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Dietary supplementation with bioactive collagen peptides (CPs) may be a helpful adjuvant strategy in reducing
the excessive hair shedding and thinning associated with aging or patterned hair loss. However, the underlying
biological effects of CPs on hair follicle (HF) function have not yet been characterized. Excessive hair loss occurs
when HFs exit the growth phase (anagen) prematurely due to, among other factors, impaired epithelial HF stem
cell (eHFSC) activities. The aims of this study were to investigate the response of human HFs to peptides from the
two most popular CP sources, i.e. marine and bovine collagens, which were previously in vitro-digested to mimic
gastrointestinal breakdown, in one of the most clinically-relevant ex vivo HF models. Both types of collagens
reduced the proliferation of pluripotent K15+ eHFSCs and enhanced the generation of K19+ and/or CD34+ stem
cell progenies. In addition, bovine CPs significantly increased K15+ cells in the bulge and marine CPs signifi-
cantly maintained HFs longer in anagen. Our results suggest that both marine and bovine CPs may help to
prevent hair loss and maintain healthy hair by preserving eHFSCs and/or improving the generation of SC
progenies. This data invites the further exploration of other CPs for the prevention of excessive hair shedding.

Hair follicle stem cells

1. Introduction

Healthy hair comprises both the hair follicle (HF) in the scalp and the
hair shaft. (Bertolini et al., 2018; Schneider et al., 2009). Healthy hair
growth, density and fiber quality depends on optimal HF function and
low levels of damage to the hair shaft. To achieve healthy hair, both
cosmetic (topically applied) and dietary supplements should be used to
improve HF performance and hair shaft properties (Bertolini et al.,
2018; Lim et al., 2019).

HFs are mini-organs that undergo cyclical growth- (anagen), transi-
tion- (catagen), and resting- (telogen) phases, during the so-called hair
cycle. The hair cycle is regulated by reciprocal interactions between
epithelial and mesenchymal cells of the HF (Schneider et al., 2009). At
the onset of anagen, molecular inductive signals from a specialized
mesenchyme (dermal papilla (DP) fibroblasts) activate epithelial hair

follicle stem cells (eHFSCs) and initiate a new hair cycle (Hsu et al.,
2014; Rahmani et al., 2014). In human HFs, eHFSCs are identified as
K15+ cells residing in their stem cell niche in the bulge region of the
upper HF (Garza et al., 2011; Purba et al., 2017). eHFSCs maintain the
capacity for self-renewal and pluripotency throughout life, which is
linked to their K15 expression, and they are normally quiescent (non-
proliferating) during anagen (Garza et al., 2011). However, during
activation, eHFSCs proliferate and generate K19+ and CD34+ cell
progeny, which are postulated to differentiate into HF outer root sheath
(ORS) keratinocytes and fast-cycling, transit-amplifying cells (TACs).
These TACs continue to divide to form a new hair bulb containing the
hair matrix (HM) keratinocytes which proliferate, differentiate and
synthesize all the different hair keratins required to form the hair shaft
and its surrounding structures during anagen (Hsu et al., 2011, 2014;
Inoue et al., 2009; Purba et al., 2014, 2017).
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Hair loss, seen during aging and in HF disorders such as telogen ef-
fluvium or male/female pattern hair loss (M/FPHL, also commonly
known as androgenetic alopecia, AGA), results from hair cycle distur-
bances and causes severe psychological distress (Gentile & Garcovich,
2021). These forms of hair loss are characterized by excessive shedding,
gradual decrease in anagen growth phase duration, premature catagen
entry, and an extended telogen resting phase (Garza et al., 2011; Gentile
& Garcovich, 2019). Also, progressive miniaturization of the HF leads to
the production of shorter, lighter-colored and thinner hair shafts in
pattern hair loss and aging (Pantelireis & Higgins, 2018). The precise
underlying mechanisms driving hair thinning and balding are unclear
but mouse and human data imply impaired DP fibroblast and/or
reduced eHFSC functions (Garza et al., 2011; Mohammadi et al., 2021).
Specifically, HFs from aged mice show reduced eHFSC K15+ cell
numbers (Matsumura et al., 2016) while those from the bald scalps of
MPHL reveal markedly diminished numbers of CD34+ eHFSC progeny
(Garza et al., 2011).

There are limited options available for preventing or delaying aging-
and M/FPHL-induced hair loss. Dietary supplementation could be a
potential solution, since quantity and quality of hair are critically
associated to the nutritional state of an individual (Finner, 2013). Recent
evidence (Piccini et al., 2022) suggests that HFs from female hair loss
patients exhibit nutrient deficiencies and a more quiescent metabolism,
making dietary supplementation an appealing intervention to combat
hair loss (Avila Rodriguez et al., 2018; Helal et al., 2019).

Collagen peptides (CPs) are gaining attention as bioactive in-
gredients in nutricosmetic products for improving skin properties
(Venkatesan et al., 2017; Salvatore et al., 2020; Proksch et al., 2014).
Upon digestion, CPs break down into free amino acids and di- or tri-
peptides characterized by a high content of the amino acids hydroxy-
proline, glycine, and proline (Asserin et al., 2015). Following absorption
from the gut, they are transported into the skin and support the for-
mation of new collagen and elastin fibers and actively modulate cell
functions (Leon-Lopez et al., 2019; Sibilla et al., 2015). Dietary sup-
plements containing CPs reportedly increased hair thickness (Oesser,
2020) and proved effective for hair loss in patients suffering from
patterned hair loss and/or telogen effluvium (Arias et al., 2022; Milani
and Colombo, 2023).

Here, the effects of marine- and bovine-derived CPs (m- and b-
Collagen, respectively) on human HF functions were investigated using
the clinically-relevant human HF organ culture model (Campiche et al.,
2022; Chéret et al., 2018; Edelkamp et al., 2020; Jimenez et al., 2021)
under physiologically relevant experimental conditions, including the
simulation of human digestion of the CPs, to mimic oral ingestion and
metabolism, prior to treatment of the HFs (Brodkorb et al., 2019). We set
out to detect possible effects of CPs on a range of end points including HF
cycle, cell proliferation and apoptosis, the number of eHFSCs and direct
progeny, keratin expression, DP cell functions, hair fiber growth rate
and melanogenesis.

2. Material & methods

Detailed materials and methods are provided in the “Supplementary
file.”.

2.1. Donor material and ethics consideration

Human HF specimens were obtained from three male (age 45, 48, 59
years) and female (age 27, 41, 48 years) donors after informed written
patient consent and ethics committee approval (Medical Association of
Westfalen-Lippe and Westfalischen Wilhelms University, no. 2015-602-
£-S). All experiments on human tissue were performed according to the
study plan 2020-954-f-S and the Declaration of Helsinki principles.
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2.2. Digested collagen peptides and blank preparation

Peptan® Marine 5000 (5 kDa), a hydrolyzed collagen made from fish
skins of wild caught fish living in oceans, here called m-Collagen, and
Peptan® B 5000 (5 kDa), a mixture of bovine-hide derived collagen
peptides, here called b-Collagen, were provided by Rousselot BV (Ghent,
Belgium). Both marine and bovine CPs were digested in vitro prior to use,
according to the Infogest protocol, an international consensus for
simulated gastrointestinal digestion in humans (Brodkorb et al., 2019).
As a control, the in vitro digestion protocol was performed without
collagen peptides (blank).

2.3. Hair follicle organ culture and treatment

Human amputated HFs were micro dissected from scalp skin as
previously described (Edelkamp et al., 2020) and cultured for 5-6 days
ex vivo with m-Collagen (0.01 mg/ml), b-Collagen (0.01 mg/ml) or
blank (vehicle control; 0.01 mg/ml) dissolved in William‘s culture me-
dium (WCM). During organ culture, hair follicle length and hair shaft
production were measured using a digital light microscope at 50X
magnification (VHX900; Keyence Corporation, Osaka, Japan) (Edel-
kamp et al., 2020).

2.4. Immunofluorescence, histochemistry & (immuno-)histomorphometry

Frozen sections of HFs were collected and used for immunofluores-
cence or histochemical staining as previously described (Bodo et al.,
2007a; Tobin, 2008; Purba et al., 2017; Edelkamp et al., 2020; Campiche
etal., 2022). Images were taken with a Keyence fluorescence microscope
(BZ9100; Osaka, Japan), maintaining a constant set exposure time
throughout imaging for further analysis. Hair cycle staging and scoring
was performed at the end of the culture according to established pa-
rameters (Kloepper et al., 2010; Bertolini et al., 2021a).

2.5. Statistical analysis

Statistical analyses were performed using Graphpad Prism 9
(GraphPad Software Inc.). Data were tested for normal distribution
using the D’Agostino & Pearson omnibus normality test. When data did
not follow normal distribution the Mann-Whitney U test was used. When
data were normally distributed an unpaired student’s t-test was used.
Data are expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results
3.1. M-collagen prolongs anagen phase ex vivo

First, it was validated that neither m-Collagen nor b-Collagen
application induced cytotoxicity in human HF organ cultures, in that no
excessive melanin clumping was observed; Fig. Sla. Afterwards, the
effect of m- or b-Collagen application on HF ex vivo was investigated by
examining hair cycle staging and resultant cycle score as previously
described (Kloepper et al., 2010; Langan et al., 2015). Application of m-
Collagen maintained significantly more HFs in anagen phase when
compared to vehicle treated controls (Fig. 1a-b). The anagen-prolonging
effect of m-Collagen was verified by a significant decrease in hair cycle
score (Fig. 1c). In line with this, the germinative HM keratinocytes
showed significantly higher cell proliferation (Ki-67+) together with an
unaffected apoptosis rate (TUNEL) upon treatment with m-Collagen in
comparison with control (Fig. 1a, d-e). In contrast, treatment with b-
Collagen had no effect on the percentage of HFs in anagen, the hair cycle
score (Fig. S1b-d) or HM keratinocyte proliferation and apoptosis
(Fig. Sle-f).

Anagen phase is characterized by keratin synthesis, hair shaft pro-
duction (Schneider et al., 2009), and melanogenesis (Van Neste & Tobin,
2004), all requiring continued production of DP derived hair growth
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factors (Greco et al., 2009; Kishimoto et al., 2000; Qiao et al., 2009;
Schneider et al., 2009). However, m- and b-Collagen did not affect any of
these biological processes (Suppl. Results, and Fig. S2a-f). Thus, the
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catagen preventing effects of m-Collagen in HFs ex vivo are linked to
other factors important for maintaining hair growth, such as preserving
and modulating eHFSCs.
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Fig. 1. Marine derived Collagen peptides prolong anagen phase in human hair follicles, increase hair matrix keratinocyte proliferation and reduce K15+
cell proliferation in the bulge. a) Representative images of Ki-67/TUNEL immunostaining and Masson Fontana staining to quantify anagen and catagen HFs, as well
as hair matrix keratinocyte proliferation and apoptosis under vehicle or marine derived Collagen (m-Collagen) treatment. Ki-67+ cells (red) in the gHM below the
Auber’s line were counted for proliferation and in the gHM and pcHM for apoptosis. b) Quantitative analysis of hair cycle staging of anagen and catagen HFs under
vehicle or m-Collagen treatment. ¢) Quantitative analysis of hair cycle score of anagen and catagen HFs under vehicle and m-Collagen treatment. Arbitrary units (au)
were assigned to anagen (100), early catagen (200), mid catagen (300), and dystrophic (500) HFs. d) Quantitative analysis of proliferating (Ki-67+) keratinocytes
in the gHM of vehicle or m-Collagen treated HFs. e) Quantitative analysis of apoptotic (TUNEL+) keratinocytes in gHM and pcHM of vehicle or m-Collagen treated
HFs. f) Quantification of the percentage of Keratin 15 positive (K15+) cells and K15 expression intensity in the bulge in HFs treated with vehicle or m-Collagen (left
panel). Representative images of K15 immunostaining in the bulge (right panel). g) Quantification of the percentage of proliferating (Ki-67+) K15+ cells in the bulge
in HFs treated with vehicle or m-Collagen (left panel). Representative images of K15/Ki-67 immunostaining in the bulge (right panel). h) Quantification of the
percentage of Keratin 19 positive (K19+) cells in the bulge in HFs treated with vehicle or m-Collagen. (left panel). Representative images of K19 immunostaining in
the bulge (right panel). i) Quantification of CD34 positive cells in the suprabulbar basal ORS of m-Collagen treated HFs (left panel) and representative images of CD34
immunostaining in the suprabulbar ORS (right panel). All experiments are presented as mean + SEM of (b) n = 38-39 HFs from five donors, (c) n = 38-39 HFs from
five donors, (d) n = 36 HFs from five donors, (e) n = 36 HFs from five donors, (f) n = 33-38 from five donors, (g) n = 19-23 HFs from three donors, (h) n = 13-17
HFs from two donors and (i) n = 33-38 HFs from five donors. The data were tested for normality with the D’Agostino & Pearson omnibus normality test and further
compared with an unpaired student’s t-test when the datasets followed a normal distribution or a Mann-Whitney test if not (c,d,g). *p < 0.05, ***p < 0.001. In-
dependent experiments are indicated with dots of different colors: green and yellow represent HFs from the female donors, red, blue, and orange represent HFs from
the male donors. Scale bars: 100 um; HF: hair follicle, gHM: germinative hair matrix, pcHM: precortical hair matrix. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

3.2. M-collagen reduces K15+ bulge eHFSCs proliferation

The effect of CPs on number and distribution of eHFSCs and their
progeny was examined by analyzing the eHFSC markers K15, K19 and
CD34 in the bulge and subORS to include pluripotent and progenitor
cells (Purba et al., 2017). Treatment with m-Collagen neither affected
percentages of eHFSC K15+ cells, nor K15+ expression in the bulge
(Fig. 1f). However, K15+ cell proliferation was significantly lower in the
bulge under treatment with m-Collagen in comparison to vehicle treated
controls (Fig. 1g), indicating maintenance of quiescence, preservation of
the eHFSC niche and a more stem cell-like phenotype (Purba et al.,
2017). In the subORS where eHFSC progeny are located, the percentage
of K15+ cells and proliferation remained unaltered upon m-Collagen
treatment (Figure S3a-b). M—Collagen and vehicle treated HFs also
showed similar percentages of apoptotic K15+ cells, as well as double
positive K15+ K19+ cells in the bulge and subORS (Figure S3c-f). The
percentage of K19+ cells in the bulge was slightly higher in HF treated
with m-Collagen, but not in the subORS SC niche (Fig. 1h and Fig S3g).
Although non-significantly, this trend, together with higher numbers of
CD34+ cells in the subORS in HFs treated with m-Collagen (Fig. 1i)
indicates that m-Collagen treatment promotes differentiation of eHFSCs
into K19+ and CD34+ progenitor cells or modulates directly these HFSC
subpopulations, while also maintaining a quiescence eHFSC niche ex
vivo. This suggest that m-Collagen support the maintenance of anagen at
least in part by regulating eHFSC activities.

3.3. B-collagen increases the percentage of K15+ bulge eHFSCs, reduces
their proliferation and apoptosis and enhances the percentage of K19+
cells

The percentage of K15+ cells was significantly increased in the bulge
of b-Collagen treated HFs compared to vehicle treated controls indi-
cating a reinforcement of the stem cell niche (Garza et al.,, 2011),
although no pronounced effect on K15 expression was observed
(Fig. 2a). Application of b-Collagen had no effect on the percentage of
K15+ cells in the subORS (Figure S4a) while significantly fewer
proliferating K15+ cells were detected in the bulge of HFs exposed to b-
Collagen (Fig. 2b). This was not seen in the subORS (Figure S4b) where
cells are typically more proliferative (Chen et al., 2020). B-Collagen
treatment resulted in a tendency towards reduced K15+ cell apoptosis in
the bulge, while it significantly decreased apoptosis of K15+ cells in the
subORS, suggesting protection of pluripotency in this secondary stem
cell niche in the HF (Fig. 2c-d). Contrary to m-Collagen, b-Collagen
treatment had no effect on the percentage of CD34+ cells (Figure S4c).
However, slightly higher numbers of K19+ single and K15+ K19+
double positive cells were found in the bulge of HFs under b-Collagen
treatment (Fig. 2e-f). In the subORS the percentage of single positive

K19+ cells were significantly higher and that of K15+ K19+ double
positive cells marginally higher (Fig. 2g- h) versus the control follicles.
Thus, b-Collagen treatment reinforces the eHFSC niche, stemness and
promotes the generation of K19+ eHFSC progeny.

4. Discussion

Collagen supplementation for skin health is a major area of nutra-
ceuticals development and commercialization, but there is considerably
less data on its benefits for hair. This study is the first to demonstrate the
beneficial effects of hydrolyzed m-Collagen and b-Collagen peptides on
key biological processes of the intact human HF, using the clinically
relevant HF organ culture model (Campiche et al., 2022; Chéret et al.,
2018; Edelkamp et al., 2020; Jimenez et al., 2021). While only the
application of m-Collagen inhibits catagen development ex vivo, both
collagens demonstrate interesting and divergent effects on distinct
eHFSCs populations.

It is widely accepted that amino acid composition, molecular struc-
ture and -weight, and hydrophobic properties influence the functional
outcomes of CPs and other bioactive peptides (Aguirre-Cruz et al., 2020;
Gonzalez-Serrano et al., 2022; Ledn-Lopez et al., 2019; Nunez et al.,
2020; Venkatesan et al., 2017). Interestingly, teleost fish species express
three collagen 1 a-chains, whereas mammals express only two (Klein-
nijenhuis et al., 2022), and the hydroxyproline content and/or the de-
gree of hydroxylation of proline amino acids differs between marine and
bovine species (Bao et al., 2018; Carvalho et al., 2018). Thus, these
differences may explain the divergent functional outcomes described
following supplementation with bioactive CPs isolated from fish and
mammals (Nunez et al., 2020), as observed in our study, in the context of
HF biology. Yet, in other biological contexts, i.e. modulation of bone cell
metabolism, products of bovine, porcine and fish origin all had com-
parable effects (Wauquier et al., 2019). Although the differences be-
tween CPs from different species become less apparent as the mean
length of the peptides decreases (Kleinnijenhuis et al., 2020), it is
important to note that the potential impact of the raw material source of
the product may also depend on the target organ or cell.

Another explanation for the differing effects of m- and b-Collagen on
HFSC function could be that CPs regulate the stem cell niche by inter-
acting with extracellular matrix (ECM) components (Ahmed & ffrench-
Constant, 2016; Abdal Dayem et al., 2023). CPs can bind to ECM
integrin receptors (Leitinger, 2011; Zeltz & Gullberg, 2016), which are
also expressed in HFs (Jones & Watt, 1993; Jones et al., 1995; Commo
et al., 2000; Kloepper et al., 2008; Ernst et al., 2013). Particularly f1
integrin-mediated signaling is critical for human TAC generation, HM
keratinocyte proliferation, anagen prolongation (Ernst et al., 2013;
Kloepper et al., 2008), and eHFSC maintenance (Jones et al., 1995;
Jones & Watt, 1993). However, human eHFSC subpopulations differ in
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their responses to pl-integrin activation (Commo et al., 2000; Ernst
et al., 2013) suggesting that distinct integrin ligands, such as hydrolyzed
m- or b-Collagen, may have different effects within the HFs, particulary
within the eHFSC niche, as observed in our study.

Besides direct effects on the HF, the impact of m-Collagen and b-

(caption on next page)

Collagen on HF function could also be indirectly mediated through
surrounding cells, as CPs are known to facilitate morphogen and growth
factor signaling, and pro-inflammatory cytokine production in different
cells and tissues surrounding the HF, all of which are important for
anagen maintenance (Ahmed & ffrench-Constant, 2016; Brandao-
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Fig. 2. Bovine derived Collagen peptides upregulate K15+ cells in the bulge, diminish K15+ cell proliferation in the bulge and K15+ cell apoptosis in the
suprabulbar outer root sheath and increase K19+ cell numbers in the suprabulbar outer root sheath. a) Quantification of the percentage of K15+ cells and
K15 expression in the bulge in HFs treated with vehicle or b-Collagen (left panel). Representative images of K15 immunostaining in the bulge (right panel). b)
Quantification of the percentage of proliferating (Ki-67) K15+ cells in the bulge in HFs treated with vehicle or b-Collagen (left panel). Representative images of K15/
Ki-67 immunostaining in the bulge. (right panel). ¢) Quantification of the percentage of apoptotic (caspase 3+) K15+ cells in the bulge of HFs treated with vehicle or
b-Collagen (left panel). Representative images of caspase 3/K15 immunostaining in the bulge (right panel). d) Quantification of the percentage of apoptotic (caspase
3+) K15+ cells in the suprabulbar basal ORS in HFs treated with vehicle or b-Collagen (left panel). Representative images of caspase 3/ K15 immunostaining in the
suprabulbar ORS (right panel). e) Quantification of the percentage of K19+ cells in the bulge of vehicle or b-Collagen treated HFs. Outliers were removed (left panel).
Representative images of K19 immunostaining in the bulge (right panel). f) Quantification of K15+/K19+ double positive cells in the bulge ORS of vehicle or b-
Collagen treated HFs (left panel). Representative images of K15/K19 immunostaining in the bulge (right panel). g) Quantification of the percentage of Keratin 19
positive (K19+) cells in the suprabulbar basal ORS of vehicle or b-Collagen treated HFs (left panel). Representative images of K19 immunostaining in the suprabulbar
ORS (right panel). h) Quantification of K15+/K19+ double positive cells in the suprabulbar basal ORS and the bulge of vehicle or b-Collagen treated HFs (left panel).
Representative images of K15/K19 immunostaining in the suprabulbar ORS (right panel). All experiments are presented as mean + SEM of (a) n = 31-38 HFs from
five donors, (b) n = 21-23 HFs from three donors, (¢) n = 11-18 HFs from three donors, (d) n = 15-22 HFs from 3 donors, (e¢) n = 14-17 HFs from two donors, (f) n
= 15-17 HFs from two donors, (g) n = 16-17 HFs from two donors and (h) n = 15-17 HFs from two donors. The data were tested for normality with the D’Agostino &
Pearson omnibus normality test and further compared with an unpaired student’s t-test when the datasets followed a normal distribution (c,e,f,h) or a Mann-Whitney
test if not (a,b,d,g). *p < 0.05, **p < 0.01 ***p < 0.001. Independent experiments are indicated with dots of different colors: green and yellow represent HFs from the
female donors, red, blue, and orange represents HFs from the male donors. Scale bars: 100 um; HF: hair follicle, gHM: germinative hair matrix, pcHM: precortical hair

matrix, ORS: outer root sheath. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Rangel et al., 2022; Edgar et al., 2018; Nica et al., 2020; Paralkar et al.,
1991; Sarrazin et al., 2011). For instance, it has been shown that dietary
supplementation with fish derived CPs significantly elevated blood
plasma levels of the anagen prolonging growth factor IGF-1 (Ito et al.,
2018).

Finally, CPs are potent antioxidants (Li & Yu, 2015; Zou et al., 2016;
Wang et al., 2018). Particularly marine-derived CPs efficiently scavenge
free radicals and reduce lipid peroxidation (Aguirre-Cruz et al., 2020;
Gonzalez-Serrano et al., 2022). Especially proline and hydroxyproline
have been suggested to regulate the cellular redox state and apoptosis
(Phang et al., 2008). Thus, the different levels of these two AAs in m- and
b-derived CPs (Bao et al., 2018; Carvalho et al., 2018) could influence
their antioxidative characteristics, which are of interest in the context of
hair growth. For instance, hydrogen peroxide treatment of human HFs
ex vivo leads to premature catagen induction (Haslam et al., 2017), and
treatment with the antioxidants niacinamide or sulforaphane prolong
hair growth (Choi et al., 2021; Haslam et al., 2017). Hair aging is
affected by oxidative stress that damages the HFs and eHFSCs (Trueb,
2009), while DP spheroids generated from cells of MPHL patients
showed increased mitochondrial ROS levels, accompanied by altered
activity of electron transport chain complexes and decreased ATP levels
(Chew et al., 2022).

Thus, a follow up characterization of the exact amino acid and
peptide composition of m- and b-Collagens may provide tangible ex-
planations to the differential response of human HFs to the investigated
peptides.

Many studies limit their search for putative effects of hair loss actives
using DP cells (Kageyama et al., 2023; J. Lee et al., 2023; Liang et al.,
2023; Sung, 2023). However, anagen maintenance and delay or pre-
vention of catagen and subsequent hair shedding also requires mainte-
nance of the eHFSC populations and their progeny in bulge and ORS
compartments (J. H. Lee & Choi, 2024). Hence, regardless of the
mechanism of action, maintaining eHFSC resilience, i.e. quiescence
within their niche, proper functioning and a high potential for self-
renewal, is critical for sustained hair cycle induction, anagen mainte-
nance, delayed hair shedding (J. H. Lee & Choi, 2024), and HF regen-
eration (Purba et al., 2014), as well as overall skin homeostasis (Li &
Tumbar, 2021). Additionally, a low proliferation rate of bulge eHFSCs
reduces their susceptibility to accumulate mutations. As a result fewer,
potentially deleterious, mutations are passed on to daughter cells
(Moore & Lemischka, 2006). Thus, our results on HF ex vivo suggest that
m- and b-Collagens may contribute to the resilience of HFSC pop-
ulations, in particular, preservation of the quiescent K15+ eHFSCs, in a
similar manner as observed in muscle stem cells treated with collagen V
in vitro (Baghdadi et al., 2018).

Along this line, the enrichment of the K15+ HFSC pool in the bulge
observed in HFs after b-Collagen treatment might be particularly

interesting in the context of HF aging. In fact, proteolysis of type XVII
collagen, a critical molecule for HFSC maintenance, induces loss of
K15+ eHFSCs and terminal differentiation into epidermal, not HF, lin-
eages, which results into HF miniaturization and hair loss in aged mice in
vivo (Matsumura et al., 2016). The HF is regarded as a zoo of SC pop-
ulations, including K19+ cells (Purba et al., 2014). Although the exact
biological role of these progenitor cells remains speculative, the elevated
K19+ cell numbers in the presence of b-Collagen suggest an improved
regeneration potential of the HF (Purba et al., 2014).

Given the clinical relevance of the HF organ culture model (Chéret
etal., 2018; Edelkamp et al., 2020; Jimenez et al., 2021; Campiche et al.,
2022), the anagen prolonging effect of m-Collagen seen ex vivo suggests
that its supplementation may be a promising adjuvant strategy to pre-
vent or reduce hair shedding in vivo. While this deserves clinical inves-
tigation, m-Collagen may be of particular interest in preventing the
sudden decrease in anagen duration, consequent premature catagen
induction and prolonged telogen phase seen in telogen effluvium or
MPHL patients (Garza et al., 2011; Gentile & Garcovich, 2019). The
latter is especially noteworthy given the increased percentage of CD34+
cells detected upon m-Collagen treatment, the progenitor cell type
reduced in affected HFs from MPHL patients (Garza et al., 2011).

Thus, the results described herein and those from previous studies
suggest that CPs are promising candidates to sustain hair health in vivo,
and that supplementation may be a promising adjuvant strategy to other
therapeutic treatments to delay or reduce hair loss in vivo. However,
further studies are needed to fully understand the specific mode of ac-
tion of these peptides, and to confirm their beneficial effects in well-
designed clinical trials.

5. Conclusion

Our study is the first of its kind to investigate the mechanisms behind
the beneficial effects of CPs on key biological processes of the intact
human HF. Our results highlight that CPs, isolated from different sour-
ces, exert distinct biological effects, by differentially and selectively
targeting diverse HFSC populations. This knowledge could help to pre-
dict how individuals suffering from different hair loss conditions may
benefit from the dietary supplementation with distinct CPs. Indeed, our
data suggests that exploring the effects of a wider set of collagen peptide
structures on hair physiology could reveal specific peptide functional-
ities to target different causes of hair loss, which could lead to a more
personalised treatment approach.
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