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Abstract: Curly hair is a genetic trait that is controlled by major developmental programs. A curly 

hair genomewide association studies (GWAS) have uncovered evidence suggesting that hair curl 

variation is very complex, where many genes are involved, each having a modest effect on hair curl. 

The adult hair cycle retains an element of developmental dynamics reflected in the crosstalk 

between the mesenchymal and epithelial elements, so each time a hair follicle goes through rebirth 

in the hair cycle, all the factors that govern the curl must be re-established. The developmental genes 

involved in shaping hair curl include trichohyalin, EDAR and WNT10a. Wnt10a is a preserved 

development gene associated with hair morphology and cycling, with a family of 19 Wnt ligands 

that bind 10 receptors. Different combinational types between Wnt ligands and receptors 

determines the distinct downstream pathways directing cell function. Now, it is time to move from 

GWAS to functional genomics to identify in which physiologic contexts this regulation occurs and 

investigate what tissues and cell types are involved. In this hypothesis I am proposing that 

macrophages are the one relevant cell type that regulate perifollicular Wnt gene activity! 

Macrophages are resident in the perifollicular dermal sheath of the hair follicle; it secretes and 

receive Wnt; recruited in early embryonic development by Wnt ligands, that first crosstalk! also 

recruited by mechanical cues that we propose to be generated by a convoluted dermo-epidermal 

junction in an African skin that has triple the length of a Caucasian skin. Macrophage-secreted Wnt 

is orchestrating the aesthetic function of the follicle and shape the curly hair shaft. This hypothesis 

is answering questions about when, what and how Wnt gene activation can shape the curly hair 

types. Further studies of the diversity of macrophage ligand(s)-receptor(s) interactions with the 

HFSC to determine hair shape diversity needs collaboration with AI specialists using available 

software like Interactome and Volcano plot. 

Keywords: curly hair type; Wnt gene ligands; Wnt receptor; artificial intelligence; AI; drug 

development; gene control; macrophage; aesthetic; cosmetic; In-silico; molecular orchestration; 

quadra niche; D-E junction; mechanical cues 

 

Highlights 

 GWAS studies of low and high curl patterns found that the Wnt gene is linked to curly hair. 

 Going from GWAS to the function requires the identification of a causal cell that can be probed 

and modulated to have a clinical significance. 

 This hypothesis pinpoint macrophages as the causative cell that secrete- and receive-Wnt 

ligands and is resident in the perifollicular dermal niche; 

 This hypothesis considers microscopical architectural findings in African skin where the 

convoluted dermal-epidermal junction length is threefold that in Caucasian skin, possibly 

creating mechanical cues that attract macrophages to the dermis. 
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 Multiple variables are generated by perifollicular macrophages and can create a wide range of 

curly hair types; 

 One novel variable is the number of perifollicular macrophages present in range, close to the 

HFSCs, as Wnt traveling distance is limited and hence the HF size and its diameter is an 

additional variable. 

 These variables are the answers to which, how and when Wnt gene is activated. 

 Artificial intelligence and immune-fluorescence research are required to further elucidate the 

curly hair gene.  

 The field is highly specialized and this research needs collaboration of specialists in AI in drug 

development, protein-protein interactions and in silico computer-assisted ligand-receptor 

interactions and macrophage typing studies. 

 Immunofluorescence studies of different types of curly hair samples extracted as a hair 

follicular unit using Wnt ligand-specific antibodies. 

Background 

Curly hair is a genetic trait that is controlled by major developmental programs. The 

genomewide association studies (GWAS) has uncovered evidence that developmental genes are 

involved in shaping hair curls. These findings suggest that hair curl variation is complex in that many 

genes are involved, each having a modest effect on hair curl. There is evidence that trichohyalin gene 

may affect hair curl in most/all world population and that EDAR and Wnt10A genes only affect 

specific population. (Westgate et al., 2017). 

A. The Genetics of Curly Hair: GWAS Studies 

According to Westgate et al. (2013), the genetics of hair diversity accounts for a vast array of hair 

diversity within the human population and genetics was used for genome wide association and 

linkage studies in hair traits such as curl and hair loss. It is helpful if hair traits can be linked to specific 

hair follicle protein that are polymorphic as it confirms the basis for their involvement in the trait. 

Just how the changes at the protein level actually lead to the phenotypic change often remains to be 

determined. Thus, provide some clues as to how a change in hair texture might be produced through 

action in the follicle not through chemistry in the fiber. As may be predicted by biologists, 

polymorphism in proteins that are expressed in the inner root sheath (IRS), mainly trichohyalin, of 

the follicle would appear to be strongly linked to hair shape. Another family of proteins that seems 

to be providing clues to the diversity of hair shape is those of the ectodermal receptor family (EDAR). 

Other signaling pathways important in hair cycling are Wnt. 

Further, Westgate et al. (2017) reported on a new GWAS comparing low and high curl 

individuals in South Africa, revealing a strong link to polymorphic variation in trichohyalin protein 

and the IRS component Keratin 74. This builds on the growing knowledge base describing the control 

of curly hair formation. In terms of function, trichohyalin mechanically strengthens the HF inner root 

sheath to organize the intermediate filament as they change and harden to permit the shape to be set 

into the hair fiber. The second developmental gene involved in shaping hair curl is EDAR, are cell 

surface receptors of TNF expressed in HF during development, puberty and hair cycle. Recently, 

EDAR has been implicated in the control of hair shape. the hair phenotype may be linked to higher 

EDAR function, which, through signaling via Sonic hedgehog (SHH), may have led to greater 

symmetry in hair growth rate. The third developmental gene associated with hair morphology is 

wingless-type MMTV integration site family, member 10A (Wnt10A). Wnt10A is upregulated at the 

beginning of the hair growth cycle and mutation in this gene are known to cause mis formed hair.  

Further, the CANDELA cohort is a large admixed South American population with European, 

Native American and African ancestry. In this study, hair shape was scored on a simple four-point 

scale (straight, wavey, curly or frizzy) and found to be associated with polymorphic variation in 

known curl-associated genes the EDAR and trichohyalin.  To the hypothesis that shape of the hair 

fiber is governed by the construction of the IRS. Also, an as yet non-described gene PRSS53 expressed 

in the IRS, that add weight. 
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In conclusion, using a DNA pooling strategy and assessing 1.6 million nucleotide polymorphic 

variants (SNPs) found no specific association that passed a strict genomewide statistical test. In 

conclusion, the natural population variance on hair curl appears to have a largely genetic basis and 

environmental pressure selection for specialized hair morphology. We are still a very long way from 

understanding the complete biological/biophysical mechanisms that produce such a wide range of 

curled, coiled, kinked and wavy hair fiber (Westgate et al., 2017). 

GWAS was studied in relation to androgen-related hair fall (alopecia), to understand the 

molecular mechanisms, the genetic predisposition and identifies genome-wide risk variations (SNPs) 

using Manhattan plot, and is outside the field of this hypothesis (Duran et al., 2024)  

To my best knowledge, no other articles were found online, using search words genetics of curly, 

coily, textured hair types. 

B. Functional Anatomy of Human Scalp Hair Follicle 

B-1. The Pilosebaceous Unit is the HF's Structural Unit 

The pilosebaceous unit is comprised of the HF and its associated arrector pili muscle and 

sebaceous gland. The HF originates from the surface of the epidermis as a multi-layered epithelial 

cylinder that extends deep into the dermis and is surrounded by the dermal (mesenchymal) sheath. 

The dermal papilla signals to the multipotent epithelial stem cells (SCs) in the bulge at the beginning 

of anagen. Once stimulated, the inferior segment grows downwards, forming a bulb around the 

dermal papilla. The dermal papilla then signals the matrix cells in the bulb to proliferate, 

differentiate, and grow upwards, creating a new hair (Martel et al., 2024; Grubbs et al., 2024). 

B-2. The Hair Follicle Multiple Niche Architecture 

Hair follicle regeneration is fueled by adult epithelial stem cells that reside in a specialized tissue 

niche. The HF niche constitutes a complex tissue microenvironment, consisting of neighboring cells, 

molecular signals and extracellular material (ECM). The stem cell dynamics and contribution to 

regeneration is influenced by the niche (Rompolas and Greco, 2013). The HF is a dynamic mini-organ 

that has specialized cycles and architectures with diverse cell types to form hairs. For several decades 

studies have investigated morphogenesis and signaling pathways during embryonic development 

and adult hair cycles. In particular, HFSCs and mesenchymal niches as key players, and their roles 

and interactions were heavily revealed. Although resident and circulating immune cells affect 

cellular function and interactions, research on immune cells has mainly received attention on 

diseases rather than development or homeostasis. Recently, many studies have suggested the 

functional roles of diverse immune cells as a niche for hair follicles (Kiselev and Park, 2024). 

Multiple HF niches has been described with their specialized function (Figure 1). Trilineage Cell 

types promoting goosebumps form a niche to regulate HFSCs: A model to study the concerted 

interaction across epithelium, mesenchyme, and nerve of the hair follicle is provided by piloerection 

(goosebumps). It has been shown that arrector pili muscle and sympathetic nerve form a dual-

component niche to modulate HFSC activity. Sympathetic nerves form synapse-like structure with 

HFSC and regulate them through epinephrin, whereas APM maintain sympathetic innervation to 

HFSCs. During development, HFSC progeny secretes Sonic Hedgehog to direct the formation of this 

APM-sympathetic nerve niche, which in turn controls HF regeneration in adult. This reveals the 

interconnectivity and function of this tri-lineage unit in tissue regeneration in adults (Shwartz et al., 

2020). 
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Figure 1. Types of functional niches described for HF function (Annex I) consisting of the following 

components: 1- epithelial component (HF), 2- HFSCs, 3- IRS, 4- Outer root sheath, 5- Dermis including 

ECM, 6- APM, and 7- Macrophages. 

Research on the dermal-epidermal crosstalks between different cellular compartments of the HF 

niches is intriguing and complex. Multiple niches have been described including: i- stem cell niche 

(Manneken and Currie, 2023), ii- immune niche (Kiselev and Park, 2024), iii- “tri-lineage unit” that 

study the interaction across HF (epithelial origin), APM (mesenchyme origin), and the sympathetic 

innervation of the HF Shwartz et al., 2020), iv- dermal sheath niche(Martino et al., 2021), and v- the 

APM muscle niche (Fujiwara et al., 2011). Details of the function of these niches are described in 

(Annex 1).  

B-3.Perifollicular Macrophages Secrete and Receive Wnt 

Early research of the importance of Wnt signaling for the initiation of HF development in mice 

was described by Andl et al. (2002). After the identification of Wnts, their signal transduction has 

become increasingly complex, with the discovery of more than 15 receptors and co-receptors in seven 

protein families. What emerges is an intricate network of receptors that form higher-order ligand-

receptor complexed during downstream signaling. These are regulated both extracellularly by 

agonists as R-spondin and intracellularly by post-transcriptional modification such as 

phosphorylation (Niehrs C., 2012). 

Macrophages are cells of the immune system keeping us healthy. Macrophages encompass a 

highly diverse set of cells abundantly present in every tissue and organ; despite sharing universal 

name and several canonical markers, they perform remarkably specialized activities tailored to the 

organ they reside in.  The “division of labor” among different macrophage subsets help support 

tissue homeostasis (Zhao J. et al., 2024). 

Macrophages are a source and recipient of Wnt signals as shown by recent transcriptomic 

studies that reveals them to be largely distinct across tissue types. While these differences appear to 

be shaped by their local environment, the key signals that drive these transcriptional differences 

remains unclear. Since Wnt signaling plays established roles in tissue patterning during development 

and tissue repair. In the skin, macrophages can drive the cyclical activation of HFSCs through an 

apoptosis-associated release of Wnt7b and Wnt10a within the HF niche. it is considered that Wnt 

signals both target and are affected by macrophage function (Malsin et al., 2019). 

In the HF, the interactions between different lineage of stem cells are crucial for HF growth and 

cycling and point to the complex crosstalk in stem cell niche (Jahoda and Christiano, 2011). //// 

substantial, stringently timed fluctuations in the number and localization of perifollicular 

macrophages located in the HF mesenchyme (dermis) were first observed long ago during murine 

HF morphogenesis and cycling. This already suggested a role of these cells in hair growth control. 

The relatively recent demonstration of a Wnt signaling-driven crosstalk between macrophages and 

HF epithelial stem cells has reinvigorated interest in the role they play in hair biology. Macrophage 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 December 2024 doi:10.20944/preprints202412.1222.v1

https://doi.org/10.20944/preprints202412.1222.v1


 5 

 

polarization, and thus function may be influenced by local metabolic and immune environment 

(Muneeb et al., 2019)  

B-4. Dermal-Epidermal Crosstalk During Embryogenesis and Adult Homeostasis   

In the molecular regulation of HF, a variety of molecular signaling pathways are involved in 

governing HF embryonic development (morphogenesis) and hair cycling homeostasis. The main 

pathways are Wnt10b, Wnt/-catenin and EDAR as expressed in the epidermis, and Wnt/-catenin, 

Wnt5a expressed in the dermis. The Wnt pathway is one of the most important signaling pathways, 

and the earliest known in HF formation and cycling. Canonical Wnt signaling pathway mainly 

includes Wnt proteins, cell surface Frizzled receptors family, DHS receptors family protein and -

catenin (Lin X. et al., 2022). 

During morphogenesis, the development of the HF is indeed driven by the communication 

between the epidermis and the dermis (mesenchyme). Signals from the dermis influence the 

epidermis to initiate HF formation. Wnt signaling from the epidermis initiate the placode, and the 

hierarchies and connections of known signals and pathways govern the HF development. Many 

epidermal-dermal signaling pathways are involved in these processes including the WNT family. 

Different combinations of these signals dictate the development of the HF. (Mao et al., 2022; Penelope 

et al., 2019).  

In adult skin, the hair follicle stem cells (HFSCs) emerge as a skin-organizing center during 

various stages of adult skin homeostasis. When the HF begin to grow activating signals such as Wnt 

and Sonic hedgehog are elevated, whereas inhibitory BMP signaling is suppressed (Kefei and 

Tumbar, 2021). The HFSCs behavior is dictated by both cell-intrinsic cues and extrinsic cues; actively 

sending signals to the surrounding cells and passively receiving signals. The skin compartments 

modulated by HFSCs comprise a rapidly growing list and include such diverse components as the 

extracellular matrix (ECM), the arrector pili muscle (APM) and nerves. Macrophages and Wnt 

signaling is related to the lymphatic capillaries. In addition, modulation of macrophages induces 

anagen, and they are potent regulators of HFSC quiescence and wound-induced hair regeneration 

(Li and Tumbar, 2021).  

Macrophages are resident cells in all human tissues. Figure 2 demonstrate the general tissue 

macrophage-stem cell (SC) (dermal-epidermal) crosstalk that regulate SC niche in a bi-directional 

molecular relationship. It has been observed that mesenchymal SCs can interact and influence 

macrophages through the process of mitochondrial transfer, and direct cell-to-cell contact. Given the 

ability of macrophages to develop unique tissue-specific phenotypes and undergo subpopulation 

specification, as well as extensive heterogeneity across activated populations, there is an increasing 

focus on classifying macrophage responses based on either transcriptional subtypes or effector 

molecules. This knowledge will be crucial for manipulating macrophage subtypes for delivering 

therapeutically relevant macrophage cell therapy, and the need for a balance of macrophage 

subpopulations (Manneken and Currie, 2023). Macrophages modulate Wnt either directly through 

secretion of Wnt ligand or indirectly by influencing the microenvironment (Kiselev and Park, 2024). 

The interaction between macrophages and the dermal sheath is also bidirectional (Rahmani et al., 

2020). 
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Figure 2. General tissue bi-lateral immunomodulatory crosstalk between dermal macrophage SCs 

orchestrates the SC niche (Manneken and Currie, 2023). 

Generally, tissue-specific macrophages develop and choreograph tissue biology. Macrophages 

form a 3D network in all our tissues where they secrete growth factors and signaling molecules. Such 

activities promote and protect host tissues and are crucial for organ development and homeostasis. 

The distinct subpopulation of these cells show different developmental trajectories, transcriptional 

programs and life cycle. Macrophage niche function in the body tissue in general was named as 

“Subtissular MAC niches” (Mass et al., 2023). In functional HF regeneration and morphogenesis in 

tissue engineering, Shuaifei et al. (2021) reviewed the epithelial-mesenchymal interaction in vitro 

culture system of dermal papilla cells subpopulation. These cells can produce Wnt ligands and 

mediate signaling crosstalk between mesenchymal and epithelial compartments, further promoting 

adult HF growth and regeneration. 

B-5. The Hair Follicle Microenvironment  

According to Chen et al. (2020), the HFSCs activity is subject to non-cell-autonomous regulation 

from the local microenvironment, or niche. In adaptation to varying physiologic conditions and the 

ever-changing external environment, the stem cell niche has evolved with multifunctionality that 

enable stem cells to detect these changes and to communicate with remote cells/tissues to tailor their 

activity for organismal needs. The cyclic growth of HF is powered by HFSCs, and when used as a 

model, niche cells can be categorized into 3 functional modules: signaling modules such as dermal 

papilla and immune cells that regulate HFSCs activity through short-range cell-cell contact or 

paracrine effect, sensing macrophages that enable tissue to sense mechanical cues, and message-

relying of sympathetic nerves by transmitting external light signals. Studying how HFSCs are 

regulated by the niche in the physiological state can uncover new therapeutic targets to prevent hair 

loss as well as promote hair regeneration.  

The hypothesis: Curly Hair from GWAS to Functional Genomics: Wnt-Secreting and -Receiving 

Macrophages Orchestrate curly and coily hair types. 

This hypothesis is about modulating Wnt-macrophage crosstalk with the HFSCs to relax the 

curved follicle and the curly hair shaft. It is a transition from GWAS study of curly hair trait to the 

functional biology of the hair follicle that can be tested and is the first involvement of AI in the field 

of beauty and wellbeing. We propose perifollicular macrophages as the novel conductor of cellular 

and molecular events happening in curly HF microenvironment to regulate Wnt gene expression. 

The hair follicle stem cells (HFSCs) and macrophage signaling is happening within the extracellular 

matrix (ECM). Hence, the ECM is acting as a dermal niche and a signaling hub that communicates 

HF local signals. Wherein, perifollicular resident macrophages are harbored by the dermal sheath 

and ECM; additional number of Macrophages are recruited by Wnt and mechanical cues during 

anagen; Macrophages are Wnt-secreting and -receiving cells generating multiple variables of Wnt 

gene expression. The variables include which Wnt ligand is secreted; which receptor is receiving the 

molecular signal; how much signaling activity is being communicated and when the crosstalk 

happens during the anagen phase (Figure virtual abstract).  Additional variables include the number 

of perifollicular macrophages present in range, close to the HFSCs, as Wnt traveling distance is 

limited and hence the HF size and its diameter is an additional variable.   

The effector mechanism of hair curling is the mechanical force generated by the “contracted 

APM”, the APM is back in the picture! Wnt is conducting crosstalk with HFSCs located in the bulge 

region; close to the attachment site of the APM muscle fibers that is embedded in the ECM. This 

“quadra-team niche” (Figure 3) composed of macrophage, ECM, Wnt and APM, are finalizing the 

3D shape of the HF and HFSC physical behavior and hence, the growing curly hair shaft. Wherein, 

APM is embedded in the ECM, its embryonic development is initiated by Wnt; and it has receptors 

for macrophage cytokines that are known to contract smooth muscles. 
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Figure 3. Demonstration of the anatomical location and components of our novel quadra-team niche 

orchestrating curly and coily hair types: consisting of the following components: 1- epithelial 

component (HF), 2- HFSCs, 3- IRS, 4- Outer root sheath, 5- Dermis including ECM, 6- APM, 7- 

Macrophages, and Wnt ligands in the extracellular location secreted by macrophages into the 

extracellular matrix(ECM) of the epidermis. 

If macrophages are the central cell choreographing HF morphology, then modulating 

perifollicular macrophage number and trafficking, and modulating Wnt ligand secretion can relax 

the curly hair follicle and hence the curly hair shaft. 

Further studies of the diversity of macrophage ligand(s)-receptor(s) interactions with the HFSC 

to determine hair shape diversity can be studied by artificial intelligence (AI) using available software 

like Interactome and Volcano plot. Further, human scalp biopsies can be studied for Wnt the ECM of 

for the correlation of specific ligand(s) type with the curly hair type.  and their localization by 

double-layer immunofluorescence techniques using a ligand-specific antibody. This functional 

analysis and mapping of human Wnt ligands and receptor network interactions can drive biological 

and pharmacological insights that will benefits treatment development. 

C. How Was the “Quadra-Team Niche” Idea Born? 

While I was writing my first hypothesis, the curly hair is sculpted by a contracted arrector pili 

muscle (Al Jasim, 2024), and diving deep into the genetics of curly hair and the molecular biology of 

the HF in cases of hair fall (alopecia) and other conditions, I have noticed that the macrophages was 

a cell with prominent role in HF morphogenesis and cycling: it was known to be Wnt-secreting and 

Wnt-receiving cell; large number of macrophages are resident in the perifollicular compartment; and 

their number increase during anagen. As an immunologist, that was a striking finding that attracted 

my attention.  

In addition, other hair-related genes are also linked to macrophages! EDAR are cell surface 

receptors expressed in skin and HF during HF development and hair cycle. Recently, EDAR has been 

implicated in the control of hair shape, and the hair phenotype may be linked to higher EDAR 

function. EDAR is signaling via Sonic Hedgehog (Westgate et al., 2017). 

During online search, a unique research article from Girardeau-Hubert (2009) was found 

comparing the morphology and functionality in the dermal components of the African and Caucasian 

skin types. This is the only comparative study of skin biopsy using microscopy to investigate the 

architectural differences and found that the dermal-epidermal junction length in African skin is about 

threefold and display a greater convolution than that in Caucasian skin. Further, they study 

comparative constitutive expression of cytokines found significantly higher level of monocyte 

chemotactic peptide, with higher papillary fibroblast activity. To my research hypothesis, these 

finding raised a question whether these dermal differences have a significant mechanical cue in 

shaping the African hair? 
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curving the hair follicle and curling the growing soft hair root need an effector mechanical cue, 

which bring us back to the APM, the part of the HF embedded in the dermal extracellular matrix 

(ECM). 

finally, we have four components that can form a team to accomplish the orchestration of hair 

types. This quadra-team have multi-dimensional, multileveled relationship between macrophages 

and all the hair trait genes. The novel quadra-niche ECM niche of the human scalp HF consisting of 

1) macrophages as the central cell choreographing hair types and subtypes, 2) the ECM as the 

microenvironment, 3) Wnt as the gene from GWAS studies, and 4) novel influence of mechanical cues 

generated by the dermal-epidermal (D-E) junction. The question now is: How does this quadra-team 

crosstalk and function? And eventually, everything connects! 

D. Shifting Curly Hair Research Strategy and Starting Cosmetic Immunology: Macrophages 

Keep Us Healthy and Beautiful! 

To the best of my knowledge, research article specifically studying curly hair follicle This 

hypothesis is changing the research strategy from epidermal to dermal, going from GWAS to 

functional cell. Our goal is to identify a treatment target to relax curly hair from within (Figure 4). 

 

Figure 4. My research strategy for developing this hypothesis is a totally innovative approach on 

multiple fronts to enrich the science and unveil a novel treatment target that can modulate individual 

hair type. 

D-1. The Dermal-Epidermal Junction and ECM Are the Generator of Mechanical Cues 

Can the long, convolutes dermal-epidermal junction and stressed ECM microenvironment of 

African skin generate mechanical cues to curl the hair? In this hypothesis we are proposing that the 

answer to this question is yes! And the mechanical stress attracts macrophages that choregraph the 

HF shape. 

ECM is the tissue scaffold that provides structural support and is critical for cell adhesion, 

migration, and cell signaling (Lee et al, 2021). ECM components are deposited by fibroblasts 

(Manneken and Currie, 2023). The microenvironment of the HF is a complex tissue that regulates 

gene control and stem cell behavior, which in turn controls hair growth and regeneration. The HF 

microenvironment niche includes stem cells, other cell populations, molecular signals, and 

extracellular material (ECM). The microenvironment is constantly rearranging due to the hair cycle, 

but it maintains its functionality through additional levels of regulation (Rompolas and Greco, 2012). 

There is mounting evidence of macrophages orchestrates tissue function by regulating the ECM 

composition, locally by signaling through receptors, and producing soluble chemokines (Mass et al., 

2023). 

The dermis is enriched with dermal fibroblasts that produce collagen and elastic fibers of 

extracellular matrix (ECM) and give the skin its elasticity. The dermo-epidermal basement membrane 

is formed by ECM proteins deposited by basal epidermal keratinocytes and by underlying dermal 
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fibroblast forming a sheath separating the epidermis from the dermis. Different HF compartments 

recruit and assemble different HF-associated structures, including APM and peripheral nerves, in 

part through the expression of different ECM proteins (Hsu et al., 2014). Recent studies have shed 

light on the intricate nature of the HFSC niche and its crucial role in regulating hair follicle 

regeneration. This review describes how the niche serves as a signaling hub, communicating, 

deciphering and integrating both local signals within the skin and systemic inputs from the body and 

environment to modulate HFSC activity (Zhang et al., 2024).  

D-2. Mechanical Cues Increase Macrophage Migration: A Novel Variable That Shape the Hair! 

According to Chu et al. (2019) mechanical stretch induces hair regeneration through the 

alternative activation of macrophages. Tissue and cells in organism are continuously exposed to 

complex mechanical cues from the environment. Mechanical stimulation affects cell migration, 

proliferation and differentiation, as well as determining tissue homeostasis. Hair stem cells 

proliferate in response to stretching and hair regeneration occure in mice skin. Macrophages are first 

recruited by chemokines produced by stretching and polarizes to M2 phenotype; growth factors are 

released by M2; then activate SCs and facilitate hair regeneration. A hierarchical control system is 

revealed for regenerative medicine. A counterbalance between Wnt and bone morphogenetic protein 

(BMP-2) and the subsequent two-step mechanism are identified through molecular and genetic 

analysis. A hierarchical control system is revealed from mechanical; to chemical signals; to cell 

behavior and tissue response. The counterbalance between the activators Wnt signaling pathway, as 

well as the inhibitor BMP2 plays the most significant role in determining whether regeneration 

occurs.  

According to Meli et al. (2019) it is known that macrophages respond dynamically to biochemical 

signals in their microenvironment, the role of biophysical cues, including matrix stiffness, on 

macrophage behavior has only recently emerged. The role of the molecules that are important for 

mechanotransduction and may be potentially exploited therapeutically are transcription factors and 

epigenetic regulators. 

According to Du, H. et al. (2023) immune responses are governed by signals from the tissue 

microenvironment and ECM. In addition to biochemical signals, mechanical cues and forces arising 

from the tissue, its extracellular matrix and its constituent cells shape immune cell function. Indeed, 

changes in biophysical properties of tissue alter the mechanical signals experienced by cells in many 

conditions and in the context of ageing. These mechanical cues are converted into biochemical signals 

through the process of mechanotransduction, and multiple pathways of mechanotransduction have 

been identified in immune cells. Such pathways impact important cellular functions including cell 

activation, cytokine production, trafficking, metabolism and proliferation, offering a novel layer of 

dynamic immune regulation. They review the emerging field of mechano-immunology, focusing on 

how mechanical cues at the scale of the tissue environment regulate immune cell behaviors to initiate, 

propagate and resolve the immune response. The effect of skin stiffness on macrophages are studied 

using engineered systems for their responses to mechanical cues. In cell culture, mechanosensing of 

substrate rigidity by macrophages has been shown to influence the mode of migration, healing 

ability, cell morphology, and secretion of cytokines. The stiffness of most soft tissues is typically less 

than 10 kPa (kilo Pascal). In contrast, normal skin stiffness showed a very wide range from 7-130 kPa. 

The pulling and pushing forces that lengthen or shorten cells, causing cytoskeletal reorganization 

and generating contractile forces that elicit reciprocal tension on extracellular components, shear 

stress, interstitial flow, the flow through the spaces of the extracellular matrix (ECM) — arises from 

plasma leaving the capillary, passing through tissues and draining into lymphatics.  

E. Novel Wnt Gene Language: The Crosstalk Between Macrophages and Curly Hair Genes! 

As shown in Figure 5A, the current state of knowledge, according to GWAS studies, is that there 

is evidence that trichohyalin gene may affect hair curl in most/all world population and that EDAR 

and Wnt10A genes only affect specific population. Macrophages are linked to the above genes 

because EDAR is a surface receptor for TNF, and then EDAR is signaling via Sonic hedgehog; and 
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indirectly linking macrophages to Sonic hedgehog. Macrophages are attracted to the HF by 

extracellular Wnt genes (Westgate et al., 2017). The recruited macrophages will add to the resident 

perifollicular macrophages present in range, close to the HFSCs. It is known that Wnt traveling 

distance is limited. 

Figure 5B demonstrates the novel dermo-epidermal crosstalk that orchestrate human hair types 

represented by the quadra-team of the dermis with epidermal HFSCs. Once the resident and 

recruited macrophages assemble in the perifollicular ECM their phenotype is influenced by the 

microenvironment; they are in range, within the travelling distance of Wnt soluble ligands; and a hair 

type-specific crosstalk is initiated using the complex world of Wnt receptor signaling language.  The 

increased number of macrophages leads to increase concentration of their secreted Wnt and 

cytokines, and hypothetically the contraction of APM that have receptors for macrophage cytokines 

and possibly Wnt receptors. 

The key question is to understand how tissue-specific MAC identities are shaped by their local 

“microenvironment”? and how much local tissue tensometry play a role in hair phenotypes? 

 

Figure 5. Demonstrate the multidimensional, multileveled relationship between macrophages and 

Wnt gene family and the other hair-shaping genes that influence their functional status. The current 

knowledge (Figure 5A) is compared to novel aesthetic biologic function (Figure 5B) where 

macrophages act as the orchestrator of patterning hair curls. 

E-2. Arrector Pili Muscle Is the Novel Effector Substructure of the Hair Follicle 

That first embryonic crosstalk between the developing hair placode and macrophages is 

mediated via Wnt signaling. It represents the initial immune cells present in the initial stages of 

placode development (Kiselev and Park, 2024). The creation of APM is linked to Wnt: APM muscle 

niche was described earlier by (Fujiwara et al. (2011), wherein the stem cells (SCs) secrete 

nephronectin, a Wnt target gene, and the epidermal Wnt/B-catenin signaling determine regional 

nephronectin expression in mice. Thus, creating a smooth muscle cell niche and act as a tendon for 

APM. Recently it has been questioned why APM are preserved?  Besides goosebumps, it is unclear 

whether there are other functions to the APM-nerve-HFSC tri-lineage unit. Yet, its configuration is 

highly conserved across mammals including humans, where piloerection has lost its role in 

thermoregulation, raising the possibility of additional functions for APM (Shwartz et al., 2024). 

E-3. Are Curly Hair Patterns Orchestrated by Cues from the Convoluted Long D-E Junction? 

The link between the epiderma-dermal (D-E) junction and hair types is novel and 

unprecedented. The current state-of-the-knowledge has never linked the epidermal HF structure to 

the dermis in that way! In this hypothesis we are proposing this mechanism of action. 
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It needs proof-of-concept and further studies for quantitative measurement of skin mechanical 

properties in the sculp of volunteer who have curly or coily hair types. The mechanical properties of 

the scalp skin can be quantitatively and directionally measure using methods described by Du et al. 

(2023) and Piyush et al. (2021). 

Testing the Hypothesis 

This task is overly complex and need collaboration with specialists in the field of artificial 

intelligence (AI) in drug discovery including functional genomics, computer-assisted in silico protein-

protein interactions, Volcano plot and interactome. The online search of related topics reveals diverse 

types of tests (Table 1). But what is the most suitable to Wnt ligands and receptor interactions on 

macrophages and APM is in its infancy. We need to dive deep into the “Transcriptome-wide 

association studies (TWAS)” Transcriptome-wide association studies (TWAS) that integrate genome-

wide association studies (GWAS) and gene expression datasets to identify gene–trait associations 

(Wainberg et al. (2019), to be done in collaboration with specialists in the field. The prediction of 

protein-protein interaction interface Using machine learning algorithm (in silico), molecular docking 

and post-docking analyses, using docking tools and techniques for the prediction of probable 

interaction surface. 

Table 1. Selected published highly specialized research methods of artificial intelligence (AI) in 

pharmaceutical/clinical target discovery. This list of AI techniques might guide our further 

investigation to proof the role of perifollicular AMCs in shaping curly hair types. These ligand-

receptor interaction studies are related to MAC function and will support this hypothesis and guide 

further development. 

Test Cell type Ref. 

Macrophage phenotype classification 

using machine learning methods 

(MATLAB) related to expressed markers  

Macrophages are heterogenous 

population including M1 to M2d 

Hourani T. et 

al, 2023 

Macrophage autofluorescence Macrophage phenotypes Same 

 

Molecular docking as a tool for the 

discovery of molecular targets of 

nutraceuticals in disease management 

 

  

Agu et al., 2019 

 

Prediction of protein-protein interaction 

interface 

Using machine learning algorithm, 

molecular docking and post-

docking analyses, using docking 

tools and techniques for the 

prediction of probable interaction 

surface. 

 

Das & 

Chakrabarti 

 

TWAS 

 

Integrate GWAS and gene 

expression datasets to identify 

gene-trait associations. 

 

Wainberg et al, 

2019 

Multi-channel/multi-wavelength flow 

cytometer 

extracted signals of phenotypes same 
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Single-cell RNA-seq library 

construction, and 

bioinformatic analysis of single=cell 

RNA-seq data 

Mice anagen back skin/ MACs Rahmani et al., 

2020 

Putative MAC to HF interactome: 

Unbiased analysis of top predicted 

interactions package revealed immune 

ligands to which DS have 

transcriptionally expressed receptors 

MAC ligands and dermal sheath 

receptors in cyclic regenerative 

behavior 

 

same 

Unbiased analysis of top predicted 

interactions package revealed immune 

ligands to which MAC have 

transcriptionally expressed receptors 

Dermal sheath ligand and MAC 

receptors 

 

same 

Mechanism elucidation: Network 

biology and molecular interaction 

mapping discovering etiological genetic 

factors and functional implication  

Breakdown of protein-protein 

interaction (PPI) network or the 

“interactome”, due to the genetic 

variants. And pharmacological 

effect of drug within the PPI 

integrating computationally 

predicted PPIs to circumvent 

interactome sparsity. There is 

reference to MACs and Wnt is 

rheumatoid arthritis 

Karunakaran 

PHD thesis 

Functional category enrichment analysis 

of MAC activation in response to 

mechanical stretch 

Volcano plot of differently 

expressed genes (DEGs) in immune 

response gene ontology expression 

value in mice skin 

Chu et al., 2019 

Potential manipulation of cellular 

processes through simple mechanical 

stimulation 

A counterbalance between Wnt and 

BMP-2 and the subsequent two-step 

mechanism are identified through 

molecular and genetic analyses. 

 

Same 

Define MAC phenotype and 

subpopulation specification across 

activated population by transcriptional 

subtype or effector molecule(s) 

Characterize MACs based on 

different “activation paths” using 

predictive modelling to integrate 

multi-tissue data, mitochondrial 

transfer. 

Manneken and 

Currie 2023; 

Sanin et al., 

2022 

direct cell-cell contact visualized by in 

vivo visualization tools 

Understanding the heterogeneity of 

MAC population, both 

transcriptionally and behaviorally. 

 

same 
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Double immunofluorescence with 

primary antibodies and labelled 2nd 

antibodies 

Whole mount skin preparations Fujiwara et al., 

2011 

Quantitative RT-PCR Total RNA was isolated using 

RNeasy Mint Kit with an on-

column DNase I digestion. RT-PCR 

was performed using SYBR green 

super mix. The expression level of 

target genes was normalized 

utilizing standard curve method. 

 

same 

Bioconductor annotation package 

“org.Hs.eg.db” for the genome-wide 

annotation using mapping Entre gene 

identifier for humans, as the 

prioritization analysis also used for 

Homo sapiens interaction network 

Functional Analysis Enrichment 

analysis of the significant 

prioritized genes was performed 

using the “Clusterprofiler” 

  

Ogunbawo et 

al., 2024 

Flow cytometric gating strategy Used to identify skin myeloid 

lineages, including macrophages 

Liu Z. et al., 

2022 

 

 

Rt.qPCR analysis for the expression of 

genes encoding ligands for Wnt and 

BMP pathways 

Mice skin same 

 in order to investigate the transcriptome 

along the three different axes, we used a 

study design that combines IPSC 

technology, high-throughput screening 

and allele-specific expression analyses. 

The cell type context has the overall 

strongest effect on gene expression, 

splicing, and allelic expression.  

  

Findley et al., 

2021 

According to Cano-Gamez and Trynaka (2020) article “From GWAS to Function,” the variants 

mapped through GWAS provide a strong genetic anchor to complex human biology and therefore to 

the development of a new treatment. However, going from genetics to function requires robust model 

system in which the causal tissue and cells can be probed and manipulated. Macrophages have been 

studied in relation to rheumatoid arthritis. Genome-wide SNP enrichment analysis was used to study 

human macrophages to further study a previously reported enrichment of immune disease variant 

in MACs by stimulating them in the presence of different cytokine cocktail and profiling chromatin 

landscape. Once the disease-relevant cell types are identified, subsequent experiments can be carried 

out to further refine the observed enrichments to the most relevant cell states. For example, we 

recently followed up the previously reported enrichment of immune disease variants in naive and 

memory CD4+ T cells, and macrophages (Hu et al., 2011; Fairfax et al., 2014; Trynka et al., 2013, 2015) 

by stimulating these cell types in the presence of different cytokine cocktails and profiling chromatin 
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landscape with ATAC-seq and H3K27ac ChIP-seq across 55 cell states//// This is known to be the case 

for other immune cells such as human macrophages, where exposure to cytokines or pathogens has 

been shown to induce context-specific chromatin accessibility and expression QTLs    

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7237642/  

Ohn et al., (2019) reviewed methods used in evaluation of hair growth promoting effects of 

substances in the treatment of alopecia. The studies include organ model studies and individual cell 

model (ORS cells and interacting model (ORS and DP cells). In addition, in-silico methods employing 

computer systems have been used in research aimed at discovering active molecules for specific 

target organ. Further studies are described in Table 1. 

Developing Selective” Arrector Pili Muscle Relaxing Treatment 

Finally, I am claiming that “selective” smooth muscle relaxers can relax the curved hair follicle 

and eventually relax the curly and coily hair shaft. “Selective” refers to the modulating action of a 

small molecules derived from medicinal herbs specifically on the receptors of macrophages or APM 

or the HF. The 3-dimensional (3D) structure of the small molecules is available from PubChem. The 

Human Protein Atlas contain Wnt gene structure and interaction, including Wnt10A (Ref 25). The 

atlas also contains smooth muscle-specific proteome. Molecular docking and building complexes 

between the plant small molecule interaction with the cell receptors and measuring the energy score 

and compare them with each other. 

As described in Table 2. published article related to Wnt-targeted therapies using plant-derived 

material, natural products, macrophage extracellular vesicles, glutathione metabolites and 

antioxidants. In a  recent study, Idowu et al. (2024) reviewed the genomic variation in textured hair 

(curly and coily) and its implication in developing holistic hair care routine, and proposes a better 

understanding of the genetic traits, molecular structure and biomechanics of textured hair to initiate 

a more effective personalized haircare solution. 

Table 2. published article related to Wnt-targeted therapies using plant-derived material, natural 

products, macrophage extracellular vesicles, glutathione metabolites and antioxidants. 

Type of study Type of treatment Ref 

reviewed treatments targeting Wnt/B-

catenin pathway for developing therapies 

for hair loss 

using plant-derived chemicals in 

various in vitro and in vivo studies, 

e.g., Ginkgo biloba extract, red 

ginseng oil and Chinese mallow 

Bu Young 

Choi 

(2020) 

studied the molecular mechanism of 

natural products activating Wnt/-catenin 

for improving hair loss 

P. Mira nut oil, flavonoids, terpenoids 

from brown algae and Oleanolic acid 

(pentacyclic triterpenoid) 

Dong 

Wook 

Shin 

(2022) 

 

Same above author in a previous study 

macrophages-extracellular vesicles 

including Wnt3a and Wnt7b 

enhanced the proliferation rate of 

dermal papillary cells. 

Dong 

Wook 

Shin (2022 

new study finds a pool of genes with 

various levels of transcription associated 

with different hair shapes that points to 

epigenetic regulation, which means that 

gene expression can be affected by 

environmental factors. 

They found that production of curved 

hair fiber may require proliferation 

support that can be provided by 

antioxidants and glutathione 

metabolites 

Matama 

et al. 

(2023) 
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Genomic variation in textured hair has 

implications in developing holistic hair care 

routine 

The review proposes a better 

understanding of the genetic traits, 

molecular structure and biomechanics 

of textured hair to initiate a more 

effective personalized haircare 

solution. 

(Idowu et 

al., 2024). 

Conclusion 

This hypothesis is setting the stage for unveiling the functional genomics of curly hair. It is a 

continuation of my previous hypothesis proposing that hyperactive contracted APM is the generator 

of mechanical cures shaping curly hair. This hypothesis can answer many enigmatic scientific 

questions related to human scalp hair types, curly hair biology, functional genomics and 

mechanotransduction. APM is preserved because it has an essential function of shaping the hair 

follicle and hair shaft. It acts as a conductor of mechanical cues from the DE junction. The mechanical 

cues attract macrophages thar receive and secrete Wnt ligands that has been demonstrated in GWAS 

study to be linked to hair types. Macrophages are immune cells that keep the skin healthy, and here 

we describe a novel cosmetic function for macrophages! The development of a treatment the 

modulate macrophages recruitment and/or secretion of Wnt ligands is a science-based approach to 

develop the curly hair relaxing treatment. Hypothetically, it will indirectly relax the APM!  
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