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Abstract

Hair and feathers are unique because 1) their stem cells are contained within a follicle structure, 2) 

they undergo cyclic regeneration repetitively throughout life, 3) regeneration occurs 

physiologically in healthy individuals and 4) regeneration is also induced in response to injury. 

Precise control of this cyclic regeneration process is essential for maintaining the homeostasis of 

living organisms. While stem cells are regulated by the intra-follicle adjacent micro-environmental 

niche, this niche is also modulated dynamically by extra-follicular macro-environmental signals, 

allowing stem cells to adapt to a larger changing environment and physiological needs. Here we 

review several examples of macro-environments that communicate with the follicles: intradermal 

adipose tissue, innate immune system, sex hormones, aging, circadian rhythm and seasonal 

rhythms. Related diseases are also discussed. Unveiling the mechanisms of how stem cell niches 

are modulated provides clues for regenerative medicine. Given that stem cells are hard to 

manipulate, focusing translational therapeutic applications at the environments appears to be a 

more practical approach.
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Graphical abstract

Specialized stem cells residing in most tissues and organs possess the capacity for self-

renewal as well as for multipotent differentiation to maintain organ function and organismal 

health. In some tissues, such as the skin and intestines, stem cells remain in a prolonged 

quiescent state. However in most tissues stem cells may be transiently activated when 

needed during physiological organ regeneration or in response to injury [1,2]. Therefore, it 

seems that our ability to overcome degenerative disorders and aging problems is not just a 

dream but is a reachable goal if we can identify and harvest stem cells in various tissues. 

However, stem cells are relatively rare and are difficult to distinguish from their neighbors 

with current molecular markers. Rather than isolating and transplanting stem cells, one 

could simply augment natural mechanisms to activate resident stem cells within the tissue of 

interest. To date, it has not been easy to regulate stem cell activity, even though they are 

controlled in part by their specialized shelter, the so called niche [3–5]. Using a variety of 

approaches it has become apparent that regulating stem cell activity is more complicated 

than previously imagined so it will take a concerted effort to resolve this puzzle.

The skin as a model organ

The skin is a multi-layered epidermis overlying the dermis which rests upon adipose tissue. 

One of the main functions of skin is to form a barrier to prevent loss of fluids. It also serves 

to prevent infection using an immune system composed of Langherhans cells in the 

epidermis and macrophages, mast cells and lymphocytes within the dermis. The skin is 

highly vascularized and innervated. Hair follicles and sweat glands are mini organs which 

reside within the skin (Fig. 1). Thus the skin is a complex organ which serves many 

functions that are essential to life.

The hair follicle stem cell model

The hair follicle is a great model in which to study stem cell biology because it is one of the 

few organs that can regenerate cyclically throughout life. The cyclic process goes through 
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phases of anagen (growth phase), catagen (involution phase) and telogen (resting phase) 

(Fig. 2). This cycle allows hair stem cells to briefly exit their quiescent status to generate 

transient amplifying progeny and differentiate into different portions of the hair follicles. 

Hair stem cells located in the bulge area can be activated by physiological processes or in 

response to injury.

For many years, hair follicle cycling was thought to be controlled exclusively by regulators 

such as periodic β-catenin activity which emanate from within the follicle [6–8]. They 

showed that during the refractory telogen period (early telogen or more quiescent status), 

high levels of BMP6 and FGF-18 are secreted by K6+ inner bulge layer of hair follicles to 

quiescent the hair stem cells [9]. Upon transition into the competent telogen phase (late 

telogen or ready to regenerate status), FGF-7, FGF-10, TGF-β2 and noggin (inhibitor of 

BMP) are secreted from the dermal papilla, a population of specialized mesenchymal cells 

surrounded by hair matrix cells. These growth factors activate the hair germ [10,11] to 

release Wnt/β-catenin signals which stimulates anagen re-entry (Fig. 2C) [10]. We refer to 

these intra-follicular factors as coming from the micro-environment. However, more recently 

a number of other regulators from outside of the follicle were found to control their cycle. 

We refer to these as coming from the macro-environment. There is a vast literature 

discussing intra-follicular micro-environmental factors that influence follicle cycling. This 

review will discuss how five different macro-environmental sources of factors regulate 

follicular cycling by influencing molecular signaling pathways within follicles. We mainly 

discuss hair stem cells, but will refer to other stem cell systems as well.

1. Intradermal adipose tissue

Dermal adipose tissue is a type of white adipose tissue (WAT) that in rodents, including rats 

and mice, forms a continuous thin layer sandwiched between the dermis proper and the 

panniculus carnosus skeletal muscle [12–15]. While the primary function of dermal WAT is 

to provide animals with thermo-insulation, several new roles came to light in recent studies. 

These include the role of dermal WAT in innate immunity [16] and the ability of WAT cells 

to modulate regeneration dynamics of pelage hair follicles via paracrine growth factor 

production [17,18].

Role of intradermal adipose tissue in adult hair cycling

A close spatial-temporal relationship between pelage hair follicles and dermal WAT was 

noted in classic studies. Lipid-filled dermal adipocytes in rats appear just before birth and in 

close association with the base of newly formed anagen hair follicles [13,14]. More recently, 

similar developmental dynamics for dermal WAT were confirmed for mice [19–21]. 

Furthermore, expression studies for WAT lineage markers, C/EBPα [20] and Fabp4 [21], as 

well as lineage tracing studies [22] show that in mice (embryonic day 16–17) cells 

committed to adipose lineage appear in the developing dermis several days prior to 

lipogenesis. Importantly, a recent study by Donati et al. started to unravel the signaling 

relationship between hair follicles and dermal adipocytes during skin morphogenesis [23]. 

They showed that, although hair follicles can augment WAT morphogenesis, in principle, the 

follicles are dispensable for this process. Dermal WAT was able to form in mutant mice 

whose hair morphogenesis was blocked. WAT morphogenesis could be augmented by 
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increasing canonical WNT signaling in embryonic skin epithelium (including, but not 

limited to the epithelial lineage of hair follicles). This appears to depend on the epithelial 

cells producing various pro-adipogenic growth factors (Bone Morphogenetic Protein (BMP) 

and Insulin Growth Factor (IGF) family members [23]). In this sense, cutaneous epithelium 

can be said to form an inductive signaling environment for dermal adipogenesis.

Once formed, dermal WAT periodically cycles in synchrony with the hair cycle, such that it 

expands in thickness during anagen to nearly twice its size at telogen [18,23–26]. This cyclic 

relationship between hair follicles and WAT is particularly prominent in rabbits, where the 

differentiated adipose layer, which is discontinuous and clusters exclusively around 

compound hair follicles, is only visible during anagen and all but disappears during telogen 

[27]. This ability of dermal WAT to undergo cycles of expansion and collapse in synchrony 

with hair regeneration, sets it apart from most other WAT depots in the body, which cycle 

mainly in response to global metabolic requirements, such as starvation.

What is the signaling connection between dermal WAT and hair follicles? While our 

knowledge on this topic is fragmented, a few available studies indicate that WAT signaling 

can modulate several hair cycle events. During early telogen WAT produces BMP ligands, in 

particular Bmp2 expression cycles out of phase with the intra-follicular Wnt/β-catenin cycle, 

thus dividing the conventional telogen into two new functional phases: refractory and 

competent for hair regeneration; characterized by high and low BMP signaling, respectively. 

The novel finding that periodic large-scale dermal bone morphogenic proteins (BMPs) 2/4 

expression can manipulate hair stem cell activity brought about a new concept that stem 

cells can also be regulated by the extra-niche signaling macro-environment [17,28]. This 

BMP-driven refractory macro-environment is essential for normal patterning of hair 

regeneration in adult mice, where distinct domains on hair follicles demarcated by sharp 

anagen-telogen boundaries form. We also discovered that intra-dermal adipose tissue is also 

involved in modulating the regenerative wave pattern that occurs in a population of hair 

follicles [28]. Following this idea, we further discovered additional intra-dermal signals, 

including DKK-1 and SFRP-4 and demonstrated that stem cell homeostasis can be fine-

tuned by activator/inhibitor signals derived from intra/extra follicular sources [27,29]. 

During anagen onset, proliferative expansion of adipose progenitors in dermal WAT is 

accompanied by the production of Platelet-derived growth factor subunit A (Pdgfa) which 

appears to promote anagen entry, likely via PDGF signaling to dermal papillae (Fig. 3) [18]. 

Importantly, paracrine signaling from WAT may provide a modulating effect on hair cycle 

progression, rather than being an absolute requirement. Indeed, vibrissa hair follicles are 

isolated from dermal WAT by a thick collagen capsule and cavernous blood sinus, yet they 

undergo rapid hair cycles.

Further evidence in support of signaling connecting adipose tissue and hair follicles emerges 

from recent studies on leptin, a WAT-derived hormone. Ablation of leptin signaling in db/db 

mice, mutant for leptin receptor, prominently delays anagen entry, while intradermal 

injection of leptin induces new anagen [30]. Moreover, at supra-physiological 

concentrations, leptin can inhibit anagen phase in vitro in cultured vibrissa follicles [31]. 

Future studies are needed to establish the contribution to hair cycle-modulating leptin from 
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local paracrine sources (dermal WAT) vs. systemic sources that have no physical connection 

to hair follicles (visceral and deep subcutaneous WAT depots).

Among other specialized functions of dermal WAT, a recent study showed it to be an 

important component of the skin's innate immune system [16]. Dermal WAT progenitors can 

directly sense bacterial infection and launch a quick response, consisting of tissue expansion 

(via proliferative burst) and secretion of the antimicrobial peptide, Cathelicidin. Future work 

is likely to uncover additional specialized roles for dermal WAT and increase awareness of 

the regional WAT tissue heterogeneity.

2. Immune system

The immune system functions to protect the body against disease-causing microorganisms, 

including bacteria, fungi, virus, etc. The body defense system, which is a network 

coordinating the actions of cells, tissues, and organs not only protects against pathogen 

invasion but through inflammatory responses and cytokine production also regulates tissue 

regeneration.

Molecular and cellular events underlying immune response mediated hair regeneration

This idea is supported by previous research which demonstrated that skin wounds can 

induce hair growth through apoptotic signals regulating kinase 1 (ASK1)-dependent 

recruitment and activation of macrophages [32] which then increase Tnf-α expression [33]. 

Tnf-α was found to accelerate wound healing through paracrine mechanisms [34]. The 

receptor activator of NF-κB (RANK) is important in controlling the hair cycle [35]. Tnf-α 

has also been implicated in regeneration in other systems. For example, Tnf-α is shown to 

stimulate stem cell-mediated angiogenesis, protection, and survival through an NF-κB 

dependent mechanism [36]. In addition, RANKL-stimulated bone resorbing osteoclasts that 

could also affect hematopoietic progenitor mobilization by reducing the stem cell niche 

components SDF-1 (CXCL12), stem cell factor (SCF) and osteopontin along the endosteum 

[37]. Furthermore, one recent study also demonstrated that perifollicular macrophages are 

involved in cyclic adult hair follicle stem cell activation [38]. They found that the number of 

macrophages increased at middle telogen and progressively decreased at late telogen before 

the onset of HF-SC activation. Macrophage reduction, which resulted from apoptosis, is 

responsible for stimulating hair follicle stem cells and anagen re-entry through β-

catenin/Wnt signaling activation.

Other inflammatory mediators, including prostaglandins (PGs), also play an important role 

during the wound healing process and tissue regeneration [39–41]. PGs, a group of 

physiologically active lipid compounds metabolized from arachidonic acid, execute their 

function through both autocrine and paracrine effects. Different kinds of PGs which are 

derived from a variety of synthase isoforms have different and even opposite functions. Hair 

follicles have been seen to produce and metabolize PGs [42,43]. Increasing PG levels by the 

ectopic expression of epidermal cyclooxygenase-2 (COX-2) leads to the formation of a 

sparse coat of greasy hair and to sebaceous gland hyperplasia [44]. PGE2 can protect mice 

from radiation induced hair loss [45] and topical application of PGF2α was found to induce 

anagen re-entry in the mouse model [46]. Furthermore, bimatoprost, the analog of PGF2α 
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was approved by the FDA for use in lengthening human eyelashes [47]. However, in contrast 

to PGE2 and PGF2α which can stimulate hair regeneration, PGD2 produces an opposite 

effect that inhibits hair growth in both humans and mice through the G-protein coupled 

receptor Gpr44 [40,43].

Quorum sensing and tissue regeneration

Generally, the regeneration process is thought to occur via a one-to-one condition whereby 

stimulation of one stem cell leads to the activation of that single stem cell. However, this is 

an inefficient regeneration process. Can the regeneration response be thoroughly elicited by 

stimulating only some key cells or signals? Recently, we accidentally discovered that 

regeneration could occur through a collective decision making process. By plucking hairs 

with a proper arrangement, up to 5 times more neighboring, unplucked resting hairs were 

activated to regenerate. However, if the number of plucked hairs was below a threshold, no 

hairs including the plucked ones regenerated [48]. This type of regeneration is a threshold 

dependent process, which provides an organ-level example of quorum sensing. Quorum 

sensing is a self-driven decision-making process when certain criteria are met within the 

responding population. Each individual element estimates the number of other components 

with which they interact. Then, a response occurs when a threshold is reached. Quorum 

sensing has been invoked to describe bacteria cell-to-cell communication [49], affecting 

gene regulation in response to population density fluctuations [50]. A synthetic circuit in 

yeast has been used to achieve versatile social behaviors including quorum sensing [51]. 

Quorum sensing also has been used successfully to explain the behavior of social insects 

such as ants and honey bees for their collective decision-making [52,53].

In reality, how does the follicle population “cast and count its vote” in quorum sensing? The 

basic architectural design can be as follows. First, there is a stimulus to some, but not all, 

individual elements. Second, a stimulated element sends out a signal. Third, each element 

gauges the signal from its surroundings. Finally, a local decision is made within the 

population in an all-or-none fashion. The simplest models of quorum sensing are based on 

the idea of a signaling substance that spreads by diffusion, since the steady state 

concentration of such a substance will naturally reflect the spatial density of the sources that 

produce it. However, because the skin environment is more complex, and the mathematical 

model from the experimental results estimated that the quorum signal range of action was 

around 1 mm; greater than expected for a diffusible molecular cue. This suggested that an 

intermediate mobile cell vector is required for the observed response. Molecular and genetic 

analysis uncovered that this organ level quorum sensing is achieved by a two-step immune 

response cascade. First injured hair follicles will release CCL2 that recruits TNF-α secreting 

macrophages, which accumulate and signal to both plucked and unplucked follicles. Then 

TNF-α, acting through the NF-κB pathway, ultimately stimulates hair regeneration through 

activation of Wnt signaling (Fig. 4).

This work demonstrates that a quorum sensing cellular circuit can integrate existing cell 

injury, immune response and regeneration related molecular pathways from multiple organs 

to quantify the distress. The stem cell population then decides whether to disregard the 
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stimulus as negligible or respond to it with a full scale cooperative regenerative response 

when a threshold is reached.

3. Seasons and circadian rhythm

In addition to local paracrine modulators, hair follicles are regulated by physiological 

changes that take place throughout the body. Perhaps one of the most prominent modulators 

of body physiology is the circadian clock, a signaling pathway that prominently oscillates 

with 24-hour periodicity due to the robust built-in negative feedback loop component. 

Transcriptional activity of Clock and Bmal1 regulates daily rhythmic expression of the so-

called clock output genes, with some circadian targets becoming high at the nadir and others 

at the zenith [54]. The circadian clock phase becomes adjusted to the time of day in the 

central circadian clock located within the suprachiasmatic nucleus (SCN) in response to 

seasonal changes in daylight duration, as well as upon migration between time zones. The 

SCN clock then signals to adjust the phases of local clocks within various peripheral tissues 

(Fig. 1).

Molecular and cellular events underlying circadian rhythm effects on hair follicle 
regeneration

While not unique to the skin, prominent peripheral circadian clocks operate in various skin 

compartments, including hair follicles [55]. To-date, the clock has been implicated in 

modulating various aspects of hair follicle regeneration. During telogen phase and upon 

anagen initiation, clock genes are prominently expressed in the epithelial progenitors of 

secondary hair germs [56]. Functionally, Bmal1 null mice display a delay in proliferative 

activation of hair germ progenitors, and feature anagen initiation delay [56]. Importantly, 

mice with tissue specific Bmal1 deletion in skin epithelium do not have delayed anagen 

initiation [57], suggesting that this hair cycle defect in germline Bmal1 mutants is not cell-

autonomous, but instead is dependent on either clock activity in the dermal papilla or on 

systemic clock-controlled humoral factors.

Clock activity is also present in bulge stem cells during both telogen and anagen phases 

[58,59]. Intriguingly, Janich et al. showed that circadian activity, as measured by a 

fluorescent clock reporter, is heterogeneous in the bulge, with reporter-high and reporter-low 

sub-populations [58]. Interestingly, the ratio of reporter-high stem cells undergoes prominent 

cyclic changes in synchrony with the hair cycle, with the highest percentage being during 

anagen. When compared with gene expression, the reporter-high bulge subpopulation was 

enriched for mediators of the Wingless-Int (WNT) and Transforming Growth Factor β (TGF-

β) signaling pathways, whose activity is implicated in stem cell activation [60]. These data 

suggest that daily cycles of signaling responsiveness by bulge stem cells might exist, 

potentially making them more or less receptive for activation at different times during the 

day. This hypothesis remains to be comprehensively tested in in vivo assays.

During mature anagen, clock genes become prominently expressed in the hair matrix, 

dermal papilla and other follicular compartments [59,61]. Rather than regulating the length 

of anagen phase (the length of club hairs in circadian mutant mice is not significantly 

different from these in wild type control mice), the clock gates the progression of hair matrix 
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cells into mitosis at the level of the G2/M cell cycle checkpoint [59]. Indeed, significantly 

more mitotic matrix cells are found in mouse anagen hair follicles during subjective night/

early morning as compared to mid-day. This daily cycle of hair matrix proliferation has two 

implications. Throughout the day hair growth is uneven, but instead occurs with a subtle 

“bump”. More importantly, daily sensitivity of actively regenerating hair follicles to 

genotoxic stress, such as γ-radiation, varies significantly between night and day time. 

Indeed, exposure of wild type mice to the same dose of γ-radiation in the morning, during 

the mitotic peak, resulted in significant hair loss as compared to afternoon, when fewer 

mitotic cells endowed hair follicles with higher resistance. Time-of-day dependent hair loss 

responses to radiation were absent in Cry1/Cry2 null mice defective for the circadian clock.

Recently, an in vitro hair follicle culture system became an important tool for studying cell-

autonomous effects of the circadian clock in humans. Al-Nuaimi et al. showed that siRNA 

mediated silencing of BMAL1 or PERIOD1 circadian genes delayed anagen-to-catagen 

transformation of cultured male scalp hair follicles [61]. Furthermore, Hardman et al. 

showed that the circadian clock also affects hair follicle melanogenesis – siRNA mediated 

silencing of the clock increases hair follicle pigmentation [62]. These intriguing results 

suggest the involvement of the circadian clock as a regulator of the hair cycle and of hair 

follicle pigmentation. However, this needs to be studied further to reveal the possible role of 

the circadian clock in these processes.

Hormones regulating seasonal molts and hair follicle cycling in mammals

Some animals are distinctly seasonal. Seasonal mammals live in colder environments with 

distinct seasons. Many physiological activities, such as breeding, hibernation, and fur 

molting are synchronized with seasonal changes due to changes in day length rather than 

temperature shifts [63]. For seasonal breeders who reproduce during a specific period of the 

year, molting occurs following the breeding season and therefore is closely related to the end 

of breeding activity. In mammals, studies on the weasel, mink and red deer who are short 

day breeders (<12 hours of light), suggest seasonal molting is mediated by melatonin, a 

major hormone rhythmically synthesized by the pineal gland [64–66]. Circadian rhythm 

regulation is achieved via melatonin's ability to manipulate expression of the clock genes 

[67,68]. Peripheral tissue “calendar cells” express high affinity melatonin receptors that are 

sensitive to the duration of melatonin exposure [69]. Upon receiving the melatonin signal, 

the calendar cells can mediate the secretion of prolactin, which increases during long days 

(summer) and decreases during short days (winter) [70,71]. Following ovulation, prolactin 

levels increase leading to a seasonal molt. Prolactin can induce an early molt that leads to a 

subsequent round of hair growth in cashmere goats [72]. It is clear that the melatonin-

calendar cell-prolactin axis is one of the major pathways involved in seasonal molting. 

Though the precise mechanism of how melatonin regulates hair growth is still obscure, the 

fact that melatonin can induce prolactin secretion [70,71] which can induce hair follicle 

regression [73,74] provides a clue into how melatonin may work (Fig. 5).

In addition to molting, melatonin was also found to be involved in the hair regeneration 

cycle [75]. It was reported that the melatonin receptor, MT1 exists in hair follicle 

keratinocytes and dermal papilla fibroblasts and MT2 is up-regulated in late-anagen through 
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catagen, and down-regulated in telogen [76]. In addition, Kobayashi further confirms that 

both human and mouse hair follicles are extra-pineal sites of melatonin synthesis [77].

The feather follicle stem cell model

The convergent evolution of seasonal skin appendage molting also exists in birds where the 

feather follicle is another model in which to study stem cell biology (Fig. 2D–E). Feather 

follicles cycle through Growth, Resting and Molt phases and the whole follicle is replaced 

via stem cell activation. During embryonic feather development, reciprocal signals between 

a dermal condensation and its overlying epithelial placode determine the nature and location 

of the skin appendage [78]. As morphogenesis progresses, feathers evaginate from the skin 

surface and then grow asymmetrically, rising higher at the posterior end. Feathers then 

invaginate into the underlying mesenchyme and form a follicle. The mesenchymal cells at 

the base of the follicle are organized into a dermal papilla [79,80]. Epithelial stem cells are 

located in the collar above the dermal papilla adjacent to the pulp [81]. Melanocyte stem 

cells which give rise to the diverse feather pigmentation patterns are also localized within 

this region [82]. This places the proliferative region of the feather proximally while the more 

differentiated regions are located more distally. Since the collar is wrapped around the 

central pulp, the stem cells form a ring. One advantage to studying stem cells in feathers is 

that at different life stages, different feather types are formed which serve different needs. 

Newborn birds are covered in downy feathers which are replaced from the same follicles by 

juvenal feathers and then basic feathers [80]. Downy feathers are radially symmetric and 

provide warmth to the young chick. The juvenal and basic feathers enable birds to have 

different feather structures in different regions. This regional-specificity enabled the 

development of flight feathers on the wings to expand their environment to include the sky 

[83]. It also enabled the formation of ornate tail feathers used for display. Many adult 

feathers retain downy-like branches near the feather base to provide warmth and can still 

form vane-like branches to move the air in more distal regions.

Hormones regulating seasonal molts in birds

In birds the reproductive tract regresses in response to the increasing prolactin levels. 

Subsequently, the plasma sexual steroid hormones are decreased due to the low gonadal 

hormone secretion. It was found that early increases in prolactin are always followed by a 

molt [84]. Administering exogenous androgens and estrogens to domestic fowl could inhibit 

molting, while exogenous treatment with anti-gonadotrophin compounds, such as 

progesterone or prolactin could induce molting and reproductive involution (Fig. 5) [85,86]. 

Jungle fowl commence regression of their reproductive organs and halt egg laying just prior 

to shedding and replace their feathers at the onset of broodiness when prolactin levels are 

high [87]. A similar phenomenon also has been reported in starlings [88,89].

A great number of studies have been designed to elucidate the methods and pathways to 

induce and regulate molting in birds. As in mammals, seasonal photoperiod changes can 

induce molting. The role of thyroid hormones in the regulation of seasonal reproduction has 

been known for decades, but it now appears that the activation of thyroid hormone (the 

conversion of T4 to T3) is mainly regulated by type 2 deiodinase (DiO2) located in 

ependymal cells [90]. More recently, it was found that thyroid-stimulating hormone secreted 
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from the pars tuberalis of the pituitary gland is responsible for this conversion. Thyroid 

hormone activation enables gonadotrophin releasing hormone (GnRH) nerve terminals to 

directly contact the basal lamina in the portal capillary perivascular space which then 

activates the HPG axis [91–95]. Nevertheless, it is still unclear whether molting is a direct 

effect of photoperiod duration or a secondary consequence of hormone levels influenced by 

the photoperiod, including the HPG axis, HPA (hypothalamus-pituitary-adrenal) axis and 

HPT (hypothalamus-pituitary-thyroid) axis (Fig. 5). The data does suggest that after the 

reproductive period, T4 becomes the dominant thyroid hormone form. Therefore, further 

studies are required to investigate the key regulators and modulators in seasonal molting.

4. Sex hormones

Role of sex hormones in mammals

While the hormones discussed above can influence seasonal variation in skin appendages, 

the sex hormones can alter skin appendage phenotypes to serve different purposes 

throughout the life of an organism. Sex hormones (androgens and estrogens) are mostly 

synthesized within the gonads. The initiation of estrogen synthesis takes place in ovarian 

theca cells which convert cholesterol to androstenedione. Within the ovary, androstenedione 

is then taken up by granulosa cells and converted to estrone or into testosterone which is 

then converted to estradiol [96]. Most testosterone is synthesized in the Leydig cells of the 

testes in response to the hypothalamic – pituitary – testicular axis. The release of GnRH 

from the hypothalamus stimulates pituitary release of LH and FSH which triggers the 

production of testosterone in the testes [97]. Aromatase converts testosterone to estradiol and 

5-alpha reductase converts testosterone to dihydrotestosterone, the most active androgen 

form.

These hormones are also made to a lesser extent in the adrenal glands and other sites 

throughout the body, including the skin [98]. Skin has the ability to synthesize and convert 

hormone precursors into their active forms [99,100] whose actions can change the 

morphology of hairs and to influence skin maintenance and repair during aging. Skin 

appendages are cyclically replaced. This enables the formation of different shaped and 

pigmented skin appendages at different stages of life or in different seasons. For instance, 

young vertebrate hairs are fine and lack pigment. The release of sex hormones during 

puberty changes the nature of these skin appendages. The hair stem cells are induced to form 

longer and thicker hairs in different body regions. Later in life hair cycles can produce 

thinner hair filaments or even return to vellus hairs. The skin thickness and elasticity 

decreases as androgen levels decrease with advancing age [101]. Estrogen levels increase as 

androgen levels decrease perhaps through the action of aromatase. Hormone replacement 

therapy improves the condition of aging skin [102]. On the other hand, in mice castration 

improves the rate of wound healing [103], possibly by regulating inflammation in response 

to wounding [104]. Also, during pregnancy and lactation the mouse hair cycle stops [17] 

apparently in response to elevated prolactin levels which act through the Jak/Stat5 signaling 

pathway [105].

In humans, the androgen and estrogen receptors are localized to the dermal papilla, a 

specialized signaling center within the dermis. Human keratinocytes do not show AR 
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signaling transactivation suggesting that they may not be the responding cells [106], 

however, hHa7, a type I hair keratin has an androgen response element in its promoter and 

was reported to be induced by androgens [107]. It has been suggested that androgen induced 

IGF-1 may mediate some of the paracrine signaling activities in hair follicles in response to 

androgen [108]. Hormone receptors belong to the family of nuclear receptors which upon 

binding to their respective ligands, translocate from the cytoplasm to the nucleus and induce 

the transcription of specific genes. Interestingly, different body regions demonstrate 

differential responses to circulating hormone levels. For instance, in aging animals, 

androgens can induce the growth of hairs on facial skin (moustache, beards) yet induce the 

regression of scalp hairs (see section on androgenetic alopecia below). Specificity of this 

response is tuned by the binding of nuclear receptors to a growing list of co-activators. 

Unfortunately, mouse hairs do not show sexual dimorphisms and they do not go through hair 

loss analogous to androgenetic alopecia, so they are not a suitable model in which to explore 

the etiology of this disease.

Role of sex hormones in birds

Introducing exogenous estrogens to roosters prior to gonadal development led to transient 

feminization [109]. Suppression of endogenous estrogen activity prior to gonadal 

development can lead to transient masculinization [110]. Permanent sex reversal was 

achieved by treating genetic hens with aromatase inhibitors prior to ovarian development 

[111,112]. Sex hormones can also lead to sexual dimorphisms, the appearance of specialized 

sex-dependent skin appendages. This suggests that skin stem cells within adult birds can 

respond to hormonal signals to produce different specialized skin appendage phenotypes that 

affect the birds adapt to different needs at different life stages.

In chickens, the estrogen and progesterone receptors have been reported to be found within 

feathers in the dermal papilla and epidermal cells as well as in the interfollicular epidermis 

[113]. While the androgen receptor has not yet been mapped in feathers, sexual dimorphisms 

in the size and coloring of roosters and hens suggest hormones must play a role. Sexually 

dimorphic characteristics in birds include the increased size of combs and wattles, the 

presence of spurs on the legs and the colorful ornate feather patterns present on roosters 

compared to hens. Interestingly, some strains of rooster have female feather shapes and 

colors. This so called henny feathering is due to the presence of aromatase in the skin which 

converts androgens to estrogens [114].

Sex hormone involvement in human diseases—Defects in hormones and 

downstream signaling can lead to a variety of human diseases, breast cancer, ovarian cancer, 

testicular feminization, hirsutism, etc.

Androgenetic alopecia

Androgenetic alopecia (AGA) is a common disease of the skin in which the anagen phase of 

the hair cycle is shortened in affected areas leading to the miniaturization of hairs. Although 

95% of testosterone is synthesized by the testes, 5% is locally converted from precursors in 

peripheral tissues, including the skin [115]. The skin also expresses 5α-reductase which 

converts testosterone to highly active dihydrotestosterone (DHT). DHT binds with high 
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affinity to the androgen receptor (AR), a transcription factor residing within the dermal 

papilla which induces the expression of a number of genes. Individuals lacking 5α-reductase 

do not develop AGA. Higher AR numbers are associated with the dermal papilla of bald 

compared to non-bald hair follicles [116]. Expression of some AR variants also correlates 

with AGA [117]. β-Catenin plays an early and essential role in hair cycle induction [118]. 

The AR has been shown to bind to β-catenin and inhibit the canonical Wnt signaling 

pathway by inducing Dkk [119,120] which then inhibits keratinocyte growth and leads to 

AGA [119,121]. The role of AR co-regulators in this process remains unclear at this time.

Possible treatments for AGA target 1) 5α-reductase or 2) the endothelia which provide 

nutrients to the hair follicles. 5α-reductase has been targeted by the use of inhibitors (such as 

Finasteride or Minoxidil) which some success. Vascularization of the skin regulates hair 

follicle size [122] and is reduced in the scalp of patients with AGA. Through cross-talk with 

the endothelial cells, human dermal papilla cells release VEGF and IGF-1 which promote 

angiogenesis [123,124].

In contrast to androgen, estrogen signaling through the estrogen receptor 1 (ESR1) leads to 

an increased telogen:anagen ratio [125,126]. During human pregnancy hair regeneration is 

suppressed due to increased estrogen levels [127], while hairs are held in telogen during 

pregnancy in mice [17]. Application of exogenous estrogen can maintain hairs in telogen 

while estrogen inhibitors induce proliferation and entry to anagen [128]. Estrogen induces 

increased TGF-β2 levels leading to early anagen-catagen transition and subsequent induction 

of BMP4 leads to the maintenance of telogen [129].

Hirsutism

Hirsutism is the appearance of male patterned facial and axillary hair growth in reproductive 

aged women. Hirsutism is often associated with polycystic ovary syndrome, in which 

increased circulating androgen and insulin levels accompany the formation of ovarian cysts. 

Research based on female lambs and rhesus monkeys found that embryonic exposure to high 

androgen levels led to increased circulating levels with a hypersensitivity to androgen later 

in life [130,131]. The syndrome seems to result from an imbalance of a number of hormones 

along the hypothalamic-pituitary-gonadal axis which may arise from the early exposure to 

androgens [132]. Hirsutism is currently treated with anti-androgens.

Hermaphroditism

People displaying both male and female gonads are referred to as Hermaphrodites. Much of 

our knowledge of hermaphroditism is based on animal studies. In metazoans male sex 

determination is regulated by the Sry gene located on the Y chromosome [133]. This leads 

to the expression of DMRT transcription factors [134] which may regulate testicular and 

ovarian determination genes. In mice, DMRT1 is required for the differentiation and 

maintenance of somatic and germ cells into the male gonad [135,136]. Female Dmrt1 

conditional transgenic mice directing expression to the ovary suppressed Foxl2 (the gene 

which maintains female sex determination) and other ovary specific genes and upregulated 

the expression of genes involved in testis determination [137]. This led to tissue 

reprogramming and the conversion of the ovary into a testis.
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5. Aging

Aging is a physiological process associated with a progressive deterioration in the ability of 

tissues to repair and regenerate. Depletion of stem cells is thought to play the major role in 

the aging dependent functional decline of tissue regeneration [138–140]. However, the 

number of tissue stem cells doesn't have to decrease during aging [141–144].

Aging effects on hair follicle regeneration

Our recent study showed that hair follicles in old skin stay in the resting phase for a much 

longer time than in younger skin. Moreover, the hair wave propagates at a reduced velocity 

and the hair domains fragment into smaller sized regions [144]. There are five possible 

explanations for the effects of aging on hair regeneration: 1) hair inducing signals, such as 

Wnt pathway proteins may become down-regulated with aging, 2) propagating signals or 

activators secreted from neighboring anagen follicles or macro-environments are down-

regulated, 3) old HFs cannot respond effectively to propagating signals or activators, 4) the 

stem cells are depleted, and 5) Wnt signal inhibitors, such as DKK and SFRP or BMP, are 

activated in old mice and inhibit anagen re-entry and hair wave propagation. Flow Activated 

Cytometry Sorting (FACS) and stem cell marker analysis revealed that the hair stem cell 

number and the markers they express are compatible between young and old mice [144], 

which is consistent with the previous finding that aging associated human alopecia is not 

associated with stem cell loss but resulted from a deficiency of hair germ progenitors and 

failure to activate hair stem cells [145]. In addition, the intra-follicular hair inducing Wnt/β-

catenin signaling pathway is intact in aging mice. These results imply that the extra-

follicular macro-environment rather than the stem cells may be responsible for aging related 

hair regeneration alterations [144].

This hypothesis was confirmed by an experiment in which the regeneration defect in aging 

skin was rescued when it was transplanted onto a young mouse [144]. However, another 

recent study suggests that the systemic environment may not play a major role in delaying 

hair stem cell activation because delays in aging HF regeneration can't be rescued by 

parabiosis [146]. They found that functional declaration of HF stem cells in aging mice are 

resulted from enrichment of intrinsic nuclear factor of activated T-cell c1 (NFATc1) and 

local (or extrinsic) BMP. Through inhibition signal of NFATc1 and BMP, aged HFSCs can 

return into more youthful levels [146]. Similarly, our recent study demonstrated that the 

extra-follicular macro-environment periodically expresses both activators (follistatin, etc) 

and inhibitors (Bmp2, Dkk1, Sfrp4, etc) of follicle growth and coordinates with intra-

follicular Wnt/β-catenin signaling to regulate the hair regeneration cycle (Fig. 3). In aging 

mice, the activator is down-regulated resulting in small hair cycle domains because hair 

wave propagation is not favored. Meanwhile, increased inhibitor expression in aging mice 

leads to telogen retention because anagen re-entry was blocked [144]. These two 

independent studies illustrated that hair stem cells are regulated by local but not systemic 

signals. This point of view was confirmed by another group which indicated that levels of 

dermal adipocyte Bmp2 is higher in aging mice which affects hair stem cell activation [146]. 

In addition, 1. Notch activation and Notch ligand (Delta) expression was increased while old 

muscle stem cells (satellite cells) were exposed to young serum [147]; 2. Aged hepatocyte 
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proliferation was stimulated and cEBP-α complex was restored to levels observed in young 

animals after performing heterochronic parabiosis [148] offering further support that the 

function of the aging stem cells is still intact and can respond appropriately when placed in a 

young environment. However, though our and other studies all indicated that stem cell 

function can be partially rescued through correction the intrinsic and extrinsic signals, the 

regeneration ability is not restored totally implied that stem cell itself but not the 

environment may also take partial responsibility for aging process.

6. Additional tissue interactions involving hair follicles should be 

investigated further

The hair follicle bulge area can be divided into several small compartments, which are 

composed of distinct cell populations expressed different cell markers, including CK15 

[149], CD34 [150], Lgr5 [151], etc. Recently Brownell et al identified a new set of cells 

expressing Gli1 within the bulge area which can respond to neuronal Sonic Hedgehog (Shh) 

signals to create a perineural stem cell niche within the telogen bulge [152]. Gli1 positive 

follicle cells not only function as multipotent stem cells to regenerate hair follicles cyclically 

but also become epidermal stem cells after wounding under the control of the perineural 

stem cell niche [152]. These results not only illustrate that hair follicles are maintained by 

adult stem cells which express the Shh response gene, Gli1 but revealed that the nervous 

system also plays an important role in stem cell regulation. This concept was also supported 

by the finding that peripheral adrenergic signals are necessary for G-CSF induced 

mobilization of murine progenitor cells [153].

Evidence also indicated that stem cells can be regulated by the dynamic interaction of both 

immune and nervous systems [154]. When facing either physiological or pathological 

stresses, osteoclasts will expand and activate then release various proteolytic enzymes 

enabling hematopoietic stems and progenitor cells (HSPCs) to leave the bone marrow (BM) 

and enter the bloodstream to participate in host defense and organ repair. Such a reaction is 

initiated by a reduction in SDF-1 levels in the BM and an increase in the peripheral blood, as 

well as increased CXCR4 expression in the BM, all of which will enhance the release of 

catecholamines and upregulate β-adrenergic receptor expression on HSPCs [154]. These 

observations inspire in us the concept that all the factors, activators or inhibitors derived 

from many sources within the macro-environment, will be integrated within a complicated 

network to modulate the activity of stem cells; i.e. input from different sources will all be 

“taken into consideration” by stem cells.

Communication between different kinds of cells and tissues are mutual and complicated. 

Stem cells can be regulated by the environmental signals and vice versa. For example, skin is 

composed of a variety of cells and tissues derived from ectoderm and mesoderm. To make 

these cells and tissues pattern and function smoothly and precisely, cross-talk among them is 

very important. It is well-known that the thickness of the intra-dermal adipocyte layer is 

tightly linked with the hair growth cycle. The adipose layer becomes thickened when anagen 

is initiated; in contrast the adipose layer starts to regress when the follicles are in telogen or 

resting phase. Though our and other previous work demonstrated that intra-dermal adipose 

tissue can regulate the cyclic regeneration of hair follicles [17,18,27], whether oscillation of 
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the adipocyte layer thickness is regulated by epidermis or hair follicles is poorly understand. 

Recently, Donati et al discovered that adipocyte differentiation was elicited by activating 

epidermal Wnt/β-catenin signaling and this response is mediated by stimulating the secretion 

of adipogenic factors, including BMP and insulin signaling pathways [23]. This study points 

out the fact that interaction between different cells or tissues is important in organ 

homeostasis maintenance. Additionally, a recent study further demonstrated that different 

cells can cross-talk through paracrine signaling pathways [124]. By using a transwell-based 

co-culture system, Bassino et al., identified that human follicle dermal papilla cells (FDPC) 

can promote survival, proliferation and tubulogenesis of human microvascular endothelial 

cells (HMVEC) through the release of vascular endothelial growth factor (VEGF) and 

insulin-like growth factor 1 (IGF-1), two potent proangiogenic mediators whose expression 

will alter the growth of hair follicles [122,123]. On the other hand, β-catenin production 

from FDPC, which is important for hair regeneration, can be enhanced by HMVEC [124]. 

This interaction between FDPC and HMVEC provides a good illustration that regeneration 

occurs through “team work” by collaborating among a variety of cells, tissues and even 

organs.

In conclusion, stem cells hold the clue for regeneration. Many people are eager to ward off 

aging and regenerative disorders through scientific advances unveiling the mystery of how 

stem cells are regulated. In the past, the stem cell niche, the micro-environment closest to or 

surrounding the stem cells, was thought to be the only and major “stem cell regulation 

center”. However, more and more evidence indicates that stem cell regulation is a 

complicated network through inter-actions among different layers of the micro- and macro-

environment (Fig. 6) [29]. Stem cells can gather and sum up all the signals (including 

positive and negative modulators) from a variety of sources to decide if the regeneration 

response should be pursued or not. On the other hand, stem cells not only receive signals 

from these multi-environments, but also release signals to the surrounding cells to maintain 

the homeostasis. These findings demonstrate that the regeneration response relies on 

collaborative interactions among cells, tissues and organs. Through these interactions, 

mediated in part by signal transduction, an effective and collective regeneration response, 

perhaps in the form of tissue level “quorum sensing” will take place [48].

The difficulty for scientists trying to utilize stem cells in regenerative medicine is that stem 

cells are hard to define and obtain. Their isolation and expansion further complicates the 

hurdles that face this direction of inquiry. Focusing on the environment rather than the stem 

cells may be a better strategy to fight against aging and degenerative disorders. By 

understanding the multi-layered hierarchical regulation of stem cells, we hope to open a 

window for therapeutic applications in the future.
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Highlights

1. Hair follicle stem cells are regulated by many extra-follicular sources.

2. Signals from the adipose tissue modulate hair stem cell behavior and aging.

3. Upon injury, innate immune response triggers regeneration through quorum 

sensing.

4. The effects of androgen on hair growth are different in different regions and 

ages.

5. Seasonal and circadian rhythms modulate the length of hair cycling.

Chen et al. Page 24

J Mol Biol. Author manuscript; available in PMC 2017 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Skin structure with many different tissue components within and input from the 
external environment
The epidermis is composed of three layers. 1) Epidermis, the outermost layer, is mainly 

composed by keratinocytes. It prevents water loss and functions as a barrier to infection 

through immune cells, like Langerhans cells, residing within. 2) Dermis, the middle layer of 

the skin, contains three major cell types, fibroblasts, adipocytes and immune cells, including 

macrophages, mast cells and lymphocytes. 3) Adipocytes reside within the subcutaneous 

layer. Melanocytes, the pigment producing cells, are also located within epidermis and color 

the skin and hairs. In humans, melanocytes appear in both hair follicles and inter-follicular 

epidermis, however, in mouse, melanocytes can only be found within hair follicles and 

become activated during hair regeneration. Hair follicles, which regenerate cyclically 

throughout life and sweat glands, the skin cooling system are two other important mini 

organs inhabiting the skin. The skin is also richly vascularized and innervated; cells within 

these structures likely have their own circadian clock that could modify their functions 

including sensory responses, heat regulation, and oxygenation. There is evidence for an 

active circadian clock in all cell types of the skin, and it is highly likely that distinct 

functions are modulated in different cell types. It is also known that circadian clock activity 

in skin is coordinated by the suprachiasmatic nucleus, presumably through neuronal and 

hormonal mediators, although this remains to be defined in skin. (Adopted from Plikus et al., 

2015)
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Figure 2. Regenerative cycling of hair and feather follicles, and the regulation of stem cell 
quiescence / activation
(A–B) The structure and regeneration cycle of a hair follicle. (C) The status of hair stem 

cells, quiescent or active, is decided by the balance between Wnt or BMP signals within the 

hair follicle. There are multiple molecules that can modulate Wnt and BMP activity, either 

from intra-follicular niche, or from extra follicular environment. Stem cells basically sum up 

these activities to decide to remain quiescent or become activated status. (D–E) The structure 

and regeneration cycle of a feather follicle. (Panel A is adopted from Chen et al., 2012. 

Panel C is adopted from Kandyba et al., 2013. Panel D, E are adopted from Yue et al., 2012 

and Chu et al., 2014)
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Figure 3. Alteration of skin macro-environment during aging
During refractory telogen, BMP-6 and FGF-18 released from K6+ inner bulge layer of hair 

follicles suppress the activity of hair stem cells and keep them in quiescent status. As 

progression from refractory telogen to competent telogen, dermal papilla secretes FGF-7, 

FGF-10, TGF-β2 and noggin to activate the hair germ. Outside of the follicle, signals 

released from intra-dermal tissue or cells can also manipulate the activity of stem cells. 

BMP-2, DKK-1 and SFRP-4 secreted by intra-dermal adipocytes can serve as inhibitors to 

decrease the activation threshold of hair stem cells. In contrast, platelet-derived growth 

factor-α (PDGF-α) released by adipocyte precursor cells (APC) is involved in hair germ 

activation. Once regeneration starts, this process can then propagate to the surrounding 

competent telogen follicles like hair waves through follistatin emitted by intra-dermal 

adipocytes. In aging mice, the regeneration cycle can be delayed by over-expression of the 

intra-dermal inhibitors, such as BMP-2, DKK-1 and SFRP-4. In addition, the propagation 

signal, follistatin is also down-regulated with aging which inhibits hair wave propagation 

and results in a smaller regeneration area. Based on Chen et al., 2014.
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Figure 4. Quorum sensing regenerative behavior in a hair population can be induced by 
quantitative and topological hair plucking
Minor injury, e.g. hair plucking would induce hair regeneration. Using a properly designed 

plucking procedure, one can achieve a more efficient regeneration response that induced the 

activation of up to 5 times more neighboring, unplucked resting hairs. This type of 

regeneration is a threshold dependent all-or-none process, which provides an organ-level 

example of quorum sensing. This process is mediated through a multi-step immune response 

cascade. First, hair plucking leads to hair keratinocyte apoptosis then CCL2 will be released 

by apoptotic keratinocytes. In the meantime, intra-follicular stem cell quiescence factors, 

BMP-6 and FGF-18 are down-regulated which diminishes the inhibition threshold for hair 

stem cell activation. Second, TNF-α secreting macrophages will be recruited by CCL2. 

When enough macrophages accumulate within the plucking region and reach the threshold, 

all the hairs, including plucked and unplucked hairs regenerate simultaneously. Based on 

Chen et al., 2015.
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Figure 5. Hormone effects on hair and feather regeneration
The right side of the figure depicts the role of hormones in mammalian hair cycling. The left 

side depicts the role of hormones in avian feather cycling. In mammals, melatonin released 

from the pineal gland interacts with their receptors on calendar cells of the pituitary gland 

and peripheral tissues to regulate the circadian clock. This then signals for the release of 

prolactin from the pituitary gland which stimulates hair follicle cycling. In avians, prolactin 

plays a similar role to stimulate feather cycling. However, layered on top of this, activation 

of thyroid hormone (T4 converted to T3) within the pituitary gland, controlled by DiO2 

stimulates the hypothalamus pituitary gonad axis (HPG axis). The subsequent release of 

progesterone from the gonad induces molting and stimulates feather cycling, while the 

release of androgens or estrogens inhibits molting. While the influence of hormones on skin 

appendage regeneration and morphogenesis is well acknowledged, the mechanism remains 

to be investigated.
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Figure 6. Skin appendages, stem cell niche, and the multiple extra-follicular environments, with a 
few known regulatory molecular circuits
Compared to Figure 1, we can see many of the complex tissues within the skin talk to each 

other. Hair follicle stem cells interact with adipose layers, immune cells, blood vessels, 

nerves in the dermis, etc. Factors derived from the external environment of the 

neuroendocrine system also modulate hair follicle stem cells. The activation and quiescence 

of hair stem cells is regulated by the sum of activators and inhibitors. In the follicle, these 

factors emanate from both stem cells and their niche. In some follicles, the niche can 

respond to several environmental modulators, so they can assume different forms to adapt to 

different physiological needs. Some examples of environmental modulators discussed here 

include hormones, seasonal changes, the aging process, intra-dermal adipose tissue and the 

immune response. By summing up all these activators and inhibitors from both the intra-

follicular niche and extra-follicular macro-environment, stem cells decide whether to stay in 

quiescence status or proceed to activation. We have just begun to know some of these 

molecular circuits. Continuous work in this direction will reveal more involved molecular 

pathways, more interactions, more on how the regulatory network is assembled, and more 

therapeutic possibilities to intervene on behalf of our patients' benefit.
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