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Abstract

Background
Hair follicle stem cells (HFSCs) are usually in a resting state and are activated during the transition from
telogen to anagen phases to ensure that the hair follicle enters a new cycle. Macroautophagy/autophagy
regulates stem cell metabolic behavior in tissues, and changes in HFSC metabolism directly affect HFSC
activation and maintenance. However, the role of autophagy in the regulation of HFSC metabolism and
function remains unclear.

Methods
Back hair of mice at different hair follicle cycle stages was collected, and immuno�uorescence staining
was used to detect changes in HFSC autophagy levels in the hair follicle cycle. Mouse and human hair
follicles were treated with rapamycin (Rapa, an autophagy activator) and 3-methyladenine (3-MA, an
autophagy inhibitor). The effects of autophagy on the hair follicle cycle and HFSC were investigated by
imaging, cell proliferation staining, and HFSC-speci�c marker staining. The in�uence and mechanism of
autophagy on HFSC metabolism were explored by RNA sequencing, real-time polymerase chain reaction
(PCR), immunohistochemical staining, and lactate and glucose detection. Finally, the in�uence of
autophagy-induced glycolysis on HFSC and the hair follicle cycle was veri�ed by proliferation, stem cell
characteristics, and in vivo functional experiments.

Results
The HFSC autophagy level in hair follicles was highest during the transition from the telogen to the
anagen phase. The inhibition of autophagy with 3-MA led to early entry into the catagen phase and a
prolonged telogen phase, whereas Rapa promoted autophagy and hair growth. Autophagy activated
HFSC by increasing the activity of HFSC lactate dehydrogenase (Ldha) and lactate production and
transforming HFSC metabolism into glycolysis. The inhibition of Ldha expression counteracted the
effects of autophagy.

Conclusions
These results demonstrated that autophagy activated HFSC by promoting the transition from HFSC
metabolism to glycolysis, ultimately initiating the hair follicle cycle and promoting hair growth.

Introduction
Hair follicles undergo anagen, catagen, and telogen phases, thereby forming a cycle of hair growth,
shedding, and regrowth. Hair follicle stem cells (HFSCs) are located in the bulge area of hair follicles and
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are characterized by the expression of various immunohistochemical markers, including cytokeratin-15
(CK15) and cytokeratin-19 (CK19). HFSCs undergo activation and quiescence in a manner that is highly
synchronized with the hair follicle cycle[1, 2]. A prolonged telogen phase and hair miniaturization caused
by HFSC activation disorders among the pathological bases of alopecia, including androgenic alopecia
(AGA)[3, 4]. HFSC activation is regulated by various internal and external mechanisms. Recent studies
have found that compared to other epidermal cells, HFSCs tend to utilize glycolytic metabolism to
produce more lactate, a metabolic characteristic that allows them to respond quickly to hair follicle
growth stimulation[5]. The transition from HFSC to outer root sheath (ORS) progenitor cells involves the
activation of oxidative phosphorylation and the entry of glutamine into the tricarboxylic acid (TCA) cycle.
Importantly, some ORS progenitor cells can be reprogrammed by inhibiting the metabolic transition from
glycolysis to oxidative phosphorylation (OXPHOS) and glutamine metabolism in the early development of
the HFSC lineage and restoring stem cell status, thus forming a new HFSC ecological niche[6]. However,
the regulation of metabolic pathways in HFSCs has not yet been reported.

Autophagy is an intracellular degradation system that transmits cytoplasmic substances to lysosomes
for degradation and plays various roles in the physiological processes of cell disease. Orhon et al. used a
three-dimensional organoid system to evaluate the effect of autophagy on mouse salivary gland stem
cells (SGSCs), in which enhanced autophagy induced SGSCs activation and played an important role in
maintaining the self-renewal characteristics of SGSCs[7]. Several studies have shown that autophagy
regulates cellular metabolism. For example, autophagy maintains mitochondrial function and quantity in
hematopoietic stem cells, leaving cells metabolically at low levels of OXPHOS, while impaired autophagy
leads to excessive activation of hematopoietic stem cells and senescence phenotypes[8].

Recent studies have shown that -ketoglutarate (-KG) and -ketobutyrate (-KB), as well as the prescription
drugs rapamycin and metformin, increase follicle autophagy by affecting mTOR and AMP2 signaling,
facilitating the early entry of hair follicles into the resting phase[9]. However, Parodi et al. used an in vitro
human hair follicle organ culture model to demonstrate that anti-hair loss products with autophagic
effects can signi�cantly enhance the autophagy of hair follicle cells and prolong hair follicle growth[10].
However, the effects of autophagy on HFSC metabolism and function during the follicular cycle remain
unclear. Understanding the mechanism of autophagy in HFSC metabolism is important for treating or
preventing hair loss due to the failure of HFSC activation.

In this study, we measured the autophagy levels of HFSC in different hair follicle cycles and investigated
the effects of autophagy on the hair follicle cycle and HFSCs. We also investigated the effects and
mechanisms of autophagy on HFSC metabolism, and whether autophagy affects HFSC function and the
follicular cycle by regulating cellular metabolism.

Results
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3.1 Increased autophagy level in HFSC during the transition
phase (telogen-anagen transition)
The cellular activity differed signi�cantly between resting and growing hair follicles. During the telogen
phase, hair follicle stem cells rest until they are activated and proliferate upon receiving growth
stimulation signals (Supplementary Fig. 1). To investigate the level of HFSC autophagy in different hair
follicle cycles, we performed co-localization assays of the autophagy markers LC3B, P62, and HFSC-
speci�c marker K15 on the dorsal skin of mice in the early telogen phase (50 days after birth), mid-late
telogen phase (63 days after birth), telogen-anagen phase transition (77 days after birth), and anagen
phase (84 days after birth). Fewer LC3B-positive sites in HFSC were observed in the early and mid-late
telogen phases; the numbers increased brie�y in the transition phase and then decreased after entering
the anagen phase; whereas P62 levels decreased in the transition phase, corresponding to LC3B-positive
sites (Fig. 1A-C). HFSC autophagy was induced during the telogen-anagen phase transition of hair
follicles and returned to lower levels after entering the anagen phase, and the level of HFSC autophagy
was consistent with hair follicle cycle changes, suggesting that changes in HFSC autophagy may play an
important role in the critical process of hair follicles entering the anagen phase from the telogen phase.

3.2 Autophagy regulates the hair follicle cycle and HFSC
activation
To investigate the effect of transitional autophagy upregulation on the hair follicle cycle, we selected
mice treated with hair removal and drug injection in the mid-late telogen phase (9th–10th weeks after
birth). Immuno�uorescence staining of hair follicles from mice 1 day after drug treatment showed fewer
HFSC LC3B-positive sites in the 3-MA group and signi�cantly more HFSC LC3B-positive sites in the Rapa
group compared to the control group, while HFSC p62 levels increased in the 3-MA group and decreased
in the Rapa group, thus demonstrating that 3-MA and Rapa effectively inhibited and promoted HFSC
autophagy, respectively (Fig. 2A-C). We �rst explored the effect of 3-MA alone on the hair follicle cycle,
photographed on days 0, 7, 9, and 11 after drug treatment, and analyzed the skin hair growth conditions
using imaging software. On day 7, we observed melanosis in both the 3-MA and control groups; however,
the mice in the 3-MA group had a much lighter skin color compared to the control group. On day 11, the
melanosis rate in the control group was 1.57 and 1.78 times that of the telogen period, respectively, while
the melanosis rate in the 3-MA group was only 1.29 and 1.42 times that of the telogen period (Fig. 2D and
2E). This indicated that autophagy inhibition delayed the telogen-anagen phase transition in mouse hair
follicles. We further investigated whether autophagy promoted the early entry of hair follicles into the
anagen phase in mice. Surprisingly, on day 11, mice in the Rapa group had regained almost intact hair,
whereas most of the hair follicles in the 3-MA group remained in the telogen phase (Fig. 2F and 2G).
Hematoxylin and eosin (H&E) staining of the skin con�rmed these �ndings (Fig. 2H). To investigate
whether autophagy had an activating effect on HFSCs, we performed Ki67 staining of hair follicles of
mice 7 days after treatment. On day 7, more HFSCs in the bulge area of the Rapa group showed
proliferation, while fewer HFSCs in the control group and almost none in the 3-MA group showed
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proliferation (Fig. 2I). Previous studies have reported that plucking hair from the backs of mice can unify
the hair follicle cycle and induce the early anagen phase[11]. On the �rst day after hair plucking, we
observed increased HFSC LC3B expression on the dorsal side of mice, and more positive points for HFSC
LC3B in the chloroquine (CQ)-treated group compared to the hair plucking group, indicating active HFSC
autophagic �ux (Supplementary Fig. 2) and suggesting that enhanced HFSC autophagy may be one of
the mechanisms for the early entry of hair follicles into the anagen phase after hair plucking.

To evaluate whether autophagy also plays a role in regulating the cycle and activating HFSCs in human
hair follicles, we used the experimental method of in vitro organ culture of human hair follicles to observe
the effect of autophagy on hair follicles in close proximity to the physiological microenvironment and
histomorphology. Human hair follicles were treated with Rapa (1 nM) and 3-MA (5 uM) for 6 h. We
observed a decrease in HFSC LC3B-positive sites and an increase in p62 levels in the 3-MA group, and an
increase in HFSC LC3B-positive sites and a decrease in p62 levels in the Rapa group, demonstrating that
drug treatment effectively affected HFSC autophagy levels (Fig. 3A-C). Next, we morphologically
assessed the change in the length of each hair follicle after drug treatment for 1–7 days and the stage of
the hair follicle cycle on day 7. We observed that 3-MA retarded hair shaft growth, whereas rapamycin
signi�cantly promoted it (Fig. 3D). On day 7, approximately 30% of the control follicles were in the
anagen phase and < 20% of the 3-MA group were in the anagen phase, whereas > 50% of the Rapa-
cultured follicles were still in the anagen phase (Fig. 3E and 3F). To further verify the effect of autophagy
on HFSC, we compared HFSC proliferation and the expression of the HFSC marker K15 after 3 days of
culture under different treatments. The percentage of HFSC and daughter Ki67 + cells signi�cantly
increased in Rapa-treated hair follicles, whereas 3-MA-treated hair follicles had fewer HFSCs and
daughter Ki67 + cells than the control group (Fig. 3G and 3H). Drug treatment appeared to not affect
HFSC K15 expression in the bulge region; however, Rapa signi�cantly promoted K15 expression in HFSC
daughter cells above the hair bulge (Fig. 3I). Because K15 is a marker of stem cell-speci�c expression in
the bulge region, the restoration of K15 expression in daughter cells above the bulge was considered to
restore stem cell properties.

In summary, autophagy upregulation activated HFSC, thus promoting hair follicle cycle activation in mice
and prolonging the anagen phase of human hair follicles, prolonging the telogen phase of hair follicles in
mice, and causing human hair follicles to enter the catagen phase earlier. Therefore, autophagy plays an
important role in HFSC activation and hair follicle cycle regulation.

3.3 Induction of autophagy promotes a shift in HFSC
metabolism toward glycolysis
Previous studies showed that autophagy contributes to the maintenance of glycolytic metabolism in
hematopoietic stem cells and that impaired autophagy leads to abnormal hematopoietic stem cell
maintenance and function[12] .To investigate the effect of autophagy on HFSC metabolism, we �rst
examined the effect of different concentrations of drug treatment on cell activity and proliferation using
live-dead staining and CCK8 reagent. HFSCs were extracted as previously described[13] and assayed when
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the cell fusion reached 80%. After 24 h of drug treatment, the cell activities did not differ signi�cantly, but
3-MA inhibited cell proliferation, while Rapa promoted cell proliferation in a concentration-dependent
manner, with no effect on cell proliferation at 0.05 nM and 2.5 nM, while 0.5 nM Rapa promoted cell
proliferation most signi�cantly (Supplementary Fig. 3A and 3B).

We also examined the cellular autophagy levels after treating HFSCs with Rapa (0.5 nM) and 3MA (5
mM) for 6h. Consistent with the previous results, we observed an increase in LC3B-positive sites,
weakened P62 expression, and increased autophagic �ow in HFSCs in the 0.5 nM Rapa group. In the 3-
MA group, we observed a decrease in LC3B-positive sites, enhanced P62 expression, and weakened
autophagic �ow (Fig. 4A-C). Next, we performed a transcriptome sequencing analysis of HFSC after Rapa
treatment for 24 h. Both KEGG and GO enrichment pathway analyses showed signi�cant changes in
glycolytic metabolism in the enriched top pathway (Fig. 4D-E). To investigate the relationship between
autophagy and HFSC glycolysis, we collected HFSC culture supernatants after 18 h and 24 h of treatment
with 3-MA and different concentrations of Rapa and measured the lactate and glucose concentrations in
the supernatants. The results showed that Rapa promoted glucose consumption and lactate production
in HFSCs, with 0.5 nM Rapa having the most signi�cant and rapid effect on HFSCs; in contrast, 3-MA
signi�cantly inhibited glucose consumption and reduced lactate production in HFSCs (Fig. 4F and 4G).
We also found that the intracellular lactate concentration in HFSCs after Rapa treatment was 3.75 times
higher than that after 3-MA treatment (Fig. 4H). These results suggested that autophagy induction can
promote a shift in HFSC metabolism to glycolysis and increase glucose consumption and lactate
production in HFSCs.

3.4 Autophagy promotes Ldha expression and up-regulates
Ldha activity in HFSCs
Previous studies con�rmed the regulatory role of autophagy on cellular glycolysis, a role that may be
mediated by regulating the expression of glycolytic metabolic enzymes[13–15]. Therefore, to investigate
the regulatory mechanism of autophagy in HFSC metabolism, we examined the expression of key
glycolytic enzymes in HFSCs by real-time PCR. We found that Rapa and 3-MA upregulated and 3-MA
inhibited Ldha expression in HFSCs, respectively (Fig. 5A and 5B). To investigate the role of Ldha in
autophagy-induced HFSC glycolysis, we transfected HFSCs were transfected with Ldha siRNA for 48 h to
reduce Ldha expression. Real-time PCR to examine the knockdown effect of si-Ldha showed that si-Ldha
effectively downregulated Ldha expression (Fig. 5C)[15]. When autophagy was induced by Rapa, Ldha
knockdown reduced the rates of lactate production and glucose consumption in HFSCs (Fig. 5D). We
then veri�ed the role of autophagy in promoting Ldha expression in human hair follicle organ cultures in
vivo. Human hair follicles were treated with Rapa and 3-MA for 24 h before Ldha expression was detected
by immunohistochemical staining. Rapa signi�cantly promoted human hair follicle Ldha expression in
HFSCs, whereas 3-MA inhibited Ldha expression in HFSCs (Fig. 5E). We veri�ed these �ndings in vivo by
injecting the experimental group drug and the control group solvent into the dorsal surface of C57 mice
and assayed 24 h later. Consistent with the results of the human hair follicle assay, Rapa promoted Ldha
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expression in mouse dorsal hair HFSCs, whereas 3-MA inhibited Ldha expression in HFSCs (Fig. 5F). In
addition, differential gene analysis of the glycolytic pathways revealed that LDHAL6A was the glycolytic
enzyme with the most signi�cant changes in RapA-treated HFSCs (Fig. 5G and 5H). Since LDHAL6A may
be positively correlated with Ldha activity, we lysed the drug-treated cells and subjected the cell lysates to
an enzymatic assay similar to the colorimetric assay. The results showed that Rapa increased HFSC
Ldha activity (Fig. 5I). These results suggest that autophagy shifts HFSC metabolism toward glycolysis
by promoting Ldha expression and increasing Ldha activity in HFSCs.

3.5 Autophagy activates HFSC and induces hair growth by
promoting glycolysis
To further investigate the effect of autophagy-induced upregulation of Ldha expression on HFSCs and
the hair follicle cycle, we performed EdU staining of HFSCs and found that Rapa promoted HFSC
proliferation, whereas transfection with si–Ldha signi�cantly impaired the promotion of HFSC
proliferation (Fig. 6A and 6B). Furthermore, a clone formation assay to assess the effect of autophagy on
HFSC proliferation showed that Rapa signi�cantly promoted HFSC colony formation and increased the
number of cells in individual HFSC colonies, while transfection with si-Ldha inhibited the promoting effect
of Rapa on HFSC colony formation (Fig. 6C and 6D). To investigate whether autophagy overactivates
HFSCs, leading to the loss of their properties, we measured the number of HFSC K15 + and K19 + cells by
immuno�uorescence staining. Rapa signi�cantly increased the number of K15 + and K19 + HFSC(Fig. 6E
and 6F), with two-fold more K15 + HFSC than the control and 5.25 times more Rapa + si-Ldha group, while
K19 + HFSC were 1.6 times more than the control and 4 times more Rapa + si-Ldha group (Fig. 6G and
6H). These results suggest that autophagy activates HFSCs by upregulating Ldha expression and
promoting HFSC proliferation while maintaining at least a portion of the stem cell properties of HFSCs
without leading to HFSC overactivation.

Finally, to investigate whether autophagy-induced upregulation of LDHA expression is a key pathway for
autophagy to alter the hair follicle cycle, we injected the backs of mice with control solvent, Rapa solution,
and Rapa + si-Ldha solution every other day and recorded hair follicle coverage on days 0, 7, 9, and 11
after drug treatment. We analyzed the hair growth area using image software. On day 11, the hair follicles
of mice treated with Rapa had largely all entered the anagen phase, whereas most of the hair follicles of
Rapa + si-Ldha-treated mice were still in the telogen-anagen phase transition, indicating that transfection
with si-Ldha signi�cantly inhibited the effect of Rapa on promoting hair follicle growth (Fig. 7A-C).
Human hair follicle organs were treated identically, and human hair follicles were cultured in William's E
conditioned medium containing control solvent, Rapa, and Rapa + si-Ldha, and the change in length per
follicle after 1–7 days of treatment and the stage of follicular cycle at day 7 were assessed. At day 7, the
proportion of follicles in the Rapa + si-Ldha group during the anagen phase was reduced by 10%-30%, the
proportion of follicles in the telogen phase was increased by 20%-30%, and follicle elongation was
reduced by approximately 10% compared to follicles treated with Rapa alone (Fig. 7D-F), indicating that
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transfection with si-Ldha signi�cantly inhibited the effects of Rapa in extending follicle anagen and
promoting follicle growth.

In summary, these data suggested that autophagy activates HFSCs by upregulating Ldha expression to
promote glycolysis, thereby regulating the hair follicle cycle and promoting hair growth.

Discussion
Hair follicle stem cells (HFSCs) are adult stem cells that can self-renew and differentiate into many
different cell types. During the hair cycle, HFSCs are activated during the anagen phase, then start to
proliferate and differentiate to replenish the epidermal components of the hair follicle (e.g., hair matrix
cells), maintain quiescence, and stop hair follicle growth. In pathological states such as androgenetic
alopecia, HFSC activation is impaired, leading to a shortened anagen phase and a prolonged telogen
phase, resulting in alopecia. Therefore, it is important to study the mechanisms that regulate HFSC
activation for the treatment of alopecia.

Autophagy is the process by which cells wrap products to be degraded through the membrane and form
autophagic vesicles that are transported to lysosomes for degradation, thereby maintaining the metabolic
homeostasis of cells and regulating the activation of stem cells[16]. In normal resting hair follicles, the
level of autophagy decreases and remains low, while it is enhanced when entering the anagen phase;
inhibition of autophagy causes the hair follicle to enter the catagen phase earlier[9, 10], indicating the
importance of autophagy for initiating the normal hair follicle cycle and hair regeneration in the
physiological state. In a mouse model of baldness, hair follicle autophagy was inhibited, and the
induction of autophagy attenuated the baldness phenotype, whereas the prevention of autophagy
promoted disease development[17]. Parodi et al. identi�ed hair matrix cells as possible target cells for
autophagy. However, hair matrix cells, as rapidly dividing cells, undergo apoptosis quickly, and there
remain still limitations to treating hair loss by regulating hair matrix cells and thus hair loss. In contrast,
HFSCs, which are progenitors of hair matrix cells and seed cells for hair follicle regeneration, can exist
stably for a long time. Therefore, autophagy, an important physiological function for cells to respond to
external stimuli and maintain long-term homeostasis, is also present in HFSCs. Our study is the �rst to
report that autophagy also occurs in HFSCs and that the level of autophagy in HFSCs is consistently low
during the telogen and anagen phases and increases signi�cantly during the telogen-anagen phase
transition, which is consistent with the hair follicle cycle, suggesting the important role of autophagy in
promoting HFSC activation, thus initiating the hair follicle cycle (Fig. 1). To further clarify the regulatory
role of autophagy in HFSC activation, 3-MA and Rapa were used to pharmacologically modulate
autophagy. The data showed that, under normal physiological conditions, autophagy inhibition impeded
follicular cycle progression, whereas autophagy stimulation was su�cient to activate HFSCs, promote
early HFSC proliferation, and ultimately advance the hair follicle anagen phase (Fig. 2). Furthermore, to
explore whether the regulation of HFSC activation by autophagy is conserved in humans, we investigated
the effects of autophagy on HFSCs and the hair follicle cycle under physiological tissue morphology and
microenvironment using a human hair follicle organ culture model. We found that the induction of
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autophagy promoted human HFSC proliferation and prolonged the anagen phase of hair follicles (Fig. 3),
suggesting that autophagy-activated stem cells are also conserved in human hair follicles. Unexpectedly,
we also found that autophagy induction restores some of the stem cell characteristics of HFSCs (Fig. 3).
Although previous studies reported that autophagy is effective in activating and restoring the stem cell
properties of some HFSC progeny cells, our study did not determine whether autophagy plays a different
role in HFSCs and their progeny cells, which requires further research.

Metabolism is an important target of autophagy-regulated stem cell functions[18]. Glycolysis, lipid
metabolism, and glutamine metabolism can affect HFSC activation in hair follicles[5, 19]. However,
whether it is possible to metabolically regulate HFSC activation via autophagy and which metabolic
pathways play speci�c roles remain unknown. To further explore the mechanism by which autophagy
regulates HFSC activation, we sequenced the transcriptome and found that autophagy may be related to
glycolysis. Further experiments con�rmed that autophagy could regulate HFSC glycolysis (Fig. 4–5) by
upregulating Ldha expression and activity and promoting lactate production in HFSCs. Flores et al.
suggested that HFSCs tend to be more glycolytic than other skin epidermal cells and that increased
production of lactate through Ldha appears to be key to activating HFSCs[5]. By knocking out Ldha, we
identi�ed the major role of upregulated glycolytic metabolism in autophagy, promoting HFSC activation
and the early entry of hair follicles into the anagen phase. In addition, transcriptome data analysis
revealed that the glycolytic enzyme LDHAL6A may be a key target of autophagy in promoting HFSC
activation (Fig. 5G and 5H). Further studies are required to investigate the mechanisms by which
autophagy regulates glycolysis in HFSCs. In addition, owing to metabolic changes and cell remodeling,
further investigation is needed to determine whether autophagy includes other types of autophagy, such
as chaperone-mediated autophagy or mitophagy[20, 21]. Since autophagy plays an important role in
preventing senescence and regulating sebaceous gland function, the effects of autophagy on other
constituent cells of hair follicles must be explored.

In conclusion, we found that autophagy activated HFSCs and regulated the hair cycle to promote hair
growth by upregulating Ldha expression and activity in HFSCs, resulting in increased HFSC lactate
production and a shift in HFSC metabolism toward glycolysis. Moreover, pharmacological therapeutic
interventions at the autophagy level promoted HFSC activation and restored the stem cell properties of
some progeny cells. These results highlighted autophagy as a novel target for activating HFSCs and
regulating the hair cycle to treat human hair loss.

Conclusions
HFSC autophagy level in hair follicles was highest during the transition from the telogen to the anagen
phase. Furthermore, autophagy activated HFSC by promoting the transition from HFSC metabolism to
glycolysis, ultimately initiating the hair follicle cycle and promoting hair growth.

Materials and Methods
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Animals
C57BL/6J female mices (7–8 weeks) were purchased from the Experimental Animal Center of Southern
Medical University (Guangzhou, China) and were fed under speci�cpathogen-free conditions. The animal
experiments were approved by

the Animal Research Committee, Southern Medical University (Guangzhou, China). All mice studies were
conducted under the instructions and permissions of the Animal Care and Use Committee at the
International Medical Center.

Immunocytochemistry and Immunohistochemistry
Back skins were harvested from mid-dorsal areas. Then �xed Back skins in 10% formalin solution
(Sigma) overnight and dehydrated for embedding in para�n. 5um para�n sections were being used in
hematoxylin/eosin staining or other staining. Cells were seeded (1 × 104 cells per well) in 24-well plates
and cultured until approximately 50% con�uency. Then cells were �xed in 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100 (Solarbio) in PBS for 10 min at room temperature. Further, the
sections or cells were blocked with 3% BSA and incubated with antibodies in 1% BSA for 2h at room
temperature. The antibodies used for IHC or IF included: K15 (1:200, Abcam), K19 (1:200, Abcam), LC3B
(1:200,proteintech), P62 (1:200,proteintech), Ldha (1:200,proteintech) antibodies. The samples were
incubated with the following �uorescence-labeled secondary antibodies in the dark for 1 h at room
temperature. Cy3 anti-mouse secondary antibodies (1:500, Beyotime, China), Goat Anti-Rabbit lgG AF 594
(1:200, Abmart), Goat Anti-Rabbit lgG AF 488 (1:200, Abmart) .The nuclei were stained with DAPI (Life T
echnologies, USA) prior to imaging with a confocal laser scanning microscope.20–30 pictures were
collected using 20x or 40x objectives. Image processing was using ImageJ/Fiji software.

Hair follicles culture
The hair follicles were cultured in 24-well plates with Williams’E medium supplemented with insulin,
hydrocortisone, l-glutamine and Penicillin-Streptomycin Solution at 37°C in a 5% CO2 atmosphere. Hair
follicles were treated with control, 5uM 3-MA or 1nM Rapa on day1.The elongation of each HF were
recorded for consecutive 7 days and hair cycle stage were recorded on day7 (ten hair follicles were
analyzed each experiment). The data were obtained from three independent experiments.

Culturing of HFSCs
The bulge of the hair follicle between the isthmus and the upper part of the hair was separated and the
HFSCs were cultured as described before[]. Brie�y, the isolated bulge tissue was treated with 0.1%
Dispase for 20 min and the dermis were separated. The hair shift was treated with 0.025% trypsin(Gibco,
Gaithersburg, MD, United States) for 5–6 min at 37◦C. The cell suspension was �ltered through a 70 µm
�lter(Corning, Corning, NY, United States)and centrifuged at 1000r for 3 min. Finally the cells were seeded
in six-well plates and cultured in KGM Gold Bulletkit (Lonza,Switzerland) at 37°C in a 5% CO2
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atmosphere. Once the cells reached a con�uency of 80% ,cells were harvested with 0.25% trypsin, split at
a 1:2 ratio, and maintained in KGM Gold Bulletkit.

Cytotoxicity Assay
The HFSCs were cultured in black 96-well plates for 24 h. The culture medium was replaced with 5uM 3-
MA or 0.05,0.1,0.5,1,2.5nM Rapa or PBS control KGM for 24 h. The cytotoxicity of 3-MA and Rapa was
examined using the (Calcein/PI Cell Viability/Cytotoxicity Assay Kit (Beyotime, China) according to the
manufacturer’s instructions. The percentage of live cells were measured using a microplate reader
(Thermo Fisher, America). Five replicates were analyzed.The data were obtained from three independent
experiments.

Cell Proliferation Assay
Cell Proliferation of HFSCs treated with 5uM 3-MA or 0.05,0.1,0.5,1,2.5nM Rapa or PBS control for 24 h
was measured using the Cell counting kit-8 (CCK-8; Dojindo Molecular Technologies) according to the
manufacturer's protocol (�ve replicates were analyzed).The data were obtained from three independent
experiments.The effect of control,Rapa and Rapa + si-Ldha on HFSC proliferation was examined using
the EdU labeling assay according to the manufacturer's protocol. The cells were examined by
�uorescence microscope (IX73 FL, Olympus).Image processing was using the ImageJ/Fiji software (three
pictures were analyzed). The data were obtained from three independent experiments.

RNA-sequencing (RNA-seq)
Total RNA of the control and Rapa-treated (0.5nM) HFSCs were extracted from three independent
experiments together using the Trizol reagent (Invitrogen, CA, USA) according to the manufacturer’s
protocol. RNA purity and quanti�cation were evaluated using the NanoDrop 2000 spectrophotometer
(Thermo Scienti�c, USA). RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Then the libraries were constructed using VAHTS Universal V6 RNA-
seq Library Prep Kit according to the manufacturer’s instructions. The libraries were sequenced on an
llumina Novaseq 6000 platform and 150 bp paired-end reads were generated. About 47.5 raw reads for
each sample were generated. Raw reads of fastq format were �rstly processed using fastp and the low
quality reads were removed to obtain the clean reads. Then about 46.6 clean reads for each sample were
retained for subsequent analyses. The clean reads were mapped to the homo sapiens using HISAT2.
FPKM of each gene was calculated and the read counts of each gene were obtained by HTSeq-count.
Differential expression analysis was performed using the DESeq. P < 0.05 and foldchange > 1.5 or
foldchange < 0.67 was set as the threshold for signi�cantly differential expression gene (DEGs).KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway,GO (Gene Ontology) enrichment analysis and
GSEA (Gene Set Enrichment Analysis) were performed using oeCloud(cloud.oebiotech.com).

Lactate level and Glucose measurement
Cell supernatant lactate levels were detected using a Lactate Assay Kit (Nanjing Jiancheng, China) and
glucose levels were detected using GLU Assay Kit (Nanjing Jiancheng, China) according to the
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manufacturer's protocol. The cell supernatant was taken at 18h and 24h treated by control,5uM 3-MA or
0.05,0.1,0.5,1,2.5 nM Rapa for measurement. Inner cell lactate levels were detected using a Lactate
Concentration Assay Kit (Solarbio, China) according to the manufacturer's protocol. The data were
obtained from three independent experiments.

Quantitative Real-Time Polymerase
Total RNA was extracted from the cells treated with control,5uM 3-MA or 0.5nM Rapa using Trizol
(Invitrogen, CA, USA). The mRNA was reverse-transcribed to cDNA using the Tissue RNA Puri�cation Kit
Plus (EZBioscience, America) according to the manufacturer’s protocol. The qRT-PCR analysis was
performed with Hieff® qPCR SYBR Green Master Mix (YEASEN, China) in a Light Cycle Roche 480 II Real-
time PCR system (Roche, Basel Switzerland).Three replicates were analyzed. The primer sequences used
for qRT-PCR analysis are listed in Table 1. The expression levels of target genes were normalized with β-
actin(internal control).

Ldha activity measurement
Cell Ldha activity were detected using a Ldha Activity Assay Kit (Solarbio, China) according to the
manufacturer’s protocol. HFSCs were treated with control, 5uM 3-MA or 0.5nM Rapa for 24h,and 1 × 106
cells were collected for measurement. The data were obtained from three independent experiments.

Colony Formation Assay
The HFSCs (1 × 105 cells per well) seeded in six-well plates were treated with control, Rapa and Rapa + si-
Ldha for 72h. The cells were �xed in 4% paraformaldehyde (Solarbio) for 10 min and stained with crystal
violet for 10 min. Image processing was using the ImageJ/Fiji software (three pictures were analyzed).
The data were obtained from three independent experiments.

Statistical Analysis
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All statistical analyses were performed using the GraphPad Prism 8 software. The data are expressed as
mean ± S.E.M. All data were analyzed using the Student’s t-test or. A p < 0.05 was considered signi�cance
of difference. All treatments were repeated at least two times.
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Figure 1

Autophagy is enhanced during the transition from telogen to anagen. (A) Representative immunostaining
images of dorsal hair follicles stained with anti-LC3B(red) and anti-K15 antibodies(green) in early telogen,
middle/late telogen, telogen-anagen transition and anagen phase. (B) Representative immunostaining
images of dorsal hair follicles stained with anti-P62(green) and anti-K15 antibodies(red) in early telogen,
middle/late telogen, telogen-anagen transition and anagen phase. (C) Quanti�cation of LC3B-�uorescent



Page 19/29

dots/cell in K15+HFSCs region of dorsal hair follicles(left);Quanti�cation of P62-�uorescent signal in
K15+HFSCs region of hair follicles(right).The data represent the means±S.E.M from at least three
independent experiments. *P < 0.05, **P < 0.01, ****P < 0.0001,determined by Student’s t-test.

Figure 2
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Autophagy affects mice hair follicle cycle and HFSC activation. (A) Representative immunostaining
images of dorsal hair follicles treated with control,3-MA(24h) or Rapa(24h) stained with anti-LC3B(red)
and anti-K15 antibodies(green).(B) Representative immunostaining images of dorsal hair follicles treated
with control,3-MA(24h) or Rapa(24h) stained with anti-P62(green) and anti-K15 antibodies(red).(C)
Quanti�cation of LC3B-�uorescent dots/cell in K15+HFSCs region of control,3-MA-treated or Rapa-treated
hair follicles(left);Quanti�cation of P62-�uorescent signal in K15+HFSCs region of control,3-MA-treated or
Rapa-treated hair follicles(right);(D) Inhibited autophagy inhibits hair regeneration.C57BL/6 mice were
shaved on postnatal week 8-9 and topically treated with control or 3-MA every other day. Photographs
were taken on day 7,9,11 post-treatment.(E) Quanti�cation for appearance of melanin pigmentation in
dorsal skin.(F) Enhanced autophagy induces hair regeneration.C57BL/6 mice were shaved on postnatal
week 8-9 and topically treated with control, 3-MA or Rapa every other day. Photographs were taken on day
7,9,11 post-treatment.(G) Quanti�cation for appearance of melanin pigmentation and hair covered area in
dorsal skin.(H) Microphotographs of H&E stained skin tissue section from mice treated with control, 3-MA
or Rapa.(I and J) Rapa increases Ki67+ HFSCs (white arrow).(I) Microphotographs of Ki67 stained skin
tissue section from mice treated with control,3-MA or Rapa.(J) Quanti�cation for Ki67+HFSCs numbers in
dorsal hair follicle .The data represent the means± S.E.M from at least three independent experiments.
**P < 0.01,***P < 0.001,****P < 0.0001,determined by Student’s t-test.
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Figure 3

Autophagy affects human hair follicle and HFSC activation.(A) Representative immunostaining images
of human hair follicles treated with control,3-MA(8h) or Rapa(8h) stained with anti-LC3B(red) and anti-
K15 antibodies(green).(B) Representative immunostaining images of dorsal hair follicles treated with
control,3-MA(8h) or Rapa(8h) stained with anti-P62(green) and anti-K15 antibodies(red).(C)
Quanti�cation of LC3B-�uorescent dots/cell in K15+HFSCs region of control,3-MA-treated or Rapa-treated
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hair follicles(left);Quanti�cation of P62-�uorescent signal in K15+HFSCs region of control,3-MA-treated or
Rapa-treated hair follicles(right).(D) Human hair follicles were treated with control,3-MA or Rapa
.Photographs were taken for 7 consecutive days.(E) Increased hair shaft elongation after Rapa treatment.
Independent experiments were repeated at least three times and data is based on 30 hair follicles from
three donors. (F) Quanti�cation of hair cycle stages of cultured hair follicles treated with control,3-MA or
Rapa. (G and H) Rapa promotes HFSC activation. (G) The proliferative HFSCs were assessed by the
proliferative marker, Ki67 (green) on post-treatment day 3.(H) Quanti�cation of Ki67+cells of control,3-
MA-treated or Rapa-treated hair follicles.(I) Representative immunostaining images of human hair
follicles treated with control,3-MA or Rapa stained with anti-K15 antibodies(green) on 12h and 72h post-
treatment. The data represent the means± S.E.M. from at least three independent experiments. *P <
0.05,**P < 0.01, ***P < 0.001,****P < 0.0001,determined by Student’s t-test.
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Figure 4

Autophagy promoted HFSC glycolysis.(A) Representative immunostaining images of human hair follicles
treated with control,3-MA(6h) or Rapa(6h) stained with anti-LC3B(red) and anti-K15 antibodies(green).(B)
Representative immunostaining images of dorsal hair follicles treated with control,3-MA(6h) or Rapa(6h)
stained with anti-P62(red) and anti-K15 antibodies(green). (C) Quanti�cation of LC3B-�uorescent
dots/cell of control,3-MA-treated or Rapa-treated HFSCs(up); Quanti�cation of P62-�uorescent signal of
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control,3-MA-treated or Rapa-treated HFSCs(down). (D) KEGG pathway enrichment analysis bubble chart.
(E) Biological process category enrichment bubble chart of GO analysis. The Y-axis of the bubble chart
represents GO or KEGG pathway terms, and the color of the bubble represents the P value of the terms.(F
and G) Analysis of the consumption of glucose and production of lactate in HFSCs supernatant cultured
with control, 3-MA or different concentrations of Rapa for 18h and 24h.(H) Analysis of the production of
lactate in HFSCs cultured with control, 3-MA or Rapa(0.5nM) for 24h.The data represent the means±
S.E.M. from at least three independent experiments. *P < 0.05,**P < 0.01, ***P < 0.001,****P <
0.0001,determined by Student’s t-test.



Page 25/29

Figure 5

Autophagy promoted HFSC glycolysis by upregulating Ldha and increasing Ldha activity. (A and B) The
expression levels of glycolysis key enzymes in HFSCs cultured with control, 3-MA or Rapa for 24h were
detected by real-time PCR and immuno�uorescence.(C) Real-time PCR was used to examine the
expression of Ldha in HFSCs transfected with Ldha siRNA. (D) Analysis of the consumption of glucose
and production of lactate in HFSCs supernatant cultured with Rapa for 24h after transfected with Ldha
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siRNA.(E and F) Rapa promotes Ldha expression in vitro and in vivo.(E) Representative
immunohistochemical images of human hair follicles treated with control,3-MA(24h) or Rapa(24h)
stained with anti-Ldha antibodies.(F) Representative immunohistochemical images of dorsal hair follicles
treated with control,3-MA(24h) or Rapa(24h) stained with anti-Ldha antibodies.(G) Gene set enrichment
analysis (GSEA) on RNA-seq transcriptome data from HFSCs treated with control or Rapa shows
enrichment for glycolysis/gluconeogenesis pathway (left) and the gene signature (right), with LDHAL6A
as the top up-regulated gene.(H) Fold change of TE for glycolytic genes between Rapa-treated HFSCs and
control HFSCs.(I) Relative Ldha activity in HFSCs treated with control,3-MA(24h) or Rapa(24h).The data
represent the means± s.e.m from at least three independent experiments.*P < 0.05,**P < 0.01, ***P <
0.001,****P < 0.0001,determined by Student’s t-test.
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Figure 6

Autophagy-induced glycolysis promoted proliferation and maintained the stemness of HFSCs. (A) HFSCs
treated with control, Rapa or Rapa+si-Ldha were subjected to the EdU labeling assay (EdU-positive (red);
Hoechst (blue)). (B) Quanti�cation of the proportion of EdU-positive cells in control, Rapa-treated or
Rapa+si-Ldha-treated group. (C) Colony formation assays further con�rmed that Rapa increased the
proliferation of HFSCs and si-Ldha impaired Rapa-induced proliferation. (D) Quanti�cation of clone-
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forming colony number(up) and large colonies(>100 cells/colony, down). (E and F) Immuno�uorescence
staining with anti-K15 antibodies or anti-K19 antibodies of HFSCs treated with control, Rapa or Rapa+si-
Ldha was performed on day 3 of culturing. (G and H) Quanti�cation of K15+cells or K19+cells of control,
Rapa-treated or Rapa+si-Ldha-treated HFSCs. The data represent the means± S.E.M from at least three
independent experiments. *P < 0.05,**P < 0.01, ***P < 0.001,****P < 0.0001,determined by Student’s t-test.

Figure 7

Autophagy-induced glycolysis regulates the hair follicle cycle. (A) C57BL/6 mice were shaved on
postnatal week 8-9 and topically treated with control, Rapa or Rapa+si-Ldha every other day. Photographs
were taken on day 7,9,11 post-treatment. (B and C) Quanti�cation for appearance of melanin
pigmentation and hair covered area in dorsal skin. (D) Human hair follicle were treated with control, Rapa
or Rapa+si-Ldha. Photographs were taken for 7 consecutive days.(E and F) Quanti�cation of hair cycle
stages and hair shaft elongation of cultured hair follicles treated with control, Rapa or Rapa+si-Ldha.
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