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SUMMARY

Hair plays important roles, ranging from the conser-
vation of body heat to the preservation of psycholog-
ical well-being. Hair loss or alopecia affects millions
worldwide, but methods that can be used to regrow
hair are lacking. We report that quiescent (telogen)
hair follicles can be stimulated to initiate anagen
and hair growth by small molecules that activate
autophagy, including the metabolites a-ketogluta-
rate (a-KG) and a-ketobutyrate (a-KB), and the pre-
scription drugs rapamycin and metformin, which
impinge on mTOR and AMPK signaling. Stimulation
of hair growth by these agents is blocked by specific
autophagy inhibitors, suggesting a mechanistic link
between autophagy and hair regeneration. Consis-
tently, increased autophagy is detected upon anagen
entry during the natural hair follicle cycle, and oral
a-KB prevents hair loss in aged mice. Our finding
that anagen can be pharmacologically activated in
telogen skin when natural anagen-inducing signal(s)
are absent has implications for the treatment of hair
loss patients.

INTRODUCTION

The biological and psychological importance of hair is well

recognized. Hair loss affects millions worldwide and can occur

because of aging, hormonal dysfunction, or autoimmunity or as

a side effect of cancer treatment. Mammalian hair growth

consists of cyclic repetitions of telogen (quiescence), anagen

(regeneration), and catagen (degeneration) phases of the hair fol-

licle (M€uller-Röver et al., 2001; Schneider et al., 2009). This hair

follicle cycle is regulated by both intrinsic and extrinsic signals

that control quiescence and activation of hair follicle stem cells

(HFSCs). Inadequate hair follicle stem cell activation and prolifer-

ation underlie alopecia in numerous biological and pathological
Cel
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conditions, including aging (Gilhar et al., 2012; Petukhova

et al., 2010; Keyes et al., 2013; Chueh et al., 2013). Molecules

that can promote hair follicle stem cell activation and anagen

initiation have been intensely searched for, as they may both

help reveal how hair regeneration is regulated and provide ther-

apeutic and cosmetic interventions. Here, we postulate that

telogen hair follicles may be induced to enter anagen by pharma-

cologically triggering autophagy.

As a fundamental process for degrading and recycling cellular

components, autophagy is critical for adaptation to nutrient

starvation and other adverse environmental conditions, and it is

regulated by such signals (Ohsumi, 2014; Galluzzi et al., 2014).

Autophagy is also important for quality control of proteostasis

through the elimination of misfolded or damaged proteins and

damaged organelles. The loss of autophagy may be causally

related to neurodegeneration and other diseases (Mizushima

et al., 2008). Autophagy declines with age (Cuervo and Dice,

2000; Levine and Kroemer, 2008), likely contributing to the higher

prevalence of autophagy-related diseases (e.g., cancer, neuro-

degenerative diseases) in the elderly. Autophagic clearing of

active, healthy mitochondria in hematopoietic stem cells is

required to maintain quiescence and stemness (Ho et al., 2017),

and autophagy fulfills the nutrient demand of quiescent muscle

stem cell activation (Tang and Rando, 2014). In the skin, auto-

phagy is required for self-renewal and differentiation of epidermal

and dermal stem cells (Salemi et al., 2012; Belleudi et al., 2014;

Chikh et al., 2014), but its role in hair follicle stem cells has re-

mained controversial. On one hand, autophagy may be required

for hair growth as skin grafts from the autophagy-related gene 7

(Atg7)-deficient mice exhibit abnormal hair growth (Yoshihara

et al., 2015). On the other hand, Atg7 deficiency in epithelial cells

of the skin and hair was reported to be compatible with growth of

hair, although sebaceous glands were affected, andmale mutant

mice developed an oily coat when they aged (Rossiter et al.,

2018). It was also reported that psychological stress induced

autophagy and delay of hair cycle (Wang et al., 2015).

Previously, alterations in intrinsic signaling, gene expres-

sion, and circadian function were implicated to prevent ana-

gen entry in aged hair follicle stem cells and result in alopecia
l Reports 27, 3413–3421, June 18, 2019 ª 2019 The Authors. 3413
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B C Figure 1. Hair Regeneration Is Induced by

Topical Treatment with a-KG

(A) Structure of a-KG.

(B) a-KG induces hair regeneration. Male mice

were shaved on postnatal day 44 (telogen) and

topically treated with vehicle control (DMSO in

�250 mL PLO Base) or a-KG (dissolved in DMSO

and then added to �250 mL PLO Base at 32 mM

final) every other day over 39 days. Melanin

pigmentation in the skin of a-KG-treated animals,

indicative of anagen induction by the treatment,

became visible as early as day 12; vehicle-treated

mice did not show significant pigmentation for at

least 39 days. Hair growth from the pigmented skin

areas of a-KG-treated mice was visible within

5–7 days. Photographs shown were taken on day

39 post-treatment, by which timemice treatedwith

a-KG exhibited overall hair growth, whereas con-

trol mice still had no hair generally except for

random hair patches on some animals. Total

number of animals: control, n = 26; a-KG, n = 28.

Similar effects by a-KG were seen in female mice

(shown in Figure S1D).

(C) Quantification for appearance of melanin

pigmentation (indicating onset of anagen) inmouse

skin treated with a-KG versus control. Pigmenta-

tion scoring is described in STAR Methods. Num-

ber of animals shown in (A): control, n = 4; a-KG,

n = 4. Data are represented as mean ± SD.

(D) Microphotographs of H&E-stained skin tissue

sections from mice treated with 32 mM a-KG,

showing new hair follicles and enlarged bulbs,

elongated hair shafts, and thickened dermal

layers. Hematoxylin is a basic dye that stains nu-

cleic acids purplish blue; eosin is an acidic dye that

stains cytoplasm and extracellular matrix (e.g., collagen) pink. Immunohistochemistry for Ki-67, a marker for cell proliferation (Magerl et al., 2001),

further demonstrated the formation of new hair follicles. IL-6 and F4/80 are inflammatory cytokine and macrophage markers, respectively (Hirano et al., 1990;

Wang et al., 2006). Controls for IL-6 and F4/80 positive inflammatory skin are shown in Figure S1E. Scale bars for H&E, 1 mm; scale bars for Ki-67, IL-6, and

F4/80, 400 mm.

(E) Induction of autophagy-associated markers, including LC3, p62, and phosphorylated beclin 1, in telogen skin of mice treated with a-KG for 6 h, 24 h, and

5 days. Skin remained in telogen during the treatment period as confirmed by the lack of skin pigmentation. Each lane is from a different animal. Number of

animals: four for each treatment.

See also Figure S1.
(Castilho et al., 2009; Keyes et al., 2013; Solanas et al., 2017).

The unforeseen finding that supplementation of a metabolite

a-ketobutyrate (a-KB) in old mice can increase longevity and

prevent alopecia (Huang et al., 2016) suggests that rejuve-

nating aging or aging associated deficiencies may restore

hair follicle stem cell function and hair growth in skin. We

report herein that autophagy is increased during anagen

phase of the natural hair follicle cycle and demonstrate that

specific small molecules that induce autophagy can be used

to promote anagen entry and hair growth from quiescent tel-

ogen phase.

RESULTS

Induction of autophagy is mediated by some of the same cellular

energy metabolism regulators that have been linked to or impli-

cated in the effect of dietary restriction (DR) on longevity. We pre-

viously showed that the metabolite a-ketoglutarate (a-KG) is

induced upon dietary restriction and mediates its longevity effect
3414 Cell Reports 27, 3413–3421, June 18, 2019
in C. elegans. a-KG also increases autophagy in both worms and

cultured mammalian cells (Chin et al., 2014). Here we tested

whether a-KG can increase hair regeneration, using a commonly

used in vivo C57BL/6J mouse dorsal skin model. We mainly

tested the topical treatmentmethod, as it ismost easily translated

to human patients. Minoxidil, a vasodilator used to treat pattern

hair loss (Messenger and Rundegren, 2004), was included for

comparison because it has typically been used as a positive con-

trol in much hair research (Figure S1A). Male mice at 6.5 weeks of

age (postnatal day 44) were shaved on the back, when dorsal skin

hair follicles are in telogen (M€uller-Röver et al., 2001). a-KG or

vehicle control treatment was applied topically every other day.

a-KG treatment drastically enhances hair regeneration (Figures

1A and 1B). Anagen in black mice is macroscopically recogniz-

able by the melanin pigment visible through the skin, as the mel-

anogenic activity of follicular melanocytes is strictly coupled to

the anagen stage of the hair cycle (Slominski and Paus, 1993).

In the experiment shown in Figure 1B, skin pigmentation was

visible by day 12 post-treatment with a-KG (Figure 1C). In
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Figure 2. Hair Regeneration Is Induced by Topical Treatment with Oligomycin and Rapamycin

(A) Structure of oligomycin.

(B) Oligomycin (100 mM) induces hair regeneration. Male mice were shaved on postnatal day 44 and topically treated every other day. Photographs shown were

taken on day 23 post-treatment. Number of animals: control, n = 23; oligomycin, n = 23. Similar effects by oligomycin were seen in female mice (Figure S1D).

(C) Quantification for appearance of melanin pigmentation in mouse skin treated with oligomycin versus control. Number of animals: control, n = 3; oligomycin,

n = 3. Data are represented as mean ± SD.

(D) Microphotographs of H&E- and Ki-67-stained skin tissue section from mice treated with 100 mM oligomycin. Scale bars for H&E, 1 mm; scale bars for Ki-67,

400 mm.

(E) Western blot analysis of autophagy-related markers in telogen skin of mice treated 5 days with indicated compounds. Ctrl, control; Oligo, oligomycin; Rapa,

rapamycin.

(F) Structure of rapamycin.

(G) Rapamycin (1.6 mM) induces hair regeneration. Male mice were shaved on postnatal day 43 and treated topically every other day. Photographs were taken on

day 37 post-treatment. Number of animals: control, n = 18; rapamycin, n = 17. Rapamycin at 100 nM gave similar results as 1.6 mM (Figure S2). Similar effects by

rapamycin were seen in female mice (Figure S2B). Rapamycin at 16 mM, however, resulted in hair loss and open wounds (data not shown), consistent with a

previous vascular grafts study in rats receiving high-dose rapamycin (Walpoth et al., 2001); this may be due to more severe inhibition of mTOR, which was

reported to be required for hair follicle stem cell activation (Castilho et al., 2009; Kellenberger and Tauchi, 2013; Deng et al., 2015).

(H) Quantification for appearance of melanin pigmentation in mouse skin treated with rapamycin (1.6 mM) versus control. Number of animals: control, n = 3;

rapamycin, n = 3. Data are represented as mean ± SD.

(I) Microphotographs of H&E- and Ki-67-stained skin tissue section from mice shown in (G). Scale bars for H&E, 1 mm; scale bars for Ki-67, 400 mm.

See also Figure S2.
contrast, in vehicle-treated control mice, no pigmentation or only

a few scattered pigmented spots were apparent at least until

day 39, when animals were sacrificed for histological and

biochemical analyses. Hair grew from the pigmented skin area

of a-KG-treated mice within 5–7 days, and by day 39 post-treat-

ment, a-KG-treated mice exhibited robust hair growth; in

contrast, control mice showed little or no hair growth overall (Fig-

ure 1B). The effects of a-KG on anagen initiation and hair regen-

eration were even more dramatic whenmice were treated later in

telogen at 8 weeks of age (Figures S1B and S1C). a-KG stimula-

tion of hair growth is gender independent; a-KG exhibited similar

hair stimulating effects in female mice (Figure S1D).

Formation and differentiation of hair follicles in a-KG-treated

mice were correspondingly demonstrated by histological ana-

lyses (Figure 1D). More follicles and high proliferation marker

Ki-67 expression were observed in a-KG treatment group,

showing anagen phase induction (Figure 1D). In telogen skin,

a-KG initiated new anagen waves as early as day 7 post-treat-

ment. Because inflammation and wound repair are known to

stimulate tissue, including hair regeneration (Ito et al., 2007),

our study was focused only on molecules that do not cause

skin damage or other abnormal skin conditions. There was

no evidence of skin irritation or inflammation by a-KG or

other small-molecule treatments described in this study
(unless otherwise indicated) per visual inspection and confirmed

by IL-6 and F4/80 staining (Figure 1D; Figure S1E).

Mice of the same age as those used for regeneration experi-

ments were also acutely treated and analyzed for early biochem-

ical changes. Increased autophagy induction in the a-KG-treated

mouse skin was supported by western blot analysis of LC3

(Kabeya et al., 2000) at both 24 h and 5 days post-treatment (Fig-

ure 1E). Expression of the autophagy substrate p62/SQSTM1,

which is widely used as an indicator of autophagic degradation,

was also increased with autophagy induction by a-KG in the

mouse skin (Figure 1E) as well as by rapamycin-induced auto-

phagy (see below). This is likely due to compensation through up-

regulation of p62 transcription (Figure S1F), as was reported for

p62 during prolonged starvation (Sahani et al., 2014).

Longevity increase by a-KG was found to be mediated, at the

molecular level, through direct inhibition of the highly conserved

mitochondrial ATP synthase/ATPase (complex V) and subse-

quent decrease of target of rapamycin (TOR) activity down-

stream (Chin et al., 2014). We tested whether hair regeneration

by a-KG may also be mediated by ATP synthase inhibition.

Consistent with this mechanism, topical treatment with the com-

plex V inhibitor oligomycin similarly promoted hair regeneration

in both male (Figures 2A–2D) and female (Figure S1D) mice.

Also, like a-KG, oligomycin treatment results in TOR inhibition
Cell Reports 27, 3413–3421, June 18, 2019 3415



and autophagy activation (Chin et al., 2014). Here we also de-

tected increased autophagy in topical oligomycin treated mouse

skin, as indicated by LC3 expression (Figure 2E).

The TOR protein is a main mediator of the effect of dietary re-

striction in longevity. Inhibition of TOR (e.g., by rapamycin) elicits

autophagy. We therefore asked whether rapamycin might also

increase hair regeneration. As shown in Figures 2F–2I and Fig-

ure S2, topical rapamycin treatment accelerated hair regenera-

tion, both visually and histologically. Autophagic LC3, p62, and

mTOR-dependent phosphorylated beclin 1 S14 (Russell et al.,

2013; Liang et al., 1999) were increased in rapamycin-treated

mouse telogen skin (Figure 2E). Consistently, beclin 1 S14 phos-

phorylation was also increased in mouse skin by day 5 post-

treatment with a-KG (Figure 1E) and oligomycin (Figure 2E).

Together, these results show that hair regeneration can be accel-

erated by either indirect or direct inhibition of TOR pathway ac-

tivity and induction of autophagy.

AMP-activated protein kinase (AMPK) is another common

downstream effector of a-KG and oligomycin (Chin et al.,

2014). AMPK, a key cellular energy sensor, is activated by de-

creases in cellular energy charge (e.g., upon glucose starvation

and many other cellular stress conditions) (Hardie et al., 2012;

Zhang et al., 2017). AMPK also elevates autophagy (Galluzzi

et al., 2014). Consistent with this understanding, AMPK-depen-

dent beclin 1 phosphorylation on S91 (Kim et al., 2013) was

increased in mouse skin treated with a-KG and oligomycin

(Figures 1E and 2E). Furthermore, as shown in Figures 3A–3D,

anagen induction and hair regeneration were also stimulated

by topical treatment with the AMPK activator 5-aminoimida-

zole-4-carboxamide ribonucleotide (AICAR), an AMP analog.

Metformin, another agonist of AMPK (Burkewitz et al., 2014),

has been widely used as a diabetes drug and was the first

drug approved for human anti-aging studies (Knowler et al.,

2002; Barzilai et al., 2016). Here we show that topical metformin

similarly induced autophagy and hair regeneration (Figures 3E–

3H). Interestingly, although metformin has not been used to

study hair growth or treat hair loss, decreased hair loss in

polycystic ovary syndrome patients treated with metformin

tablets has been documented (Ou et al., 2016; Shahebrahimi

et al., 2016).

Mechanistically, metformin has been shown to inhibit mito-

chondrial complex I in the electron transport chain (Owen

et al., 2000; Wheaton et al., 2014). Interestingly, long-lived

C. elegans mitochondrial mutants accumulate various alpha-

keto acid metabolites in the exometabolome (Butler et al.,

2010). We previously found that one of these compounds,

a-KB, extends the lifespan and alleviates many aging-related

symptoms in the aged mice (Huang et al., 2016). a-KB supple-

mentation in drinking water over 30 weeks greatly improved

hair coating in old mice (Figures 3I and 3J). However, in pilot ex-

periments testing topical treatments on aged mice, topical

a-KB treatment only moderately promoted hair growth in

shaved aged animals, whereas topical a-KG or rapamycin did

not visibly increase (or even slightly decreased, if it changed

at all) hair regeneration (data not shown). In contrast, in young

mice, like a-KG and rapamycin treatments, topical a-KB treat-

ment substantially induced skin pigmentation and hair regener-

ation (Figures 3K–3M). Autophagy was also induced, as
3416 Cell Reports 27, 3413–3421, June 18, 2019
indicated by elevated LC3 and phosphorylated beclin 1 in the

treated skin (Figure 3N).

mTOR has previously been reported to be required for hair fol-

licle stem cell activation and anagen entry (Castilho et al., 2009;

Kellenberger and Tauchi, 2013; Deng et al., 2015). However, our

results above indicate that moderate inhibition of mTOR by rapa-

mycin accompanied by autophagy induction stimulates hair

regeneration. Such a dichotomymay also exist for mitochondrial

regulation. Mitochondrial respiration is required for hair follicle

stem cell cycle and yet genetic perturbation of mitochondrial

function abolishes hair regeneration (Hamanaka et al., 2013;

Shyh-Chang et al., 2013; Kloepper et al., 2015). Our finding

that the well-established complex V inhibitor oligomycin in fact

promotes hair regeneration suggested that possibly, as in life-

span regulation, mild mitochondrial inhibition may prove to be

beneficial. Because mitochondrial complex V acts upstream of

TOR from C. elegans to Drosophila and humans (Chin et al.,

2014; Sun et al., 2014; Fu et al., 2015), and autophagy is induced

both bymitochondrial complex V inhibition and by TOR inhibition

(Figure 2E) (see also Chin et al., 2014), we decided to determine if

autophagy induction alone may be sufficient to elicit hair

regeneration.

We took advantage of a TOR-independent autophagy-

inducing small molecule, SMER28 (Sarkar et al., 2007), to test

our hypothesis that autophagy induction alone would elicit hair

regeneration. Topical SMER28 administration increased auto-

phagic induction of LC3 and p62 in mouse dorsal skin (Figures

4A and 4B; Figure S1F). The level of beclin 1 Ser14 phosphoryla-

tion, which depends on mTOR (Russell et al., 2013), was not

increased in SMER28-treated skin (Figure 4B), indicating an

mTOR-independent autophagy-inducing effect by SMER28.

Additionally, SMER28 did not appear to induce autophagy by

impinging on AMPK, as beclin 1 S91 phosphorylation was also

not increased in SMER28-treated skin (Figure 4B). Strikingly,

SMER28 also greatly induced hair regeneration (Figure 4C).

These findings strongly support the role of autophagy in promot-

ing hair regeneration. To examine whether autophagy is neces-

sary for SMER28-stimulated hair regeneration, we employed au-

tophinib, which inhibits VPS34 and autophagosome formation

(Robke et al., 2017). Co-treatment with autophinib prevented

hair regeneration by SMER28 (Figure 4D), indicating a critical

role of autophagy in hair regeneration. Likewise, autophagy is

also necessary for the stimulation of hair regeneration by a-KG

(Figure S3) as shown by co-treatments with autophinib, as well

as with bafilomycin A1, which disrupts autophagic flux by inhib-

iting vacuolar H(+)-ATPase (V-ATPase)-dependent acidification

and Ca-P60A/SERCA-dependent autophagosome-lysosome

fusion (Mauvezin and Neufeld, 2015).

In summary, we showed that inducing autophagy is necessary

and sufficient to initiate hair follicle activation and hair regenera-

tion. To understand whether autophagy may be integral to the

natural hair follicle cycle, we followed autophagy over different

hair follicle stages. We discovered that indeed autophagy is

elevated as the hair follicle progresses naturally through anagen;

autophagy decreases in catagen and remains low in telogen

(Figure 5). These data indicate a biological role of autophagy in

normal hair growth initiation and elongation. Consistent with

this idea, autophagy has been implicated in maintaining anagen,
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Figure 3. Hair Regeneration Is Induced by AICAR, Metformin, and a-KB

(A) Structure of AICAR.

(B) AICAR (16 mM) induces hair regeneration. Male mice were shaved on postnatal day 44 and treated topically every other day. Photographs were taken on day

41 post-treatment. Number of animals: control, n = 11; AICAR, n = 9. Similar effects in females (not shown).

(C) Quantification for skin pigmentation in mice from (B). Number of animals: control, n = 3; AICAR, n = 3. Data are represented as means ± SD.

(D) H&E- and Ki-67-stained skin tissue section from mice treated with 16 mM AICAR. Scale bars for H&E, 1 mm; scale bars for Ki-67, 400 mm.

(E) Structure of metformin.

(F) Metformin (160 mM) induces hair regeneration. Male mice were shaved on postnatal day 43 and treated topically every other day with metformin or vehicle

control (H2O in this experiment). Photographs were taken on day 48 post-treatment. Number of animals: control, n = 13; metformin, n = 12. Similar effects in

females (not shown).

(G) Quantification for skin pigmentation in mice from (F). Number of animals: control, n = 3; metformin, n = 3. Data are represented as means ± SD.

(H) H&E- and Ki-67-stained skin tissue section from mice shown in (F). Scale bars for H&E, 1 mm; scale bars for Ki-67, 400 mm.

(I) Structure of a-KB.

(J) Oral a-KB (8 mM in drinking water) treatment negates hair loss in aged female mice. Photo was taken at 131 weeks of age. Number of animals: control, n = 5;

a-KB, n = 5.

(K) Topical a-KB (32mM) induces hair regeneration in youngmalemice.Micewere shaved on postnatal day 44 and treated topically every other day. Photographs

were taken on day 39 post-treatment. Number of animals: control, n = 18; a-KB, n = 18. Similar effects in females (not shown).

(L) Quantification for skin pigmentation in mice from (K). Number of animals: control, n = 4; a-KB, n = 4. Data are represented as means ± SD.

(M) H&E- and Ki-67-stained skin tissue section from mice treated with 32 mM a-KB. Scale bars for H&E, 1 mm; scale bars for Ki-67, 400 mm.

(N) Western blot analysis of autophagy-related markers in telogen skin of mice treated 5 days with indicated compounds.

Cell Reports 27, 3413–3421, June 18, 2019 3417
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B C Figure 4. SMER28 Induces Hair Regenera-

tion in an Autophagy-Dependent Manner

(A) Structure of SMER28.

(B) Western blot analysis of autophagy-related

markers in telogen skin of mice treated 5 days with

1 mM SMER28. Each lane is from a separate

mouse.

(C) Male mice were shaved on postnatal day 45 and

treated daily with 1 mM SMER28; photographs were

taken on day 23 post-treatment. Every other day

treatment demonstrated similar results (not shown).

Number of animals: control, n = 6; SMER28, n = 6.

Similar effects were observed in females (not shown).

(D) SMER28 (2 mM) induced hair regeneration is in-

hibited by co-treatment with autophinib (4 mM). Mice

were shaved on postnatal day 51 and topically

treated every other day. Photographs were taken on

day 20 post-treatment; histology of corresponding

skin tissue section was shown. Scale bars for H&E,

1 mm; scale bars for Ki-67, 400 mm. Number of ani-

mals: control n = 20; SMER28, n = 16; SMER28 +

autophinib, n = 7; autophinib, n = 7.

See also Figure S3.
as autophagy inhibition by knocking down ATG5 in ex vivo

human anagen hair follicles prematurely induces catagen (Parodi

et al., 2018). It remains open which cells are critical for the stim-

ulating effects of the hair regeneration agents. In anagen, hair

matrix keratinocytes of organ-cultured human hair follicles

exhibit an active autophagic flux (Parodi et al., 2018). As it was

postulated that human dermal adipocytes adjacent to catagen

hair follicles undergo autophagic degradation of intracellular lipid

droplets, communication between hair follicles and dermal white

adipose tissue may also be important for hair regeneration

(Nicu et al., 2019).

DISCUSSION

The regulation of hair regeneration by microenvironment,

includingWnt, BMP, JAK-STAT, Treg, and interleukin-2 receptor

signaling, has been widely studied, but little is known about its

regulation by intracellular metabolic signals (Ito et al., 2007; Harel

et al., 2015; Chueh et al., 2013). Previously cellular redox (Hama-

naka et al., 2013), mitochondrial integrity, and energy production

(Shyh-Chang et al., 2013; Kloepper et al., 2015) have been
3418 Cell Reports 27, 3413–3421, June 18, 2019
shown to be involved in hair follicle stem

cell activation during normal hair growth

cycles, which are impaired or dysregulated

during aging. Here we have shown that

simply treating telogen skin with specific

autophagy-inducing small molecules is

sufficient to establish anagen and promote

hair regeneration.

Rapid anagen entry on whole dorsal tel-

ogen skin was observed from time to time

among mice treated with a-KG, oligomy-

cin, rapamycin, and SMER28, but never

in a-KB-, metformin-, or AICAR-treated

mice, nor in vehicle control mice. Tempo-
rally, pigmentation (anagen entry) induction by a-KB, AICAR, or

metformin takes much longer (e.g., on a time scale of 12–

18 days, comparedwith 5–14 days by a-KG, oligomycin, or rapa-

mycin). It is possible that this may reflect a differential effect by

mTOR inhibition and by AMPK activation on the regulation of

autophagy; these possibilities remain to be examined. The

crosstalk between metabolism and autophagy is complex (Gal-

luzzi et al., 2014). Autophagy is generally induced by limitations

in ATP availability or a lack of essential nutrients, including

glucose and amino acids, yet ATP is required for autophagy.

Starvation and ensuing decreased energy charge and increased

ROS levels are potent activators of autophagy. Recently it was

reported that calorie restriction also promotes hair follicle growth

and retention in mice (Forni et al., 2017) but the underlyingmech-

anism was unclear. It is tempting to speculate that this effect of

calorie restriction on hair growth may also be mediated through

autophagy activation. In line with this idea, it is conceivable that

molecules such as a-KG, rapamycin, and metformin, which may

function as calorie restriction (or dietary restriction) mimetics,

decrease energy metabolism, reducing skin temperature and

inducing hair growth as a defense mechanism against heat loss.



Figure 5. Autophagy Levels Are Indicative of Hair Folli-

cle Cycle Stages, Increased upon Anagen Induction

Mice were shaved on postnatal day 93 for males and on post-

natal day 92 for females and monitored for hair cycle progres-

sion. Mice at each indicated stage were sacrificed for western

blot analysis of autophagy markers. A, anagen; C, catagen; T,

telogen.
Autophagy has been linked to longevity, but the underlying

mechanisms are unclear. Although autophagy alone may not

be sufficient for lifespan increase, many longevity pathways

at least partially depend on the induction of autophagy to in-

crease lifespan (Jia and Levine, 2007; Hansen et al., 2008)

and lifespan and health-span extension in mice with increased

basal autophagywas recently reported (Fernández et al., 2018).

Disrupted autophagy has been linked to neurodegenerative

diseases, cancer, and other age-related disorders. Given the

conservation in energy metabolism and autophagy machinery,

induction of hair regeneration by autophagy activation discov-

ered in mice herein should translate to humans. Although it

has not been tested in human hair regeneration studies, auto-

phagy has been shown to be essential to maintaining

the growth of an ex vivo human scalp hair follicle organ culture

(Parodi et al., 2018).

It also remains to be studiedwhether the sameautophagymod-

ulators could be useful for treating hair loss patients. Our data

show stimulation of hair regeneration in the telogen phase but

have not been tested for hair regeneration in alopecia. Although

our study did not use a model for alopecia, the findings are rele-

vant to hair loss in the followingway. First, hair regeneration,which

occurs cyclically under normal conditions but fails in alopecia,

would require reactivation of dormant hair follicle stem cells. In

our experiments, because mice were shaved in telogen, all hair

follicles from the previous cycle were in a resting phase. We find

that pharmacological induction of autophagy is sufficient to acti-

vate these quiescent telogen hair follicles, when natural anagen-

inducing signal(s) are absent, and initiate new anagen and hair

regeneration. This suggests that hair loss (e.g., due to lengthened

telogen phase, shortened anagen phase, and/or hampered ana-

gen induction) may also be rescued by pharmacologically acti-

vating autophagy. Further consistent with this idea, increased

autophagy is detected upon anagen entry during the natural hair

follicle cycle, and aged mice fed the autophagy- and anagen-

inducing metabolite a-KB are protected from hair loss.
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Magerl, M., Tobin, D.J., M€uller-Röver, S., Hagen, E., Lindner, G., McKay, I.A.,

and Paus, R. (2001). Patterns of proliferation and apoptosis during murine hair

follicle morphogenesis. J. Invest. Dermatol. 116, 947–955.

Mauvezin, C., and Neufeld, T.P. (2015). Bafilomycin A1 disrupts autophagic

flux by inhibiting both V-ATPase-dependent acidification and Ca-P60A/

SERCA-dependent autophagosome-lysosome fusion. Autophagy 11, 1437–

1438.

Messenger, A.G., and Rundegren, J. (2004). Minoxidil: mechanisms of action

on hair growth. Br. J. Dermatol. 150, 186–194.

Mizushima, N., Levine, B., Cuervo, A.M., and Klionsky, D.J. (2008). Autophagy

fights disease through cellular self-digestion. Nature 451, 1069–1075.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Ki-67 (D3B5) Cell Signaling Technology Cat#12202; RRID: AB_2620142

Rabbit polyclonal anti-IL-6 Abcam Cat#ab6672; RRID: AB_2127460

Rat monoclonal anti-F4/80 (clone Cl:A3-1) Bio-Rad Cat#MCA497G; RRID: AB_872005

Rabbit polyclonal anti-LC3B Novus Cat#NB100-2220; RRID: 10003146

Rabbit polyclonal anti-p62/SQSTM1 (C-terminal) Sigma-Aldrich Cat#P0068; RRID: AB_1841066

Rabbit monoclonal anti-Phospho-Beclin-1 (Ser15) (D4B7R) Cell Signaling Technology Cat#84966; RRID: AB_2800045

Rabbit monoclonal anti-Phospho-Beclin-1 (Ser93) (D9A5G) Cell Signaling Technology Cat#14717; RRID: AB_2688032

Rabbit monoclonal anti-Beclin 1 [EPR19662] Abcam Cat#ab207612; RRID: AB_2692326

Mouse monoclonal anti-GAPDH (6C5) Thermo Fisher Scientific Cat#AM4300; RRID: AB_2536381

Chemicals, Peptides, and Recombinant Proteins

dimethyl sulfoxide Sigma-Aldrich D8418; CAS: 67-68-5

a-ketoglutaric acid Sigma-Aldrich 75890; CAS: 328-50-7

oligomycin Cell Signaling Technology 9996L; CAS: 1404-19-9

rapamycin Selleckchem S1039; CAS: 53123-88-9

AICAR (acadesine) Selleckchem S1802; CAS: 2627-69-2

metformin hydrochloride Sigma-Aldrich PHR1084; CAS: 1115-70-4

2-ketobutyric acid Sigma-Aldrich K401; CAS: 600-18-0

SMER28 Selleckchem S8240; CAS: 307538-42-7

autophinib Selleckchem S8596; CAS: 1644443-47-9

bafilomycin A1 Selleckchem S1413; CAS: 88899-55-2

premium lecithin organogel (PLO) base Transderma Pharmaceuticals Inc Cat#TR201

10% formalin solution Sigma Cat#HT501128

T-PER tissue protein extraction buffer Thermo Scientific Cat#78510

cOmplete, mini protease inhibitor cocktail Roche Cat#11836153001

phosphatase inhibitor cocktail 2 Sigma-Aldrich Cat#P5726

sodium dodecyl sulfate (SDS) Thermo Fisher Scientific Cat#BP166; CAS: 151-21-3

b-mercaptoethanol Thermo Fisher Scientific Cat# O3446I-100; CAS: 60-24-2

20X Bolt MOPS SDS running buffer Invitrogen Cat#B0001

TRIzol reagent Invitrogen Cat#15596026

Critical Commercial Assays

Lysing matrix A tubes MP Biomedicals Cat#116910100

NuPAGE 12% Bis-Tris protein gels, 1.0 mm, 15-well Invitrogen Cat#NP0343BOX

Immobilon-P PVDF membrane Millipore Cat# IPVH00010

iScript reverse transcription supermix Bio-Rad Cat#1708840

iTaq universal SYBR Green supermix Bio-Rad Cat#172-5120

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson Laboratories JAX: 000664, RRID:IMSR_JAX:000664

Mouse: C57BL/6J at the age of 87 weeks or 21 months NIA aged rodent colonies N/A

Oligonucleotides

Primers: p62 forward: GAAGAATGTGGGGGAGAGTGTGG;

reverse: TGCCTGTGCTGGAACTTTCTGG

Zhang et al., 2014 N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primers: B2m forward: CAGCATGGCTCGCTCGGTGAC;

reverse: CGTAGCAGTTCAGTATGTTCG

This paper N/A

Software and Algorithms

GraphPad Prism GraphPad Software RRID: SCR_002798

Microsoft Excel Microsoft RRID: SCR_016137
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jing

Huang (jinghuang.ucla@gmail.com).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All experiments were approved by the UCLAChancellor’s Animal Research Committee. Mice were housed (up to 4 animals per cage)

in a controlled SPF facility (22 ± 2�C, 6:00-18:00, 12 h/12 h light/dark cycle) at UCLA. Mice were fed a standard chow diet and pro-

vided ad libitum access to food and water throughout the study. C57BL/6J male mice were obtained at 6 or 8 weeks of age from

Jackson Laboratories (Bar Harbor, ME). C57BL/6J female mice were obtained at 8 weeks of age from Jackson Laboratories

(Bar Harbor, ME). For oral a-KB treatment, agedmale and female C57BL/6Jmice were obtained at 87 weeks of age (NIA aged rodent

colonies). For topical a-KB treatment, agedmale C57BL/6J mice were obtained at 21months of age (NIA aged rodent colonies). In all

experiments, age- and sex-matched animals were randomized into control and treatment groups.

METHOD DETAILS

Assay for hair growth in mice
All compounds were tested in both male and female mice. Every experiment was repeated independently at least 2 times. Some

treatments with different agents were performed concurrently with shared control arms. C57BL/6Jmice were obtained from Jackson

Laboratories (Bar Harbor, ME) at 6 or 8 weeks of age for males and at 8 weeks of age for females. Mice were shaved dorsally in

telogen, i.e., postnatal day 43�45 for males (unless otherwise indicated) and day 58 for females, respectively. Vehicle control

(25 mL DMSO), unless otherwise indicated) or test compounds (in 25 mL DMSO, unless otherwise indicated) were topically applied

on the shaved skin every other day (unless otherwise described) for the duration of the experiments (3-6 weeks). Appearance of

skin pigmentation and hair growth were monitored and documented by photos and videos, with the experimenter(s) being blind

to the treatment conditions. Progression was also assigned a value from 0 to 100 based on pigmentation levels and hair shaft density,

with 0 indicating no hair growth (and no pigmentation) and higher number corresponding to darker skin and larger areas of dense hair

growth. Scoring was done blindly. Images representing different scores are presented in Figure S4. DMSO (Sigma), a-KG (Sigma),

oligomycin (Cell Signaling), rapamycin (Selleckchem), AICAR (Selleckchem), metformin (Sigma), a-KB (Sigma), SMER28

(Selleckchem), autophinib (Selleckchem), bafilomycin A1 (Selleckchem), or indicated combinations in �250 mL Premium Lecithin

Organogel (PLO) Base (Transderma Pharmaceuticals Inc.) were used for each mouse. The vehicle DMSO was also mixed with

PLO base for topical application. The timing of the hair cycle was not altered using PLO base +DMSO versus PLO base alone in

our experiments.

Aged mice
For oral a-KB treatment, aged male and female C57BL/6J mice were randomly assigned to treatment with either drinking water

(vehicle control) or a-KB (90 mg/kg bodyweight) in drinking water, started when mice were at 101 weeks of age. For topical a-KB

treatment, aged male C57BL/6J mice were obtained at 21 months of age (NIA aged rodent colonies), shaved the following week,

and randomly assigned to be topically treated with either a-KB (32 mM) or vehicle control every other day for one month.

Histology and microscopy
C57BL/6J mouse dorsal skin was shaved before being collected for histological and molecular analyses. Full-thickness skin tissue

was then fixed in 10% formalin solution (Sigma) overnight and dehydrated for embedding in paraffin. 5 mm paraffin sections were

subjected to hematoxylin/eosin staining and immunohistochemistry. Antibodies used are listed in the key resources table. Images

were captured by Leica Aperio ScanScope AT brightfield system at X20 magnification.
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Western blotting
Male C57BL/6Jmice were shaved and treated every other day starting on postnatal day 43. After 5 days (unless otherwise indicated),

telogen skin samples were harvested and stage confirmed. Mouse skin tissue lysate was prepared by homogenization in T-PER Tis-

sue Protein Extraction Buffer (Thermo Scientific) with protease inhibitors (Roche) and phosphatase inhibitors (Sigma) by FastPrep-24

(MP Biomedicals) in Lysing Matrix A tubes (MP Biomedicals). Tissue and cell debris was removed by centrifugation and the lysate

was boiled for 5 min in 1 x SDS (Fisher Scientific) loading buffer containing 5% b-mercaptoethanol (Fisher Scientific). Samples

were then subjected to SDS–PAGE on NuPAGE Novex 12% Bis-Tris gels (Invitrogen) in MOPS SDS Running Buffer (Invitrogen),

and transferred to PVDF membranes for western blotting. All antibodies used are listed in the key resources table.

Quantitative reverse transcription PCR
Male C57BL/6Jmice on postnatal day 43were randomly assigned to either control (DMSO), or a-KG or SMER28 treatment groups. At

24 h post-treatment, telogen skin samples were harvested and total RNA was isolated using TRIzol reagent (Invitrogen) from whole

thickness mouse skin tissue. cDNA was synthesized using iScript Reverse Transcription Supermix (Bio-Rad). iTaq Universal SYBR

Green Supermix (Bio-Rad) and a Bio-Rad CFX Connect instrument were used for quantitative RT-PCR. Primer sequences are listed

in the key resources table (Zhang et al., 2014). Relative gene expression was calculated as 2-DDCT, where beta-2-microglobulin (B2m)

was used as the housekeeping gene for normalization.

QUANTIFICATION AND STATISTICAL ANALYSIS

All treatments were repeated at least two times. Data represent biological replicates. Statistical tests used, number of animals, and

p values are described in the legend for each figure. Data meet the assumptions of the statistical tests described for each figure.

Mean ± s.d. is plotted in all figures.
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