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Abstract

Hair loss affects over half of adults by age 70 and represents a major determinant of overall
hair health, imposing significant psychosocial burden across genders. Nutritional factors
play a critical role in follicle biology, yet targeted strategies remain underexplored. This
comprehensive review examines five key hair-constituent macromolecules—type I collagen,
elastin, keratin, ceramides, and melanin—and their physiological and clinical impacts on
hair structure, density, shining, and growth. We conducted a structured literature search
in PubMed and Google Scholar through January 2025, selecting in vitro studies, animal
experiments, and human clinical trials that evaluated each macromolecule’s effects on
follicular function and hair fiber integrity. Type I collagen enhances dermal papilla cell
proliferation, upregulates Wnt/β-catenin and growth factors, and improves hair thickness
and breakage resistance in randomized controlled trials. Keratin hydrolysates replenish
cortical protein, reinforce disulfide cross-links, and reduce telogen shedding, with clinical
studies demonstrating 30–50% decreases in hair loss and gains in tensile strength. Oral
ceramide formulations restore the cuticular lipid barrier, shift follicles toward anagen,
and increase hair density in double-blind trials. Although direct clinical data on melanin
supplementation are lacking, ex vivo and animal models confirm its role as a UV-protective
pigment, preserving keratin integrity and color fastness. Together, these macromolecules
constitute a coherent framework for hair health, and clinical studies increasingly provide
evidence that their combined or parallel application can meaningfully enhance hair density,
strength, shine, and resilience.

Keywords: hair growth and density; type I collagen; keratin; ceramides; macronutrients

1. Introduction
Hair loss (alopecia) is a highly prevalent condition affecting both men and women

worldwide and represents a major clinical manifestation of impaired hair health. Androge-
netic alopecia (pattern hair loss) alone occurs in roughly half of all males and females, with
incidence in men rising to about 50% by age 50 and up to 80% by age 70 [1]. Women also
commonly experience progressive hair thinning (female pattern hair loss), especially with
increasing age—the incidence in females shows a notable rise after menopause. Beyond its
prevalence, alopecia carries significant psychosocial burden. Studies confirm that hair loss
can be psychologically distressing, leading to intense emotional suffering and impairments
in social and work life [2]. Individuals with severe alopecia have higher rates of depression,
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anxiety, and social phobia compared to those without hair loss, underscoring the profound
impact of hair health on quality of life for both genders [3].

The etiology of hair loss is multifactorial, involving genetic, hormonal, environmental,
and systemic factors. In many cases, heredity and hormones play a central role. Andro-
genetic alopecia—the most common form of hair loss in men and women—has a strong
genetic basis and is driven by androgens (particularly dihydrotestosterone) in susceptible
hair follicles [4,5]. This condition is often described as a genetically predetermined sensi-
tivity of scalp follicles to androgens, resulting in progressive miniaturization of hairs in
characteristic patterns. Hormonal changes can further modulate hair growth; for example,
the hormonal fluctuations of menopause are associated with accelerated hair thinning in
women, likely due to a relative increase in androgenic activity as estrogen levels decline [1].

Aside from genetic–hormonal causes, various other triggers contribute to alopecia.
Physical or emotional stress is a well-known precipitant of telogen effluvium, a diffuse
shedding of hair that occurs when a large number of follicles synchronously enter the resting
(telogen) phase following a stressor. For instance, severe psychological stress, illness, or
childbirth can trigger telogen effluvium and lead to noticeable hair loss within months of
the event [6]. Systemic diseases are another important consideration: thyroid disorders, in
particular, are commonly linked to hair loss. Both hypothyroidism and hyperthyroidism can
disrupt the normal hair cycle, leading to diffuse hair thinning until the thyroid imbalance
is corrected [7]. Likewise, autoimmune diseases can target the hair follicles. Alopecia
areata is a prototypical autoimmune hair loss disorder (estimated to affect about 2% of
people over a lifetime) in which T lymphocytes attack the hair follicle, causing patchy
hair loss [8]. Alopecia areata frequently co-occurs with other autoimmune conditions,
such as autoimmune thyroiditis, suggesting shared pathophysiological links [9]. Finally,
nutritional deficiencies are well-recognized contributors to hair problems. Inadequate
levels of certain vitamins or minerals—for example, iron, zinc, biotin (vitamin B7), or
other B-complex vitamins—can impair hair follicle function and structure, potentially
leading to increased shedding or brittle, unhealthy hair [10]. Iron deficiency, in particular,
has been implicated in chronic diffuse hair loss (telogen effluvium) in women, as iron is
required for numerous enzymatic processes in the hair follicle (including DNA synthesis
and energy metabolism) [11]. Similarly, low zinc levels and biotin deficiency have each been
associated with hair loss syndromes, reflecting the essential role of these micronutrients
in keratin production and cell proliferation [12]. Additionally, sulfur donors such as
methylsulfonylmethane (MSM) are essential for supplying the sulfur required for keratin
synthesis and preserving hair structure integrity [13].

Understanding the complexity of the hair follicle is fundamental to appreciating why
so many factors can affect hair growth. The human hair follicle is a mini organ with a
highly specialized structure and growth cycle. Each follicle cycles through growth (anagen),
regression (catagen), and rest (telogen) phases in a continuous loop. The base of the
follicle (hair bulb) contains the dermal papilla, a cluster of specialized mesenchymal cells
that regulates hair growth, and is surrounded by the hair matrix, a population of rapidly
proliferating keratinocytes intermingled with melanocytes (pigment-producing cells) [14].
These matrix cells differentiate to form the hair shaft and its pigment, while the dermal
papilla provides critical inductive signals and receives the follicle’s blood supply [15]. In
the active anagen phase, follicular matrix cells divide rapidly and the hair shaft elongates;
in fact, under healthy conditions, about ~85% of scalp hairs are in anagen at any given time.
This growth phase can last several years for scalp follicles, producing hair fibers that grow
on the order of ~30–50 cm over a 4- to 6-year anagen period. The anagen phase is followed
by a short catagen phase (involution) and then a telogen phase, during which the follicle
is quiescent for a few months before the hair is shed and a new cycle begins [6]. Notably,
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hair follicle cells are among the most rapidly dividing cells in the body—human scalp
hair grows approximately 300–500 µm per day, which makes the hair matrix keratinocytes
some of the most proliferative cells in the human body [16]. This high mitotic activity and
metabolic demand mean that the follicle is extremely sensitive to disruptions in physiology.
Even a brief metabolic insult or nutrient shortage can be enough to push numerous hairs
into the telogen shedding phase, illustrating why conditions like acute stress, illness, or
malnutrition so often manifest as diffuse hair loss.

The biochemical makeup of hair and its growth requirements further highlight the
importance of nutrients for hair health. Type I collagen is a major constituent of the
dermal papilla’s extracellular matrix, where it provides mechanical support and regulates
anagen-promoting signals [17]. In vitro, hydrolyzed collagen peptides have been shown to
stimulate dermal papilla cell proliferation, upregulate Wnt/β-catenin and growth factors
such as IGF-1 and VEGF, and inhibit apoptosis via the Bcl-2/Bax axis, thereby preserving
the follicle’s regenerative capacity [18]. Clinically, daily oral supplementation with 450 mg
of eggshell membrane collagen (rich in type I collagen, elastin, and hyaluronan) produced
significant improvements in hair thickness and reduced breakage over 12 weeks [19]. Each
hair shaft is composed chiefly of the protein keratin, which accounts for roughly 65–95%
of the hair’s dry weight [20]. Keratin proteins (rich in cysteine disulfide bonds) form
the structural core of hair, giving it strength and elasticity. The hair shaft also contains
pigments and lipids: melanin pigment granules (produced by follicular melanocytes) are
incorporated into the hair cortex and medulla, determining the hair’s color [21], and an
array of structural lipids (including fatty acids and ceramides) are present in the hair
cuticle and cell membranes. These lipids play a key role in maintaining the integrity of
the hair fiber—they form a protective, hydrophobic coating that prevents moisture loss
and keeps the cuticle layers sealed. Ceramides in particular have been identified as vital
components that help reinforce the hair’s structure and integrity, essentially acting as a
“glue” between cuticle cells to strengthen the hair shaft [22]. Given this composition, it is
evident that proper hair growth and hair fiber quality depend on a steady supply of amino
acids (for keratin synthesis), trace elements, and cofactors needed for pigment production
and lipid metabolism.

Given the high prevalence of nutrient-related hair loss and the pivotal role of nutrition
in hair follicle function, there is growing interest in targeted nutrient supplementation
as a therapeutic strategy for combating hair loss. The rationale is that providing an
optimal supply of hair-fortifying compounds may promote hair regrowth or slow hair loss,
particularly in individuals who have subclinical deficiencies or increased demands on the
hair follicle. The emerging evidence aligns with the biological understanding that nurturing
the hair follicle’s nutritional requirements is a sensible and promising component of an
integrative approach to treating hair loss [7]. This has set the stage for more research into
type I collagen, leastin, keratin, ceramides, and melanin as well as into other nutraceuticals
as vitamins or minerals for improving hair growth and preserving hair health in both
women and men.

Because disturbances in follicular structure, hair fiber composition, and the hair
growth cycle are central contributors to hair loss, understanding the biological roles of
these macromolecules in maintaining hair health is essential.

2. Objective
This review seeks to define how five hair macromolecules—collagen, elastin, keratin,

ceramides, and melanin—contribute to follicle biology and hair fiber integrity. Employing a
structured PubMed and Google Scholar search, we (i) elucidate each compound’s biochemi-
cal and cellular mechanisms in the dermal papilla, matrix, cuticle, and cortex using in vitro
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and in vivo models and (ii) synthesize human clinical trial data to assess their efficacy as
nutritional or topical interventions for enhancing hair density, strength, and pigmentation.

3. Materials and Methods
A comprehensive literature review was performed between January and March 2025

by two investigators independently using PubMed and Google Scholar. Search terms
combined “hair” with “collagen peptides,” “elastin,” “keratin hydrolysate,” “ceramide
supplementation,” and “melanin UV protection.” We included English-language studies
(2010–2025) reporting in vitro/in vivo mechanisms or human trials with hair-related end-
points such as density, strength, shedding, or pigmentation. Reviews, case reports, non-hair
studies, and studies with unrelated active compounds were excluded. Studies investigating
multi-ingredient formulations with poorly defined composition or unspecified quantities of
additional compounds (e.g., amino acids, vitamins, or biotin) were also excluded to allow
clearer attribution of observed effects. For collagen-based interventions, studies using
undefined collagen hydrolysates were excluded because different collagen types exhibit
distinct structural and biological properties. Data on study design, intervention (compound
and dose), and key outcomes were extracted to synthesize the physiological and clinical
evidence for each macromolecule. In the context of the reviewed studies, hair density refers
to the number of hair fibers per square centimeter of scalp (hairs/cm2). In clinical studies,
this parameter is commonly assessed using digital phototrichogram techniques such as
TrichoScan or dermoscopic image analysis. No generative AI was used. No review protocol
is available.

The literature search identified 26 potentially relevant publications. After applying
the predefined inclusion and exclusion criteria, 7 studies were included in the final quali-
tative synthesis. Studies were primarily excluded due to poorly defined multi-ingredient
formulations, unspecified quantities of additional compounds, or the use of undefined col-
lagen hydrolysates (Figure 1). The review was conducted in accordance with the PRISMA
reporting checklist. The review protocol was registered in the PROSPERO international
prospective register of systematic reviews (registration number: 1339779).

Figure 1. PRISMA flow diagram of the study selection process.
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4. Results—Physiological Role of Macromolecules in Hair Health
4.1. Hair Follicle Structure and Composition

The human hair follicle is a complex mini-organ composed of distinct anatomical
regions and cell layers (Figure 2). At its base is the hair bulb, which houses the dermal
papilla (DP) and the hair matrix. The dermal papilla is a cluster of specialized fibroblasts
(mesenchymal cells) often termed the follicle’s “command center” because it emits signals
that regulate hair growth and cycling. Enveloping the DP is the highly proliferative hair
matrix epithelium—sometimes called the hair “factory”—consisting of matrix keratinocytes
that rapidly divide and differentiate to form the hair shaft and the inner root sheath (IRS).
The number of matrix keratinocytes is a key determinant of the diameter of the resulting
hair fiber (and the size of the bulb itself), linking follicle cellularity to hair thickness.
Intermingled among the matrix keratinocytes are melanocytes, derived from follicular
stem cells in the bulge, which synthesize pigment. These melanocytes transfer melanin
(eumelanin or pheomelanin) into the neighboring matrix keratinocytes, thereby imparting
color to the growing hair fiber [23].

Figure 2. The hair as a mini organ.

Above the bulb, the follicle’s epithelial portion is organized as concentric layers.
Transversely, the hair follicle can be viewed as a cylinder composed of eight concentric
layers: the outer root sheath (ORS); the IRS (sub-divided into the companion layer and
three IRS layers known as Henle’s layer, Huxley’s layer, and the IRS cuticle); and the
hair shaft itself (consisting of the hair shaft cuticle, cortex, and medulla). Each layer is
characterized by specific keratin proteins, reflecting their distinct functions [24]. The ORS is
contiguous with the epidermis and forms the outer envelope of the follicle. The IRS encases
the emerging hair fiber and aids its guidance to the surface, eventually disintegrating near
the sebaceous gland. The hair shaft is the central product of the follicle—a keratinized
fiber composed of terminally differentiated keratinocytes tightly compacted into the cortex
and cuticle, sometimes with a medulla in larger fibers. This keratin-rich structure is noted
for its remarkable tensile strength, and its integrity and properties are determined by the
structural proteins and lipids produced during fiber formation [23].

https://doi.org/10.3390/cosmetics13020072

https://doi.org/10.3390/cosmetics13020072


Cosmetics 2026, 13, 72 6 of 16

4.2. Collagen Type I: Extracellular Matrix Scaffolding and Follicle Mechanotransduction

Type I Collagen the Follicular ECM: Type I collagens (and a smaller amount of type
III) constitute the primary fibrous network of the dermal papilla (DP) niche and con-
nective sheath surrounding hair follicles. These fibrillar collagens, together with elastin
and hyaluronic acid, form a viscoelastic scaffold that regulates tissue compliance and
mechanical signaling within the follicle microenvironment. Aging- or androgen-induced
alterations in collagen cross-linking and deposition can stiffen this matrix, impairing
DP–keratinocyte communication and prematurely triggering catagen entry via TGF-β1-
mediated fibrotic pathways [25].

Mechanotransduction and DP Cell Activation: Mechanical cues transmitted through
the collagen-rich ECM critically influence DP cell behavior. In vitro, hydrolyzed collagen
peptides have been shown to enhance DP cell proliferation, upregulate Wnt/β-catenin
signaling, and increase expression of anagen-maintaining growth factors (e.g., IGF-1 and
VEGF) [18]. Such bioactive collagen fragments also inhibit DP cell apoptosis by modulating
the Bcl-2/Bax axis, thereby preserving follicular regenerative potential (Figure 3).

Figure 3. Schematic view of dermal papilla and surrounding cells before (a) and after (b) treatment
with type I collagen and elastin from eggshell membrane. By signaling molecules and fragments
of type I collagen, the number of DP cells is increased and the matrix is stiffened. Elastin improves
the elasticity.

4.3. Elastin: Elastic Fiber Scaffold and Follicle Mechanoregulation

Elastin in the Follicular ECM: Dermal papilla (DP) fibroblasts secrete tropoelastin,
which is enzymatically cross-linked by lysyl oxidase into insoluble elastin fibers. Together
with fibrillin microfibrils, collagen, and hyaluronic acid, these fibers form a flexible, spring-
like network that encases the DP niche and outer connective sheath [26].

This “elastic basket” is especially dense at the isthmus and beneath the DP, anchoring
the follicle yet permitting the cyclical length changes of anagen–telogen transitions. Aging
or androgen-driven elastin fragmentation, and aberrant depositions of elastin-like bodies
(Arao–Perkins bodies) at the DP base disrupt this network, stiffen the niche, and contribute
to follicle miniaturization in androgenetic alopecia [27] (Figure 3).

Mechanotransduction and DP Cell Responses: Elastin fibers transmit mechanical cues
to DP cells via the 67 kDa elastin-binding protein receptor, triggering rapid Ca2+ influx and
MAPK/ERK pathway activation. Elastin-derived matrikines (e.g., VGVAPG) engage this re-
ceptor to promote DP-like fibroblast proliferation, upregulate pro-anagen factors (IGF-1 and
VEGF), and inhibit apoptosis through Bcl-2/Bax modulation—thereby preserving follicular
regenerative potential and linking matrix elasticity directly to hair-cycling signals [28].

4.4. Keratin: Structural Foundation and Signaling in Hair Follicles

Keratin in Hair Structure: Keratins are the predominant structural proteins in hair. The
hair shaft is composed primarily of hard keratin proteins (along with keratin-associated
proteins), which assemble into intermediate filaments that form the cortex and cuticle of
the fiber [29]. Human hair keratins are rich in the amino acid cystine; numerous cystine
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residues form disulfide bonds that cross-link adjacent keratin chains, endowing the hair
with significant mechanical strength and elasticity. In fact, the high cystine content of hair
keratin is directly responsible for hair’s tensile strength and resilience [29]. Consistent with
this, specific hair keratin genes are essential for maintaining fiber integrity. For example,
the acidic type I hair keratin K31 (also known as keratin 31) is a major keratin of the hair
cortex; it has been shown to be critical for hair’s tensile properties. In a biochemical study,
recombinant human K31 applied to damaged hair fibers effectively integrated into the hair
shaft structure—this treatment increased fiber diameter by up to ~49% and nearly doubled
the force required to break the hair, while also improving smoothness [30]. Such findings
underscore that keratin content and quality within the cortex/cuticle directly determine
hair strength, thickness, and texture.

Follicular Keratin Expression: Each region of the follicle expresses a characteristic set
of keratin proteins to fulfil its role. The matrix keratinocytes synthesize the hard keratins
that will form the hair shaft’s cortex and cuticle, whereas the IRS and ORS express their
own keratins (often softer epithelial keratins) that provide structural support to the sheath
layers [23]. Proper expression and assembly of hair keratins in the matrix are indispensable
for constructing a robust hair fiber. Disruption of specific keratins can lead to hair shaft
defects; clinically, mutations in certain hair keratin genes result in fragile or dystrophic hair,
reflecting the proteins’ crucial structural role (e.g., mutations in K31 and other hair keratins
are implicated in monilethrix and related hair shaft disorders) [30].

Keratin’s Bioactive Role in Follicle Signaling: Beyond serving as a passive structural
material, emerging evidence indicates that keratin (or keratin fragments) can actively in-
fluence cellular behavior in the follicle. An intriguing recent study demonstrated that
exogenous keratin can trigger de novo hair follicle regenerative events. In a 2022 report, re-
searchers injected purified keratin into mouse skin and observed accelerated hair regrowth;
mechanistic analysis showed that extracellular keratin prompted the condensation of der-
mal papilla cells and the emergence of new “hair germ” cells from the outer root sheath.
These keratin-induced hair germs were marked by P-cadherin expression—a signature of
follicular progenitors—suggesting that keratin created a microenvironment conducive to
initiating a new anagen (growth) phase. Notably, the source of bioactive keratin in vivo
was traced to apoptotic keratinocytes in the regressing follicle: as hair follicles undergo
catagen, dying ORS cells release keratins, which appear to act as signaling cues for DP
aggregation and subsequent hair germ formation. Indeed, when the released keratins were
immunodepleted or gene-silenced, the dermal papilla cells failed to condense properly and
hair germ induction was impaired. These findings suggest a novel physiological role of
keratin fragments in hair follicle cycling and wound healing—functioning almost like a
growth factor to stimulate the follicular regenerative niche [31].

Impact on Hair Properties: In summary, keratins provide the structural scaffold of
the hair shaft—their abundance and cross-linking dictate hair fiber strength, stiffness, and
elasticity. Sufficient and well-organized cortical keratin yields thicker, stronger hair fibers,
whereas damaged or deficient keratin (as in over-processed or diseased hair) results in
weaker, brittle strands. Moreover, keratin’s involvement in follicular signaling implies it
may also influence hair growth dynamics (by modulating matrix keratinocyte proliferation
or hair cycle re-entry via DP interaction). Thus, keratin is central both as a building material
for the hair’s architecture and as a potential bioactive molecule in maintaining healthy
hair growth [29].

4.5. Ceramides: Lipid Barrier and Hair Fiber Cohesion

Ceramides, a class of sphingolipids, are another crucial component in hair biology,
primarily associated with the hair’s structural lipids. Although lipids make up a smaller
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fraction of hair (roughly 1–9% of the fiber, versus >90% protein), they play an outsized
role in maintaining hair integrity [32]. Endogenous hair lipids include free fatty acids,
cholesterol, and various ceramides (and glycosylceramides), as well as a unique 18-methyl
eicosanoic acid (18-MEA) that covalently coats the hair’s surface. These lipids form the cell
membrane complex (CMC) that binds the cuticle and cortical cells together. In the CMC,
ceramides are organized into lipid bilayers sandwiched by a thin “δ-layer” interface; this
structure cements adjacent cells (analogous to mortar between bricks) and contributes to
hair’s mechanical cohesion [33] (Figure 4). It has been demonstrated that such intrinsic
hair lipids are fundamental to protecting hair from damage and preserving healthy hair
structure. In particular, ceramides confer a hydrophobic barrier within the cuticle layers
and at the cortex periphery, which is vital for preventing excessive water loss, controlling
water absorption, and safeguarding the fiber’s internal structure [32].

Figure 4. Schematic overview. Structure of the cell membrane complex.

Barrier Function and Moisture Retention: The ceramide-rich lipid layers in the cuticle
act as a seal for the hair shaft, locking in moisture and repelling external irritants. This
lipid barrier is essential for maintaining hair’s hydration and suppleness: it prevents the
escape of internal moisture and blocks excessive entry of water or chemicals that could
swell and damage the fiber [34,35]. By preserving optimal moisture levels, ceramides help
keep hair flexible rather than brittle. Notably, hair with an intact lipid layer exhibits better
elasticity, shine, and tensile strength than lipid-depleted hair. Shine is enhanced because a
smooth, lipid-coated cuticle surface reflects light more uniformly. Elasticity and strength are
improved because ceramides reduce porosity and friction between fibers, thereby lowering
the likelihood of breakage [36].

Ceramides in Hair Aging and Damage: A loss or degradation of hair ceramides is
associated with weakened hair structure and dryness. Aging is known to diminish the lipid
content of hair—studies show that as people age (beyond ~30 years), there is a decline in
de novo ceramide (e.g., dihydroceramide) synthesis in the hair follicle and fiber, along with
a reduction in 18-MEA and other key lipids [37]. Consequently, grey or white hairs (which
have reduced melanin and lipid content) exhibit lower moisture retention and increased
rigidity compared to pigmented hairs. In one analysis, white hairs were found to have
significantly less internal lipid (especially fewer ceramides and fatty acids) and contained
less bound water, making them more porous and prone to dryness; such hairs also showed
reduced resistance to mechanical stress like brushing [38]. Environmental and chemical
damage can similarly strip away ceramides and other lipids: for example, prolonged UV
radiation has been reported to decrease the ceramide and cholesterol content of hair by
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up to ~50%, leading to “dry, weak, brittle, and stiff” fibers [39]. Chemical treatments
like bleaching aggressively remove the 18-MEA layer and other lipids from the cuticle,
rendering the hair hydrophilic, rough, and prone to breakage [40]. These observations
highlight that ceramides are indispensable for maintaining the cuticle’s integrity and the
hair’s moisture balance; when they are depleted, hair loses its natural luster, strength,
and smoothness.

Biological Activity of Ceramides in the Follicle: Beyond their structural role in the
hair shaft, ceramides may also influence cellular processes in the hair follicle itself. Ce-
ramides are bioactive lipids known to participate in cell signaling (particularly in skin
barrier regulation and apoptosis), and recent evidence suggests they can affect hair growth
pathways. It was previously noted that topical ceramide analogs improved hair growth in
mouse models. In a controlled in vitro study using human dermal papilla cells (hDPCs), re-
searchers found that adding synthetic ceramides significantly stimulated DPC proliferation
and activity [41]. Ceramide treatment upregulated proteins associated with cell survival
and cycling (e.g., Bcl-2 and cyclin D1) and markedly increased the expression of growth
factors in the dermal papilla culture. Importantly, ceramides activated key hair-growth
signaling pathways in these cells, notably Wnt/β-catenin and BMP signaling, which are
critical for anagen initiation and follicle development. The treated DPCs showed signs of
a pro-growth phenotype, suggesting that ceramides might help create a more inductive
dermal papilla microenvironment. The authors concluded that ceramides can promote hair
growth at least in part by enhancing dermal papilla cell function. This aligns with the idea
that a healthy lipid milieu is not only vital for the hair fiber’s physical properties but also
potentially for optimal follicular signaling.

In summary, ceramides fortify the hair’s structural cohesion and barrier function.
They help ensure the cuticle remains intact and the cortex is protected from desiccation
and external insults. By doing so, ceramides contribute substantially to hair’s strength,
thickness (indirectly by preventing lipid-related fiber collapse), glossiness, and ability
to retain moisture. Furthermore, they may act as supportive factors for hair growth
by nurturing the dermal papilla—underscoring their multifaceted role in maintaining
hair health.

4.6. Melanin: Pigmentation, Photoprotection, and Hair Fiber Durability

Melanin synthesis occurs in follicular melanocytes of the hair bulb, where eumelanin
and pheomelanin are packaged into melanosomes and transferred to cortical keratinocytes,
embedding pigment granules within the hair shaft [37]. Eumelanin functions as an intrinsic
UV filter and antioxidant—absorbing UVA/UVB radiation and quenching reactive oxygen
species—to preserve disulfide cross-links in keratin and prevent photodegradation of the
fiber [42] (Figure 5). With the onset of greying, new hairs lack melanin and exhibit a
significant reduction in internal lipids (e.g., ceramides and 18-MEA) and bound water,
leading to increased porosity, brittleness, and reduced elasticity compared to pigmented
hair [43]. Cosmetically, high melanin content correlates with superior color fastness, greater
luster, and improved tensile properties, whereas melanin-deficient fibers are prone to rapid
color fading and dull, brittle texture. Nevertheless, clinical trials of high quality are missing.
Beyond its cosmetic function, melanin may also contribute to maintaining hair follicle
integrity. Reduced melanocyte activity and melanin depletion are associated with increased
oxidative stress within the follicle and structural weakening of the hair fiber, processes that
may indirectly contribute to hair thinning and age-related hair loss.
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Figure 5. Schematic representation of keratin proteins cross-linked by disulfide bonds within
the hair fiber and the protective role of melanin against UV-induced oxidative damage affecting
keratin structure.

4.7. Clinical Trials

Several human clinical trials have investigated the effects of oral supplementation
with hair-related macromolecules on parameters such as hair density, hair growth rate,
tensile strength, and hair shedding. As summarized in Table 1, supplementation with
type I collagen, elastin, keratin hydrolysates, and wheat-derived ceramides has been
clinically demonstrated to improve hair density, tensile strength, and barrier function in
randomized, placebo-controlled studies. It should be noted, however, that some clinical
trials investigated multi-ingredient formulations in which the macromolecule of interest
was combined with additional nutrients. In certain studies, these additional components
consisted mainly of vitamins or minerals acting as general metabolic cofactors, whereas in
others, compounds such as amino acids or biotin were included that may more directly
influence hair growth or keratin synthesis. Consequently, the observed effects cannot
always be attributed solely to the investigated macromolecule and should therefore be
interpreted with caution.

Table 1. Summary of human clinical trials evaluating the effects of collagen, keratin, and ceramides
on hair health outcomes.

Compound Study Design &
Population Duration Dosage Hair Endpoints & Results Reference

Type I Collagen
and Elastin
(Eggshell

Membrane)

A pilot study in 25 healthy
adults (86% female,

open-label)—one 50-day
self-assessment and one
5-week instrumental test

5–7 weeks 300 mg/day
(oral)

67% of participants reported
improved hair condition (appearance

and strength) after 50 days
of supplementation.

Aguirre et al.
2017 [44]

Type I Collagen
and Elastin
(Eggshell

Membrane)

Randomized
placebo-controlled trial

(double-blind) in
88 healthy middle-aged
adults (71.59% female,

mean age ~45).

12 weeks 450 mg/day
(oral)

Increased hair thickness, reduced hair
breakage, and improved hair growth

as early as 4 weeks. By 12 weeks,
TrichoScan measurements showed
greater hair thickness and growth,

and a reduction in hair
shedding/breakage in the

collagen group.

Kalman et al.
2020 [19]
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Table 1. Cont.

Compound Study Design &
Population Duration Dosage Hair Endpoints & Results Reference

Type I Collagen
and Elastin
(Eggshell

Membrane)

Randomized
placebo-controlled trial

(double-blind) in
63 healthy adults

(68.3% female, age 35–66).

12 weeks 300 mg/day
(oral)

No significant difference in objective
hair thickness vs. placebo, but

participants noted better hair texture
and overall hair health. By week 12,
hair texture and overall hair quality
(self-assessed) were ~23% improved
vs. placebo. Within the supplement
group, hair texture improved +28%

from baseline. Hair thickness showed
a modest within-group gain (+11% at
12 weeks) but was not significantly

above placebo.

Ruff et al.
2024 [45]

Type I and III
Collagen

Randomization,
comparative trial

(single-blinded) in
66 healthy adults

(40.9% female,
age 30–50)).

60 days 2.5, 5 or
10 g/day

After 60 days, hair growth rate
increased by ~39–50% across doses

(2.5–10 g; p < 0.01). Hair density
(+19.6%; p < 0.0001) and thickness

(+20.5%; p < 0.0001) improved at 10 g.
No adverse events were reported.

Warma et al.
2024 [46]

Keratin

Randomized
placebo-controlled trial

(double-blind) in
50 women with telogen

hair loss and brittle nails.

90 days
500 mg/day
(oral) + vita-

mins/minerals

~34% reduction in hair loss vs.
placebo at Day 90. The

anagen/telogen hair ratio increased
significantly (+9.2% in both anagen
and telogen counts) in the keratin

group, indicating a higher proportion
of hairs in the growth phase vs.
placebo. Hair tensile strength
increased (+5.9% vs. baseline;
p < 0.001 vs. placebo) and hair

luster/brightness improved (~47%
greater improvement than placebo by
Day 90). Nearly all subjects on keratin

saw improvements in hair
appearance (23 of 24) compared to

one-third of placebo.

Beer et al.
2014 [47]

Keratin

Randomized
placebo-controlled trial

(double-blind) in 60
women with telogen

hair loss.

90 days 1000 mg/day

After 3 months, keratin hydrolysate
(1000 mg/day) significantly increased

hair density and the proportion of
hairs in the anagen phase vs. placebo.

Acute telogen effluvium was no
longer detectable by pull test after

45 days.

Nobile et al.
2021 [48]

Wheat Ceramide
Lipids

Randomized
placebo-controlled trial

(double-blind) in
66 women with acute
diffuse hair shedding
(≥15% telogen hairs).

12 weeks 30 mg/day
(oral)

Supplementation significantly
decreased telogen hair percentage

and increased anagen hair percentage
versus placebo—a beneficial shift

evident by 8 weeks. Correspondingly,
hair shedding was reduced in the
ceramide group. By 12 weeks, hair

growth rate improved and hair
breakage resistance increased

(elongation at break improved)
compared to placebo. Clinical

assessments showed higher hair
density and volume in the treated

group. Oily scalps also saw a
reduction in sebum levels. Overall,

the wheat lipid supplement
significantly reduced hair loss and

promoted new hair growth in women
experiencing excessive shedding.

Dudonné et al.
2024 [49]

5. Discussion
The physiological effectiveness of orally administered structural macromolecules de-

pends on their digestion, absorption, and systemic distribution. During gastrointestinal
digestion, large proteins such as collagen or keratin are hydrolyzed into smaller peptides
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and amino acids that can be absorbed through the intestinal epithelium. These circulating
peptides may serve as substrates for tissue protein synthesis or act as bioactive signaling
molecules influencing cellular pathways. However, direct evidence demonstrating selec-
tive accumulation of these peptides in hair follicles remains limited. The present review
therefore focuses primarily on the physiological effects and clinical outcomes reported for
oral supplementation rather than on the detailed metabolic fate of these macromolecules.

Based on the available experimental and clinical evidence, type I collagen and elastin
emerge as important structural components supporting hair follicle function. Type I
collagen and elastin are abundant in the extracellular matrix (ECM) of the hair follicle
dermal papilla and surrounding dermis [50]. The dermal papilla—a connective tissue nub
at the base of each hair follicle—uses its collagen- and elastin-rich ECM as a scaffold to
support the follicle’s structure and as a signaling reservoir for hair growth factors. A healthy
matrix in the papilla helps maintain hair fiber production by anchoring dermal papilla
cells and facilitating epithelial–mesenchymal interactions that govern the hair growth cycle.
Conversely, age-related collagen depletion or fibrosis in the scalp can constrict the dermal
papilla, potentially shortening the anagen (growth) phase and producing thinner, weaker
hairs. Introducing exogenous collagen type I and elastin (e.g., via hydrolyzed collagen
peptides from fish or eggshell membrane) may counteract these changes. Collagen peptides
can be absorbed and delivered to skin and follicle tissues, where they act as substrates for
new collagen synthesis and as bioactive signals. Notably, studies have shown that low-
molecular-weight collagen peptides stimulate human dermal papilla cells to proliferate and
secrete growth factors (EGF, FGF-7, VEGF, etc.), and activate Wnt/β-catenin signaling—a
key pathway for hair follicle development. Additionally, elastin fibers engage the 67 kDa
elastin-binding protein receptor to convert mechanical cues into Ca2+ and MAPK/ERK
signals via matrikines like VGVAPG, driving DP fibroblast proliferation, pro-anagen factor
release (IGF-1 and VEGF), and anti-apoptotic Bcl-2/Bax modulation to sustain follicular
regeneration. In vivo, oral collagen peptide supplementation has promoted hair growth in
animal models, accompanied by upregulation of follicular β-catenin and dermal papilla
markers, and even increased expression of keratin genes in the hair shaft [50]. Most
importantly, there is clinical evidence for collagen- and elastin-based interventions although
most clinical studies have investigated collagen-containing formulations in which elastin
is present as a structural component rather than as an isolated intervention: A 12-week
placebo-controlled study of 450 mg eggshell membrane containing type I collagen and
elastin showed a significant impact on hair thickness, reduction in hair breakage, and
improvement in hair growth at 4, 8, and 12 weeks compared to the control [19]. These
clinical outcomes corroborate mechanistic data, underscoring collagen’s role in reinforcing
the follicular ECM and sustaining anagen phase longevity. Thus, type I collagen and elastin
support the foundation of hair production: by fortifying the dermal papilla’s ECM and
enhancing signaling, it creates optimal conditions for keratin deposition, pigment (melanin)
transfer, and lipid provision in growing fibers.

Nevertheless, hair fiber strength and resilience arise from the interplay of several key
components. Keratin proteins are the primary structural material of hair, forming coiled-
coil filaments with abundant disulfide bonds that endow the fiber with tensile strength and
elasticity [51]. In a 90-day, placebo-controlled trial, keratin supplementation reduced hair
loss by about 34% and increased the anagen/telogen ratio by 9.2% compared to placebo. It
also improved hair tensile strength by 5.9% (p < 0.001) and enhanced hair shine by roughly
47%, with 23 of 24 participants reporting visible improvements versus only one-third in the
placebo group [47].

Ceramides and other lipids (which constitute ~1% of hair by weight) reside in the
cell membrane complex of cuticle cells, acting as a “hair barrier” that glues cuticle lay-
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ers together [52]. These integral lipids (fatty acids, cholesterol, ceramides, etc.) impart
hydrophobicity and moisture retention, reducing friction and enhancing the cuticle’s cohe-
sion [53]. In a randomized, placebo-controlled trial, ceramide supplementation markedly
reduced the percentage of hairs in the telogen phase and boosted anagen hairs within eight
weeks, resulting in less shedding. By twelve weeks, treated subjects showed faster hair
growth, stronger hair with improved breakage resistance, higher hair density and volume,
and lower scalp sebum levels versus placebo [49].

Melanin pigments embedded in the cortex not only determine hair color but also
protect the hair’s proteins from UV-induced damage. Eumelanin (brown-black) absorbs
and dissipates ultraviolet and visible light, thereby neutralizing free radicals and shielding
keratin structures from photodamage. Indeed, under UV exposure, melanin granules
are preferentially degraded (photobleached) before the protein backbone is harmed; ex-
periments show UVA mainly breaks down melanin (causing color loss) while UVB more
strongly attacks hair proteins. Consequently, lightly pigmented hair (with less melanin)
suffers more UV damage to strength and color, underscoring melanin’s role as a natural
photoprotective agent in hair [42]. At present, direct clinical trials investigating melanin sup-
plementation for hair-related outcomes are lacking. The conclusions regarding melanin’s
contribution to hair integrity therefore primarily derive from experimental and mechanistic
studies examining photoprotection and oxidative stress in hair fibers.

In synergy, these five components—collagen type I and elastin as a follicular scaf-
fold, keratin as the structural core, ceramides as cuticular sealants, and melanin as a UV
shield—could collectively promote hair strength, density, growth, and resilience. The major
mechanisms by which the investigated macromolecules contribute to hair follicle function
and hair fiber stability are summarized in Figure 6.

Figure 6. Overview of the mechanisms by which key macromolecules contribute to hair health.
Collagen type I and elastin support hair follicle integrity by maintaining the extracellular matrix and
mechanotransduction within the dermal papilla. Keratin, ceramides, and melanin contribute to hair
fiber integrity through structural stabilization of the hair shaft, maintenance of the cuticular lipid
barrier, and protection against UV-induced oxidative damage. Together, these mechanisms contribute
to overall hair health, including growth, resilience, and structural stability.

6. Conclusions
In summary, the five hair-constituent macromolecules—type I collagen, elastin, keratin,

ceramides, and melanin—operate synergistically to maintain follicle function and hair
fiber integrity. Collagen peptides and elastin reinforce the dermal papilla extracellular
matrix and sustain anagen signaling, keratin hydrolysates rebuild the cortical scaffold
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and reduce shedding, ceramides restore the cuticular lipid barrier to promote anagen and
moisture retention, and melanin provides essential photoprotection and pigment stability.
Clinical trials have validated the efficacy of type I collagen, elastin, keratin, and ceramide
supplementation in enhancing hair thickness, strength, and density, while preclinical
models underscore melanin’s role in preserving hair quality under UV stress. Together,
these data support a multi-targeted approach using these macromolecules to improve hair
health and counteract nutrient-related alopecia.

7. Limitations
This review has several limitations. The available literature on hair-related macro-

molecules is heterogeneous with respect to study populations, investigated compounds,
and outcome measures. Some clinical studies involve relatively small sample sizes or
short intervention periods, which may limit the generalizability of the findings. Further-
more, nutritional interventions often differ in formulation and dosage, complicating direct
comparison across studies. Despite these limitations, the reviewed evidence provides a
consistent mechanistic framework supporting the role of structural macromolecules in
maintaining hair follicle and hair fiber integrity.
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