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Abstract 38 

Aging is a complex natural process that leads to a decline in physiological functions, which is 39 

visible in signs such as hair graying, thinning, and loss. Although hair graying is characterized 40 

by a loss of pigment in the hair shaft, the underlying mechanism of age-associated hair graying 41 

is not fully understood. Hair graying and loss can have a significant impact on an individual's 42 

self-esteem and self-confidence, potentially leading to mental health problems such as 43 

depression and anxiety. Omics technologies, which have applications beyond clinical 44 

medicine, have led to the discovery of candidate hair biomarkers and may provide insight into 45 

the complex biology of hair aging and identify targets for effective therapies. This review 46 

provides an up-to-date overview of recent omics discoveries, including age-associated 47 

alterations of proteins and metabolites in the hair shaft and follicle, and highlights the 48 

significance of hair aging and graying biomarker discoveries. The decline in hair follicle stem 49 

cell activity with aging decreased the regeneration capacity of hair follicles. Cellular 50 

senescence, oxidative damage and altered extracellular matrix of hair follicle constituents 51 

characterized hair follicle and hair shaft aging and graying. The review attempts to correlate 52 

the impact of endogenous and exogenous factors on hair aging. We close by discussing the 53 

main challenges and limitations of the field, defining major open questions and offering an 54 

outook for future research.   55 

 56 
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1. INTRODUCTION  58 

Aging is a universal, natural, multifactorial physiological process characterized by 59 

time-dependent alterations in biological, physiological, and neurological processes which lead 60 

to progressive functional decline. Numerous aging theories and hypotheses have been proposed 61 

to describe aging (Jin, 2010; López-Otín et al., 2013; Yang et al., 2023). Hair thinning, loss, 62 

and graying are undesirable consequences of the aging process and are accelerated by intrinsic 63 

genomic stability and extrinsic factors (Matsumura et al., 2016; O'Sullivan et al., 2021). 64 

However, the mechanism is still unclear. Our pre-historic ancestors were much hairier than we 65 

are today. However, the rationale for the diminished hairiness of modern-day individuals is 66 

unknown. Gray hair is a visual marker of aging, but whether aging is the ultimate risk factor 67 

for gray hair remains debatable, and there is a need for a better understanding of the 68 

mechanisms that drive hair aging.  69 

In modern life, physical appearance remains critical, where wrinkles, gray hair, hair 70 

thinning, and loss are visible signs of human aging. The scalp hair remains extremely important 71 

to an individual s self-esteem and self-confidence, and their loss and or graying substantially 72 

impact the quality of life, leading to depression, anxiety, and other serious mental health 73 

complications. To overcome these issues, consumers constantly strive for hair-care products 74 

and demand quick and easy solutions. The hair care industries are constantly exploring 75 

pharmacological targets and active products to meet such consumer needs, including the desire 76 

to have beautiful, healthy, and young-looking hair. With the increasing demand for hair 77 

products, the global haircare market is expected to reach USD 211.1 billion by 2025 (GVR, 78 

2018). Numerous products on the market help to fight the signs of aging, but all of them treat 79 

the symptom and not the cause. Hence, to find the main cause, it is crucial to understand the 80 

complex biology of hair aging, to describe the age-dependent physiological changes that occur 81 

in the hair shaft (HS) and hair follicle (HF), and to identify hair aging biomarkers.  82 
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Various extrinsic factors (ultraviolet radiation, air pollution, smoking, nutrition, and 83

lifestyle) and intrinsic factors related to individual genetic, epigenetic, and endogenous 84 

oxidative stress impact HF (Trüeb, 2021). Therefore, this model has the potential to provide an 85 

in-depth understanding of biological aging, which remains a consequence of two independent 86 

biological processes, one programmed loss of functionality and other damage-related changes 87 

(Jin, 2010). However, Sinclaire and team (Yang et al., 2023) proposed that aging is the result 88 

of losing critical epigenetic information or instructions that cells need to continue functioning. 89 

, the underlying cause of mammalian aging 90 

is loss of information in cells, and not just accumulation of damage. In case of hair aging, age91 

independent hair graying has been linked with age-associated pathologies, including 92 

Alzheimer s disease (Mendelsohn and Larrick, 2020), Parkinson s disease 93 

2019), and cardiovascular disease (ElFaramawy et al., 2018). Thus, a unique structure, 94 

multicellular interaction, the cyclic activity of growth, sensitivity to intrinsic and extrinsic 95 

factors, and association with age-associated disorders make hair aging a unique model for 96 

studying biological aging.  97 

 Molecular methodologies have been embraced by those attempting to understand the 98 

genetic makeup and biological aspects of hair aging (Pavan and Sturm, 2019; Williams et al., 99 

2021). Substantial efforts were undertaken to understand the cause of age-associated hair 100 

thinning, loss, and graying (O'Sullivan et al., 2021; Tobin, 2015; Williams et al., 2021). 101 

However, it is still poorly understood and seems to be extremely complicated. Due to the 102 

-parameter measurement, these 103 

technologies are being widely used in the discovery of clinical disease biomarkers, unfolding 104 

complex pathologies, aging, and age-associated disorders (Adav et al., 2016; Adav et al., 2019; 105 

Adav and Sze, 2020; Adav and Wang, 2021; López-Otín et al., 2013). An integrated omics 106 

platform, including genomics, proteomics, transcriptomics, metabolomics, and bioinformatics, 107 
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with morphology, including ultrastructural morphology and quantitative 108

immunohistomorphometry could provide in-depth insight into age-associated alterations in the 109 

functional network of genes, proteins, and metabolites. Omics platforms have the potential to 110 

reveal the complex interactions of different hair keratins; divulge age-dependent hair protein 111 

abundances, age-dependent hair pigmentation, and causes of hair loss; translate discoveries 112 

into new clinical aging biomarkers; and help develop effective hair therapies. 113 

The main objectives of this review were to provide recent omics advances in hair aging, 114 

including age-associated HS protein abundances, hair thinning, loss, and graying. Given the 115 

complexity of hair proteome and metabolome and their dynamic nature, we highlighted recent 116 

biomarker discoveries in hair aging. We attempted to correlate the impact of endogenous and 117 

exogenous factors with hair aging and discussed the main challenges and limitations in the 118 

field. 119 

2. HAIR SHAFT  120 

2.1 Hair shaft- a precious bio-sample in research  121 

The hair, an evolutionarily conserved structure from hair follicles, mainly consists of 122 

proteins. The hair follicle is surrounded by a rich capillary system providing the necessary 123 

nutrients for growing hair. In other words, the blood components interact with hair molecules 124 

during the growth of the HS, and their composition is known to represent the blood composition 125 

to a certain extent (Kempson and Lombi, 2011). Therefore, hair samples can be vital in 126 

deciphering the aging process, recording environmental exposure, and providing evidence in 127 

solving mysteries in forensic sciences. Further advantages of the hair samples over blood, 128 

urine, and tissue remain their solid and durable nature, substantially longer detection window 129 

(months to years), and less invasiveness.  130 
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The multicellular interaction system of the epithelium, mesenchyme, and 131

neuroectoderm, which undergoes a unique cyclical activity of growth (anagen), regression 132 

(catagen), rest (telogen), shedding (exogen), and regrowth, makes the hair follicle a highly 133 

comprehensible model with exclusive opportunities for studying age-related changes. Being  134 

mini organs of the skin, HFs express a set of heterogeneous clock genes that can modulate the 135 

central circadian system and they have their own stem-cell system to sustain cellular and tissue 136 

turnover. Life style, particularly sleep quality is thought to be associated with hair loss(Agaoglu 137 

et al., 2021). Sleep and wake cycles are intertwined with the circadian clock and growing 138 

evidence indicates an association between the circadian clock and the aging process. Circadian 139 

genes play a key role in the regulation of the hair cycle, hair aging and pigment production (Liu 140 

et al., 2023). Since these genes are synchronized with the central clock while telomere and 141 

telomerase activity have been linked with the circadian system and aging, HFs may assist in 142 

understanding the human biological clock. During evaluation of the fate of HF stem cells 143 

(HFSCs) during aging, Matsumura et al (Matsumura et al., 2016) concluded that aging is 144 

primed by DNA damage, which further induced depletion of type XVII collagen (COL17A1) 145 

and triggered cell differentiation leading to HF miniaturization. Furthermore, these authors 146 

established a link between intrinsic genomic instability in stem cells and epithelial tissue aging.  147 

Recently, several researchers (Chu et al., 2020; Karim et al., 2021; Parker et al., 2016; 148 

Plott et al., 2020) have exploited the application of HS protein profiles and genetically variant 149 

peptides (GVPs) in discriminating individuals as well as to determine their demographics 150 

including age, gender, and ethnic group.  Hair has been used as a valuable specimen sample to 151 

investigate retrospective xenobiotic exposure and to monitor the intake of such lipophilic 152 

compounds (Jang et al., 2019)  including 9-tetrahydrocannabinol, cocaine, opiates and 153 

amphetamines, heavy metal lead, and therapeutic drugs like chloroquine, cisplatin, mephenesin 154 

and p-aminobenzoic acid can all be incorporated into the HS (Carré et al., 2020). The 155 
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importance of hair samples in the era of precision medicine (Ademola Adeola et al., 2018), and 156

forensics (Duong et al., 2021) have been reviewed, while recent applications have been 157 

tabulated in Table 1.   158 

Hair samples have been used in the omics-based evaluation of virological response to 159 

atazanavir and lopinavir drug treatment in HIV-infected adults (Gandhi et al., 2009), isoniazid 160 

levels in tuberculosis patients (Gerona et al., 2016), estimating chronic psychosocial stress 161 

(Wright et al., 2015), monitoring alcohol abuse through metabolites (Crunelle et al., 2014), 162 

differentiating normoglycemic and hyperglycemic in diabetes mellitus (Kobayashi and Igimi, 163 

1996), drug abuse (Pichini et al., 2014), cancer (Mistry et al., 2012), and many more. Hair 164 

keratins are crucial biomaterials for diverse regenerative applications, including controlled 165 

drug release, tissue engineering, and fabrication of films, sponges, and hydrogels (Chua et al., 166 

2020; Gentile et al., 2021; Lai et al., 2021; Vasconcelos and Cavaco-Paulo, 2013; Wang et al., 167 

2015). In summary, hair is a valuable biomaterial and a precious biological sample in aging 168 

studies and clinical and forensic science.  169 

2.2 Omics analysis of hair shaft and discovery of hair aging biomarkers  170 

Omics technologies have far-reaching applications beyond clinical medicine and are 171 

considered a novel approach to evaluating the genetic basis of disease, determining the function 172 

of proteins in health and disease, understanding biological processes, and much more. The 173 

analytical cost might have limited the development of proteomics, but its applications, similar 174 

to genomics, are promising. The advantage of proteomics is that it provides better proteome 175 

dynamics over the genome. It has also been embraced in evaluating cosmetic treatment-induced 176 

hair damage (Sinclair et al., 2012) and monitoring cocaine in a single strand of hair sample for 177 

forensic purposes (Porta et al., 2011). The various mass spectrometric platforms, including gas 178 

chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry 179 

(LC-MS), matrix-assisted laser desorption/ionization (MALDI), and desorption electrospray 180 
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ionization (DESI) mass spectrometry imaging are being used in hair proteome profiling (Adav 181

et al., 2018; Barthélemy et al., 2012; Franklin et al., 2020; Hsia et al., 2011; Subbaiah et al., 182 

2018). Despite the significant importance of scalp hair and technological advances in mass 183 

spectrometry, limited literature exists on hair proteomics. 184 

2.2.1 Protein biomarkers of hair shaft aging  185 

HS comprises the cuticle, cortex, and medulla. An outer protective layer of cuticle cells 186 

comprises cuticular proteins and high sulfur keratin-associated proteins (KAPs); lipids 187 

surround the cortex, which in turn surrounds an intermittent medulla column at the center of 188 

the shaft (Lee et al., 2006). The cortex contains 500 800 keratin intermediate filaments (KIFs) 189 

(Dawber, 1996) that are categorized into two groups (i) the acidic type I keratins (KRT31 38, 190 

containing 9 members) and (ii) the neutral basic type II keratins (KRT81 86, containing 6 191 

members) (Langbein et al., 2001). The complex interaction between type I and type II keratins 192 

leads to the formation of heteropolymers (Parry et al., 2007). The expression of KIFs and KAPs 193 

has been well established (Rogers et al., 2008), but their exact functions, role in maintaining 194 

hair quality, and alterations with age remain unclear. Alterations in the hair structure, 195 

characteristics, extrinsic damage, and responses to extrinsic damage in different races and 196 

ethnic groups with aging are reviewed elsewhere (Maymone et al., 2021) and not covered 197 

herein. 198 

The proteomics approach allows the identification and comparison of abundances of 199 

thousands of proteins in a single experiment. It provides dynamics of protein expression, 200 

posttranslational modifications (PTMs), regulation, interactions, and function (Diz et al., 201 

2012). The studies on the transcriptome or the genome are considered inadequate in 202 

understanding the phenotype because of the lack of convergence between the proteome and the 203 

transcriptome (Schwanhäusser et al., 2011). Using state-of-the-art proteomics technologies, 204 
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about 300 proteins, including keratin, KAPs, and KIFs, were identified in the HS (Adav et al., 205

2018; Barthélemy et al., 2012; Lee et al., 2006).  206 

To study the impact of aging on the HS, Plott et al., (Plott et al., 2020) analyzed hair 207 

samples from single individuals with 44 years gap and noted 2-fold changes in the abundance 208 

of 54 proteins, including the proteins of the cuticle (KRT40, 82, KRTAP16-1, S100A3). These 209 

authors noted the decreased abundance of cuticular proteins with increasing age, which can be 210 

interpreted as a loss of cuticle with age, as depicted in other studies (Thibaut et al., 2010). To 211 

understand the natural aging of human hair, Thaibaut et al (Thibaut et al., 2010) analyzed a 212 

very long scalp HS (length > 2.4 m) from a woman who had not cut her hair for 26 years and 213 

observed hair diameter ranging -70 µm) and from 214 

medium to coarse at the tip (~65-95 µm). The physical findings of loss of cuticle cells 1 m from 215 

the root to the tip end were correlated with a progressive and linear decrease in the total amount 216 

of cuticle-bound  18-MEA  from root to about  1.0-1.25 m  hair length, leading to the conclusion 217 

that hair diameter decreased with age. In parallel, Robbins (Robbins et al., 2012) evaluated a 218 

total of 1414 women (age 18-66 years) hair samples and observed hair diameter to increase 219 

from ages 20 to 40 years, and decreased subsequently. In addition, phototrichogram studies in 220 

1357 subjects (674 males and 683 females between the ages of 10 and 69) by Kim et al (Kim 221 

et al., 2013a) and 45 subjects (age 17-73 years) by Lee et al  (Lee et al., 2012) confirmed that 222 

hair diameter reduced with chronological aging. The decreased expression of these cuticular 223 

proteins can be seen as a high risk to the cortex and, thus, the HS structure. Other studies also 224 

documented the altered HS diameter with age, particularly decreasing with an increase in age 225 

(Kim et al., 2013b; Robbins et al., 2012). The accumulated literature reveals the loss of 226 

cuticular proteins and decreased HS diameter with age, but it remains debatable and 227 

challenging to conclude whether it is an aging impact or wear and tear due to environmental 228 

factors; hence the need for well-designed studies.  229 
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Laatsch et al., (Laatsch et al., 2014) isolated cuticle cells and analyzed them by shotgun 230

proteomics, revealing that the cuticle has a distinctly different protein profile from those of the 231 

total hair. These authors found proteins KRT32, 40, and 82 to be more abundant in the cuticle, 232 

while proteins KRT31, 33A, 33B, 38, 39, 83, 85, and 86 were less abundant. While the authors 233 

used core proteomics, further validation of KRT32, 40, and 82 abundances with an orthogonal 234 

validation tool like Western blotting will strengthen the conclusion. Including more replicates, 235 

especially biological replicates, as this study by Laatsch et al. (5-6 replicates) showed, provide 236 

better statistical confidence since they help to minimize random noise. The histological studies 237 

of hair cuticles by transmission electron microscopy (TEM), scanning electron microscope 238 

(SEM), X-ray photoelectron spectroscopy (XPS), secondary ion mass spectroscopy (SIMS), 239 

and atomic force microscopy (AFM) in conjunction with protein analytical techniques revealed 240 

three layers in cuticles including A-layer, exocuticle, and endocuticle (Rogers, 2019). An age-241 

associated abundance of these cuticle proteins and their localization may assist in 242 

understanding the cuticular structure of hair and the complex role of these proteins in hair 243 

structure stability and aging. The content of mRNAs encoding hair keratins KRT33A and 34 244 

and KAPs declined with age (Giesen et al., 2011). Of the studied 39 KAP genes, seven 245 

members of the family, including the KAP4 family, were significantly downregulated in aged 246 

hair (Giesen et al., 2011). It is important to note that KAP4 represents the largest KAP family 247 

presumed to be localized in the middle and upper cortex and involved in the terminal 248 

keratinization of the cortex (Kariya et al., 2005). With increasing age, the decline in KAP4 249 

gene expression can be interpreted as a decrease in HS stability and flexibility. 250 

During a long anagen phase (2 6 years), hair grows at a rate ranging from 0.8 to 1.3 251 

cm\month depending on the ethnic origin and the individual parameters (Loussouarn et al., 252 

2005) and attains hair length from 30 to 100 cm in Asian. The long hairs represent an accessible 253 

model to describe hair aging. Thibaut et al.(Thibaut et al., 2010)  chose a very long scalp HS 254 
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(length > 2.4 m) from a woman who had never cut her hair for 26 years, divided it into 60 cm 255

segments and profiled each segment s protein expression using two-dimensional gel 256 

electrophoresis. The results revealed structural protein differences at the root, middle, and tip 257 

of the HS fiber and a loss of some 3 30 kDa KAPs from the tip part of the fiber, indicating a 258 

loss of integrity at the tip region. Although some support comes from AFM and physical data 259 

presented by  the authors, analyzing such segments with an advanced high-throughput LC-260 

MS/MS could provide more in-depth knowledge. 261 

2.2.2 Post-translational modifications of the hair shaft proteins and their biomarker 262 

potential  263 

With technological advances, aging research has shifted its focus to a healthy lifespan. 264 

Cosmetic industries and biologists are putting effort into understanding the hair aging process 265 

to modulate (delay or minimize or reverse the effect) hair aging. PTMs have been linked to 266 

aging (Cloos and Christgau, 2004; Robinson and Robinson, 2001). PTMs are mainly classified 267 

into two categories, i.e., enzymatic and nonenzymatic alteration of specific groups to amino 268 

acid side chains, and both PTMs can undergo age-related alterations (Adav and Sze, 2020). 269 

While profiling HS proteome, Lee et al. (Lee et al., 2006) noted novel modifications like 270 

methylation, dimethylation, and trimethylation in the keratins, while Adav et al. (Adav et al., 271 

2018) discovered deamidated type I keratin proteins KRT33A, 33B, 34, and 35; type II such 272 

KRT82-86; and several KAPs.  273 

Methylation is a well-known PTM mediated by enzyme methyltransferases, where 274 

methyl groups are added to nitrogen or oxygen (N- and O-methylation, respectively) on amino 275 

acid side chains. It increases protein hydrophobicity or neutralizes a negative charge when 276 

bound to carboxylic acids (Marmorstein, 2003). Protein methylation plays a key role in cellular 277 

and biological processes and has been implicated in signal transduction, gene transcription, 278 
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DNA repair, and mRNA splicing (Yang and Bedford, 2013). The roles of DNA methylation in 279

aging, rejuvenation, and age-related diseases have been well established (Cruz et al., 2018; 280 

Field et al., 2018; Johnson et al., 2012). The methylation clock correlates cross-sectionally with 281 

apparent biological age and is predictive of future aging phenotypes, such as cancer, 282 

cardiovascular diseases, and cause of mortality (Ambatipudi et al., 2017; Fernandes Durso et 283 

al., 2017). Although methylation/dimethylation/trimethylation of hair proteins is documented, 284 

site-specific methylation and its role in hair aging are yet to be established. Naue et al. (Naue 285 

et al., 2021) attempted to establish age-dependent DNA methylation (DNAm) in plucked hair 286 

samples. This study determined DNA methylation patterns of 10 loci, and the correlation 287 

between DNAm and age for ELOVL2, KLF14, RPA2, TRIM59, and ZYG11A was observed. 288 

However, more efforts are still required to establish a suitable protocol to achieve sufficient 289 

high-quality DNA for a DNAm analysis from shed hair in contrast to plucked hair.  290 

 Deamidation of the protein residues asparagines (Asn) and glutamine (Gln) can occur 291 

spontaneously, and it may alter protein structure, function, and stability over time (Kato et al., 292 

2020). Lifelong proteins like elastin in the lung (Shapiro et al., 1991), crystallins in the lens 293 

(Lynnerup et al., 2008), and dentin in teeth (Spalding et al., 2005) were mostly targeted to 294 

establish a correlation between deamidation and age. The deamidation pattern detected in 295 

normal eye lens protein (crystallin) indicated that aging is a major contributor to deamidation 296 

(Hains and Truscott, 2010). These authors found increased levels of deamidation at sites 297 

298 

N76. The impact of site-specific deamidation of hair proteins on their structure and function 299 

has not been proven, but the protein deamidation was proposed to re300 

and is linked to tissue aging and regulating biomolecule longevity (Adav et al., 2018; Hao et 301 

al., 2017; Lindner and Helliger, 2001; Robinson and Robinson, 2001). Plott et al. (Plott et al., 302 

2020) noted higher deamidation in the HS samples stored for at least 10 years. Thus, 303 
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deamidated hair proteins could be a key aging biomarker. However, the quantitative correlation 304

between the extent of deamidation and hair age needs to be established. Briefly, PTMs of 305 

keratins, including deamidation, methylation, glycosylation, and citrullination could act as a 306 

aging biomarker, but more detailed research is required to establish the corelation and validate 307 

them. 308 

Glycosylation plays an important role in the structure and function of many proteins, 309 

including hair proteins. Protein glycosylation is an enzyme-catalyzed process that attaches 310 

glycans to proteins, lipids and other organic molecules in a site-specific manner. Based on the 311 

atoms to which glycans are linked, glycosylation is classified as N-linked, O-linked  and C-312 

linked glycosylation., respectively.  This protein modification has significant implications on 313 

protein folding, conformation, protein targeting, cell-to-cell communication, cell-matrix 314 

interaction, protein stability, and various molecular recognition processes such as viral or 315 

bacterial infection, cancer and aging (Banerjee et al., 2017; Breloy and Hanisch, 2018). The 316 

presence of N-glycans lacking terminal galactose residues linked to Asn297 of IgG heavy 317 

chains (IgG-G0) is considered a marker of biological aging. The first indication of an increased 318 

expression of IgG-G0 in aging came from a pioneering study published in 1988 (Parekh et al., 319 

1988). Since then, age-associated accumulation of IgG-G0 has been observed by several other 320 

researchers and it has inspired the development of high throughput approaches for the detailed 321 

analysis of a very large number of plasma or serum specimens of various cohorts (Adav et al., 322 

2015; Memarian et al., 2021). Altered glycoproteome of plasma and other tissues from the 323 

brain, heart, liver etc., and their roles in different diseases and aging processes have been well 324 

established (Franzka et al., 2021; Medzihradszky et al., 2015; Sato and Endo, 2010; Vanhooren 325 

et al., 2010). Paton et al  (Paton et al., 2021) reviewed altered protein glycosylation profiles 326 

that are associated with aging and age-related diseases.  327 
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Human hair proteins may undergo various modifications including glycosylation 328

during synthesis and maturation. Glycosylation of proteins has been found to contribute to their 329 

structural integrity, hydration, and other functional properties. Proteoglycan and associated 330 

glycosaminoglycan expression patterns in the human hair follicle have been evaluated by 331 

immunohistochemistry and immunohistofluorescence techniques (Malgouries et al., 2008) and 332 

it was noted that the dermal part of the hair follicle contained high amounts of extracellular 333 

proteoglycans such as perlecan, versican, aggrecan, biglycan and their saccharidic moieties. 334 

The glycosylation patterns of hair shaft proteins may vary with age and health conditions. Very 335 

few studies have been conducted on hair shaft protein glycosylation. These studies are needed 336 

to fully understand the extent of glycosylation, its functional implications, and its potential 337 

applications in the field of hair science and hair aging. Understanding the glycosylation patterns 338 

and their influence on hair structure and properties may also provide insights into the 339 

development of improved hair care and cosmetic products. 340 

Non-enzymatic post-translational protein modifications, also referred to as 341 

degenerative protein modification, include glycation, advanced glycation endproducts (AGEs), 342 

oxidation, carbonylation, carbamylation, etc. These impart deleterious structural and functional 343 

changes in proteins and impair their normal function (Adav and Sze, 2020). Protein glycation 344 

is a non-enzymatic reaction between a reducing sugar and the free amino group of a target 345 

protein. Glycated proteins are formed through a two-step nonenzymatic reaction called the 346 

Maillard reaction, in which the free amino group of a protein and the aldehyde group of a 347 

glucose form a Schiff base or aldimine, and in the second step, aldimine undergoes a slow and 348 

almost irreversible Amadori rearrangement to become a stable ketoamine or Amadori product 349 

that is a glycated protein.  350 
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The formation and accumulation of AGEs alter the structure and function of 351

proteins, develop many age-associated morbidities and are an inevitable component of the 352 

aging process (Chaudhuri et al., 2018). AGE composition of hair and nails (Kishabongo et 353 

al., 2014) has also been studied as an index for diagnosis of diabetes mellitus, with results 354 

confirming that AGEs levels in hair could indeed correlate positively with serum HbA1C 355 

levels and breaking of hair (Shomode et al., 2014). However, such studies in hair and the 356 

correlation of AGEs with age are still lacking.  357 

2.2.3 Hair metabolites as biomarkers of hair aging  358 

The large-scale, unbiased profiling of metabolites has succeeded in the post-genomic 359 

era of biology. Unlike genomics, transcriptomics, and proteomics, metabolomics reflects the 360 

phenotype of living organisms, understanding biological mechanisms, provides quantitative 361 

metabolites information, and assists in discovering biomarkers (Bujak et al., 2015; Mastrangelo 362 

and Barbas, 2017). Metabolomics has been well-adopted in various cancers, including lung, 363 

colorectal, bladder, breast, gastric, oesophageal, and thyroid (Armitage and Ciborowski, 2017; 364 

Beger, 2013). Metabolomic signatures of aging have been recently reviewed (Adav and Wang, 365 

2021). To understand hair aging better, Waki et al. (Waki et al., 2011) analyzed hair from 20 ± 366 

5 years (younger) and 50 ± 5 years (older) volunteers using the matrix-free laser 367 

desorption/ionization IMS technique. The mean signal intensities at m/z 153.00 (speculated to 368 

be dihydrouracil) and 207.04 (putatively 3,4-dihydroxymandelic acid (DHMA) in the cortex) 369 

were higher in the 20 years old group than in the 50 years old group, while the ion at m/z 164.00 370 

(O-Phosphoethanolamine) had significantly higher intensity in the 50-year-old group. 371 

According to Le Stunff et al. (Le Stunff et al., 2002), O-phosphoethanolamine is a sphingosine-372 

1-phosphate (S1P) metabolite. The aging process leads to increased secretion of S1P into the 373 

circulation, and this increased S1P might be processed to O-phosphoethanolamine and 2-374 

hexadecanal by S1P-lyase following internalization by the cells forming the hair structure 375 
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(Schwab et al., 2005). Although these three molecules (i.e., m/z 153.00 (Dihydrouracil), 207.04376

(DHMA), and 164.00 (O-Phosphoethanolamine)) have been proposed as hair aging 377 

biomarkers, further confirmed identification and quantitative validation are very much 378 

essential. If the validated quantitative correlation between their content and age is established, 379 

then it has significant importance in forensic applications since age is a crucial information in 380 

an investigation.  381 

Along the length of the shaft, significant cuticle damage was accompanied by ceramides 382 

and 18-Methyl Eicosanoic Acid (18-MEA) decline, as well as a progressive decrease in keratin-383 

associated protein content (Thibaut et al., 2010). 18-MEA is a branched-chain fatty acid, 384 

covalently bound, possibly via thioester or ester linkage, to the cuticle surface of hair fibers 385 

(Tokunaga et al., 2019). This protein-fatty acid bonding offers a hydrophobic surface 386 

characteristic and protects hair cuticles by reducing friction between hair fibers. Through the 387 

redox lipidomic approach, Cornellison et al. (Cornellison et al., 2011) characterized and 388 

profiled selected lipids in hair and found that cholesterol and cholesterol derivatives are highly 389 

susceptible to oxidative damage. The systematic quantitative age-dependent characterization 390 

of oxidative products and its correlation with the extent of hair damage might add to the 391 

knowledge of hair aging.  392 

Lipids play a key role in protecting the HS from environmental as well as chemical 393 

damage, prevention of hair breakage and thinning, serving as a barrier against moisture loss 394 

and improving glossiness of the HS. The lipid composition of human hair is systematically 395 

reviewed by Csuka et al (Csuka et al., 2023). Based on origin i.e. sebaceous glands or hair 396 

matrix cells, hair lipids are classified as exogenous or endogenous. Exogenous hair lipids 397 

include free fatty acids (FFAs), triglycerides, cholesterol (CH), wax esters and squalene (SQ) 398 

while endogenous lipids are FFAs, CH, ceramides (CERs), glycosylceramides, cholesterol 399 

sulfate (CS) and 18-methyleicosanoic acid (18-MEA) (Coderch et al., 2017). Treatments such 400 
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as bleaching, dyeing, perming, straightening, surfactant use, UV radiation exposure as well as 401

aging and graying, result in the reduction of lipids such as C22:1FA (erucic acid), C22FA 402 

(behenic acid), C24FA (lignoceric acid), C24:1FA (nervonic acid), C26FA (cerotic acid) and 403 

18-MEA, in proportion to the severity of hair damage (Joo et al., 2016; Tokunaga et al., 2019). 404 

Lipid removal reduces the tensile strength, glossiness, and fineness of hair, while increasing 405 

permeability and desorption (Bildstein et al., 2020). Gray hair is a hallmark of aging and their 406 

lipid profile showed lower levels of 18-MEA and decreased de novo synthesis of 407 

dihydroceramide (Lee et al., 2014). Similarly, while investigating the role of lipids in the 408 

process of hair aging from brown to gray, Coderch et al  (Coderch et al., 2022) found a loss of 409 

lipids, primarily FFA and polar lipids in the brown-to-gray transition.  Lipids in the HF root 410 

differ between brown and gray hair, particularly, phospholipids, vitamin D3 and cholesterol 411 

were significantly low in gray hair follicles (Wang et al., 2020). Hair lipid content decreased 412 

with age in women (Trüeb et al., 2018b). On the contrary, Brosche et al (Brosche et al., 2001) 413 

noted an increase in hair cholesterol in women as they age, but not in men. With advancing 414 

age, reduced lipid content of the cuticle, cortex, and medulla was observed (BioMed research 415 

internationalOliver et al., 2019). Importantly, hair lipid content and its composition differ 416 

significantly with ethnicity e.g. African hair has, in general, higher lipid content and 417 

specifically cholesterol ester and cholesterol sulphate (Cruz et al., 2013). Ji et al (Ji et al., 2013) 418 

noted higher quantities of integral lipids, fatty acids, cholesterol, and wax esters in Asians when 419 

compared with Caucasians and African-Americans. 420 

The proteome and metabolome are dynamic and vary with time, diet, exercise, immune 421 

status, sleep pattern, exposure to environmental factors, constant washing, cosmetic treatment, 422 

and drugs (Miolo et al., 2020). With hair growth, endogenous metabolites are constantly 423 

incorporated into the growing HS via blood and sebum. Hair has the potential not only to retain 424 

information about long-term environmental exposure and drugs intake but can also reveal a 425 
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., which makes the hair a precious diagnostic tool in 426

forensic science to obtain an lifestyle (Chojnacka et al., 2006; Sauvé et al., 2007). 427 

The incorporation depends on the physiochemical properties of the metabolites, including their 428 

molecular weight, lipophilicity, acidic\basic nature, pKa values, melanin content, etc. (Pragst 429 

and Balikova, 2006a). The intracellular pH of keratinocytes remains acidic, while the pH of 430 

the melanocytes remains between 3.0 and 5.0 (Pötsch et al., 1997). At the lower pH, melanin 431 

affinity for basic metabolites\drugs leads to the accumulation of lipophilic and basic drugs 432 

(Claffey et al., 2001). The HS is stable and can potentially retain endogenous compounds for 433 

several months (Eisenbeiss et al., 2020b; Sulek et al., 2014). In short, proof-of-concept 434 

metabolomics of the HS studies correlating to drug intake has been documented (Eisenbeiss et 435 

al., 2020a; Scott and Nakahara, 2003). However, more efforts are required to adopt hair 436 

metabolomics in forensic sciences. Further, a very limited metabolomic approach has been 437 

applied in hair aging studies, possibly due to the metabolomics database s limitation.  438 

2.3 Omics of hair shaft graying  439 

Hair graying is universal and is one of the earliest visible indicators of human biological 440 

aging, which remains an undesired consequence of the aging process and works against most 441 

desire to look younger than their age. It occurs in all individuals with varying degrees, 442 

but onset varies between individuals, ethnicities, and geographical locations (O'Sullivan et al., 443 

2021). According to the 50-50-50 rule of thumb (derived from a single ethnic population, i.e., 444 

Australian subjects), 50% of the population has about 50% gray hair at the age of 50 years 445 

(Keogh and Walsh, 1965), which has been revisited by Panhard et al. (Panhard et al., 2012) 446 

who proposed amending the rule to: 50% of the population had 27% gray hair at age 50 years. 447 

Further, these authors compared the age-associated hair graying in 23 regions of the world, 448 

over five continents, and as expected, irrespective of ethnic or geographical origin, the hair 449 

graying increased with age. At age 45, 57% of subjects were affected by gray hair, which 450 
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increased with age; at 60 years, 91% of subjects had gray hair. Thus, human hair graying is the 451

time-dependent progressive decline in melanin content in the HS.  452 

The color in the HS is due to melanin granules, a mature form of melanosomes 453 

furnished by melanocytes of the hair follicle pigmentary unit. The vast majority (95%) of the 454 

global population evolved with dark brown or black scalp hair, while 5% have emerged with 455 

diverse hair colors such as  gray-blonde, yellow-blonde, red, auburn, or shades in between. As 456 

reviewed by Itou et al. (Itou et al., 2019), based on the quantitive data of black-dark brown 457 

eumelanin and the reddish-brown pheomelanin in different human hairs phenotypes (visual, 458 

i.e., black, dark brown, brown, light brown, blond, and red color), a positive correlation exists 459 

between chemical phenotype and visual phenotypes. The quantitative measurement of melanin 460 

and 5,6-dihydroxy indole (DHI) content in Japanese female hair showed a significant positive 461 

correlation with age (Itou et al., 2019). Hair pigmentation depends not only on eumelanin, 462 

pheomelanin, and DHI contents but is also significantly impacted by the extent of melanin in 463 

hair, its production, and its reservoir. The total regulation of melanin production and reservoir 464 

is governed by numerous factors, including hair cycle-dependent variations, gender, ethnicity, 465 

hormones, genetics, and age-related changes (Van Neste and Tobin, 2004). The exact 466 

mechanism of hair graying remains unclear but is attributed to a time dependent progressive 467 

functional decline in pigmentary machinery, malfunction or loss of the pigmentary unit, 468 

melanocyte migration defects, anagen defects, loss of melanocyte cells, or their failure to self-469 

maintain and proliferate (Matsumura et al., 2016; Nishimura et al., 2005). Other studies have 470 

linked hair graying with neuroendocrine alterations (Paus, 2011) and oxidative damage (Arck 471 

et al., 2006; Paus, 2011).  472 

2.3.1  Omics depicted HS graying biomarkers   473 

Genome-Wide association studies, whole exome sequencing and gene expression 474 

studies have identified altered genes in hair graying. It is believed that hair graying occurs with 475 
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age and its progression is determined by factors like gender, biogeographic ancestry, genetic 476

predispositions and environment/lifestyle factors (Seiberg, 2013; Shin et al., 2015). The genes 477 

implicated in hair graying phenotype include loci earlier linked with smoking status (KIF1A, 478 

RUNX1, IRF4, BRINP1, TEX41, GRID1), BMI/obesity (GRID1, TEX41, SEMA4D, 479 

TBC1D22A, RUNX1), bone mineral density (RUNX1, TBC1D22A, TEX41), cardiovascular 480 

diseases (FGF5, MROH2A, DPEP1, GRID1) and immunology (RUNX1, TBC1D22A, IRF4, 481 

TMEM132C, GRID1) . The majority of 482 

genes identified by genome or exome sequencing are from the hair follicle, hence discussed in 483 

detail in the hair follicle section below.  484 

To study hair pigmentation patterns in dark, gray, and graying transition (initially dark 485 

and then undergoing a sharp graying transition from dark to gray), Rosenberg et al. (Rosenberg 486 

et al., 2021) plucked, imaged, digitized, and analyzed them. The electron microscopic analysis 487 

of dark hair revealed the distribution of melanin granules throughout the hair cortex. The gray 488 

hair from the same individual showed an absence of melanin while, when present, being 489 

smaller, less dense, and vacuolated. The transition from dark to gray showed rapid 490 

depigmentation events within a single anagen hair cycle (Paus and Cotsarelis, 1999), making 491 

it complicated to understand the causes of the complex mechanism of depigmentation.  492 

Rosenberg et al. (Rosenberg et al., 2021) adopted a digitization approach to map hair 493 

pigmentation patterns in single hairs undergoing graying and also examined proteomic features 494 

of both black and gray hair. In this study, these authors collected dark and gray hair from two 495 

closely age- and diet-matched individuals. To independently validate these results, the authors 496 

further extended black and gray HF analysis from other six individuals (3 males and 3 females, 497 

24 39 years) on a separate proteomic platform and in a different laboratory. The proteomic 498 

analysis of dark and gray hairs displayed upregulation of proteins associated with ribosome 499 

function, protein processing, mitochondrial proteins, and associated cytoskeletal proteins in 500 
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gray hair (Rosenberg et al., 2021). Of 34.3% of the upregulated proteins in gray hair, 26.8% 501

were known mitochondrial proteins, and their upregulation can be interpreted as high energy 502 

requirements. Further detailed analysis of these proteins suggested the upregulation of specific 503 

mitochondrial proteins, not necessarily involved in global energy metabolism but in specific 504 

metabolic activities such as amino acid and lipid biosynthesis. Comparison of hair proteome 505 

of pigmented and non-pigmented hairs revealed up-regulation of housekeeping gene products, 506 

including elongation factor 2 (EEF2), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 507 

and enzymes involved in lipid catabolism in non-pigmented hair (Franklin et al., 2020).  508 

The absence of melanin in gray hair, as observed microscopically by Rosenberg et al. 509 

(Rosenberg et al., 2021), can be correlated with protein expression. Melanosomes are a special 510 

member of the lysosomal lineage and are largely absent in gray hair (Slominski et al., 2005). 511 

Rosenberg et al. (Rosenberg et al., 2021) noted a downregulation of lysosomal proteins such 512 

as lysosomal phospholipase D (PLD3), cathepsin D (CTSD), beta-hexosaminidase subunit beta 513 

(HEXB), and lysosome-associated membrane glycoprotein 1 (LAMP1) in gray hairs and these 514 

observations were consistent with other studies by Franklin et al. (Franklin et al., 2020). In 515 

addition, these authors noted depletion of KAPs (KRTAP9-6, 4-3, 19-5, 3-1, and 26-1) and 516 

downregulation of inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4), beta-2-glycoprotein 1 517 

(APOH), and proteins associated with mitochondrial calcium transmembrane transport in gray 518 

hair. The downregulation of these proteins in gray hair suggests a reduction in melanin 519 

production.  520 

Using age-matched dark and gray hair samples from European subjects, Franklin et al. 521 

(Franklin et al., 2020) found enrichment of protein cathepsin B (CTSB), Sec23B (SEC23B), a 522 

vesicular transport protein in dark hair, while elongation factor 2 (EEF2) and glyceraldehyde-523 

3-phosphate dehydrogenase (GAPDH) were highly abundant in gray hair. While Plott et al. 524 

(Plott et al., 2020) noted a higher abundance of tyrosinase-related protein 1 (TYRP1) and 525 
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glycoprotein nonmetastatic melanoma protein B (GPNMB) in African Americans compared to 526

a European-American hair sample. These proteins play a key role in melanin biosynthesis 527 

(Zhang et al., 2012) and thus reflect higher melanin content in samples from the African 528 

American cohort. In summary, hair graying is an apparent sign of aging, resulting from 529 

diminished production and deposition of pigments within the HSs. Further, accumulated 530 

literature indicates that the proteins involved in general metabolic pathways relevant to aging 531 

biology, like carbon metabolism, amino acid biosynthesis, and glycolysis/gluconeogenesis, 532 

were enriched in gray hair.  533 

As illustrated in Figure 1, metabolomics is the latest state-of-the-534 

adopted to discover biomarkers. The plethora of information that can be produced through the 535 

es an opportunity to discover biomarkers or understand hair aging. 536 

Metabolomics holds a high potential to elucidate the mechanism of the aging process (Adav 537 

and Wang, 2021). Hair metabolomics of melanin-rich black hair and melanin-poor light blond 538 

hair depicted hair color dependency on the concentration of N-acetylneuraminic acid and 539 

octanoyl carnitine, while no hair color dependency was noted for the relatively neutral amino 540 

acid phenylalanine (Eisenbeiss, Binz et al. 2020). The endogenous hair metabolites, like 541 

choline, cysteic acid, N-Acetylneuraminic acid, hexanoyl carnitine, octanoyl carnitine, 542 

decanoyl carnitine, and theophylline, were highly abundant in black hair than melanin-poor 543 

light blond hair (Eisenbeiss et al., 2020b). The nutrients and endogenous metabolites are 544 

constantly incorporated into the growing HS, which gets conserved within the stable 545 

keratinized hair structure (Eisenbeiss et al., 2020b). The accumulated endo-and exogenous 546 

compounds might allow the search for robust biomarkers eliminating dynamic or short-term 547 

fluctuations in the metabolic profile. The continuous growth of the HS is advantageous for 548 

retrospective and chronological tracking of drugs and metabolite dynamics (Pragst and 549 

Balikova, 2006b). Further segmentwise analysis revealed continually decreased signals from 550 
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proximal to distal for most metabolites, including choline and decanoyl carnitine (Eisenbeiss 551

et al., 2020b). Noppe et al. (Noppe et al., 2015) noted a gradual decrease in steroid 552 

concentrations from proximal towards the distal end of the HS after the segmentation of hair 553 

in 3 cm segments. The segment analysis of the hair sample is useful in determining the age of 554 

the specific metabolite or duration of exposure to a particular drug. Further efforts are required 555 

to correlate metabolic changes to diet and lifestyle habits, including smoking behavior, alcohol 556 

habits, and diet. In summary, even though hair metabolomics is in its early stage, with a 557 

reasonable study design and appropriate data interpretation, hair metabolomics has the 558 

potential to elucidate hair aging, dietary or lifestyle habits, and drug exposure. 559 

 560 

3. HAIR FOLLICLE - OMICS ADVANCES  561 

Hair follicles (HFs) can be thought of as mini-organs in the skin, generally formed 562 

during fetal and perinatal skin development, whose further development is governed by 563 

neuroectodermal-mesodermal interactions (Schmidt-Ullrich and Paus, 2005). HFs reside in the 564 

dermal layer of the skin and consist of the dermal papilla (DP) at the base, surrounded by matrix 565 

cells that proliferate and differentiate to form the HS. HF, an epithelial appendage, has two 566 

unique fibroblast populations: the dermal papilla (DP) and the dermal sheath (DS). The DP is 567 

critical in hair regeneration and is required for induction, growth, and maintenance (Yang and 568 

Cotsarelis, 2010). The DP is separated from surrounding matrix epithelial cells by an epidermal 569 

basement membrane and connected at its base to the DS cup cells (Fig. 2). DP encapsulates 570 

each follicle up to the sebaceous gland (Yang and Cotsarelis, 2010), and these cells migrate 571 

from the HF to repopulate the surrounding dermis after wounding (Jahoda and Reynolds, 572 

2001). The supra-bulbar region of the follicle comprises the outer and inner root sheath 573 

consisting of Henle s layer, Huxley s layer, and an internal cuticle that continues with the 574 
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outermost layer of the hair fiber (Fig. 2). The outer root sheath extends from the epidermis to 575

the hair bulb, which houses several types of stem cells. The outer root sheath of the hair follicle 576 

contains melanocytes. The detailed anatomy and physiology are described elsewhere 577 

2017; Schneider et al., 2009). 578 

Being a mini-organ, HF offers a unique perspective for aging research (Sikkink et al., 579 

2020). HF presents an elegant developmental system since its cells get replenished regularly 580 

under controlled proliferation, lineage specification, and terminal differentiation. 581 

Consequently, HF biology is attracting tremendous interest with extremely diverse study 582 

approaches aiming to understand the complex mechanisms of aging, HS aging and graying, 583 

biomarkers discovery, HF regeneration and investigating therapeutic strategies to delay aging  584 

(Takahashi et al., 2020; Wu et al., 2022; Zheng et al., 2022). .   585 

Human aging is very complex and numerous theories of aging have been proposed 586 

(Davidovic et al., 2010; Jin, 2010) 587 

states of certain genes, López-Otín (López-Otín et al., 2013) proposed nine 588 

hallmarks of aging - genomic instability, telomere attrition, epigenetic alterations, loss of 589 

proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence, 590 

stem cell exhaustion and altered intercellular communication, that represent common 591 

denominators of aging in different organisms, with an emphasis on mammalian aging. 592 

593 

in eukaryotes is due to the loss of genetic and epigenetic inf  (Yang et al., 594 

2023). According to David Sinclair and his colleagues (Yang et al., 2023), epigenetic 595 

information is lost over time due to the relocalization of chromatin-modifying proteins to DNA 596 

breaks, causing cells to lose their identity. There are numerous aging theories which are 597 

discussed in-depth in articles including those cited herein, and will not be dealt with in this 598 

Review.   599 
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The genetic predispositions in hair graying are debatable since Adhikari et al (Adhikari 600

et al., 2016) showed 27% heritability in predicting hair graying while others found this to be 601 

90% (Shin et al., 2015). Such a significant difference in genetic prediction of hair graying 602 

susceptibility may be due to differences in the techniques adopted by different authors. The 603 

genome-wide association studies in Latin Americans revealed the association of gene IRF4 604 

with hair graying (Adhikari et al., 2016). This IRF4 encodes interferon regulatory factor and 605 

regulates MITF transcription factor which plays a key role in the expression of the TYR gene 606 

encoding tyrosinase, a key enzyme in melanin synthesis (Praetorius et al., 2013). Exome-wide 607 

association analysis identified two novel DNA variants rs59733750 in KIF1A and rs1127228 608 

in NSMCE1, to be associated with hair graying (Fujioka et al., 2002). Further, exome-wide 609 

identified locus, NSMCE1 (16p12.1), improved the accuracy of hair graying prediction 610 

. Other studies also found significant 611 

differences in transcription-coupled nucleotide excision repair (NER) signaling pathways, 612 

which coordinate genome stability, DNA repair, gene transcription, as well as damage 613 

tolerance, in gray and black hair (Fousteri and Mullenders, 2008).   614 

Immunohistochemical evaluation of interfollicular scalp on a population of 650 615 

volunteers (300 women and 350 men) for over 7 years demonstrated shrinking in the 616 

microvasculature, reduction in versican+ cells, and the number of CD117+ mast cells with 617 

advancing age (Piérard-Franchimont et al., 2013). The extracellular matrix (ECM) provides the 618 

dermal structure and integrity and is maintained by interfollicular dermal fibroblasts (DFs) 619 

(Kalluri and Zeisberg, 2006). However, collagen fibrils get disorganized and fragmented with 620 

advancing age. In the aged skin, matrix metalloproteinase 1 (MMP1), which possesses the 621 

capacity to degrade native fibrillar collagen, was found to be elevated (Quan et al., 2009). Age-622 

related changes in human scalp ECM, including reduced versican (VCAN) expression with 623 

age, have been documented (Piérard-Franchimont et al., 2013; Williams et al., 2021). A major 624 
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ECM proteoglycan hyaluronic acid (HA) essential for maintaining skin hydration is 625

synthesized by HA synthases (HAS) (Baumann, 2007), and HAS2 was downregulated with 626 

age in cultured DF, which can be interpreted as reduced HA synthesis.  627 

Jo et al. (Jo et al., 2016) compared histological features of the scalp skin from the 628 

occipital promontory area sampled from young (average age, 33.3 years) and old (average age, 629 

83.8 years) males to investigate aging-associated changes in HFs and found an age-associated 630 

decrease in versican levels in the follicular DPs. LC-MS analysis of the secretome of DFs from 631 

young (19 29 years) and older (53 57 years) women revealed significant differences in the 632 

abundances of 26 proteins (Williams et al., 2021), including upregulation of cartilage 633 

- , and the glycosylated SPARC 634 

(secreted protein, acidic and rich in cysteine). No age-associated regulation was observed in 635 

636 

biological alterations in the hair follicle environment including epidermal thickness and rete 637 

ridges and changes in sebum secretion, expression of proteins affecting cell migration, dermal 638 

sheath proteins. In summary, age-related changes in the surrounding scalp skin, including 639 

changes in sebum secretion and other biochemical changes, may initiate a reduction in follicle 640 

size, which may further lead to fiber thinning. As stated earlier, HF is a mini organ in the skin 641 

consisting of the dermal papilla, matrix cells, melanocytes, dermal sheath, etc. Thus the impact 642 

of aging on these constituents needs to be considered.  643 

3.1 Dermal papillae  644 

Dermal papillae (DP) are a specialized mesenchymal component of hair positioned at 645 

the base of the HF and are enveloped by the dermal sheath in the hair bulb of an HF (Fig. 2). 646 

Dermal papillae cells (DPCs) are growth factor reservoirs specialized in hair morphogenesis 647 

and regeneration They co-ordinate hair follicle growth and cycling, and act as control centres 648 
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for the hair cycle. HFs are composed of more than 20 cell types, but DPCs are central in growth 649

factor production, supply and regulation (Kim et al., 2021a). As a result, DPCs are considered 650 

therapeutic targets in preventing hair thinning and loss. Human follicle dermal papilla (HFDP) 651 

was used to evaluate the impact of anti-aging porphyra-334 using transcriptomics and 652 

upregulation of metallothionein- (MT-) associated genes, particularly MT1E, MT1L, MT1X, 653 

and MT2A genes were noted (Kim et al., 2021b).  Further, these authors noted several genes 654 

associated with the hair follicle cycle, the hair follicle structure, the epidermal structure, and 655 

stem cells being upregulated by porphyra-334 treatment. Aging alterations in the DP structure 656 

have been investigated in several areas of the body and it was noted that a decrease in number, 657 

increase in cross-sectional area, and decrease in the height of the DP have all been observed 658 

with aging (Imbert et al., 2012; Lagarrigue et al., 2012). The accumulated literature suggests 659 

that the DP structure increased in numbers from age 0 to the thirties and decreased after 660 

40 years of age. Even though DPCs are crucial, the impact of age on DPCs themselves has been 661 

rarely explored. 662 

About 50 years ago; it was shown that DPs could be extracted from the hair follicle and 663 

transplanted into the recipient s skin, which induces follicle development and hair growth 664 

(Cohen, 1961). These findings suggest that DP can reprogram the non-hair-bearing epidermis 665 

to a follicular fate, reiterating the events of embryonic hair morphogenesis. However, 666 

transplanting DPs was hindered since culturing them in 2D culture imposed unnatural 667 

constraints with altered cellular behavior and loss of their ability of hair-follicle induction 668 

(Birgersdotter et al., 2005). The tendency to aggregate remains a key characteristic of dermal 669 

papilla cells (DPCs), but this aggregation property and HF induction were lost after a few 670 

passages of culture (Zhang et al., 2014). The loss of inductive potential was considered to be 671 

associated with the loss of ECM and ECM proteins (Balañá et al., 2015). These limitations 672 

were later overcome using a spheroid aggregate culture that preserved their structure 673 
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morphologically and biochemically (Higgins et al., 2010). By creating 3D spheroids, 674

researchers (Higgins et al., 2013) have restored gene-expression signatures within the cells and 675 

associated hair-inducing properties of DP.  676 

To delineate the possible role of ECM and ECM proteins in inducing HF differentiation, 677 

secreted proteins between early- and late-passage DPCs cultures were quantified by iTRAQ-678 

based quantitative proteomics (Zhang et al., 2016). Using iTRAQ, these authors quantified 679 

1360 ECM proteins, of which 213 proteins were differentially expressed in ECM from early-680 

passage vs. late-passage DPCs. The detailed analysis of these proteins revealed ECM from 681 

aggregated DPCs and early-passage DPCs, exclusively inducing HF regeneration. No HF 682 

induction was noted in non-aggregated DPCs or ECM from late-passage DPCs. KEGG 683 

pathway and enrichment analysis of these proteins revealed the TGF-684 

essential for regeneration, as it activates the Smad2/3 pathway in HF (Rishikaysh et al., 2014). 685 

The molecular mechanism involves activation of the canonical Wnt signaling through 686 

Stromelysin-1 (MMP3), where stromal cell-derived factor 1 (SDF1) and biglycan play a major 687 

role (Zhang et al., 2016).  688 

The secretory factors of DPCs also control and regulate the hair growth cycle 689 

(Rosenquist and Martin, 1996). The volume of the DPCs has been correlated with follicle size 690 

(Elliott et al., 1999) and attributed to the extracellular matrix (ECM), and hence thicker terminal 691 

hair follicles have a higher abundance of ECM. During anagen, HF produces hair fibers and 692 

then enters into the catagen phase, in which shrinking of HFs and remodeling of the ECM lead 693 

to the release of DPCs from hair bulbs. The DPCs become invisible in the telogen follicle, and 694 

a new ECM needs to be synthesized at the onset of the following anagen phase. The variation 695 

and abundances of the ECM protein, including fibronectin, chondroitin sulfate proteoglycan, 696 

and growth factors, suggest that these molecules may play a critical role in epithelial-697 

mesenchymal interactions within the hair follicle (McElwee et al., 2004). The accumulated 698 



29 

 

literature suggests that it is the DPCs that secrete diverse growth factors and induces 699

proliferation and differentiation of follicular epithelium, control the development of hair 700 

follicles, regulate hair formation, hair growth, and cycling through paracrine mechanism 701 

(Pflieger et al., 2006; Schmidt-Ullrich and Paus, 2005; Zhang et al., 2014). However, the 702 

impact of the aging dermal environment on scalp HF, DPCs, their secretions, and the 703 

abundance of the secreted components of ECM remains unclear. Hence, it is important to 704 

establish both the secretome profile of DPCs and age-dependent differences in it to understand 705 

hair follicle development, get novel insights into the hair growth process, functional proteins 706 

in hair biology, and the clinical application of relevant protein biomarkers.  707 

Won et al. (Won et al., 2012) adopted shotgun proteomics to profile the secretome of 708 

human dermal papilla cells (DPCs) and matched dermal fibroblasts (DFs), and identified 1188 709 

proteins in DPCs and 1271 in DFs. Of these proteins, 28 proteins were DPCs-specific ECM 710 

proteins, including transporters (ECM1, A2M), enzymes (LOX, PON2), and peptidases (C3, 711 

C1R). Based on these identified proteins  biochemical and network analysis, Won et al. (Won 712 

et al., 2012) proposed ITGB1, IGFBP3, and THBS1 as hair-growth-modulating protein 713 

biomarkers. Meanwhile, by adopting the LC-MS approach, Pflieger et al. (Pflieger et al., 2006) 714 

discovered a higher level of transforming growth factors such as beta-induced protein IG-H3 715 

(BIGH3), fibronectin, and thrombospondin 1 (TSP1) in the secretome of DPCs. The critical 716 

role of TSP1 in the induction of anagen follicles has been well established (Yano et al., 2003). 717 

ITGB1 remains a potential hair follicle-modulating factor and plays a key role in cell adhesion, 718 

migration, and survival (Carlson et al., 2008). Similarly, Stenn and Paus (Stenn and Paus, 2001) 719 

concluded that the DPCs secrete distinct growth factors and stimulate the proliferation and 720 

differentiation of the follicular epithelium. 721 
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3.2 Melanocytes  722 

The hair follicle is the most aging-resistant organ, with the prominent exception of the 723 

pigmentary unit. The hair follicle pigmentary unit is perhaps one of the most age-sensitive; 724 

hence, visible changes in the HS pigment intensity appear long before even slight alterations 725 

are seen in the epidermis. Melanin production occurs via a biochemical pathway called 726 

melanogenesis in unique lysosome-related organelles termed melanosomes, whose biogenesis, 727 

maturation, and trafficking occur within the cytoplasm of cells called melanocytes. 728 

Melanocytes are located at different sites, including the basal layer of the epidermis, among 729 

the basal sebocytes of the sebaceous gland, and in the midportion of the hair follicle outer root 730 

sheath. However, the sub-population located in the hair bulb above and around the mid-upper 731 

follicular papilla only contributes to the pigmentation of the HS (Van Neste and Tobin, 2004). 732 

The melanocytes residing in hair follicles remain tightly regulated during hair follicle cycling, 733 

while epidermal melanogenesis appears independent of hair follicle cycling (Sarin and Artandi, 734 

2007).  735 

A very fine unpigmented lanugo hair appears during fetal life, which further changes 736 

to vellus hair during childhood and then a longer, thicker dark, pigmented hair at puberty, and 737 

thus the hair follicle pigmentary units are susceptible to age-related changes (Costin and 738 

Hearing, 2007). Hormones like androgens and estrogens also influence age-associated hair 739 

color change. Thus melanocytes are sensitive to (neuro)endocrine factors (Tobin and Kauser, 740 

2005). The spectacular range of hair colors is a function of variable relative amounts of 741 

brown/black eumelanin and yellow/red pheomelanin. The biology of the hair follicle (Paus and 742 

Cotsarelis, 1999; Schneider et al., 2009) and the development of the pigmentary unit have been 743 

extensively reviewed (Botchkareva et al., 2003; Slominski et al., 2005; Tobin, 2009).  744 

In a single hair growth cycle, a relatively small number of melanocytes produces 745 

enough melanin to pigment up to 1.5 m of the HS only during youth (15 24 years) (Tobin and 746 
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Paus, 2001). Melanosomes synthesize both melanins (eumelanin and pheomelanin) by a series 747

of reactions (Fig. 3) catalyzed by specific melanogenic enzymes, such as tyrosinase, tyrosinase-748 

related protein 1 (tyrp1) and tyrp2 (Ito and Wakamatsu, 2011). In the biosynthesis of melanin, 749 

tyrosine serves as the initial substrate, while tyrosinase remains the rate-limiting enzyme. Ito 750 

and Wakamatsu (2011) explain that dopaquinone undergoes an intramolecular reaction of the 751 

amino group to give dopachrome via cyclodopa when the amino acid cysteine is not available 752 

in melanosomes. Dopachrome spontaneously gets converted into 5,6-dihydroxy indole (DHI), 753 

but such conversion can be augmented by dopachrome tautomerase (DCT), also called 754 

tyrosinase-related protein-2 (TYRP2), which catalyzes the tautomerization of dopachrome to 755 

5,6-dihydroxyindole-2-carboxylic acid (DHICA). The oxidative polymerization of DHI and 756 

DHICA gives eumelanin. The biochemical pathway leading to the formation of pheomelanin 757 

involves the synthesis of cysteinyl dopa, a condensation product of dopaquinone and the amino 758 

acid cysteine. During HS melanin production, the precise interactions in the hair follicle 759 

pigmentary unit involving follicular melanocytes, keratinocytes, and dermal papilla fibroblasts 760 

facilitate melanogenesis regulation (Slominski et al., 2005). The regulation of melanogenesis 761 

through different transporters and the roles of different proteins involved in melanogenesis 762 

have been discussed and reviewed (D'Mello et al., 2016; Ito and Wakamatsu, 2011; Rishikaysh 763 

et al., 2014).  764 

An age-associated loss of pigment in the hair can be much more dramatic, while it is 765 

rather gradual in the epidermis, which indicates heterogeneity in melanocytes and reflects 766 

differences in their intrinsic melanogenetic clocks . It has been demonstrated that epidermal 767 

and HF melanocytes express clock genes/proteins in culture (Sandu et al., 2012). The clock 768 

genes directly regulate the anagen-to-catagen transition in organ-cultured human scalp HF 769 

without central clock inputs (Al-Nuaimi et al., 2014). Thus, the molecular clock is an integral 770 

However, melanogenesis is coupled with anagen. Hence 771 
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the molecular clock could be a candidate for timing the on/off switching of HF pigmentation.772

Hardman et al. (Hardman et al., 2015) silenced the clock genes PER1 and/or BMAL1 and found 773 

increased melanin content and expression of both TYRP1 and TYRP2 in human HF. Thus, 774 

silencing clock activity promotes human HF pigmentation in a hair cycle-independent manner. 775 

In other words, these clock genes can be an excellent therapeutic target to exploit the topical 776 

application of small molecule modulators of clock proteins to manage HF pigmentation.  777 

Melanocyte aging may first dominate the hair aging process at the gene expression 778 

level. According to Baxter et al (Baxter et al., 2019) and further recent updates by the 779 

International Federation of Pigment Cell (http://www.espcr.org/micemut/), 68 genes were 780 

linked to hypopigmentation or depigmentation. Genes like TYR (rate-limiting enzyme for 781 

pigment production), TYRP1(melanin-processing), TYRP2, MITF, Pax3, Sox10 782 

(melanogenesis), Plexin C1(axon guidance), Melan-A ( melanosome structure and Pmel17 783 

regulator) and Pmel17 (structural protein central for early melanosome maturation)  play key 784 

roles in the development of melanocytes and melanogenesis with age (Peters et al., 2013).  785 

These authors obtained intriguing data from intra-individual sample comparisons and proposed 786 

the graying HF as a valid aging model and a promising target for testing therapeutic 787 

interventions. Transcriptional profiling of HF revealed altered expression of melanocyte 788 

biology associated markers and regulated pathways that are indicative of a role in the HF aging 789 

process. This study emphasized concentration of glutamine in maintaining hair growth and 790 

pigmentation, suggesting suboptimal concentrations promote an aging-like process in cultured 791 

HF.  While evaluating melanocyte subpopulation turnover, Commo and Bernard (Commo and 792 

Bernard, 2000) noted a decrease in pMel17 with aging which proved that hair graying with age 793 

happens in tandem with a specific and gradual decline in the total number of melanocytes in 794 

individual hair follicles. Subsequently, a study by Choi et al (Choi et al., 2008) found a 795 

significant decrease in the expression of the MITF-M, Sox10, Pax3, TYR, TYRP1, and TYRP2 796 
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genes in the hair bulbs of white hair compared to black hair.  Peters et al (Peters et al., 2013)797

also observed a stepwise sequential decrease in TYRP-1, TYR, Pmel17, Melan-A (Pmel17 798 

regulator), KIT (tyrosinekinase receptor for stem cell factor), and MET (tyrosinekinase 799 

receptor for hepatocyte growth factor) in gray HFs, which can be interpreted as depletion of 800 

melanocytes during aging. The genetics of hair pigmentation (Pavan and Sturm, 2019) and 801 

genetics of graying hair with age (Wang et al., 2023) have been well-reviewed, hence, not 802 

discussed in detail in this article.  803 

The study of melanocyte aging in hair has inspired much more interest in melanocyte 804 

stem cells since melanocytes are maintained by a small number of stem cells residing in the 805 

bulge region of the hair follicle (Sarin and Artandi, 2007). The loss of melanocytes and 806 

melanocyte stem cells has been linked with the loss of hair pigmentation in old individuals 807 

(Steingrímsson et al., 2005). The mutation of TYRP1 leads to loss of function or ginger-red 808 

hair, particularly rufous albinism (Morice-Picard et al., 2014). This mutation caused a decline 809 

in tyrosinase activity, catalase activity (Kauser et al., 2011), and loss of TYRP2 expression in 810 

HF melanocytes (Commo et al., 2004). Melanogenesis is responsive to hair cycle-dependent 811 

changes and racial and gender differences, hormones, genetic defects, and age-associated 812 

changes (Tobin, 2005). The growth factors, cytokines, hormones, neuropeptides and 813 

neurotransmitters, eicosanoids, cyclic nucleotides, nutrients, microelements, and 814 

cations/anions also impact melanogenesis (Slominski et al., 2004). In short, hair graying is 815 

mostly characterized by the loss of pigment, but the total events, their control, and regulation 816 

with age are still unknown.  817 

3.3 Sebaceous glands  818 

Sebaceous gland activity is critical for proper skin function and is typically associated 819 

with HF. During differentiation, sebocytes synthesize and accumulate specific lipids, which 820 

constitute the major content of sebum. They undergo apoptosis and release their entire content 821 
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into the sebaceous duct that opens into the canal of HF. With aging, sebocyte proliferation, 822

intracellular lipid synthesis, sebum transit time in the HF, storage in the infundibulum reservoir, 823 

etc., become altered (Piérard et al., 2000). The number of sebaceous glands remains 824 

approximately the same throughout life. However, their size increases with age, reaching a 825 

maximum at ~30 years old, remaining constant during middle age, and then decreasing 826 

(Zouboulis et al., 2003). With age, a decrease in the sebum secretion rate and a decline in the 827 

activity of the sebaceous gland have been documented (Rittié and Fisher, 2015). 828 

Yamamoto et al. (Yamamoto et al., 1987) adopted gas chromatographic techniques and 829 

investigated sebum samples of 55 healthy individuals to investigate the impact of aging on the 830 

sebaceous gland. The sebaceous gland activity was monitored using a ratio of wax 831 

esters/(cholesterol + cholesterol esters [i.e., WE/ (C + CE)], which exhibited peak activity at 832 

the age of 20 years and decreased after that in the individuals in their 30s and 40s. These authors 833 

established the relationship between C16:1 straight and C16:1 iso-branched chain fatty acids, 834 

where the former increased in proportion from infancy, peaked in the 20s, and decreased until 835 

the 50s. Interestingly, mass spectrometric analysis of SZ95 sebocytes identified 874 proteins 836 

in lipid droplets, of which 54 proteins were significantly enriched (Dahlhoff et al., 2015). The 837 

enriched proteins include proteins involved in membrane trafficking such as Rab family 838 

members (RAB5A, RAB5C, RAB7A), protein degradation pathway (AUP1, UBXN4), lipid 839 

metabolism (ACSL3, CYB5R3, LPCAT1, LPCAT2, LPCAT4, etc.), and perilipins (PLIN2, 840 

PLIN3). The high abundance of PLIN2 and PLIN3 in SZ95 sebocytes was documented 841 

(Camera et al., 2014; Dahlhoff et al., 2013), and it was shown that the key pathways of neutral 842 

lipid formation are under the influence of the PLIN3 (Camera et al., 2014).  843 

The expression of the murine Foxc1 gene in the hair follicle stem cells and sebaceous 844 

glands has been documented, and loss of expression of Foxc1 or the loss of the function of this 845 

gene results in hyperactivation of the hair cycle phases, premature hair aging, and decay in the 846 
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hair follicle (Lay et al., 2016). The deletion of this gene results in the loss of hair (Hariri et al., 847

2018). The spontaneous mutation on chromosome 11 close to the type I keratin locus resulted 848 

in abnormal sebaceous gland differentiation, a defective hair cycle, and shorter than normal HS 849 

(Rebecca et al., 2002). Age and sun exposure harbors the mutation burden (Martincorena et al., 850 

2015), which may accelerate the aging-associated alterations over time. 851 

3.4 Eccrine, apocrine, and apoeccrine glands  852 

Eccrine, apocrine, and apoeccrine glands are considered as sweat gands. Of these, 853 

eccrine sweat glands (ESGs) are numerous (about 2 4 million), distributed across nearly all 854 

regions of the skin and play key roles in thermoregulation via evaporative heat loss (Poblet et 855 

al., 2018). Based on the excretion of sweat,  ESGs produce the highest volume while apocrine 856 

and apoeccrine glands play a lesser role in overall sweat production as they are limited to 857 

specific regions of the body (Baker, 2019). Although Eccrine glands are numerous, their 858 

density is not uniform across the body surface. The highest gland densities are found on the 859 

palm and sole where they respond to emotional as well as thermal stimuli. Apocrine sweat 860 

glands are located primarily in the axilla, breasts, face, scalp, and perineum. The apocrine 861 

glands are larger and open into hair follicles while eccrine glands are smaller and open onto 862 

the skin surface (Bovell, 2018). In addition, although present from birth, the secretory function 863 

of apocrine glands does not begin until puberty and the secretome is mostly viscous and lipid-864 

rich. It also contains proteins, sugars, ammonia and pheromones. On the contrary, eccrine sweat 865 

is mostly water and NaCl, but also contains a mixture of metabolites originating from the 866 

interstitial fluid and the eccrine gland itself. Apoeccrine glands develop from eccrine sweat 867 

glands between the ages of ~8 to 14 years and are present only in the axillary region. 868 

Apoeccrine glands are more similar to eccrine glands, where their distal duct connects to and 869 

empties sweat directly onto skin surfaces and they produce salt-containing sweat. Upon 870 

increasing internal temperature of the body, sweat glands release water onto the skin surface 871 
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that quickly evaporates, thus cooling down the skin and blood beneath. These glands play a 872

key role as a thermoregulator. At the same time, it is important to note that sweat is another 873 

way of expelling metabolic wastes besides urine. The detailed anatomy, physiology and 874 

functions of these sweat glands and sweat composition are reviewed elsewhere (Baker, 2019).   875 

Na et al (Na et al., 2019) isolated eccrine sweat glands from human skin by 876 

microdissection, performed RNA-seq and proteome analysis, and identified 138,000 877 

transcripts and 6,100 proteins. Proteins including chloride intracellular channel protein, 878 

sodium potassium-transporting ATPase subunit, sodium bicarbonate transporter, voltage-gated 879 

potassium channel, calcium-activated potassium channel, voltage-dependent calcium channels, 880 

V-H+-ATPase, AQP5 and carbonic anhydrases were detected in the eccrine sweat glands. 881 

Other researchers (Bovell et al., 2011; Clunes et al., 2004) also identified proteins belonging 882 

to Na+K+ATPase, K+ channels, Ca+2 channels, V-H+-ATPase, and AQP5 in eccrine sweat 883 

glands. However, further studies are required to evaluate  variabilities between individuals of 884 

different genetic backgrounds, sex, and age. Profiling the composition of eccrine sweat glands 885 

may provide a better understanding of conditions such as cystic fibrosis, hyperhidrosis, 886 

anhidrosis, and atopic dermatitis, as well as the regrowth of sweat glands in burn victims 887 

(Doolittle et al., 2016; Ma et al., 2016).  When the eccrine sweat gland transcriptome was 888 

compared to that of other human tissues/cells, the highest similarity was found in comparison 889 

to the cortex of the kidneys, which emphasizes  secretory function 890 

that is similar to the kidney. Based on the level of urea excreted by sweat glands, it is believed 891 

that there should be urea transporters in sweat glands. As expected, Aquaporin-5(AQP5) and 892 

renal urea transporters UT-A and TU-B were identified in sweat glands (Xie et al., 2017).   893 

The skin is mostly a hostile environment for nucleic acids because of the presence of 894 

nucleases. However extracellular vesicles (EVs) extracted from human sweat indicated the 895 

presence of nucleic acids. Of the human sweat-extracted DNA, the most represented mRNA 896 
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were mitochondrial origin, suggesting the release of mitochondria during oxidative stress 897

(Hayakawa et al., 2016) and subsequent transport in EVs (Hough et al., 2018).  Bart et al (Bart 898 

et al., 2021) collected sweat 899 

biking exercise. They extracted EVs, characterize DNA and RNA using next-generation 900 

sequencing and found a wealth of nucleic acids, including DNA and RNA of human and 901 

microbial origin. These authors found 5% reads resembling genomes belonging to bacteria, 902 

archaea, and viruses. Proteobacteria, Actinobacteria, Firmicutes and Bacteroidetes, which are 903 

usually found on human arms, hands, and axilla were identified. Such microbiomes have been 904 

used in forensic sciences for the identification of individuals, geolocation inference, post-905 

mortem interval (PMI) estimation, and others (Swayambhu et al., 2023; Zhang et al., 906 

2022a).The predominance of RNA, tRNA, miRNA, LincRNA, rRNA and miscRNA was 907 

observed in many other EV-extracted RNA studies (Bart et al., 2021; Wei et al., 2017) and 908 

linked to cardiac arrhythmia and sudden death of young people after exercise or exertion related 909 

death (Anderson et al., 2016).  910 

 Human scalp dermal gray adipose tissue (dWAT) surrounds the HF and eccrine 911 

sweat glands and extends up to the bulge region (Poblet et al., 2018). The impact of 912 

perifollicular adipocytes on the physiology of human anagen scalp HFs has been investigated 913 

914 

catagen transition (Nicu et al., 2021). These authors further found increased lipid oxidation in 915 

adipocytes surrounding the bulge and/or sub-bulge region. Using a combination of 916 

immunohistomorphometry, X-ray microcomputed tomography, transmission electron 917 

microscopy and Laser- (Nicu et 918 

al., 2021) demonstrated the mechanism of communication and concluded that perifollicular 919 

adipose tissue modulates human HF growth and pigmentation through HGF/c-Met signaling. 920 

According to Zwick et al (Zwick et al., 2018), dWAT provides essential factors modulating 921 
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periodic HF growth, responds to skin bacterial infection, and promotes wound healing. The 922

relationship between dWAT and HF has also been established in mouse models (Festa et al., 923 

2011). During aging of HF, dWAT repressed HF cycling behavior in aging mice but by 924 

transplanting aging skin into young mice, the defective HF recovered under the modulation of 925 

young dWAT(Chen et al., 2014). Alterations of dWAT with aging, its regulatory role, and the 926 

effects of dWAT on aging HFs have been well established (Chen et al., 2021). Since sweat 927 

glands, sebaceous glands and HF are embedded in the dermal layer , their three-dimensional 928 

(3D) spatial-functional relationship remains complex. Age-dependent alterations in the dermal 929 

layer result in loss of skin elasticity, impaired wound healing potential and cause wrinkling and 930 

sagging (Shin et al., 2019). The 3D structure of the sweat gland coupled with X-ray microCT 931 

methodologies revealed subcutaneous adipose tissue infiltrating into the dermal layer and 932 

decreasing type 1 collagen and elastin expression with aging, which are a major contributing 933 

factor to loss of skin stiffness and elasticity (Ezure et al., 2022). Previously, (Ezure and Amano, 934 

2012) showed a decrease in the elasticity of the dermal layer with age which is consistent with 935 

others (Mizukoshi et al., 2021; Sakata et al., 2018).  936 

 937 

4. IMPACT OF INTRINSIC AND EXTRINSIC FACTORS ON HAIR AGING  938 

The scalp and hair are subjected to intrinsic and extrinsic aging. Hair and scalp aging 939 

are impacted by intrinsic factors, including those associated with individual genetic and 940 

epigenetic mechanisms, and extrinsic factors, such as ultraviolet radiation (UVR), pollution, 941 

smoking, nutrition, lifestyle, and cosmetic hair treatments. Thus, aging remains a consequence 942 

of two independent biological processes, one programmed loss of functionality and other 943 

damage-related changes. The damage-related theories, including wear and tear theory, cross-944 

linking theory, and free-radical theory, emphasize environmental assaults to cells\tissues that 945 



39 

 

induce cumulative damage at various levels. The free radical theory of aging was initially 946

proposed by Harman in 1956 (Harman, 1956; Jin, 2010) and is most widely accepted to explain 947 

biological aging, including the hair follicle (Arck et al., 2006).   948 

 The free radical theory hypothesizes that aging is caused by the accumulation of 949 

oxidative damage from reactive oxygen species (ROS), partially reduced metabolites of 950 

molecular oxygen generated as products of metabolic reactions or by-products of various 951 

cellular processes. Both endogenous reactive nitrogen species (RON) and reactive oxygen 952 

species (ROS) are generated during normal metabolism and externally through exposure to 953 

various environmental oxidative stresses. The endogenous reactive oxygen and nitrogen 954 

species (ROSN) production is vital for many cellular signaling processes within the hair 955 

follicle, but the ROS and RON levels need to be maintained below a certain level to prevent 956 

cellular and macromolecule damage. These species or free radicals are highly reactive and can 957 

directly damage lipids, proteins, and DNA, which are fundamental molecules. The negative 958 

effects of ROS are neutralized by antioxidant enzymes such as superoxide dismutase, catalase, 959 

and glutathione peroxidase. However, the imbalance between RONS production and 960 

antioxidant defenses results in oxidative stress and oxidative damage. 961 

(Arck et al., 2006) adopted 962 

macroscopic and immunohistomorphometric techniques and found accumulation and 963 

deleterious effects of oxidative stress, which damaged melanocytes of graying HFs and resulted 964 

in mitochondrial deletion impacting the functions of the respiratory chain. Further, melanocyte 965 

apoptosis and increased oxidative stress in the pigmentary unit of graying HFs were noted. 966 

Thus, higher oxidative stress in HF melanocytes leads to their selective premature aging and 967 

apoptosis. Similar histopathological analysis of HF showed a decrease in hair bulb melanocytes 968 

and eventually their complete loss (Fernandez-Flores et al., 2019). Recently, hair aging 969 

graying  (O'Sullivan et al., 970 
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2021). Upon inducing oxidative stress by exposing HF and scalp skin to free radicals, De 971

Tollenaere et al. (De Tollenaere et al., 2021) found the down-regulation of various genes 972 

(MITF, TYR, DKK1, EDN1) linked to melanin synthesis and genes encoding for 973 

melanogenesis-related functions, such as melanosome formation and transfer (CTNS, HPS5, 974 

MLANA, MLPH, MYO5A, SLC24A5). Further, this study observed a significant negative 975 

impact of oxidative stress on the expression of genes involved in antioxidant activities (FTL, 976 

GLRX, HMOX1, MGST1, PRDX1, and SOD2). COX2 and KRT19 were down-regulated and 977 

consistent with the findings by Shi et al. (Shi et al., 2014). The findings from different studies 978 

(De Tollenaere et al., 2021; O'Sullivan et al., 2021; Shi et al., 2014; Tang et al., 2012) can be 979 

summarized as oxidative stress impacts the functions of the hair follicle, the process of 980 

melanogenesis, and hair aging. The critical factors that impact the melanocytes and pigmentary 981 

unit are oxidative damage, age-associated changes in cell survival signals, the balance of self-982 

renewal and differentiation, and the limited lifespan of melanocytes (Sarin and Artandi, 2007).  983 

The extraordinary melanogenic activity of pigmented bulbar melanocytes is likely to 984 

generate enormous amounts of ROS via the oxidation of tyrosine and dopa to melanin 985 

(Hegedus, 2000), which may lead to an imbalance between ROS production and antioxidant 986 

systems. The endogenous defense mechanisms, such as antioxidant systems within the HF 987 

melanocyte, become weak with age, leading to uncontrolled damage to the melanocyte itself 988 

from its melanogenesis-related oxidative stress (Trüeb, 2015). The decreased number of viable 989 

melanocytes in the aging hair follicle and oxidative stress associated with mitochondrial DNA 990 

damage have been documented (Arck et al., 2006). Together, these findings provide unique 991 

evidence of oxidative stress-induced loss of melanocytes from the human HF during aging and 992 

993 

psychoemotional, senescence associated, (neuro )endocrine, metabolic, and nutritional 994 

factors (O'Sullivan et al., 2021) impact the pigmentary unit.  995 
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Wood et al. (Wood et al., 2009) have identified the existence of hydrogen peroxide 996

(H2O2), its oxidation products, and the low level of catalase enzyme in the native senile human 997 

gray/gray anagen HS. These authors demonstrated H2O2-induced oxidative damage in the 998 

entire human HF, including the HS, and emphasized oxidative damage as a cause of senile hair 999 

graying. Other studies noted H2O2 as a byproduct of melanin synthesis and following UV 1000 

irradiation (Jiménez-Cervantes et al., 2001). In addition to the melanogenic activity of 1001 

pigmented melanocytes, the source of oxidative stress also includes oxidative metabolism, 1002 

smoking, UVR, chemical insults, oxidized scalp lipids, pollutants, inflammation due to 1003 

microbial imbalance, and hair diseases such as androgenetic alopecia and senescent alopecia 1004 

(Trüeb, 2015). Melanocyte apoptosis and DNA damage due to H2O2-mediated stress have been 1005 

well-established (Arck et al., 2006). Under H2O2-mediated stress, the functions of tyrosinase, 1006 

the key enzyme involved in melanin production, and other proteins, including antiapoptotic 1007 

Bcl-2 protein, might be impacted since these proteins are possible targets of oxidative damage 1008 

(Trüeb, 2015). It is important to note that H2O2 at low concentration  0.3 mM) activates 1009 

tyrosinase activity and promotes the proliferation and migration of melanocytes. However, at 1010 

higher concentrations (>0.3 10 mM), these activities get downregulated, including the 1011 

deactivation of tyrosinase activity (Tang et al., 2012). Thus, oxidative stress and antioxidant 1012 

balance are crucial in melanogenesis. 1013 

Extensive literature related to HF aging found oxidative stress to be a major risk factor 1014 

for the aging of the pigmentary unit and HF. HF is well equipped with anti-aging components 1015 

like effective antioxidant potential (Fischer et al., 2008), ROS scavenging and DNA repair 1016 

enzymes, oxidative damage response controls such as NRF2 activity (Slominski et al., 2018), 1017 

intrafollicular synthesis of neurohormones including thyroid-stimulating hormone and thyroid-1018 

releasing hormone that augments mitochondrial function and activity (Paus et al., 2014). Yet, 1019 

it is still unclear why the HF pigmentary unit is so sensitive to oxidative damage and ages 1020 
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unusually fast. The possible mechanism could be explained through telomerase activity of hair 1021

matrix epithelium during anagen phase. The resistance of HF epithelial stem cells to 1022 

detrimental effects of aging might originate in telomere-dependent pathways (Aviv and Shay, 1023 

2018).  However, major work related to HF telomerase, telomere shortening and telomere 1024 

dynamics etc., were done in mice (Jan et al., 2012; Siegl-Cachedenier  et al., 2007; Tejera et 1025 

al., 2010) and little is known in human HF. Recent literature on telomerase activity and 1026 

telomere length dynamics in HF, and how they impact HF aging have been already reviewed 1027 

by Stone et al (Stone et al., 2021). These authors have explained the clinical importance of 1028 

telomerase biology in the human HFs, delineated potential therapeutic strategies that target 1029 

telomere length dynamics in human HFs and emphasized telomere dynamics and telomerase 1030 

activity in the biology of HFs and their stem cells as a model of aging research. The human 1031 

HFs obtained during hair transplant surgery can be microdissected, organ cultured, and used 1032 

for in-vitro or in-vivo research. Such research will enable in-depth insights into possible 1033 

pathways of regulation of HF proliferation and aging, and the role of telomerase in these 1034 

processes. 1035 

The mammalian HF contains several stem cell populations and can be a key model for 1036 

the dissection of collaboration and interaction among distinct cell types. The HF bulge 1037 

maintains epithelial stem cells (EpSCs) and melanocyte stem cells (McSCs) which interact with 1038 

each other and undergo activation and differentiation to regenerate pigmented hair (Lu et al., 1039 

2020; Rabbani et al., 2011). During anagen, differentiated McSC progeny located in the hair 1040 

bulb produce and transfer pigment to adjacent epithelial cells that differentiate into the hair. 1041 

According to Sharov et al (Sharov et al., 2005), at the beginning of telogen, differentiated 1042 

melanocytes undergo apoptosis in sync with degeneration of the lower part of the HF. Upon 1043 

entry into the new anagen phase, EpSCs regenerate the lower follicle while McSCs repopulate 1044 

the hair bulb with differentiated pigment-producing progeny. Thus, these two stem cell 1045 
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populations act in concert to regenerate pigmented hair with each hair cycle. Several studies 1046

have identified numerous signaling inputs received by EpSCs and McSCs (Lu et al., 2020; 1047 

Rabbani et al., 2011; Zhang et al., 2020) and among them, Wnt signaling remains a key 1048 

pathway that couples the behavior of these two stem cells. Rabbani et al (Rabbani et al., 2011), 1049 

adopted genetic mouse models that specifically target either EpSCs or McSCs and showed that 1050 

Wnt activation in McSCs drives their differentiation into pigment-producing melanocytes, 1051 

while EpSCs Wnt signaling dictates hair follicle formation and regulates McSCs proliferation 1052 

during hair regeneration. Thus, Wnt signaling in McSCs is critical for McSC differentiation 1053 

and hair pigmentation and consistent with the previously proposed theory (Inomata et al., 2009) 1054 

that the untimely differentiation of McSCs eventually leads to their decreased numbers in the 1055 

bulge. However, stress can impact hair pigmentation, although it is still debatable whether loss 1056 

of pigmentation is genetically pre-programmed, or stress-induced. Recently, Zhang et al 1057 

(Zhang et al., 2020) speculated that stress-induced McSCs loss could be a possible cause of 1058 

accelerated aging and hair graying. In addition to Wnt signaling, other signaling mechanisms 1059 

and pathways in EpSCs may influence McSCs and may serve as additional means of 1060 

communication between these two cell types. Further detailed investigation of additional 1061 

signaling pathways may add to other types of communication between these distinct stem cell 1062 

populations.  1063 

HFs undergo cyclical spells including telogen, anagen, and catagen. During telogen, 1064 

hair follicle stem cells (HFSCs) reside in quiescence at the HF bulge. Dermal papilla (DP), 1065 

residing just beneath the telogen bulge establishes stimulatory molecular crosstalk with 1066 

neighboring HFSCs and prepares the roadmap of events in anagen. Then HFSCs begin to divide 1067 

upon overriding quiescence factors to form an outer root sheath. The HFSCs  niche and 1068 

coordinating episodes have been extensively summarized and reviewed elsewhere (Fuchs and 1069 

Blau, 2020). In mammals, aged skin showed a significant reduction in HFSCs numbersthrough 1070 
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differentiation, changing to an epidermal fate during aging, or simply lost. To evaluate the 1071

impact of aging on HFSCs, Ge et al. adopted single-cell RNA sequencing to interrogate aging-1072 

related changes in HFSCs, and found a decline in their numbers without showing any signs of 1073 

shifting to an epidermal fate (Ge et al., 2020). These authors observed marked age-related 1074 

changes in many nonepithelial cell types, including resident immune cells, sensory neurons, 1075 

and arrector pili muscle cells.  Genetic lesions caused by endogenous or exogenous stress 1076 

impact the survival and function of stem cells. Throughout their lifecycle, these cells 1077 

experience numerous genotoxic insults from endogenous metabolic byproducts of ROS and 1078 

inflammation and exogenous environment pollutants and radiation, which can damage DNA 1079 

(Yang et al., 2022). The DNA damage can cause proteolysis of COL17A1 in aging HFSCs and 1080 

lead to HFSC transepidermal elimination (Matsumura et al., 2016). It has been shown that 1081 

physical and/or genotoxic damages cause miR-31 upregulation in aging HFSCs. The 1082 

upregulated miR-31 activate mitogen-activated protein kinases (MAPK) and drives HFSC 1083 

transepidermal elimination. While blocking the HFSC transepidermal elimination by 1084 

COL17A1 overexpression, miR-31 ablation or MAPK/ERK inhibition can significantly slow 1085 

down HF aging in mice (Matsumura et al., 2016; Morinaga et al., 2021). This can be interpreted 1086 

that HF aging is not just wear and tear, but a programmed and targetable process.  1087 

Target of Rapamycin Complex 1 (mTORC1) is 1088 

a multiprotein complex that regulates multiple cellular processes including proliferation, 1089 

autophagy, and Wnt signaling. mTOR is a highly conserved serine/threonine kinase that 1090 

interacts with proteins to form two independent complexes: mTORC1 and mTORC2. 1091 

mTORC1 signaling regulates the behavior of HFSCs (Castilho et al., 2009). The activity of 1092 

mTORC1 has been associated with HF pigmentation and it has been shown that inhibition of 1093 

mTORC1 with Rapa in organ-cultured, healthy human scalp anagen HFs, caused up-regulation 1094 

of hair matrix keratinocyte proliferation, prolonged anagen, and downregulation of apoptosis 1095 
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(Cheret et al., 2021). This can be interpreted as mTORC1 controling HF pigmentation and 1096

growth.  According to Nanba et al (Nanba et al.), mTOR remains a key modulator of the 1097 

response of HFSCs to a variety of physical or chemical signals (temperature, microwave, pH, 1098 

hypoxia, varying nutrient levels and growth factors). 1099 

Air-borne pollutants, such as nitric oxides, carbon monoxide, volatile organic 1100 

compounds, and particulate matter, get deposited on the scalp and HF, further inducing 1101 

oxidative stress (Rajput, 2015). According to Mosley and Gibbs (Mosley and Gibbs, 1996), 1102 

smoking induces premature skin aging, graying of hair, and loss of hair. As reviewed by Trüeb 1103 

(Trüeb, 2003), the mechanism by which smoking causes hair loss is multifactorial and mostly 1104 

related to consequences of cigarette smoke on the microvasculature of the dermal hair papilla, 1105 

damage to DNA of the HF, imbalance in the follicular protease/antiprotease systems, and 1106 

release of pro-inflammatory cytokines resulting in follicular microinflammation and 1107 

perifollicular fibrosis. The scalp commensal organism, Malassezia, has been recognized as a 1108 

source of oxidative damage (Trüeb et al., 2018a).The accumulated literature has demonstrated 1109 

hair protein loss due to UVB radiation and color change by UVA, while high and/or low 1110 

UVA+UVB doses induced oxidative DNA damage and cytotoxicity in human hair follicles 1111 

(Gherardini et al., 2019). The loss of the hair proteins could be due to the absorption of 1112 

radiations and photochemical degradation of the photosensitive amino acids. According to 1113 

Mahé et al. (Mahé et al., 2000), physicochemical stress from UVR to keratinocytes causes the 1114 

production of ROS and the release of proinflammatory cytokines causing injury to follicular 1115 

stem cells of the hair follicle. In summary, environmental pollutants including cigarette smoke, 1116 

nitric oxides, volatile organic compounds, particulate matter, and ultraviolet radiation play a 1117 

critical role in ROS production which causes damage to HS, HF, pigmentary unit etc.  1118 

Polycyclic aromatic hydrocarbons (PAH), generated by incomplete combustion of 1119 

organic matter and discharged as environmental contaminants from various activities, such as 1120 
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transport, wood combustion, coal-fired power plants, or tobacco smoke, damage the hair upon 1121

long-term exposure (Palazzi et al., 2018). The hair-cortex degradation and cuticle delamination 1122 

was enhanced with exposure to increased PAH concentrations (Naudin et al., 2019). Hair 1123 

exposure to physiological concentrations of PAH and UV irradiation triggers a detrimental 1124 

effect on the hair microstructure, initiates photoaging of the hair, and generates oxidative stress 1125 

(Møller et al., 2014; Naudin et al., 2019). In summary, the oxidative stress induced by UV light, 1126 

 (Akar et al., 2002), an imbalance of scalp 1127 

commensal organisms (Trüeb et al., 2018a), and other pollutants contribute to endogenous 1128 

melanogenic stress, leading to an imbalance between ROS and antioxidant activities (Fig. 4); 1129 

with increasing age, the production of free radicals increases while the endogenous defense 1130 

mechanisms weaken, leading to progressive cellular and structural damage and the aging 1131 

phenotype.  1132 

 1133 

5. MAJOR OPEN QUESTIONS 1134 

The HF provides the nutrients for HS growth through its exposure to an internal 1135 

metabolic environment such as circulating blood, extracellular fluids, and the lymphatic 1136 

system. Micronutrients maintain intermediary metabolism, and play crucial roles as co-factors 1137 

or co-enzymes in virtually all enzymatic and hormonal activities, and they also neutralize the 1138 

deleterious effects of oxidant species, etc. The consequences of their absence are thus severe. 1139 

Iodine, vitamin A and iron are the most important micronutrients in maintaining public health; 1140 

their lack represents a major threat to health and development globally, particularly in children 1141 

and pregnant women.  Any imbalances or deficiencies of these nutrients can trigger a chain 1142 

reaction resulting in illness, undernourishment, and accumulation of toxic elements. Recent 1143 

literature concludes that the HS retains different molecules, metabolites, therapeutic drugs, 1144 

heavy metals and other environmental pollutants. Hair grows about 1 cm per month, thus, 1145 
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analysis of a typical 2 cm 1146

record of metabolic activities, mineral deficiencies, metals toxicity and exposure to 1147 

environmental pollutants in an individual. Retrieving such records from HS can revolutionize 1148 

the medical field in monitoring health, nutrient deficiencies, and toxin levels. Further, such an 1149 

approach may help in forensic sciences to retrieve drug-related history, drug abuse, and 1150 

geolocation of a suspect through environmental exposure. Hair tissue mineral analysis 1151 

(HTMA) could be a valuable approach since it measures the mineral content of a hair sample 1152 

and informs proper intervention through diet design and supplements to fit an 1153 

specific needs. However, literature on hair tissue mineral analysis (HTMA) is scarce, and very 1154 

limited efforts have been invested. This raises an intriguing prospect of designing and 1155 

executing future research based on such an approach, which has been neglected so far. To 1156 

support this, the question remains whether advanced, sensitive, and validated methodologies 1157 

to retrieve HF-stored information can be developed effectively and in a timely manner. If 1158 

HTMA is well-developed, it may provide key information about the human body's nutritional 1159 

status, health, lifestyle, toxin accumulation etc. Hair samples can therefore be effective 1160 

specimens for monitoring health status and exposure to toxins, and the preferred sample type 1161 

over blood or urine which are harder to collect and provide only short-term information.  1162 

 1163 

6. CHALLENGES AND FUTURE PERSPECTIVES 1164 

Aging is a natural and complex biological process that is influenced not only by an 1165 

individual's intrinsic determinants of genomics, transcriptomics, proteomics, and 1166 

metabolomics but also by extrinsic factors such as lifestyle, diet, and environment. Recent 1167 

advances in "omics" technologies, including genome sequencing, quantitative protein 1168 

expression analysis, site-specific post-translational protein modification analysis, and 1169 

metabolite quantification, have contributed to innovative breakthroughs in our understanding 1170 
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of biological processes and disease mechanisms and the discovery of diagnostic biomarkers 1171

and therapeutics. These techniques offer high throughput, sensitivity, better resolution, and 1172 

rapid scanning speed. Omics technologies have been adopted in drug detection, protein, lipid, 1173 

and metabolite analysis, and the discovery of different protein modifications. 1174 

HS profiling by omics  technologies is well enlightened by recent applications in 1175 

personalized medicine, including HIV infection, tuberculosis, chronic psychosocial stress, 1176 

myocardial infarction, chronic alcohol abuse, diabetes mellitus, drug abuse, environmental 1177 

toxins, neurodegenerative diseases, and cancers (Ademola Adeola et al., 2018). Hair 1178 

assessment by omics methodologies could be further extended to other diseases to discover 1179 

respective disease biomarkers. Blood or urine provides short-term information related to drug 1180 

addiction, while HS analysis provides long-term history because drugs incorporated in the hair 1181 

are very stable over time. The scalp hair grows longer, and depending on the length, both 1182 

endogenous and exogenous metabolites can be monitored over an extended period, which could 1183 

be useful in monitoring disease progression and delivering optimum patient care. 1184 

Mass spectrometry approaches have been successfully exploited in hair analysis and 1185 

established potential in quantitative profiling of more than 300 proteins, biomarkers of 1186 

oxidative damage, aging, structural damage, hair diseases like monilethrix, alopecia, and drugs, 1187 

including cocaine. The proteomics database is well established, but establishing the hair 1188 

metabolome remains the major challenge due to the lack of a well-established, comprehensive, 1189 

electronically accessible database. Rendering to human metabolome database 4.0 (HMDB 4.0), 1190 

the total number of metabolites is 114,100, of which 18,609 can be detected and quantified 1191 

(https://hmdb.ca/statistics#biospecimen-statistics) (Wishart et al., 2018). The human 1192 

metabolome database covers metabolic biomarkers from blood, feces, and urine, but hair 1193 

samples have not yet been given much attention as biological specimens. Mass spectrometric 1194 



49 

 

methodologies have been adopted in hair analysis in the past decade, but limited omics 1195

literature exists. Subsequent studies should aim to fill this information gap. Active therapeutics 1196 

are often applied topically through hair follicular translocation routes. Advancing the 1197 

technologies and validating methodologies in monitoring the efficacy of the therapeutics, drug-1198 

protein interactions, signaling mechanisms, and hair-related disorders may bring innovations 1199 

in hair care and cosmetics. 1200 

Hair metabolites that alter with age are inconclusive, and the main questions in hair 1201 

aging research remain unanswered. First, the complex interactions of proteins, regulatory 1202 

networks, signaling pathways, and altered metabolic pathways need to be established to 1203 

understand the complex process of hair aging and identify the hair aging biomarkers. Changes 1204 

in hair structure either due to disease or dynamic responses to certain environmental or growth 1205 

conditions are being observed through histopathology, histo-immunological imaging, SEM, 1206 

TEM and other microscopy techniques. Recent advances in direct electron detectors, ultrastable 1207 

electron microscopes and high-resolution cryo-EM have increased the throughput of structural 1208 

biology and macromoleular studies. More recently, advances in single-particle cryogenic 1209 

electron microscopy (cryo-EM) have opened up interesting new opportunities to complement 1210 

omics approaches with structural biology analyses. The high-resolution structures of a 1211 

proteome acquired with these methods, in combination with its spatial context obtained with 1212 

electron tomography, will produce information-rich cell atlases that can be synergized with 1213 

other omics approaches (Fig 5). The integration of data from multi-omics platforms and 1214 

structural biology (immunohistonorphometry and microscopy) may provide a better 1215 

understanding of the structure-function relationship and the biological mechanism of HF aging. 1216 

However, this integration of multi-omics data is challenging due to the complexity of 1217 

annotation, mapping with pathways, network analysis, interactions and the practical difficulty 1218 

of differentiating biological aging from aging due to environmental factors. 1219 
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Structural analyses of HS and HF have been conducted via light microscopy combined 1220

with silver impregnation or immunohistochemistry, TEM and SEM (Kaidoh and Inoué, 2000; 1221 

Takahashi-Iwanaga, 2000). HF is an architecturally and functionally complex organ. HFs are 1222 

innervated by palisade nerve endings (PNs) such as stockade and perifollicular nerve endings, 1223 

circumferential (pilo-Ruffini)  nerve endings, and Merkel nerve endings (Furuta et al., 2020; 1224 

Ghitani et al., 2017). The PNs are composed of lanceolate nerve endings  (LNEs)  and are 1225 

situated at the isthmus. LNEs of terminal HFs in the human scalp were successfully analyzed 1226 

using light-sheet microscopy and correlative light and electron microscopy (CLEM), a 1227 

combination of confocal laser microscopy and TEM (Yamanishi and Iwabuchi, 2023). In fact, 1228 

these authors adopted 3D-CLEM, a combination of confocal laser microscopy and focused ion 1229 

beam scanning electron microscopy (FIB SEM) as well as immunofluorescence technology to 1230 

understand the 3D ultrastructure of LNEs. Such ultrastructural data of each component of HSs 1231 

and HFs obtained via combinations of microscopy,  immonohistomorphometry, and 1232 

quantitative omics data (genomics, transcriptomics, proteomics, and metabolomics) need to be 1233 

integrated to gain complete understanding of the function and regulatory role of each 1234 

biomolecule. While the possibilities are clear, the main bottleneck currently remains the lack 1235 

of  adequate data since proteomics techniques are just a decade old and metabolomics is still 1236 

in the developmental stage. Protein interactions identified through mass spectrometry in 1237 

conjunction with advances in 3D structure could be very useful in investigating architectural 1238 

changes in HS and HF during development, aging and pathology. This requires systematic 1239 

evaluation of observed alterations and differentiation between normal age-associated changes 1240 

and changes due to environmental exposure and lifestyle, i.e., biological aging vs. 1241 

environmental aging. The challenge remains the integration of data from the various platforms, 1242 

which will require researchers to overcome complications associated with annotation, pathway 1243 

mapping, and networking.   1244 
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Integrating structural morphological data with genomics, proteomics, and 1245

metabolomics data of only single cell types, such as melanocyte or DPC, may be less 1246 

complicated. Doing that for each cell component of HS and HF during aging or growth cycle 1247 

with other omics data via multiple bioinformatic platforms would provide insights into hair 1248 

aging and hair graying. However, it needs systematic computational pipelines for sorting, 1249 

identifying, and performing molecular modeling of the myriad of structures. Moreover, the 1250 

potential cell sources are still poor due to cell aging within in vitro culture systems and 1251 

inefficient cell reprogramming, hence, significant efforts are required to develop and improve 1252 

advance in vitro culture systems. Significant efforts are being employed in HF regeneration 1253 

and recent advances and challenges are reviewed elsewhere (Ji et al., 2021). The mechanism 1254 

of hair cycling is very complex, and it is extremely difficult to identify key molecules involved 1255 

in the process. However, an integrated approach of structural data obtained via 1256 

immunohistomorphometry, electron microscopy (cryo-EM) and different microscopy; together 1257 

with multi-omics data acquired through genomics, transcriptomics, proteomics, and 1258 

metabolomics may provide an in-depth understanding of the key molecules that control and 1259 

regulate HS and HF functions. Finally, morphological and multi-omics data collected during 1260 

the transition of black-to-gray hair, in comparison to data obtained from completely black or 1261 

gray hair may provide key insights into the mechanisms of hair graying.   1262 
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 2104 

Figure legends  2105 

Figure 1. . The technique is shown by a solid black arrow, information 2106 

flow by a blue arrow, regulation\dependencies by a green arrow, and observed association by 2107 

a dashed line arrow. Molecular information (gene) is transcribed to mRNA, which is translated 2108 

to proteins processed along with other biomolecules to produce a milieu of metabolites. 2109 

Figure 2. Schematics of the anatomy and physiology of the hair follicle (HF) and hair shaft 2110 

(HS).  2111 

Figure 3. Biosynthetic pathways of eumelanin and pheomelanin production. (Adopted from 2112 

(Ito and Wakamatsu, 2011). 2113 

Figure 4. The balance and imbalance of oxidative stress during melanogenesis. The 2114 

melanocytes in a pigmented young hair follicle cope with oxidative stress, while an imbalance 2115 

of oxidative stress results in an old follicle due to cumulative effects of intrinsic and extrinsic 2116 

insults 2117 

Figure 5. A typical integrated immunohistomorphometric and omics workflow. Using samples 2118 

like HF, HFCS or other HF glands, structural biology and omics data integration could provide 2119 

a unique in-depth structure-function relationship, which could be useful in understanding the 2120 

aging process, disease pathology, and may provide therapeutic targets. 2121 
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 2122 

 2123 

Figure 12124 

flow by a blue arrow, regulation\dependencies by the green arrow, and observed association 2125 

by the dashed line arrow. Molecular information (gene) is transcribed to mRNA, which is 2126 

translated to proteins processed along with other biomolecules to produce a milieu of 2127 

metabolites. 2128 
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Figure 2. Schematics of the anatomy and physiology of the hair follicle (HF) and hair shaft (HS).  
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Figure 3. Biosynthetic pathways of eumelanin and pheomelanin production. (Adopted from (Ito and Wakamatsu, 2011)). 
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Figure 4. The balance and imbalance of oxidative stress during melanogenesis. The melanocytes in a pigmented young hair follicle cope 

with oxidative stress, while an imbalance of oxidative stress results in an old follicle due to cumulative effects of intrinsic and extrinsic insults. 
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Figure 5. A typical integrated immunohistomorphometric and omics workflow. Using samples like HF, HFCS or other HF glands, structural 

biology and omics data integration could provide a unique in-depth structure-function relationship, which could be useful in understanding the 

aging process, disease pathology and may provide therapeutic targets.  
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Table 2 Recent advances and developments in the understanding of hair shaft and hair follicle aging.  
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Table 3. Biomarkers of hair aging. A summary of the abundances of biomarkers in black and gray hair of young and old individuals, identified 

using different omics techniques, is listed.  

Omics 

technologies  

Method Biomarkers  Black 

Hair 

Gray Hair Young 

years) 

Old 

years) 

References 

Genomics  DNA methylation 

in plucked hair 

samples  

(Human 

plucked head 

hair)  

ELOVL fatty acid elongase 2 (ELOVL2),  

KLF transcription factor 14 (KLF14), 

Replication protein A2 (RPA2),  

Tripartite motif-containing 59 (TRIM59),  

zyg-11 family member A, cell cycle regulator 

(ZYG11A) 

   Higher (Naue et al., 

2021) 

Transcriptomics 

(Gene 

expression)  

Transcriptomics 

of dermal 

fibroblast and 

dermal sheath 

cells (Hair follicle 

environment) 

(Human scalp 

skin) 

Podoplanin (PDPN), 

Matrix metalloproteinase 1 mRNA, MMP1,  

Hyaluronic acid synthase 2 (HAS2),  

Cartilage oligomeric protein (COMP) 

   Higher (Williams et 

al., 2021) 

Transcriptomics 

of dermal 

fibroblast and 

 Alpha-    Higher  (Williams et 

al., 2021) 
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dermal sheath 

cells (Hair follicle 

environment) 

(Human scalp 

skin) 

Gene expression 

in the hair follicle 

(Human hair)  

Tyrosinase (TYR), 

Tyrosinase-related protein-1 (TYRP1),  

Premelanosome protein (GP100) 

 

 Higher   (Pss et al., 

2022) 

Proteomics LC-MS\MS of 

HS 

(Human hair) 

Keratin 40 (KRT40),  

Keratin 82 (KRT82),  

Keratin Associated Protein16-1( KRTAP16-1),  

Keratin Associated Protein 24-1(KRTAP24-1), 

Keratin Associated Protein3-2 (KRTAP3-2) 

  Higher  (Plott et al., 

2020) 

       

LC-MS of dermal 

fibroblast and 

dermal sheath 

cells (Hair follicle 

environment) 

(Human scalp 

skin) 

Cartilage oligomeric matrix protein,  

Inactive serine protease PAMR1, 

Beta-1-glycoprotein, 

Junction plakoglobin,  

Afamin,  

Biglycan,  

Vitrin,  

Calmodulin-1,  

   Higher (Williams et 

al., 2021) 
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SPARC,  

Collagen alpha-1(V) chain,  

Complement factor D,  

Calumenin,  

Fibulin-5 

LC-MS of dermal 

fibroblast and 

dermal sheath 

cells (Hair follicle 

environment) 

(Human scalp 

skin) 

Insulin-like growth factor-binding protein 4, 

Angiopoietin-related protein2,  

Dihyropyrimidinase-related protein2,  

Elastin Microfibril Interface-Located Protein 2 

(EMILIN-2),  

Golgi membrane protein 2,  

Prostaglandin-H2 D-isomarase,  

Keratin, type II cuticular Hb3 

  Higher  (Williams et 

al., 2021) 

Metabolomics UPLC-QTOF-

MS of HS 

(Human hair) 

Linoleamide,  

Cer(d18:0/17:0),  

6-Hydroxydelphinidin 3-glucoside,  

3-O-alpha-L-rhamnopyranosyl-3-hydroxynonanoyl-

3-hydroxydecanoic acid,  

DG (22:0/22:0/0:0),  

FAHFA (3:0/2-O-24:0),  

DG 20:5(5Z,8Z,11Z,14Z,17Z)/20:5(5Z,8Z,11Z,14Z, 

17Z)/0:0),(9Z)-myristoleoyl-CoA 

 Higher   (Ma and He, 

2022) 
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 PA(12:0/16:1(9Z)),  

PS(13:0/20:3(8Z,11Z,14Z)),  

GlcCer(d18:1/24:1(15Z)),  

PS(O-16:0/13:0), PS(O-20:0/17:2(9Z,12Z)),  

Theophylline 

Higher    (Ma and He, 

2022) 

LC-HRMS of HS 

(Genuine hair) 

Choline (1,2-Aminoalcohols) 

N-acetylneuramic acid 

Octanoylcarnitine (C8) 

Cysteic acid 

Hexanoylcarnitine (C6) 

Decanoylcarnitine (C10) 

Theophylline 

Higher     (Eisenbeiss 

et al., 2020b) 

Hair mass 

spectrometry 

imaging  

(Human hair)  

Dihydrouracil (m/z 153.00 tentatively assigned to 

Dihydrouracil)  

3,4-dihydroxymandelic acid (DHMA) (m/z 207.04, 

identified to be DHMA) 

  Higher  (Waki et al., 

2011) 

 O-phosphoethanolamine (m/z 164.00, presumed to 

be O-phosphoethanolamine) 

   Higher (Waki et al., 

2011) 

 


