Korean J Physiol Pharmacol 2022;26(6):405-413
https://doi.org/10.4196/kjpp.2022.26.6.405

KIPP

Review Article

The physiological and pharmacological roles of prostaglandins in

hair growth
Dong Wook Shin*

College of Biomedical and Health Science, Konkuk University, Chungju 27478, Korea

ARTICLE INFO
Received September 19, 2022

Revised October 12, 2022
Accepted October 12,2022

*Correspondence
Dong Wook Shin
E-mail: biocosmed@kku.ac.kr

Key Words

Alopecia areata
Androgenetic alopecia
Cyclooxygenase

Hair follicle
Prostaglandin

ABSTRACT Hair loss is a common status found among people of all ages. Since the
role of hair is much more related to culture and individual identity, hair loss can have
a great influence on well-being and quality of life. It is a disorder that is observed
in only scalp patients with androgenetic alopecia (AGA) or alopecia areata caused
by stress or immune response abnormalities. Food and Drug Administration (FDA)-
approved therapeutic medicines such as finasteride, and minoxidil improve hair
loss temporarily, but when they stop, they have a limitation in that hair loss occurs
again. As an alternative strategy for improving hair growth, many studies reported
that there is a relationship between the expression levels of prostaglandins (PGs) and
hair growth. Four major PGs such as prostaglandin D2 (PGD,), prostaglandin 12 (PGl,),
prostaglandin E2 (PGE,), and prostaglandin F2 alpha (PGF,,) are spatiotemporally
expressed in hair follicles and are implicated in hair loss. This review investigated the
physiological roles and pharmacological interventions of the PGs in the pathogene-
sis of hair loss and provided these novel insights for clinical therapeutics for patients
suffering from alopecia.

INTRODUCTION

The formation of hair follicles and hair growth is tightly regu-
lated by epithelial-mesenchymal interactions. The epithelium is
comprised of the inner root sheath (IRS), the outer root sheath
(ORS), the matrix, and the hair shaft, whereas mesenchyme con-
tains dermal papilla and dermal sheath cells [1,2]. The hair follicle
undergoes three kinds of cycles including the growth phase (called
anagen), the regression phase (called catagen), and the resting
phase (called telogen).

Androgenetic alopecia (AGA) is one of the hair cycle disorders
affecting both males and females and causes inconvenience in
modern social life. Hair loss is generally accompanied by thinned
skin areas in the bald region [3,4]. This alopecia is generally
caused by various internal factors such as a genetic problem or
hormonal balance [3-5]. The major pathologic alteration of hair

follicles in AGA exhibits a gradual shortening of the anagen phase
in hair cycle dynamics. 5q-reductase plays an important role in
the conversion of testosterone to dihydrotestosterone (DHT) in
dermal papilla cells. After DHT binds to androgen receptors, the
following signaling pathways disturb hair growth and eventually
miniaturize hair follicles [3,4,6]. However, the precise molecular
mechanism underlying AGA has not yet been fully elucidated.
There have been many therapeutic trials for hair loss such as
medicine and hair transplantation [7,8]. There are two Food and
Drug Administration (FDA)-approved therapeutic medicines
Finasteride and minoxidil [7,9]. Finasteride is well known for sup-
pressing the 5-alpha-reductase, thus preventing the conversion of
testosterone to DHT. Minoxidil is a 2,4-di-amino-6-piperidino-
pyrimidine-3-oxide and is effective in AGA by prolonging ana-
gen, shortening telogen, and leading to enlarging miniaturized
hair follicles. These two medicines have the following limitation.
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They provide a temporary improvement, and if one stops taking
medication, it causes immediate hair loss.

As another strategy for treating hair loss, it has been proposed
that prostaglandins (PGs) may play a key role in the etiology of
hair loss [10,11]. PGs are unsaturated carboxylic acids, which are
20 carbo skeletons and are synthesized from arachidonic acid.
They are signaling molecules observed in most tissues, and have
various functions including the activation of the inflammatory
response, pain production, and fever [12]. The cyclooxygenase
(COX) enzyme metabolizes the arachidonic acid into prostaglan-
din H2 (PGH,), which is a kind of origin prostaglandin [13,14].
The molecular structure of PGH, can be modified by specific
synthase to produce several isoforms of prostaglandin such as
prostaglandin D2 (PGD,), prostaglandin E2 (PGE,), and prosta-
glandin F2 alpha (PGF,,). Colombe et al. [13] proposed that the
hair cell types had prostaglandin metabolism machinery and
could produce PGE, and PGF,,. The receptors of all four major
PGs (PGE,, PGD,, PGF,,, and prostaglandin 12 [PGI,]) were
also observed in hair follicles. Interestingly, PGD, and its PGD,
enzyme synthase were significantly up-regulated in skin biopsies
derived from male bald scalps [15,16]. PGE, and PGF, could con-
tribute to accelerating hair growth in mice and protect them from
alopecia [15-17].

This review investigated the physiological roles and pharma-
cological interventions of the PGs in the pathogenesis of hair loss
and provided these novel insights into hair loss for meaningful
interventions for patients.

HAIR FOLLICLE DEVELOPMENT AND HAIR
CYCLE

Hair follicles are composed of the epidermal compartment
and the dermal compartments, especially showing a bulb-shaped
structure [1,2,15,17]. These dermal papillae consist of dermal
papillar cells (DPCs), which play a key role in hair follicle mor-
phogenesis, hair cycle, and hair growth. These dermal papillae
are surrounded by keratinocytes in the hair matrix region. These
keratinocytes proliferate and form hair fiber during hair growth.
Hair development undergoes three stages including induction, or-
ganogenesis, and cytodifferentiation [1,2,15]. The induction stage
forms a placode by the thickening of epithelial cells. During the
organogenesis stage, the epithelial cells transmit signals to dermal
cells, and then, contribute to forming a dermal condensate, which
induces the migration of epithelial cells toward the dermis. Dur-
ing the cytodifferentiation stage, the dermal condensate finally
forms the dermal papillae [1,2,15].

Hair growth undergoes a hair cycle, which is composed of the
anagen phase for growth, the catagen phase for cessation, and the
telogen phase for rest. The anagen phase lasts from two to eight
years, while the catagen phase takes from two to three weeks.
The telogen phase ends with a fall from the original hair and is
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followed by the generation of new hair. If the onset of anagen is
significantly delayed, this leads to harmful effects on hair regen-
eration [15-17].

THE IMPLICATION OF COX IN HAIR
GROWTH

Minoxidil, a known FDA-approved medicine for hair growth,
stimulated the activity of COX-1, implying that PGs have a posi-
tive role in hair growth. Several transgenic mouse models overex-
pressing COX-2 have been developed, and these transgenic mice
have shown characteristic phenotypes of hair dysregulation [18-
20]. Neufang et al. [18] demonstrated that the COX-2 transgenic
mice model under the control of a keratin 5 promoter led to
retarded hair follicle morphogenesis, diminished density of hair
follicles, and the hyperplasia of a sebaceous gland [18]. Bol et al.
[19] also reported that COX-2 overexpressing transgenic mice
using a human keratin 14 promoter exhibited distinct alopecia.
These K14-COX-2 transgenic mice showed atrophy of the skin
and enlargement of sebaceous glands. Furthermore, treatment
of celecoxib, a selective COX-2 inhibitor, recovered hair growth,
implying that the alopecia was due to increased COX-2 activity
[19]. Similarly, another study observed that homozygous COX-2
overexpressing transgenic mice accelerated the catagen stage and
abnormal status in the hair follicle cycle. As hair follicles at early-
stage gradually turned into fully differentiated follicles, COX-
2 expression exclusively occurred in ORS and sebaceous gland
cells. When follicles entered the catagen phase, the expression
level of COX-2 was decreased and was barely detectable in telogen
follicles. The expression levels of both COX-1 and COX-2 are spa-
tiotemporally changed during the morphogenesis and cycling of
hair follicles, which affects the production of PGs. Interestingly,
these mice also exhibited alopecia and sebaceous gland hyperpla-
sia and were recovered by the specific COX-2 inhibitor [20]. COX-
1 was also present in the dermal papilla cells, whereas COX-2 was
exclusively expressed in the anagen status of the dermal papilla.
Although COX-2 activity was necessary for the early growth of
hair follicles, treatment of PGD, turned the anagen phase into the
catagen phase and led to inducing alopecia [21].

PROSTAGLANDINS AND PROSTAGLANDIN
RECEPTORS IN HAIR GROWTH

Prostanoids are one of the representative lipid mediator groups,
which contains PGs and thromboxanes (TXA,). Prostanoids are
generated by the serial reaction of phospholipase A2 and pros-
taglandin endoperoxide synthases. And then, the endoperoxide
prostaglandin is processed into prostaglandins or thromboxanes
by specific isomerases. Prostanoids play a role as autocrine/para-
crine hormones by using specific G-protein coupled receptors
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(GPCRs) as downstream signaling molecules [21]. They have vari- Some studies reported the distribution of prostanoid receptors
ous biological effects on the regulation of cell growth, apoptosis, in human hair follicles. All prostanoid receptors are one of the
and inflammatory responses. Prostanoids are classified into five rhodopsin family, which has seven transmembrane domains, and

types, namely PGD,, PGE,, PGF,,, PGI,, and TXA,. PGD, binds are present in hair follicles [15]. The EP2, EP3, EP4, DP2, TP, and
to prostaglandin D2 receptors (DP1, DP2), whereas PGE, binds to EP1 are associated with the hair follicle compartments, whereas
prostaglandin E2 receptors (EP1, EP2, EP3, EP4) (Fig. 1). PGF,, DP1 and IP are expressed in ORS basal layer and the hair cuticle
binds to the prostaglandin F2q, receptor (FP). PGI, binds to the layer, respectively (Fig. 1). FP was expressed in the dermal papilla
prostaglandin I2 receptor (IP). TXA, binds to the prostanoid and the ORS companion layer [15]. In addition, Nesher et al. [23]
thromboxane A2 receptor (TP) (Fig. 1) [22]. Colombe et al. [13] found that FP was also present in the IRS region of the bulb and

examined the expression profile of the main enzymes involved stem region of eyelashes and exclusively expressed in eyelashes at
with PGs metabolism in human hair follicles. They demonstrated the anagen phase, implying that the expression level of FP in der-
that human hair follicles remarkably expressed microsomal mal papilla is involved with the effect of PGF,, on hair growth.

PGES (mPGES)-1, mPGES-2, and cytosolic PGES (cPGES), which These prostanoid receptors are classified into three types. TP,
converts PGH, to PGE, (Fig. 1). These human hair follicles also EP1, and FP initiate Gq protein-coupled Ca™ signaling, the gen-
significantly expressed AKR1C3/PGFS, which catalyzes PGH, eration of inositol 1,4,5-triphosphate, and the activation of pro-
to PGF,, (Fig. 1) [13,15]. PGE, and PGF,, metabolism exist in tein kinase C. IP, EP2, EP4, and DP1 induce the activation of Gos
human hair follicles. PGD,, PGI,, and TXA, synthases were also protein-coupled adenylate cyclase and lead to increasing cAMP
expressed in the human hair follicle. These results suggested that synthesis and the activation of protein kinase A. EP3 and DP2
PGs may be associated with hair growth and differentiation. initiate the inhibition of Gi protein-coupled adenylate cyclase and

Arachidonic acid

' PGG,
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COX-2

' PGH,

PGDS PGES PGFS PGIS XS

MPGES-1
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Fig. 1. Diagram of prostanoids and their biological effects on hair follicles through stimulating different type of G protein-coupled recep-
tors. Prostanoids are classified into five types, namely thromboxane A2 (TXA,), prostaglandin D2 (PGD,), prostaglandin E2 (PGE,), prostaglandin F2¢
(PGF,,), and prostaglandin 12 (PGL,). PGD, binds to prostaglandin D2 receptors (DP1, DP2), whereas PGE, binds to prostaglandin E2 receptors (EP1,
EP2, EP3, EP4). PGF,, binds to the prostaglandin F2a. receptor (FP). PGI, binds to the prostaglandin 12 receptor (IP). TXA, binds to the thromboxane A2
receptor (TP). Human hair follicles remarkably expressed microsomal PGES (mPGES)-1, mPGES-2, and cytosolic PGES (cPGES), which converts PGH, to
PGE,. These human hair follicles also significantly expressed AKR1C3/PGFS, which catalyzes PGH, to PGF,,. In addition, cyclooxygenase-1 (COX-1), cy-
clooxygenase-2 (COX-2), prostaglandin G2 (PGG,), prostaglandin H2 (PGH,), PGD2 synthase (PGDS), PGE, synthase (PGES), PGF,, synthase (PGFS), PGl,
synthase (PGIS) are marked.
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resulting in the down-regulation of intracellular cAMP [24]. Vari-
ous cCAMP or Ca’" amplitude induces specific stimulation of cell
regulation mechanisms.

THE INHIBITORY ROLES OF
PROSTAGLANDIN (PGD;) IN HAIR
GROWTH

Prostaglandin D2 synthase (PTGDS), which synthesizes pros-
taglandin D2 (PGD,), exhibits hormone response in various
organs. PGD, binds to two known G protein-coupled receptors,
prostaglandin D2 receptor type I (DP1 or PTGDR) and prosta-
glandin D, receptor type II (DP2 or GPR44) (Fig. 1) [25,26]. Since
androgens affect stimulating PTGDS, the stimulation of PGD,
could come from enhanced androgen levels [27].

Garza et al. [16] first demonstrated that the expression levels of
PTGDS and its product, PGD,, were significantly increased in the
region of the balding scalp compared to that in the region of the
non-balding scalp in the patient group with AGA. Interestingly,
they revealed that expression levels of PGE, and PGF,, were re-
markably reduced in bald areas compared to the haired areas. In
addition, PG levels in healthy samples were similar to the haired
areas. They also revealed that PGD, and its metabolite, 15-deoxy-
Al12,14-prostaglandin J2 (15-dPGJ2), suppressed the growth of
explanted human hair follicles and suppress hair growth via DP2,
but not the PTGDR in mice [16]. They further demonstrated that
K14-Ptgs2, a transgenic mouse that targets PGES-2, enhanced
expression levels of PGD, in the skin and developed alopecia by
showing several symptoms such as sebaceous gland hyperplasia
and hair follicle miniaturization. These results implied that the
precise balance among these four components in scalp hair fol-
licles, and their maintenance may be important for hair growth.
Thus, the PGD,-DP2 pathway can be a potential target for treat-
ing androgenetic alopecia [11,16].

Prostaglandins are one of the key inflammatory factors related
to wound closure and the modulation of hair growth [28,29]. In a
subsequent study, Nelson et al. [29] reported that PGE, and PGD,
were enhanced at the early and late stages during wound healing
in wound-induced hair follicle neogenesis (WIHN). They further
demonstrated that the highest expression levels of PGD, were
involved with the lowest amount of hair regeneration. Interest-
ingly, exogenous application of PGD, remarkably down-regulated
WIHN in wild-type mice, and DP2-knockout mice exhibited the
improvement of WIHN compared to control mice. In addition,
DP2-knockout mice were resistant to PGD,-induced suppression
of hair follicle neogenesis. These results suggested that PGD, af-
fects hair follicle regeneration via DP2 [29].

Another study demonstrated that DP2 is remarkably expressed
in the ORS cells and slightly expressed in the dermal papilla
cells [30]. Interestingly, they found that a higher concentration
of 15-dPGJ2 treatment (5 uM) significantly suppressed the cell
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viability and caused apoptosis of ORS, dermal papilla cells, and
follicular keratinocytes of cultured human hair follicles, implying
that 15-dPGJ2 provides a theoretical basis for the development of
therapeutic agents for improving hair loss, which is based on DP2
antagonism [16,30].

Mantel et al. [31] group examined the relationship between
PGD, and testosterone in the skin. They demonstrated that the
treatment of PGD, on human keratinocytes increased the capac-
ity to convert from androstenedione to testosterone, and induced
the level of reactive oxygen species (ROS) by the production of the
lipid peroxidation product, 4-hydroxynonenal. Furthermore, they
demonstrated that N-acetyl-cysteine, one of the ROS scavengers,
disturbed the increased production of testosterone from PGD,-
treated keratinocytes, implying that the PGD,-ROS axis can be
possible crosstalk with testosterone metabolism in keratinocytes
[31]. These results suggested that antioxidants can be clinically
utilized as a supplement for AGA therapeutics including PGD,
receptor blockers, finasteride, and minoxidil.

AGA exhibited a loss of CD200°/CD34" cells while retaining a
keratin 15" (K15") cell population [32]. Human scalp hair follicles
(hHFs) contain several epithelial stem cells (eHFSCs) and progen-
itor cells, which are spatially organized into distinct niches. Purba
et al. [33] group observed the relative inactivity of the cell cycle
in the CD200"/K15" bulge region compared to other non-bulge
CD34" and K15" progenitor regions. Interestingly, they found that
PGD, differentially affected the proliferation of distinct eHFSCs
populations. Administration of PGD, on organ-cultured hHFs
for 24 h decreased the expression level of Ki-67 and the incor-
poration of 5-ethynyl-2-deoxyuridine (EdU) in bulge resident
K15" cells, but not ORS K15 progenitors in supra/proximal bulb,
implying that there are differences between the cell cycle behav-
ior of distinct stem/progenitor cell niches in the hHFs spatially.
These results implied that PGD, could perturb the dynamics of
proliferation in epithelial stem cells [33]. Another previous study
revealed that PGD, stimulated the expression level of androgenic
receptors and AKT signaling via DP2. PGD, also induced andro-
genic receptors-related proteins including transforming growth
factor-beta 1 (TGF-B1), insulin-like growth factor 1 (IGF-1),
lymphoid enhancer binding factor 1 (LEF1), GSK3p, and Creb on
the expression levels of androgenic receptors in human dermal
papilla cells. As expected, DP2 antagonists (TM30089) and AKT
inhibitors (LY294002) down-regulated these factors, reduced the
expression levels of androgenic receptors, and suppressed AKT
signaling in human dermal papilla cells [34]. These data implied
that PGD, accelerated androgenic receptor, and AKT signaling
through DP2 in human dermal papilla cells and provide insights
into the development of therapeutics for treating AGA by inhibit-
ing PGD,-DP2. These results provide novel strategies which sup-
press the activity of PTGDS, PGD,, or DP2 for treating androge-
netic alopecia. Interestingly, a recent study demonstrated that the
expression levels of PGD, and PGI, are relatively low in the haired
scalp but are remarkably enhanced in the bald scalp [35].
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Cetirizine is a well-known antihistamine for its anti-inflam-
matory properties and its ability to decrease PGD, production.
A previous study demonstrated that cetirizine suppressed the re-
lease of PGD, [36]. A recent study demonstrated that a 1% cetiri-
zine-treated group for 6 months exhibited remarkably higher hair
regrowth compared to the control group (Table 1) [37]. Another
recent study observed that a 1% cetirizine solution for 16 weeks
was effective in hair growth and hair density by increasing the
percentage of hair in the anagen phase for the treatment of male
AGA, but its effects were less than the minoxidil group (Table 1)
[38]. These results imply that cetirizine can be used as a potential
therapeutic in treating AGA.

Setipiprant is a selective oral inhibitor against DP2 [39]. A phase
2A clinical trial of a setipiprant for treating AGA was completed
(NCT02781311). The oral treatment of 500 mg setipiprant twice
daily exhibited safety and tolerability but did not show statistically
significant efficacy compared to the placebo (Table 1) [39].

Levocetirizine hydrochloride down-regulated the expressions
levels of PGD,, PTGDS, and DP2 compared to the control group,

Table 1. Chemical compounds or medicines for improving hair loss

whereas up-regulated the expressions levels of PGF, , pAKT,
and pGSK3p. These results suggested that levocetirizine hydro-
chloride accelerated the growth and proliferation of hDPCs by
suppressing the PGD,-DP2 pathway and stimulating the AKT
signaling pathway (Table 1) [40].

THE STIMULATORY ROLES OF
PROSTAGLANDINS (PGE, AND PGF,,) IN
HAIR GROWTH

Until now, two candidate drugs have been studied to improve
hair growth by increasing PGF, . Latanoprost is a PGF,,, analog,
which is clinically used to cure glaucoma. Treatment of unilateral
topical latanoprost induced hypertrichosis including eyelashes,
regional intermediate hairs of the eyelid, and ipsilateral terminal
eyelashes by increasing the number, length, and thickness of hair
in the treated region [41]. The administration of 0.1% latanoprost
on patients with AGA exhibited an increase in hair density com-

Compound name

(type) Subjects

Working concentration & condition

Positive effects or

References
molecular targets

Cetirizine
(Anti-histamine,
PGD, inhibitor)

60 patients with AGA
40 males with AGA
67 males with AGA
Setipiprant 83 males with AGA
(DP2 antagonist)
Levocetirizine
hydrochloride
(Anti-histamine,
PGD, inhibitor)
Latanoprost

Human dermal papilla cells
for24 h

43 patients with glaucoma

Topical 1% cetirizine per daily
Phase 2a clinical trial 500 mg twice

a day for 24 weeks
1, 10, 100, 1,000, and 10,000 ng/ml

Unilateral topical 0.1% latanoprost

1% cetirizine-treated group for 6 months 1 Hair growth [37]
1% cetirizine solution for 16 weeks

1 Total & vellus hair density [38]
1 Anagen phase ratio

1 Total hair density [61]
1 Terminal hair density

Safety and tolerability [39]
Not significant efficacy

| PDG,, PTGDS, DP2 [40]
1T PGF,,,

1 pAKT, pGSK3p

1 Hypertrichosis, [41]

(PGF,, analog)

Bimatoprost
(PGF,, analog)

54 males with alopecia areta

16 males with AGA

30 males with alopecia areta

585 subjects

30 patients

238 patients with idiopathic
hypotrichosis

36 patients with alopecia
areata 40 subjects

Human dermal papilla cells

AGA mouse model
(MaleC57BL/6) mice)

administration for 10 weeks

1 Pirgmentation

Latanoprost 0.005% (50 pg/ml) ophthalmic 1 Hair regrowth [42]
solution for 3 months to 2 year

0.1% latanoprost in males with mild 1 Hair density, hair growth [45]
AGA for 24 weeks 1 Hair diameter

Topical 0.005% latanoprost for 1 Hair density [46]
12 weeks 1 Hair regrowth

0.03% ophthalmic bimatoprost solution 1 Eyelashes regrowth [50]
for at least 12 months

0.03% bimatoprost ophthalmic solution 1 Eyebrow thickness [52]
for 1 year

0.03% bimatoprost ophthalmic solution 1 Eyelash regrowth [53]
for 1 year

0.03% bimatoprost for 6 months 1 Eyelash regrowth [54]

0.03% bimatoprost 1 Eyelash regrowth in [58]

healthy adolescents
5 uM bimatoprost in solvent mixture 1 Cell proliferation [59]

system
0.3%-5% bitmatoprost formulation
for 14 days

1 Hair regrowth

1 Hair weight

1 Diameter & number of
Hair follicles

PGD,, prostaglandin D2; PGF,,, prostaglandin F2a; AGA, androgenetic alopecia.
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pared to the control. 45% of patients with AGA were satisfied
with a combinatory administration of both 0.005% latanoprost
ophthalmic solution and triamcinolone acetonide (Table 1) [42].
On the contrary, two other reports demonstrated that the admin-
istration of topical latanoprost failed to improve eyelashes and
eyebrows [43,44]. The discrepancy regarding the effects of the
latanoprost probably was due to different experimental methods
such as the experimental period, gender, and age. Another study
demonstrated that the treatment of 0.1% latanoprost in males
with mild AGA for 24 weeks remarkably increased hair density,
hair growth, hair diameter, and pigmentation (Table 1) [45].
These results suggest that latanoprost may be a potential drug for
stimulating the activity of hair follicles and treating AGA.

Recently, latanoprost was also found to be effective in treating
alopecia areata, which is a recurrent chronic disease affecting hair
follicles and causing hair loss in the specific site. Administration
of topical 0.005% latanoprost for 12 weeks significantly enhanced
hair density and regrowth compared to the control group. The
results also exhibited the acceptable safety and efficacy of 0.005%
latanoprost solution, implying that latanoprost may be safely used
for treating alopecia areta (Table 1) [46].

Bimatoprost is a PGF,, analog approved by FDA for treating
eyelash hypotrichosis [47-50]. The safety and efficacy of bimato-
prost for the treatment of eyelash hypotrichosis have been well
elucidated [50,51]. Yoelin et al. [50] demonstrated that the applica-
tion of 0.03% ophthalmic bimatoprost solution induced a higher
growth of eyelashes compared with latanoprost (Table 1). Fur-
thermore, 0.03% bimatoprost treatment for eyelash hypotrichosis
in 585 subjects revealed a 92.5% satisfaction level, and the safe
of long-term use for at least 12 months. Suwanchatchai et al. [52]
reported that bimatoprost was similarly effective to minoxidil in
improving eyebrow thickness, and had relatively fewer side effects
(Table 1). Another study demonstrated that daily treatment of
0.03% bimatoprost ophthalmic solution for 1 year was significant-
ly effective and well tolerated in patients suffering from eyelash
hypotrichosis (Table 1) [53]. On the other hand, the efficacy of bi-
matoprost for the treatment of alopecia areata in patients has been
debatable [54-58]. A previous study reported that 0.03% bimato-
prost exhibited significant efficacy for treating eyelash universalis
alopecia areata [54]. Roseborough et al. [57] demonstrated that bi-
matoprost showed no significant changes in growing eyelashes in
patients suffering from alopecia areata. Borchert et al. [58] found
that 0.03% bimatoprost exhibited significant efficiency of eyelash
hypotrichosis in healthy adolescents, but not in alopecia areata
groups (Table 1). Thus, it is necessary to study larger sample size,
longer study period, and higher drug concentrations to confirm
whether bimatoprost is effective in curing alopecia areata.

Recently, Subedi et al. [59] prepared a topical formulation of bi-
matoprost having high skin permeability (Table 1). They designed
a solvent mixture system, which contained ethanol, cyclomethi-
cone, diethylene glycol monoethyl ether, and butylated hydroxy-
anisole. This formulation of 5 uM bimatoprost stimulated the
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proliferation of human dermal papilla cells, equivalent to 10 uM
minoxidil. Furthermore, 0.3% bimatoprost remarkably accelerat-
ed hair regrowth in the AGA mouse model and exhibited a 585%
increase within 10 days compared to the control group, implying
that most of the telogen was transitioned into the anagen phase.
This 5% bimatoprost formulation significantly increased the hair
weight by 8.45- and 1.30-fold compared to the 5% bimatoprost in
ethanol and 5% minoxidil-treated groups, respectively. This 5%
bimatoprost formulation also remarkably enhanced the number
and diameter of hair follicles compared to the vehicle-treated
mice or 5% (w/w) bimatoprost in the ethanol-treated group [59].
The clinical application of bimatoprost to the treatment of AGA
is also needed. Currently, several clinical trials with bimatoprost
for improving AGA are processed in the US National Institutes of
Health Clinical Trials database (https://clinicaltrials.gov).

Interestingly, after tissue injury, unexpected hair growth can
occur, which will be likely related to inflammatory mediators.
Recently, high-mobility group box 1 (HMGBL), one of the nuclear
proteins that are released from nuclei after tissue injury, was iden-
tified as one of these inflammatory mediators [60]. Hwang et al.
[60] demonstrated that HMGBI increased hair shaft elongation in
a hair organ culture. Interestingly, HMGBI remarkably enhanced
expression levels of PGES and led to the increased secretion of
PGE, from human dermal papilla cells, implying that HGMBI
can be a potential therapeutic target for curing alopecia.

DISCUSSION

Based on many previous studies, this review provides that there
is a highly remarkable correlation between the expression levels
of PGs and hair growth. Four major PGs including PGD,, PGI,,
PGE,, and PGF,, are implicated in the pathogenesis of the hair
loss pattern of both males and females [10,11,16,35,61]. That is,
PGD, and PGI, contribute to inhibiting hair growth, On the oth-
er hand, PGE, and PGF,, contribute to promoting hair growth.
Thus, the lack of PGE, and PGF,,, while the increase of PGD, and
PGI,, can lead to hair follicle miniaturization.

These results imply that there is a precise balance between
these four PGs in hair follicles, and their maintenance can be im-
portant for hair growth. Although both PGE, and PGD, are pres-
ent in the hair follicle, they differently affect the hair growth [15].
Female scalps seem to have hair follicles that generate more PGE,
and PGF,, than males scalps [13]. This may be another reason
why most females did not suffer from massive hair loss during
the aging process. PG receptors could be also potential molecular
targets for the treatment of AGA. Several studies reported that the
expression levels of PGD, and PGI, receptors are severely low in
the haired scalp, whereas the expression levels of PGE, and PGF,,
receptor levels are significantly high compared to bald areas
[15,17]. Interestingly, a recent study also demonstrated that there
is no significant difference between the expression levels of PGs
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in comparing either occipital hairy areas or frontal bald in males
and females [35]. This result implied that PG may represent a final
common pathway, even if AGA in females may not be androgen-
mediated. Thus, targeting PGs must help improve both males and
females suffering from hair loss. When reaching specific circum-
stances, the arachidonic acid cascade can induce a high level of
PGD, whereas lowering the amount of PGE, in the alopecia area.
Thus, future research is needed to understand gender differences
in the relationship between PGs and PG receptors in hair follicles.

A previous study found that the expression levels of the D2,
PTGDS, and PTGES exhibited no differences in balding scalps
between Hispanic male and female patients with AGA. Both PT-
GDS and PTGES were significantly increased in males with AGA
compared to controls, whereas these genes are not different in fe-
males. There were no statistical differences in the expression level
of D2 in males or females comparing balding and non-balding
areas. Interestingly, Hispanic males with early male pattern hair
loss strongly overexpressed the PTGES, which synthesizes PGE,
in suffering from AGA, implying that PGs may play a different
role, depending on the progress stage of AGA [61]. Thus, future
studies are required to elucidate the precise functional roles and
their underlying signaling mechanism of PGs in hair follicles in
detail. It can be also considered that a proper combinatory treat-
ment of PGE, agonist and PGD, antagonist can be another solu-
tion for treating hair loss. Thus, much research is also necessary
for clarifying the efficacy, safety, and underlying mechanism of
these candidate therapeutics for improving hair growth.
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