M36008
TMRM Invitrogen Cat#M20036
CCCP Invitrogen Cat#M20036
Hydrogen peroxide solution Aladdin Cat#H112515
Palmitic acid CAYMAN CHEMICAL Cat#10006627
Williams E medium Gibco Cat#12551032
L-glutamine Sigma-Aldrich Cat#G8540
Hydrocortisone MedChemExpress Cat#HY-N0583
Insulin MedChemExpress Cat#HY-P0035
Antibiotics MACKLIN Cat#A6533
A8301 Tocris Cat#379762
DMH-1 Tocris Cat#813305
Y27632 Tocris Cat#1254/10
Telaglenastat (CB839) MedChemExpress Cat#HY-12248
DMEM low glucose Gibco Cat#10567014
DAPI Sigma Cat#D9542
Protease inhibitor cocktail MedChemExpress Cat#HY-K0010
4%-12% gradient SDS-PAGE gel Haoke Cat#HKW3G42015
0.25% Trypsin-noEDTA MEILUNBIO Cat#PWL061
Cell Staining Buffer BioLegend Cat#422201
Annexin V Binding Buffer BioLegend Cat#420201
BODIPY Invitrogen Cat#D3922
Glutaraldehyde TedPella Cat#18426
Paraformaldehyde TedPella Cat#18505
Cacodylate buffer Wako Cat#036-8175
Osmium tetroxide TedPella Cat#18465
Uranyl acetate Electron Microscopy Sciences Cat #22400

PE Annexin V BioLegend Cat#640908

Critical commercial assays

Corticosterone ELISA kit
Epinephrine ELISA Kit

Leptin ELISA kit
8-epi-PGF20/(8-Epi-Prostaglandin F2
Alpha) ELISA Kit

Cortisol Parameter Assay Kit

Free Fatty Acid Quantitation Kit
RNeasy Plus Micro Kit

Single Cell Full Length mRNA-
Amplification Kit

TruePrep DNA Library Prep Kit V2 for
lllumina
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Enzo Life Sciences
Abnova
Elabscience
Elabscience

R&D systems
Sigma-Aldrich
Qiagen
Vazyme

Vazyme

Cat#ADI-900-097
Cat#KA1882
Cat#E-MSEL-M0033
Cat#E-EL-0041

Cat#KGE008B
Cat#MAKO044
Cat#74034
Cat#N712

Cat#TD503

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Click-iT™ Plus EdU Flow Cytometry Invitrogen Cat#C10632
Assay Kits

PrimeScript™ RT Master Mix kit Takara Cat#RR036A
Click-iT™ EdU Alexa Fluor™ 488 Invitrogen Cat#C10337
Imaging Kit

Deposited data

Bulk RNA-seq data This paper GEO: GSE246952

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: B6;SJL-Tg(Krt1-15-cre/PGR*)
22Cot/J

Mouse: B6.129-Tg(Adipog-cre/Esr1*)
1Evdr/J

Mouse: BG.Cg_Dbhth.Z(cre)Pjen/J
Mouse: B6(129S4)-Cpt1a®™'Fink/y
Mouse: B6N.129S-Pnpla2'™!Eek/J

Mouse: B6.Cg-Tg(CAG-OTC/CAT)
4033Prab/J

Mouse: C57BL/6Smoc-Tsc2tm!(floxSmoe

The Jackson Laboratory
The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

Shanghai Model Organisms Center, Inc.

JAX: 000664
JAX: 005249

JAX: 024671

JAX: 033951
JAX: 035711
JAX: 024278
JAX: 016197

RRID: IMSR_NM-CKO-2102032

Mouse: K14-H2BGFP Tumbar et al.?’ N/A

Mouse: B6.Cg-Nr3c1tm-1J9a/y The Jackson Laboratory JAX:021021
B6.Cg-Gt(ROSA)26Sortmo(CAC-tdTomatojHze The Jackson Laboratory JAX: 007909
Mouse: Gt(ROSA)26Sor™7(CAG-EGFP«Hze Lietal.”® MGI:5750793
Mouse: Gt(ROSA) The Jackson Laboratory JAX: 007576
26S°rtm4(ACTB—thomato,—EGFP)LUO/J

Mouse: Lhx2!m1-1(re/ERT2)Zih The Jackson Laboratory JAX: 036293
Oligonucleotides

Primer: Pnpla2 Forward: PrimerBank 26327465a1
GGATGGCGGCATTTCAGACA

Primer: Pnpla2 Reverse: PrimerBank 26327465a1
CAAAGGGTTGGGTTGGTTCAG

Primer: Lipe Forward: PrimerBank 26325924a1
CCAGCCTGAGGGCTTACTG

Primer: Lipe Reverse: PrimerBank 26325924a1
CTCCATTGACTGTGACATCTCG

Primer: Beta actin Forward: PrimerBank 6671509a1
GGCTGTATTCCCCTCCATCG

Primer: Beta actin Reverse: PrimerBank 6671509a1
CCAGTTGGTAACAATGCCATGT

Primer: Tsc2 Forward: PrimerBank 86439986¢2
TGAATGCGGCCTCAACAATC

Primer: Tsc2 Reverse: PrimerBank 86439986¢2
GACAGCCTTCCAAAGTGCCT

Primer: Cptla Forward: This paper N/A
CCATGAAGCCCTCAAACAGATC

Primer: Cpt1a Reverse: This paper N/A

ATCACACCCACCACCACGATA

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

Fiji (ImageJ)

Schindelin et al.”

https://imagej.net/Fiji

Ingenuity Pathway Analysis QIAGEN https://digitalinsights.giagen.com/
products-overview/discovery-insights-
portfolio/analysis-and-visualization/
qiagen-ipa/

FlowJo FlowdJo, LLC https://www.flowjo.com

GraphPad Prism GraphPad Software, Inc https://www.graphpad.com

fastp Chen et al.”” https://github.com/OpenGene/fastp

Salmon Patro et al.”® https://github.com/COMBINE-lab/salmon

DESeq2 Love et al.”” https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

Sable System Macro Interpreter Sable Systems https://www.sablesys.com/products/
promethion-high-definition-room-
calorimetry-system/promethion-software

R The R Project for Statistical Computing http://www.r-project.org

LabelMe Russell et al.”® https:/github.com/CSAILVision/

LabelMeAnnotationTool

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies

C57BL/BJ, K15°¢PCR, AdipoQC™eERT, Lhx2®eERT2 pph©re, Cpt1a™™, Atgl™™, mCAT, GR™", Rosa-TdTomato, and Rosa-mTmG mice
were obtained from the Jackson Laboratory. Tsc2™™ mice were generated by Shanghai Model Organisms Center, Inc. K14-
H2BGFP?” mice were originally generated by E. Fuchs (The Rockefeller University) and provided by T. Chen (National Institute of Bio-
logical Sciences). Ai47 mice were generated by H. Zeng (Allen Institute for Brain Science) and provided by D. He (Westlake Univer-
sity). All experiments utilized balanced groups of adult male and female mice aged 3-10 weeks at the onset of the experiments unless
otherwise specified. Age-matched littermates were used, and experiments were performed in parallel unless otherwise specified.
Mice were maintained in an animal facility in specific-pathogen-free conditions at 22°C with humidity of 40% to 70% and a 12/12
light/dark cycle and were approved by the Institutional Animal Care and Use Committee guidelines of Westlake University
(AP#23-077-ZB) and compiled with all relevant ethical regulations.

Human participants

Participants for Westlake Precision Nutrition Study 2, WePrecision-2, were recruited exclusively from the Westlake Precision Nutrition
Study 1 (WePrecision-1) conducted in 2021. Among the 49 participants, the median age was 27 years (interquartile range 26, 31),
with 46% male and 54% female. All participants identified as East Asian Chinese. The study protocol was approved by the Westlake
University Ethics Committee (the WePrecision-2: No0.20230306ZJS001), along with the registration on ClinicalTrials.gov (the WePre-
cision-2: NCT05800730). All research participants gave their written informed consent to participate in the trial. Inclusion criteria:
adults aged 18 to 60 years; male or female; residents of Hangzhou with no travel plans for the next 3 months. Exclusion criteria:
long-term chronic gastrointestinal diseases; taking immunosuppressants or antibiotics as daily medication within the last 3 months;
diabetes; hypertension and cardiovascular diseases; craniocerebral trauma, cancer, liver disease, kidney disease, or other critical
iliness; history of corresponding surgery or medication; bulimia nervosa; post-traumatic stress disorder; chronic anxiety and depres-
sion or other critical neuronal disorder or history of relevant medication; pregnant or lactating; history of alcohol or drug addiction, or
smoke above 15 cigarettes per day; concurrently participating in other clinical trials.

METHOD DETAILS

Mice intermittent fasting procedures

Mice under ad libitum (AL) feeding were given 24-hour access to a regular chow diet (19.4% crude protein, 6.2% crude fat (w/w),
energy 3.7 Kcal/g), formulated according to LabDiet® 5K52 used by Jackson Laboratory. Fasting was achieved through food
removal for a period as specified before switching to the regular chow diet.*>’® For time-restricted feeding procedures, mice
were fed within feeding windows of 3 hours (21/3 TRF), 5 hours (19/5 TRF), 8 hours (16/8 TRF), or 12 hours (12/12 TRF) each
day starting from Zeitgeber Time (ZT) 12. For the alternate-day fasting procedure, mice were fasted for 24 hours starting from
ZT12, followed by 24 hours of refeeding with a regular chow diet.
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Quantification of mice hair regrowth
The back skin of the mice was shaved at the beginning of the experiments. Mice pictures were taken at regular intervals and analyzed
using ImageJ (v.1.53q). The rate of hair regrowth was calculated as the ratio of the hairy skin area to the entire back skin area.

Metabolic cage analysis

Whole-body metabolic states were measured in individually housed mice using the Promethion Core metabolic cage system (Sable
Systems). The lighting and environmental temperature conditions were maintained to replicate those in the home cages. The mice
underwent 2-4 days of acclimatization, followed by data collection over 3-7 days. All data were extracted from the raw data with a
30-minute slice using Sable System Macro Interpreter v.2.47 software.

Glucose tolerance test

The glucose tolerance test (GTT) procedure was conducted following previously described protocols.*"#° Briefly, Mice undergoing
GTT were fasted for 16 hours prior to the test. During the test, each mouse was injected with one dose of glucose (20% glucose so-
lution, 1 g/kg), and blood samples were collected from the tail vein nicks at 0, 15, 30, 60, 90, 120, 150, and 180 minutes post-injection.
These blood samples were measured by Accu-Chek Performa meter (Roche). The area under the time curves (AUC) data was calcu-
lated based on the method described in previous research.?® To summarize, we calculate the percent change of blood glucose
compared to the baseline (time 0), and the AUC using the linear trapezoidal rule:

Qtime(i) = [(Gﬁme(i) /Gtime(O) - 1) * 100} %

n . P + . i B . . .
AUC = ZM* (timeg, — tlme(,»1))] /(t/me(,,) — timeq))
iz

where giime (i) is the percent change in blood glucose, Giime(o) is the glucose concentration at baseline and Gyime(;) is the glucose con-
centration at one of timepoints.

Drug treatments

For tamoxifen treatment, tamoxifen (Sigma-Aldrich, T5648) was prepared in corn oil at 20 mg/ml and injected intraperitoneally at
200mg/kg for 6-8 days. For RU486 treatment, 4% RU486 (TCI, M1732) was prepared in ethanol and applied topically for 10-
12 days. For intradermal fatty acid injection, palmitic acid (PA, Sigma P0500) and sodium oleate (OA, Sigma O7501) were prepared
with 40% PEG300, 5% Tween80, 53% saline, and 2% DMSO to a final concentration of 7.8 mM (PA) and 7.2 mM (OA). Mice were
injected with a single dose of 50ul at early anagen (~P27), and skin samples were collected 8 hours after injection. Control mice
received an equivalent volume of solvent. For the PA concentration gradient test, 1.6 mM, 3.9 mM, and 7.8 mM PA were injected
intradermally in early anagen mice skin, and skin samples were collected 8 hours after injection. For ablation of sympathetic nerves,
6-hydroxydopamine hydrobromide (6-OHDA, Sigma-Aldrich, 162957) solution was prepared freshly by dissolving 6-OHDA in 0.1%
ascorbic acid in 0.9% sterile NaCl. Mice were injected intraperitoneally with 6-OHDA at P21 (250 mg/kg body weight), P23, and P25
(100 mg/kg body weight). Control mice received an equivalent volume of vehicle (0.1% ascorbic acid in 0.9% sterile NaCl). For lipo-
lytic hormones injection, epinephrine (MedChemExpress, B0447B) solution was prepared freshly by dissolving in 0.1% ascorbic acid
in 0.9% sterile NaCl to a final concentration of 4 mM. Corticosterone (MedChemExpress, B1618) was dissolved in 0.45% SBE-B-CD
and 0.1% ascorbic acid in 0.9% sterile NaCl to a final concentration of 10 mM. 50 puL of epinephrine or corticosterone were injected
intradermally into experimental mice. Control mice received an equivalent volume of solvent. The injection sites were marked using
water-resistant ink. Female mice were injected at early anagen (around P27), and the skin samples were collected 6 hours later. For
the ADRB3 antagonist treatment, propranolol (MedChemExpress, HY-B0573) was dissolved in PBS at a concentration of 2 mg/mL.
The mice were injected intradermally at 10 mg/kg after fasting for 12 hours, before being sacrificed after another 12-hour fasting. For
antioxidant treatment, vitamin E (Selleck, S4686) was dissolved in glycerol (Sigma-Aldrich, G5516) at 20 mg/mL. The back skin of
mice was shaved, and vitamin E was topically administered at 200mg/kg twice per day at ZT0 and ZT12. For the glutaminase-1 in-
hibitor treatment, CB-839 (telaglenastat, MedChemExpress, HY-12248) was dissolved in 70% PEG300 and 30% (20% SBE-B-CD in
Saline) at a concentration of 4 mg/mL. The mice were injected intraperitoneally at 40 mg/kg every 12 hours during the 24-hour fasting
period. For free fatty acid treatment of human HFSCs and hair follicles, palmitic acid (Sigma, P0500) was directly dissolved into the
culture media at a concentration of 30 uM. The HFSCs or hair follicles were then treated for 24 hours before being subjected to flow
cytometry analysis or immunofluorescence staining.

EdU administration

EdU (Invitrogen, C10337, dissolved in 0.9% NaCl, 25 mg/kg body weight) was administered by intraperitoneal injection 5 hours
before harvesting unless otherwise specified. For the EdU tracing assay, mice undergoing ADF received intraperitoneal injections
of EdU every 6 hours during a 24-hour feeding period.
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Adrenalectomy

Adrenalectomy was performed as previously described.®" In brief, mice were anesthetized by isoflurane. Small incisions were
made above the adrenal gland on the back skin. Both adrenal glands were removed using curve forceps and ophthalmic scissors.
Sham mice underwent the same procedures without removing the adrenal glands. Both ADX and sham mice had their drinking
water supplemented with 0.9% saline to keep the salt balance. After a 4-day rest, hair shafts were removed by waxing in the
ADX/Sham mice to initiate entry into the anagen phase. Following a two-day period after waxing, ADX/Sham mice were subjected
to ADF.

Histology and immunohistochemistry

Mouse skin samples were fixed using 4% paraformaldehyde (PFA) for 15 min at room temperature, washed with PBS, and
immersed in 30% sucrose overnight at 4 °C. Samples were then embedded in the optimal cutting temperature (OCT) compound
(Sakura Finetek, 4583). For HE staining, the cryosections were stained by the hematoxylin solution for 2 min and the eosin solution
for 5 min, and rinsed with PBS after each staining. Samples were dehydrated by immersing in a series of ethanol solutions with
increasing concentrations (90%, 95%, 100%), each for 15-20 sec. Slides were then immersed in xylene for 5 min for clearing, fol-
lowed by mounting with a neutral balsam mounting medium (BBI, E675007-0100). The pictures were captured by a motorized fluo-
rescence microscope (Nikon, Ni-E). Forimmunohistochemistry, cryosections were fixed in 4% PFA for 2 min and washed with PBS
and 0.1% Triton X-100 in PBS. Slides were then blocked using blocking buffer (5% donkey serum; 1% BSA, 2% cold water fish
gelatin in 0.3% Triton X-100 in PBS) for 1 hour at room temperature, followed by staining with primary antibodies overnight at 4°C
and secondary antibodies for 4 hours at room temperature. Whole-mount staining was performed as previously described.®’ In
brief, the back skin was collected after Nair treatment. Skin samples were fixed in 4% paraformaldehyde/PBS for 1 hour and
washed with PBS. Then the samples were stained using primary antibodies for 24 hours at room temperature and secondary an-
tibodies overnight at room temperature. The samples were dehydrated successively using 25%, 50%, 75%, and then 100% meth-
anol, followed by tissue clearing using benzyl alcohol and benzyl benzoate. For 8-Oxoguanine (8-oxoG) staining, 10-um paraffin
sections were used, and antigen retrieval was performed by boiled sodium citrate buffer (0.01M, pH 6.0) for 20 min, followed by
standard immunohistochemistry procedures described above. Antibodies used: Perilipin-1 (rabbit, Abcam ab3526, 1:800), Integ-
rin alpha 6 (rat, eBioscience 14-0495-85, 1:100), Cleaved caspase-3 (rabbit, Cell Signaling Technology, 9661S, 1:300), P-Cad
(goat, R&D Systems, AF761,1:200), Krt6 (rat, 1:400), Krt15 (chicken, Biolegend, 833904, 1:300), Krt14 (chicken, Biolegend,
906004, 1:300), CD34 (rat, eBioscience, 14-0341-85, 1:400), CD45 (rat, eBioscience, 14-0451-82, 1:300), CD140a (goat, R&D Sys-
tems, AF1062, 1:400), COL17A1(rabbit, Abcam, ab186415, 1:400), TH (rabbit, Millipore Sigma, AB152, 1:1000), 8-Oxoguanine
(mouse, Abcam, ab62623, 1:800), CPT1A (rabbit, Proteintech, 15184-1-AP, 1:200), TSC2 (rabbit, Proteintech, 24601-1-AP,
1:200), ATGL (rabbit, Proteintech, 55190-1-AP, 1:200), Ephrin-B1 (goat, R&D Systems, BAF473, 1:400), GR (rabbit, Cell Signaling
Technology, 3660T, 1:1000), DCT (guinea pig, HUABIO, 1:1000), cFOS (Abcam, ab190289, 1:1000), Ki67 (rabbit, Abcam,
ab15580, 1:200).

Imaging and imaging analysis

Florescent images were acquired using a Zeiss LSM 800 confocal microscope with x20 or x40 objective lenses. Images were pre-
sented as maximum intensity projection unless otherwise specified. For colocalization analysis, images were presented as a single
z-stack. The number of cells was counted manually or by using Imaged. For quantification of hair follicle sizes, 70-um sections were
used. The length of the hair follicle was determined by the straight-line distance from the bottom of the dermal papilla to the opening
of the hair follicle, and the size of the bulge was measured as the area of the largest sagittal plane of the hair follicle bulge; both
measured using ZEN blue software 2.6.

Transmission electron microscope

Mice were perfused transcardially (4% glutaraldehyde+2% paraformaldehyde) before harvesting skin samples. Skin tissues
were then sliced into small pieces (1 mm*2mm) and fixed by 2.5% glutaraldehyde and 2% paraformaldehyde in cacodylate buffer
at 4 °C. Skin pieces were then fixed in 1% osmium tetroxide for 90 min and stained with 1% uranyl acetate for 60 min at 4 °C. Fixed
tissue was dehydrated using ascending grades of ethanol and transferred into the resin via acetone. After infiltration with pure resin,
specimens were embedded in the same resin mixture. Ultra-thin sections (70 nm) were placed on copper grids and stained with 3%
uranyl acetate for 30 min and Sato’s lead for 3 min. Stained sections were observed with a 120kV Transmission Electron Microscope
(Thermo Scientific, Talos L120C G2) operating at 80 kV.

Gas chromatography-mass spectrometry

Dermal adipocytes were isolated as previously described.*® In brief, mice dorsal skin was digested using collagenase | and centri-
fuged at 300 g for 4 min. Floating adipocytes were collected and washed with PBS and snap-frozen in liquid nitrogen. Total lipid was
extracted, and analysis was performed on an Agilent 7890B gas chromatography coupled with a 5977B mass spectrometer equip-
ped with an electron impact ion source (Agilent Technologies, USA). The data processing was performed using the Agilent MassHuter
workstation.
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Measurement of hormones, blood glucose, and FFAs

For blood glucose measurement, blood was collected from a small tail cut, and the blood glucose was measured every 6 hours
using the Accu-Chek Performa meter (Roche). For hormone measurement, whole blood was obtained from the orbital sinus of
mice and collected into centrifuge tubes containing heparin sodium. Plasma was subsequently collected following centrifugation.
Corticosterone ELISA kit (Enzo Life Sciences, ADI-900-097), Epinephrine ELISA Kit (Abnova, KA1882), Leptin ELISA kit (Elabs-
cience, E-MSEL-MO0033), and 8-epi-PGF2a ELISA Kit (Elabscience, E-EL-0041) were used according to the manufacturer’s in-
structions. For FFAs measurement in the skin, skin biopsies were obtained using 6 mm biopsy punches. The tissues were homog-
enized in 1% (w/v) Triton X-100 in chloroform solution, followed by centrifugation at 13,000 g for 10 minutes to remove insoluble
material. The organic phase (lower phase) was collected and air dried at 50°C to remove chloroform. Vacuum drying was used to
remove trace chloroform and finally get the dried lipids sample. FFAs level was measured by the Free Fatty Acid Quantitation Kit
(Sigma-Aldrich, MAK044).

Fluorescence-activated cell sorting

Mouse dorsal skin was dissected, diced into small pieces, and incubated in a digestion buffer consisting of 0.1% collagenase I
(Gibco, 17101015), 0.2% collagenase IV (Worthington, LS004189), and 50 ng/ml DNase | (Roche, 11284932001) in a 5% FBS in
PBS solution at 37 °C for 90 min on a shaker. After centrifugation, the pellets were digested using 0.25% Trypsin-EDTA (Gibco,
2520056) at 37 °C for 15 min. Single-cell suspension was obtained by filtering through 70-um and 40-um filters, centrifuged at
500g at 4 °C for 10 min, and resuspended in 5% FBS in PBS. The cells were stained with fluorescent dye-conjugated antibodies
at 4 °C for 30 min. Antibodies used: alpha6-PE-Cy7 (eBioscience, 25-0495-82, 1:500), CD34-EF660 (eBioscience, 50-0341-82,
1:100), CD45-Biotin (eBioscience, 13-0451-82, 1:400), CD140a-Biotin (eBioscience, 13-1401-82, 1:200), Sca1-PerCP-Cy5.5 (eBio-
science, 45-5981-82, 1:1000). DAPI (Sigma, D9542) was used to exclude dead cells. Cell isolation was performed with BD FACAria™
Fusion.

EdU flow cytometry assay

The EdU flow cytometry assay was performed according to the manufacturer’s instructions (Click-iT™ Plus EdU Flow Cytometry
Assay Kits, Invitrogen, C10632). Briefly, EAU (25 mg/kg) was injected 8 hours before harvesting skin samples. Skin cells were
collected as described above. After staining with antibodies to identify HFSCs, the skin cells were fixed, permeabilized, and stained
for EAU through the Click-iT reaction. EQU+ HFSCs proportions were then analyzed by flow cytometry.

Quantitative reverse-transcription PCR
The quantitative reverse-transcription PCR (RT-gPCR) was performed using PrimeScript™ RT Master Mix kit (Takara, RRO36A) on a
Bio-Rad CFX Connect Real-Time PCR Detection System. Ct values were normalized to an internal control of B-actin.

Western blot analysis

HFSC cells cultured in vitro were lysed using a RIPA buffer (containing 25 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Na-deoxycholate,
0.1% SDS, and 1% Triton X-100) supplemented with a protease inhibitor cocktail (MCE, HY-K0010). The resultant protein extracts
were separated using a 4%-12% gradient SDS-PAGE gel (Haoke, HKW3G42015). The separated proteins were transferred onto a
nitrocellulose membrane, which was subsequently blocked using 5% non-fat milk. The target protein was detected using a primary
antibody followed by an Alexa Fluor 647-conjugated secondary antibody.

Human hair follicle stem cell isolation and cell culture

The experiment was approved by the Westlake University Ethics Committee (Approval number: 20231217ZB001). Human hair fol-
licle stem cell isolation was performed as previously described.®® Briefly, human hair follicles were obtained using follicle unit
extraction (FUE) techniques. The hair bulb was removed, and the remaining follicle tissue was digested in 4.8 U/mL Dispase ||
(STEM CELL, 7913) and 100 U/mL collagenase IV (Worthington, LS004189) in PBS for 60 minutes at 37°C. After the surgical
removal of the hair shaft, the collagen sheath was treated with trypsin in PBS for another 60 minutes at 37°C. Following centrifu-
gation, the isolated human hair follicle stem cells (HFSCs) were seeded in E-Medium supplemented with 1 uM A8301, 1 yM DMH-1,
and 10 uM Y27632.

Human hair follicle tissue culture

The experiment was approved by the Westlake University Ethics Committee (Approval number: 20231217ZB001). The human hair
follicle culture followed established protocols.®? Briefly, human hair follicles were extracted using follicle unit extraction (FUE) tech-
niques. The isolated hair follicles were cultured in 24-well plates using supplemented Williams E medium (Gibco, 12551032) contain-
ing 2 mM L-glutamine (Sigma-Aldrich, G8540-100G), 10 ng/mL hydrocortisone (MCE, HY-N0583), 10 ng/mL insulin (MCE, HY-
P0035), and antibiotics (MACKLIN, A6533). The tissue was incubated at 37 °C, 5% CO, for 8 hours. The culture medium was further
supplemented with 10 uM EdU and 30 uM of palmitic acid (CAYMAN CHEMICAL, 10006627). Following 24 hours of treatment, the
hair follicle tissues were subjected to a whole-mount staining procedure.
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MitoSox and TMRM assay

Single-cell suspension of mouse skin was prepared and stained with antibodies as above. Then the cells were resuspended
with warm FBS/PBS buffer and incubated with 500 nM MitoSox-Red (Invitrogen, M36008) or 20 nM TMRM (Invitrogen, M20036)
at 37 °C for 30 minutes on a shaker. 0.5 uM H,0, or 10 uM CCCP (Invitrogen, M20036) was used as the positive control. The fluo-
rescence was measured in the HFSC populations using flow cytometry analysis. For human HFSCs MitoSox staining and imaging,
the HFSCs were isolated as above and plated into a glass-bottomed dish for MitoSox staining. When cell confluence reached 70%,
palmitic acid was introduced into the culture media at a concentration of 30 uM. After 24 hours of treatment, MitoSox-Red was added
to the culture media at a final concentration of 0.5 uM and incubated at 37 °C for 30 minutes. Then the cells were washed three times
with Hank’s Balanced Salt Solution (HBSS). The fluorescence images were captured using a Zeiss LSM 800 confocal microscope
within 2 hours under the same parameters. ImageJ was used to quantify the integrated density.

Annexin V-FITC / DAPI apoptosis detection

Cultured HFSC cells were dissociated with 0.25% Trypsin-noEDTA (MEILUNBIO, PWL061). The dissociated cells (5x105) were
washed with Cell Staining Buffer (BioLegend, 422201). After being centrifuged at 500g at 4 °C, the cell pellet was resuspended in
400 pL of Annexin V Binding Buffer (BioLegend, 420201) that contained Annexin V (BioLegend, 640908, 1:3000 dilution) and
0.5 png/mL DAPI (Sigma, D9542). The cell suspension was incubated at room temperature for 15 minutes. Cell apoptosis was sub-
sequently assessed using flow cytometry.

Skin explant harvesting and treatment

The dorsal skin of mice was dissected after sterilization, and the subcutaneous muscle was gently removed. The skin containing
dermal adipocytes was then cut into small pieces and cultured in a low-glucose medium at 37 °C with 5% CO2 for 3 hours. Following
this incubation, the skin pieces were treated with hormones for 6 hours. Corticosterone was dissolved in the low-glucose DMEM me-
dium (Gibco, 10567014) to achieve final concentrations of 0.1 uM, 1 uM, and 10 mM. Similarly, epinephrine was dissolved in the low-
glucose medium to final concentrations of 0.2 nM, 2 nM, and 2 mM. After 6 hours of hormone treatment at 37 °C with 5% CQO2, the
skin samples were subjected to whole-mount staining as previously described.

RNA-seq and computational analysis

HFSCs (CD140a-; CD45-; Scal-; CD34+; alpha6+) and EpiSCs (CD140a-; CD45-; Scal+; CD34-; alpha6+) were isolated from fed
and fasted mice at early anagen using FACS. RNA samples were purified using RNeasy Plus Micro Kit (Qiagen, 74034), and RNA-
seq libraries were generated using Single Cell Full Length mRNA-Amplification Kit (Vazyme, N712) and TruePrep DNA Library
Prep Kit V2 for lllumina (Vazyme, TD503). Paired-end sequencing reads were obtained using the lllumina NovaSeq 6000 platform.
Sequencing reads from RNA-seq libraries were trimmed using fastp,’” paired reads were removed if they contained over 10% N ba-
ses, over 50% low-quality (Q<=5) bases, or adapter sequences in any read. Trimmed reads were mapped to the mouse reference
transcriptome (mm10) performing quantification using Salmon.”® Gene expression levels were normalized and differential expression
of genes was calculated using the DESeq2 package in R.”” Pathway analysis was performed using QIAGEN Ingenuity Pathway Anal-
ysis (2023).

Randomized controlled trial for human hair growth analysis

The WePrecision-2 study was a dietary intervention trial conducted from May 8 to May 19, 2023. The 49 participants were randomly
assigned to one of the three groups: normal diet (ND), time-restricted diet (TRD), and energy-restricted diet (ERD). Randomization
was conducted by a researcher who was not involved in the recruitment and enroliment work. The primary outcome of this trial
was to assess the effects of TRD and ERD on glycemic homeostasis, as measured by oral glucose tolerance tests (OGTT) and contin-
uous glucose monitoring (CGM). The secondary outcome was to validate the impact of TRD and ERD on hair growth. Before the inter-
vention started (day 3), the baseline hair growth speed (from day 0 to day 3) was measured. All participants were required to wear the
continuous glucose monitor (CGM) on day 1, and the baseline physical examination was conducted on day 2. Between Day 3 and Day
12, ERD restricted daily total energy intake within 1200-1500 kcal but no dining circadian limits, while 18:6 TRD restricted the daily
feeding window from 10:00 to 16:00 without total energy intake restriction. The ND group was instructed to maintain original eating
habits for control. Out of the 49 participants, 35 completed the entire dietary intervention. Of these, hair growth measurements were
available from 26 participants: 9 participants in the ND group, 8 participants in the TRD group (one of them was not available for fast-
ing blood collection after intervention), and 9 participants in the ERD group.

Assessment of human hair growth, hair density, and metabolic traits

To assess hair growth, a 1 cm? area on the back of the scalp was shaved. Trichoscopy (Meiboyi, M-12) was used to capture hair shaft
images. Hair length was measured manually and independently by two experimenters, who were blinded to group assignments using
LabelMe software (version 5.3.1).”% Measurements were repeated after 3 days to determine the speed of hair growth during this
period. The average hair growth speed was assessed at both the baseline period (day 0 — day 3) and the end of the intervention period
(day 9 — day 12). The hair shaft width was also measured, and the density of terminal hair (> 30 pum) and vellus hair (< 30 pm) were
calculated as the number of hair shafts with roots present in the image, divided by the size of the image.®*** To assess the impact of
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TRD and ERD on metabolic health indicators, serum samples were collected on days 2 (baseline) and day 13 (after intervention). The
serum high-density lipoprotein (HDL) was determined on a Cobas c701 analyzer (Roche Diagnostics), and the low-density lipoprotein
(LDL) was determined on a Cobas ¢502 analyzer (Roche Diagnostics). Connecting-peptide (c-peptide) was measured using chemi-
luminescent immunoassays on an Alinity i instrument (Abbott).

QUANTIFICATION AND STATISTICAL ANALYSIS

Power and sample size calculation in human trial

The 2-hour post-OGTT (oral glucose tolerance test) glucose level was used to determine the required sample size in the
WePrecision-2 study. We estimated that the time-restricted diet (TRD) or energy-restricted diet (ERD) group could improve
this glucose index by 30% of the clinically relevant difference (3.3 mmol/L between the diagnostic thresholds for diabetes and pre-
diabetes),® equating to 1.0 mmol/L. Our previous WePrecision-1 study reported a mean OGTT-2h glucose level of 6.2 + 1.3 mmol/L.
Accordingly, we calculated that n = 13 participants per group would provide 80% power to detect a 1.0 mmol/L difference. With
anticipating a dropout rate of 20%, we initially aimed to recruit 48 participants (n = 16 per group), assuming that 39 participants
(n =13 per group) would complete the trial. Post-hoc power analysis indicated that our trial has 92% power to detect the observed
difference of 0.075 mm/day in hair growth between the TRD group (n = 8) and the control group (n = 9), with a significance level of 0.05
using two-sided two sample t-test.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism and R. For comparisons between two groups, unpaired two-tailed Stu-
dent’s t-tests were used. For comparisons involving more than two groups, one-way ANOVA with Tukey’s multiple comparisons test
was employed. Two-way ANOVA with Dunnett’s multiple comparisons test was utilized in cases requiring the analysis of two factors.
*P <0.05, ™ P<0.01, ™ P < 0.001, *** P<0.0001, n.s, not significant. In the bar graph, the data are presented as mean + s.e.m. In the
box plot, the data are presented as the interquartile range (IQR, the box), median (the line inside the box), and all individual data
points. Center lines show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles.

ADDITIONAL RESOURCES

The registry information of the Westlake Precision Nutrition Study 2: ClinicalTrial #NCT05800730, https://classic.clinicaltrials.gov/
ct2/show/NCT05800730.
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Figure S1. Intermittent fasting inhibits hair regeneration, related to Figure 1

(A) Schematic of mouse hair cycle phases driven by the periodic activation of HFSCs.

(B) Progression of hair regrowth in male mice subjected to AL, 16/8 TRF, and ADF paradigms between postnatal day (P) 60 and P156. Mice were shaved before
treatments (representative images from 8 to 10 mice for each group are shown here).

(C) Progression of hair regrowth in female mice subjected to AL, 16/8 TRF, and ADF paradigms between P24 and P38. Mice were shaved before treatments
(representative images from 6-8 mice for each group are shown here).

(D) Quantification of the hair regrowth in mice in (C) (n = 3 mice for each group, two-way analysis of variance [ANOVA] with Dunnett multiple comparisons test).
(E) H&E staining of skin from AL, TRF, and ADF mice in P34.

(F) Metabolic states of mice under AL, TRF, and ADF were measured by metabolic cages over a 72-h period starting from P26. Periods of fasting are shadowed by
a blue color (n = 3 mice for each group).

(G) Glucose tolerance test in mice under AL, TRF, and ADF paradigms for 6 months (n = 6-10 mice for each group). AUC, area under the time curves. Scale bar,
100 um. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.0001, n.s., not significant.
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Figure S2. HFSC dynamics and the fate of other skin cells under fasting, related to Figure 2

(A) Activation of HFSCs in mice subjected to AL and ADF starting from P24, as shown by immunofluorescent staining for CD34, Pcad, and EdU. Normally the
CD34""/Pcad™¥" HFSCs in the hair germ are activated first, followed by CD34"9"/Pcad'” HFSCs in the bulge.

(B) Apoptosis of HFSCs in mice subjected to AL and ADF starting from P24, as shown by immunofluorescent staining for CD34, Pcad, and aCASS3. Bar graphs
quantify the number of EdU+ activated HFSCs per hair follicle in (A) or aCAS3+ apoptotic HFSCs in (B) (n = 20 hair follicles from 3 mice for each time point, two-
tailed unpaired t test).

(C) Differentiation of HFSCs shown by immunofluorescent staining for ephrin-B1 (green, labeling for differentiated progenies of HFSCs), a6, and aCAS3 in mice
subjected to AL or ADF starting from P24. Bar graphs quantify the number of ephrine-B1 M cells per hair follicle (n = 20 hair follicles from 3 mice for each time point,
two-tailed unpaired t test).

(D) Representative immunofluorescent staining of hair follicles for aCAS3 (red) from mice under AL and TRF. Red arrowheads mark the apoptotic HFSCs.

(E) Immunofiuorescent staining of hair follicles for aCAS3 from mice subjected to AL or ADF starting from 2™ telogen.

(F and G) (F) Immunofluorescent staining of hair follicles for aCAS3 (red) from fed or fasted mice at 15t telogen and 2" telogen (G), when the HFSCs remain in the
quiescent state (n = 30 hair follicles from 3 mice for each group, two-tailed unpaired t test).

(H) Quantification of EdU+ HFSCs during plucking-induced or natural anagen entry.

(I) The number of HFSCs decreases after 24-h fasting (starts from plucking day 2), shown by flow cytometry analysis using K14-H2BGFP mice (n = 3 independent
experiments, two-tailed unpaired t test).

(J) Immunofluorescent staining of early anagen hair follicles in tail skin for aCAS3 (red), Pcad (light blue), and EdU (white) from fed or fasted mice (n = 10 hair
follicles from 3 mice for each group, two-tailed unpaired t test).

(K) Immunofluorescent staining of hair follicles in ear skin for aCAS3 (red), Pcad (light blue), and EdU (white) from fed or fasted mice (n = 30 hair follicles from 3 mice
for each group, two-tailed unpaired t test).

(L) Left: immunofluorescent staining of hair follicles for dopachrome tautomerase (DCT, green, a marker for melanocyte stem cell), aCAS3 (red), and EdU (white)
from fasted and fed mice. White arrowhead marks the EdU+/aCAS3+/DCT+ melanocyte stem cell. Right: melanin deposition in the hair germ of fasted mice
viewed under a bright field. Blue arrowhead marks the melanin in hair germ.

(M) Immunofluorescent staining of hair follicles for keratin 6 (K6, green, a marker for inner bulge cells) from fasted and fed mice (n = 3 mice for each group, two-
tailed unpaired t test).

(N) Immunofluorescent staining of hair follicles for keratin 14 (K14, green, a marker for epidermal stem cells [EpiSCs]) from fasted and fed mice (n = 3 mice for each
group, two-tailed unpaired t test).

(O) Immunofluorescent staining of hair follicles for fibroblast marker CD140a (green) and immune cell marker CD45 (white) from fasted and fed mice (n = 3 mice for
each group, two-tailed unpaired t test).

(P) Immunofluorescent staining of late anagen hair follicles for ephrine-B1 (green) from AL (P31) or ADF (P46) mice. Scale bars, 30 um. Data are presented as mean
+ SEM. **p < 0.01, ***p < 0.0001, n.s., not significant.
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(A) Schematic of TRF during the day and during the night.

(B) Progression of hair regrowth in female mice subjected to TRF paradigms during the day or the night between P24 and P34. Mice were shaved before
treatments.
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(C) Quantification of the hair regrowth in mice in (B) (n = 3-5 mice for each group, two-way analysis of variance [ANOVA] with Dunnett multiple comparisons
test). Data are presented as mean + SEM. ***p < 0.0001, n.s., not significant.
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(A) Levels of blood glucose change during 48 h in mice under regular AL feeding (n = 6 mice for each time point, one-way ANOVA with Tukey’s multiple com-
parisons test).

(B) Validation of TSC2 knockout efficiency in K75°EF; Tsc2"" mice through quantitative reverse-transcription PCR (RT-qPCR), western blotting, and immu-
nofluorescent staining.

(C) Left: immunofluorescent staining of hair follicles for EdJU and aCAS3 in TSC2 cKO mice under AL and quantification of EdU+ cells per hair follicle (n = 20 hair
follicles for each condition, two-tailed unpaired t test). Right: progression of hair regrowth in K15°°%R: Tsc2" mice and littermate controls under AL after hair
plucking.

(D) Whole-mount staining of dermal adipocytes for Plin1, a marker outlines the lipid droplets. Green box shows the dermal adipocytes undergoing lipolysis after
24 h of fasting.

(E) RT-gPCR of genes that code key lipolytic enzymes in dermal adipocytes from fed or 24-h fasted mice (n = 3 mice for each group, two-way ANOVA with Dunnett
multiple comparisons test).

(F) Dermal adipocytes underwent rapid lipolysis upon fasting and ceased promptly upon refeeding. The blue arrowhead in the immunofluorescence image marks
an adipocyte undergoing lipolysis.

(G) Measurement of the free fatty acid (FFA) concentration in the skin (left) and blood (right) after 24-h fasting by ELISA (n = 3 independent experiments for each
group, two-tailed unpaired t test).

(H) Testing the labeling of dermal adipocytes using AdipoQ°®E"; Rosa™ ™€ mice, and validation of ATGL knockout efficiency in AdipoQC™ER; Atgl™" mice through
RT-gPCR and immunofluorescent staining for ATGL (green) and Plin1 (red).

(I) Testing the labeling of HFSCs using Lhx2°"ER; Ai47 mice, and validation of CPT1A knockout efficiency in Lhx2°®ER; Cpt1a™" mice through RT-qPCR, western
blotting, and immunofluorescent staining for CPT1A (red).

(J) Immunofluorescent staining of hair follicles for Ki67 and Pcad in CPT1A cKO mice under fed or fasted condition and quantification of Ki67+ cells per hair follicle
(n = 10 hair follicles for each condition, one-way ANOVA with Tukey’s multiple comparisons test).

(K) Immunofluorescent staining for aCAS3 and Pcad in CPT1A cKO mice treated with vehicle or CB-839 under AL conditions (n = 30 hair follicles for each
condition, two-tailed unpaired t test).

(L) Immunofiuorescent staining of hair follicles for EdU, aCAS3, and Pcad in AdipoQ°c?; Atgi™" (ATGL cKO) mice and control littermate under AL and quan-
tification of EdU+ cells per hair follicle (n = 20 hair follicles for each condition, two-tailed unpaired t test).

(M) Immunofluorescent staining of dermal adipocytes in ATGL cKO mice under AL and quantification of lipid droplet area (two-tailed unpaired t test).

(N) Progression of hair regrowth in ATGL cKO mice and littermate controls under AL.

(O) Immunofiuorescent staining of hair follicles for EdU, aCAS3, and Pcad in Lhx2°"EF; Cpt1a™" (CPT1A c¢KO) mice and control littermate under AL and
quantification of EAU+ cells per hair follicle (n = 20 hair follicles for each condition, two-tailed unpaired t test).

(P) Immunofluorescent staining of dermal adipocytes in CPT1A cKO mice under AL and quantification of lipid droplet area (two-tailed unpaired t test).

(Q) Progression of hair regrowth in CPT1A cKO mice and littermate controls under AL.

(R) Immunofluorescent staining of hair follicles for aCAS3 and Pcad in mice intradermally injected with different concentrations of palmitic acid under AL (n = 30
hair follicles from 3 mice for each condition, one-way ANOVA with Tukey’s multiple comparisons test).

(S) Immunofluorescent staining of skin epidermis for K14 after intradermal injection of vehicle or 7.8 mM palmitic acid under AL. Scale bars, 30 um for (B), (C), (I}~
L), (O), (R), and (S), 50 um for (D), (F), (H), (M), and (P). Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001, n.s., not significant.
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Figure S5. Epinephrine and corticosterone released by adrenal glands drive dermal adipocyte lipolysis, related to Figure 5

A) Immunofluorescent staining of sympathetic ganglia for FOS (red) from fed and fasted mice.

B) Ablation of sympathetic nerves using 6-hydroxydopamine shown by tyrosine hydroxylase (TH) staining. SN, sympathetic nerve.

C) Dermal adipocytes still underwent lipolysis in the absence of sympathetic innervation upon fasting.

D) HFSCs still underwent apoptosis in the absence of sympathetic innervation upon fasting. SN abla, sympathetic nerve ablation.

(E) Gene counts of the adrenergic receptors and glucocorticoid receptors in dermal adipocytes sequencing (n = 2 biologically independent samples from
published data).

(F and G) (F) Whole-mount staining of mouse skin explant cultured with the indicated concentration of corticosterone (F) or epinephrine (G) for Plin1. The lipid
droplet area was quantified (one-way ANOVA with Tukey’s multiple comparisons test).

(H and l) Dermal adipocyte and HFSC apoptosis staining at sites of corticosterone intradermal injection in AdipoQC®E"; Atgi™™ (ATGL cKO) and Lhx2°"°ER: Cpt1a
(CPT1A cKO) mice under AL conditions.

(J and K) Dermal adipocyte and HFSC apoptosis staining at sites of epinephrine intradermal injection in ATGL cKO and CPT1A cKO mice under AL conditions.
L) Validation of GR knockout efficiency in AdipoQ°?; GR™ (GR c¢KO) mice through immunofluorescent staining for GR (green) and PLINT (red).

M) Reduced fasting-induced lipolysis in dermal adipocytes in GR cKO mice or mice treated with propranolol.

N) Reduced fasting-induced apoptosis in HFSCs in GR cKO mice or mice treated with propranolol.

0O) Hair regrowth of sham mice under ADF (n = 4-6 mice for each condition).

P) Immunofluorescent staining of early anagen hair follicles for EdU and aCAS3 in ADX and sham mice under AL and quantification of EdU+ cells per hair follicle
n = 20 hair follicles for each condition, two-tailed unpaired t test).

Q) Dermal adipocyte staining on ADX or sham mice under AL and quantification of lipid droplet area (two-tailed unpaired t test). Scale bars, 30 um for (D), (H), (I)-
L), (N), and (P), 50 um for (A)—(C), (F), (G), (M), and (Q). Data are presented as mean + SEM. ***p < 0.0001, n.s., not significant.
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Figure S6. RNA-seq analysis of HFSCs from mice under short-term and long-term intermittent fasting, related to Figure 6

(A) FACS strategy for purifying HFSCs: CD140a—, CD45—, Scal—, CD34+, and alpha6 high cells are sorted as HFSCs.

(B) Principal-component analysis (PCA) of gene expression variation of the three groups.

(C) Heatmap of all differentially expressed genes (DEGs, n = 3 biologically independent samples for each condition).

(D and E) (D) Heatmap showing differential expression of signature genes related to apoptosis signaling and (E), mitochondrial dysfunction.

(F) Hair follicles stained with 8G (red) and Pcad (light blue) from AL or long-term intermittent fasting mouse skin.

(G) Heatmap showing differential gene expression related to fatty acid metabolism (left) and oxidative stress response (right) in AL and long-term intermittent
fasting (LT-IF) mice HFSCs.

(H) Plasma level of 8-isoprostane in mice subjected to AL and long-term intermittent fasting measured by ELISA.

(I) Heatmap showing differential gene expression related to Wnt signaling pathway and cell cycle phase transition regulation in AL and LT-IF mice.

(J) Immunofluorescent staining of hair follicles for EdJU and aCAS3 in mice under 8 months of chronic intermittent fasting.

(K) Heatmap showing differential gene expression related to response to interferon-gamma, epidermal cell differentiation, antioxidant gene expression, and
response to UV in AL and LT-IF mice.

(L) Representative dermal adipocyte staining from young (2 months) or aged (24 months) mice.

(M) Representative 8G (red) and ki67 (green) staining of hair follicles from young or aged mice.

(N) Representative HFSC activation (EdU, white) and apoptosis (aCAS3, red) staining in hair follicles from young or aged mice. White arrowhead marks the EdU+
aCAS3+ HFSC in the old mice hair follicle.

(O) Heatmap showing differential expression of antioxidant genes in HFSCs in the early anagen or telogen stage. Ana, anagen; Telo, telogen.

(P) Immunofluorescent staining of telogen hair follicles for 8G (red) in fed or fasted mice.

(Q) Immunofluorescent staining of hair follicles for EAU and aCAS3 in VE-treated mice (top) or catalase overexpression (CAT OE) mice (bottom) under AL and
quantification of EAU+ cells per hair follicle (n = 20 hair follicles for each condition, two-tailed unpaired t test).

(R) Immunofluorescent staining of dermal adipocytes in VE-treated mice (top) or CAT OE mice (bottom) under AL and quantification of lipid droplet area.

(S) Progression of hair regrowth in VE-treated mice (left) or CAT OE mice and littermate controls under AL (representative images from 3 mice for each group).
Scale bars, 30 um for (F), (J), (P), (M), (N), and (Q), and 50 pum for (L) and (R). Data are presented as mean + SEM. **p < 0.01, n.s., not significant.
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Figure S7. Human RCT study design and metabolic health assessment, related to Figure 7

(A) Immunofluorescent staining for K15 (green) in freshly isolated HFSCs from human hair follicles.

(B) MitoSox red staining of cultured human HFSCs treated with palmitic acid and quantification of integrated density using ImagedJ.

(C) Representative 8G (red) and EdU (white) staining of human hair follicles treated with palmitic acid or vehicle.

(D) CONSORT diagram showing participant flow through the trial. 49 participants who met the inclusion criteria from the WePrecision-1 study were recruited and
randomized into 1 of the 3 groups: normal diet (ND), 18:6 time-restricted diet (TRD), and energy-restricted diet (ERD). After intervention, there were 9 completers in
the ND group, 8 completers in the 18/6 TRD group, and 9 completers in the ERD group that were available for hair growth analysis.

(E) Schematic of food available time in WePrecision-2 human trial. Participants in the ND group have access to food at any time. Participants in the 18/6 TRD
group can only have meals from 10:00 to 16:00 and fast for 18 h every day. For participants in the ERD group, the daily energy intake was limited to
1,200~1,500 kcal. The rough range of mealtime was 7:00-9:00, 11:00-13:00, and 17:00-19:00.

(F) Average daily energy intake (kcal) of each group.

(G-I) (G) Boxplots show the log, fold change in body weight, serum low-density lipoprotein (LDL) (H), and high-density lipoprotein (HDL) (I) after the intervention.
(J) Hair growth speed alteration (log, fold change compared with baseline) after intervention under each condition.

(K) Boxplots illustrate the changes in hair shaft density of terminal and vellus hairs.

(L) Boxplots illustrate the changes in serum cortisol and epinephrine levels in individuals from the ND and TRD groups after 18 h of fasting during the intervention
period, compared with their baseline levels. Hormone concentrations were measured using ELISA. Scale bars, 30 um for (A) and (C), 50 um for (B). In the bar
graph, data are presented as mean + SEM. In the box plot, data are presented as the interquartile range and median. *p < 0.05, **p < 0.01, ***p < 0.001, n.s., not
significant.
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