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1. Introduction

1.1 Hair physiology, anatomy and the hair growth cycle

1.1.1 Hair physiology and anatomy

Most of the external human skin is able to produce hair (Randall 1994). It is the product
of cell differentiation of trichocytes which are of epithelial origin (Langbein and Schweizer
2005). The hair density is determined during development and varies between individuals
(Duverger and Morasso 2014). The type of hair changes with age from thin, unpigmented
vellus hair where the arrector pili muscle (APM) is absent to strong, pigmented terminal
hair (Duverger and Morasso 2014, Heilmann-Heimbach et al. 2016, Ramos and Miot
2015).

Hair serves as an important human feature that fulfills different tasks: Body and scalp hair
is needed for heat regulation and to protect the skin from moisture, as well as against
ultraviolet (UV-) radiation (Qi and Garza 2014). From a medical point of view, hair is
considered as a skin appendage, consisting of specialized keratins like the nails from

fingers and toes (Grymowicz et al. 2020, Langbein and Schweizer 2005, Lin et al. 2022).

A hair can be divided into two parts: Shaft and follicle (Grymowicz et al. 2020). The visible
part of the hair protruding the skin is called shaft (Grymowicz et al. 2020). The hair follicle
is located inside of the skin and hair production occurs within the hair follicle (Grymowicz
et al. 2020, Langbein and Schweizer 2005). As illustrated in figure 1, the upper part of the
hair follicle includes the infundibulum and isthmus, whereas the proximal end is referred
to as the bulb (Fig. 1 A) (Grymowicz et al. 2020).

The three-layered hair (cuticle, cortex, medulla, see Fig. 1 B) is surrounded by two
concentric cell layers, the inner (IRS) and outer (ORS) root sheaths (Fig. 1 A), that consist
of keratinocytes and serve as a protective layer (Coulson-Thomas et al. 2014, Grymowicz
et al. 2020, Langbein and Schweizer 2005, Mistriotis and Andreadis 2013, Santos et al.
2015).

Hair follicles contain epithelial and mesenchymal compartments and interaction of both
drives hair follicle cycling and formation of the hair shaft (Ohnemus et al. 2006). The hair
follicle is connected to the APM and to the sebaceous and apocrine glands (Fig. 1), which

contribute to heat regulation and sebum secretion (Fuchs 2007, Mistriotis and Andreadis
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2013, Sinclair et al. 2015). Together they form the pilosebaceous unit, where estrogen

synthesis and metabolism take place (Ohnemus et al. 2006).

The hair bulb which contains melanocytes and cells of the ORS surrounds the dermal
papilla, that contains mesenchymal cells, supplies nutrition for hair growth and regulates
the size of the hair by controlling the number of matrix cells (Coulson-Thomas et al. 2014,
Lin et al. 2022, Natarelli et al. 2023, Paus and Cotsarelis 1999). The hair bulb is referred
to as active growth center of the hair and proliferation of matrix cells produce the hair shaft
(Lin et al. 2022, Paus and Cotsarelis 1999).

The bulge region is the lowest part of the hair follicle and contains stem cells that regulate
hair growth (Coulson-Thomas et al. 2014, Fuchs 2007, Mistriotis and Andreadis 2013,
Sinclair et al. 2015).

A]

8|

epithelium Hair shaft

Sebaceous gland Infundibulum
Medulla
Musculus arrector pili \@

Cortex ——=- Q

Isthmus Hair follicle ) ‘ {

Inner root sheath —— Cuticle [
Outer root sheath }
Bulb \

Dermal Papilla Dermal Papilla

Fig. 1: Hair structure A Pilosebaceous unit and division of the hair into outer and inner
part B Structure of the three-layered hair shaft. Own work.

1.1.2 The hair growth cycle

Hair formation is a cyclical process consisting of three main stages: Anagen, catagen and
telogen (Grymowicz et al. 2020, Ohnemus et al. 2006), as illustrated in figure 2 (Fig. 2).
The anagen phase lasts several years and is responsible for active hair follicle growth and
hair formation (Grymowicz et al. 20200ta et al. 2002). The catagen phase represents a
transition phase, between anagen and telogen, of only a few weeks in which the hair starts
to disconnect from the dermal papilla until the hair reaches the telogen state (Grymowicz

et al. 2020, Pierard-Franchimont and Pierard 2013). The telogen phase lasts several
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months and is referred to as a resting stage until the hair is finally shed (Grymowicz et al.
2020). Once in a telogen state, a new developing hair grows upwards pushing out the
telogen hair (Natarelli et al. 2023).

The duration of the anagen phase determines the length of hair. Cycle length depends on
the body area, as well as on various hormones (Duverger and Morasso 2014, Grymowicz
et al. 2020, Higgins et al. 2009, Ohnemus et al. 2006, Mistriotis and Andreadis 2013,
Sinclair 1998). In humans, different anagen to telogen ratios exist, depending on the body
site (Higgins et al. 2014). For example, human eyelashes have shorter anagen phases
than scalp hair, underlining the determining role of anagen phase in growth and length of
hair (Higgins et al. 2014, Santos et al. 2015, Sinclair 1998).

Some animals display different hair growth patterns due to seasonal changes. Some
animals get longer and thicker fur in preparation for colder months, as a result of a
synchronized hair cycle (Pierard-Franchimont and Pierard 2013). In humans, hair
formation follows an asynchronous rhythm, meaning that some hairs always reside in
anagen state, whereas others are close to be shed and therefore hair density remains
relatively stable in healthy humans (Natarelli et al. 2023, Pierard-Franchimont and Pierard
2013).

Human hair growth is subject to a gender dimorphism, regulated by a complex interaction

of hormones, especially steroid hormones (Schweikert and Wilson 1974).

Hair shaft

Hair follicle

i
J
Dermal papilla Dermal papilla )

Anagen Catagen Telogen

Fig. 2: Hair growth cycle. Own work.
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1.2 Cholesterol as source of steroid hormones of the adrenal cortex and gonads

1.2.1 Cholesterol dietary intake, de novo synthesis and storage

The origin of all adrenal gland hormones and sex hormones of the gonads is the steroid
cholesterol, which contains 27 carbons and therefore sometimes is referred to as C27
steroid (Miller and Auchus 2011, Samavat and Kurzer 2015, Turcu and Auchus 2015).
Cholesterol is part of most biological membranes, except plants and bacteria, and
contributes to their fluidity (Colardo et al. 2021, Enkavi et al. 2019).

Part of cholesterol is taken up through nutrition, mainly by eating animal products
(exogenous or dietary cholesterol) (Xu et al. 2018). Cholesterol can also be derived from
de novo synthesis in most human cells (Colardo et al. 2021). De novo synthesis derives
from the mevalonate-isoprenoid pathway and sterol biosynthesis pathway, beginning with
acetyl-coenzyme A (acetyl- CoA) and ending with the synthesis of cholesterol in nearly 30
enzymatic reactions (Bah et al. 2017, Cardoso and Perucha 2021, Colardo et al. 2021).

Lipoproteins are responsible for the transport of cholesterol within the body (Rassow et
al. 2012). Depending on their content and amount of lipids and proteins, different types of
lipoproteins can be distinguished, among these are the group of very low-density
lipoproteins (VLDL), low-density lipoproteins (LDL) and high-density lipoproteins (HDL)
(Rassow et al. 2012). LDL contain high amounts of cholesterol esters and reduced
amounts of fatty acids, so that their density is higher than that of VLDL which in turn
contain high amounts of fatty acids (Rassow et al. 2012). LDL is responsible for the
peripheral distribution of esterified cholesterol (Rassow et al. 2012). The LDL-receptor
(LDLR) mediates endocytosis of LDL molecules, leading to lysosomal hydrolysis of LDL
and cholesterol esters, a process termed receptor-mediated endocytosis (Rassow et al.
2012). Unesterified cholesterol is then released from the lysosomal lumen and traffics to
the endoplasmic reticulum where it can be further transported to the plasma membrane
or mitochondria for the biosynthesis of steroid hormones (Kraemer et al. 2017, Martini and
Pallottini 2007, Rassow et al. 2012). Cholesterol needs transporter proteins to cross cell
membranes, for example (e.g.) the protein Niemann-Pick type C1 (NPC1), an
endolysosomal membrane protein that helps to exit lysosomes, NPC1 like 1 (NPC1L1)
which acts as an apical cholesterol transporter in the gut (Goldstein and Brown 2015,
O’Neill et al. 2022) and steroidogenic acute regulatory protein (StAR), which is involved
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in cholesterol import into the mitochondrial intermembrane space (Miller and Auchus
2011, Mostaghel 2013). The LDLR is transported in vesicles back to the plasma
membrane where it can bind further LDL molecules (Rassow et al. 2012). To prevent free
cholesterol accumulation, cholesterol can be esterified again and stored as cholesterol
ester droplets in the cytosol (Colardo et al. 2021, Kraemer et al. 2013, Rassow et al. 2012,
Walther and Farese 2009).

HDL are responsible for transporting excess cholesterol from the periphery to the liver in
preparation for the excretion in the feces, a mechanism called reverse cholesterol
transport (Ouimet et al. 2019, Papotti et al. 2021).

1.2.2 Steroid hormone synthesis (steroidogenesis)

The hormones of the adrenal cortex, including sex hormones, are derivatives of
cholesterol (Maninger et al. 2009, Mostaghel 2013, Samavat and Kurzer 2015). The term
“steroid” hormone is related to the shared sterane structure (Fuentes and Silveyra 2019).
Sexual hormones induce male sexual development (Rizner and Penning 2014), determine
male and female body features (Reisch et al. 2019) and are necessary for maintaining
bone mineralization in humans (Chen et al. 2022, Lin et al. 2019, Manolagas et al. 2013).
De novo steroidogenesis occurs in the adrenal cortex and the gonads, as well as in the
placenta (Schiffer et al. 2019).

The synthesis of steroid hormones involves several functional classes of enzymes
including cytochrome P450s (CYP), short-chain dehydrogenases (SDR) and aldo-keto
reductases (AKR) (Mostaghel 2013, Penning 2011, Rizner and Penning 2014, Schiffer et
al. 2019). SDR and AKR enzymes function as hydroxysteroid dehydrogenases (HSDs)
(Rizner and Penning 2014, Schiffer et al. 2019).

1.2.2.1 Steroidogenesis in the gonads

In principle, steroidogenesis is always regulated by G protein-coupled receptor-mediated
production of cyclic adenosine monophosphate (CAMP) and subsequent activation of
StAR protein (Fuentes and Silveyra 2019, Miller and Auchus 2011, Mostaghel 2013).
Gonadal steroid synthesis is regulated by the hypothalamic-pituitary-gonadal axis with the
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stimulation of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the
pituitary beginning at pubertal age (Schiffer et al. 2019, Tan et al. 2015). Gonadal
steroidogenesis is cell type dependent, since each cell type is characterized by the

expression of specific enzymes (Schiffer et al. 2019).

1.2.2.2 Steroidogenesis in Leydig cells

Two types of Leydig cells are distinguished: fetal and adult Leydig cells (Zirkin and
Papadopoulos 2018). High amounts of androgens produced by fetal Leydig cells are
responsible for the formation of male genitalia (Zirkin and Papadopoulos 2018). After birth,
fetal Leydig cells are replaced by developing adult Leydig cells (Zirkin and Papadopoulos
2018). Through interaction of the luteinizing hormone receptor (LHR) and LH (secreted by
the pituitary gland) on the surface of the Leydig cells, steroidogenesis is initiated (Zirkin
and Papadopoulos 2018). Steroidogenesis in the Leydig cells follows the classical
androgen biosynthesis pathway (see 1.2.2.4.) yielding androstenedione and testosterone
as products (Schiffer et al. 2018). While Leydig cells produce only low amounts of
androstenedione and dehydroepiandrosterone (DHEA), testosterone is the main product
of Leydig cell-derived steroidogenesis (Schiffer et al. 2019). Testosterone is sythesized to
a lesser extend in ovaries and adrenal glands (Schiffer et al. 2018, Schiffer et al. 2019,
Tan et al. 2015, Turcu and Auchus 2017, Turcu et al. 2018). After its production, it is
released into circulation and transported by sex hormone binding globulin (SHBG)
(Schiffer et al. 2018).

Leydig cells also produce estrogens through aromatization (Fuentes and Silveyra 2019),
which contribute to the negative feedback on the pituitary (Rassow et al. 2012).

1.2.2.3 Steroidogenesis in theca cells and granulosa cells

Main estrogen production comes from the ovaries and adrenal glands and to a lesser
extend from tissues that also possess an aromatase activity like adipose tissue (Fuentes
and Silveyra 2019, Rassow et al. 2012).

Ovarian steroidogenesis begins with the synthesis of androstenedione derived from the

classical androgen biosynthesis pathway in the theca cells using pregnenolone as
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substrate (Schiffer et al. 2018, Schiffer et al. 2019). In the theca cells, andostenedione is
partly enzymatically converted to testosterone by the enzyme AKR1C (Schiffer et al.
2019). In the granulosa cells, theca cell-derived androstenedione and testosterone are

used for further estrogen biosynthesis (Schiffer et al. 2019).

Estrogens belong to the group of C18 steroids, because they contain 18 carbons (Fuentes
and Silveyra 2019). Estrone (E1) and 17B-estradiol (E2) share a common structure
consisting of three cyclohexane and one cyclopentane ring systems with a phenolic
hydroxyl group at C3, but differ in a ketone group for E1 and one hydroxyl group for E2 at
C17 (Fuentes and Silveyra 2019, Samavat and Kurzer 2015).

As illustrated in figure 3, in the granulosa cells, androstenedione can serve as direct
substrate for E1 synthesis (Fig. 3) requiring expression of the enzyme aromatase
(P450aro, CYP19A1), which is controlled by stimulation of FSH (Fuentes and Silveyra
2019, Hilborn et al. 2017, Ramos and Miot 2015). E1 is then reduced to E2 by enzymes
of the HSD family, namely HSD17B1 and HSD17B7 or E2 can be the product of
aromatization from theca cell-derived testosterone (Fig. 3) regulated by FSH (Hilborn et
al. 2017, Miller and Auchus 2011, Nokelainen et al. 1998, Ramos and Miot 2015, Samavat
and Kurzer 2015, Schiffer et al. 2019).

Next to the androstenedione-derived synthesis, E1 can also be the product of desulfation
from estrone sulfate (E1S, see Fig. 3) via the enzyme steroid sulfatase (STS) ( Hilborn et
al. 2017, Mueller et al. 2015). This reaction is reversible, so that E1 can be sulfated by
SULT2E1 yielding E1S (Miller and Auchus 2011, Mueller et al. 2015).

E2 is the most important estrogen in premenopausal women, whereas E1 is predomi-
nantly synthesized during menopause (Cui et al. 2013, Samavat and Kurzer 2015). E2
can also be oxidized to E1 in the human endometrium catalyzed by HSD17B2 (Miller and
Auchus 2011).
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Fig. 3: Steroidogenesis in theca and granulosa cells. Own work.

1.2.2.4 Steroidogenesis in the adrenal zona reticularis

The adrenal cortex is subdivided into three zones: Zona glomerulosa, zona fasciculata

and zona reticularis (Schiffer et al. 2019). Each zone expresses specific enzymes and

therefore synthesizes a distinct group of steroid hormones: Mineralocorticoids are

produced in the zona glomerulosa, the zona fasciculata is responsible for the synthesis of

glucocorticoids and the zona reticularis, as well as the gonads, contribute to the formation
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of sexual hormones (Schiffer et al. 2019, Turcu and Auchus 2015). Steroids containing 19
carbons (C19 steroids) are synthesized in the adrenal zona reticularis (Turcu and Auchus
2015).

Steroidogenesis from cholesterol in the adrenal cortex is hormone regulated (Maninger et
al. 2009). Synthesis of the androgen precursors is induced by adrenocorticotropic
hormone (ACTH) which release is stimulated by corticotropin-releasing hormone (CRH)
in the hypothalamic-pituitary-adrenal axis in a G-protein-coupled receptor (GPCR)-
mediated process (Kraemer et al. 2017, Rassow et al. 2012, Schiffer et al. 2019). ACTH
also induces the synthesis of the glucocorticoid cortisol in the adrenal cortex (Rassow et
al. 2012). Different to the synthesis of glucocorticoids and androgens, the synthesis of
mineralocorticoids is rather controlled by the Renin-Angiotensin-System and aldosterone

displays one hormone of the group of mineralocorticoids (Rassow et al. 2012).

The first step in steroid hormone biosynthesis is the transport of C27 cholesterol from the
outer to the inner mitochondrial membrane regulated by StAR protein (Miller and Auchus
2011, Mostaghel 2013). At the inner mitochondrial membrane, cholesterol is enzymatically
converted to pregnenolone via CYP11A (P450scc) by cleavage of the side chains
between carbons 20 and 22 (Miller and Auchus 2011, Mostaghel 2013). Pregnenolone
now serves as precursor for the synthesis of other steroid hormones like progesterone
and is hydroxylated to 17a-hydroxypregnenolone catalyzed by CYP17A1 (P450c17)
(Miller and Auchus 2011, Rassow et al. 2012, Turcu and Auchus 2015).

The most abundant steroid hormones of the adrenal cortex are DHEA (Hernandez-Pando
et al. 1998, Kohalmy et al. 2007, Turcu and Auchus 2015, Schiffer et al. 2018), its sulfate
ester dehydroepiandrosterone sulfate (DHEAS) and androstenedione (Arnold 2009, Rege
et al. 2013, Schiffer et al. 2018). They share a low biological activity (Baulieu 1996, Turcu
and Auchus 2017), but can be converted into more active steroid hormones in the
periphery like testosterone and the more potent Sa-dihydrotestosterone (5a-DHT) or the
estrogens E1 and E2 (Labrie et al. 2000, Oostdijk et al. 2015, Samavat and Kurzer 2015,
Schiffer et al. 2018, Turcu and Auchus 2017).

Adrenal steroidogenesis follows the classical androgen biosynthesis pathway. The

enzyme CYP17A1 that catalyzes the hydroxylation of pregnenolone into 17a-hydroxy-
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pregnenolone is also involved in the synthesis of DHEA from 17a-hydroxypregnenolone,
regulated by electron transport via cytochrome P4500oxidoreductase (POR) and promoted
by cytochrome bs (Miller and Auchus 2011). Next to the conversion from 17a-
hydroxypregnenolone, DHEA can also be derived as the product of desulfation of DHEAS
(Fig. 4), catalyzed by the enzyme STS ( Hilborn et al. 2017, Mueller et al. 2015). This
reaction is reversible catalyzed by SULT2A1 using 3’phosphoadenosine 5’-phosphosul-
fate (PAPS) as ubiquitous sulfate donor (Mueller et al. 2015, Naville et al. 1991, Schiffer
et al. 2018). As illustrated in figure 4, DHEA can further be reduced to androstenediol by
the enzyme HSD17B1 or oxidized to androstenedione with the help of HSD3B1 and
HSD3B2 (Hilborn et al. 2017, Rainey and Nakamura 2008, Rege et al. 2013). Both, DHEA
and andostenediol, share a common structure consisting of a benzene ring with a hydroxyl
group at carbon 3 (C3), but differ in a ketone group for DHEA and a hydroxyl group for
androstenediol at carbon 17 (C17) (Schiffer et al. 2019). Structurally, androstendione
differs from androstenediol in two ketone groups instead of two hydroxyl groups at C3 and
C17 (Schiffer et al. 2019).

The members of the HSD family HSD17B5 and HSD17B3 catalyze the enzymatic
conversion of androstenedione to testosterone (Fig. 4) which can be converted to E2 by
CYP19A1 (aromatase) in the periphery (Dufort et al. 1999, Hilborn et al. 2017, Ramos and
Miot 2015, Samavat and Kurzer 2015). Furthermore, testosterone can be the product of
androstenediol (Fig. 4) catalyzed by HSD3B1 and HSD3B2 (Hilborn et al. 2017, Schiffer
et al. 2018). Testosterone can be further reduced to 5a-DHT mediated by Sa-reductase
(SRD5A) (Turcu et al. 2018).

Steroid hormones share structural similarities to the secosteroid family, with vitamin D3
(cholecalciferole) being an important family member in humans that is involved in e.g.
bone mineralization (Rassow et al. 2012, Zgaga et al. 2019). Vitamin D3 can be
supplemented or synthesized within the human body after exposure of the skin to sunlight
and 25-hydroxycholecalciferol (25(OH)D) displays the storage form of vitamin D3, being
hydroxylated in the liver (O’Sullivan et al. 2017, Zgaga et al. 2019). 25(OH)D is further
hydroxylated to the active form 1,25-dihydroxycholecalciferol (calcitriol) in the kidney
(Rassow et al. 2012).
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Fig. 4: Classical androgen biosynthesis pathway. Own work.

1.3 Steroid conjugation

1.3.1 Biotransformation

In order to prevent excessive amounts of intracellular cholesterol, cholesterol can be
converted into bile acids and are conjugated to amino acids, leading to excretion of the
conjugated bile (Martini and Pallottini 2007, Rassow et al. 2012).

Lipophilic steroids need to be structurally remodelled to be efficiently excreted in urine and
bile, a process referred to as phase 1 and 2 metabolism (Schiffer et al. 2019). Enzymes
involved in phase 1 and 2 reactions are generally thought to act sequentially (Rizner and
Penning 2014).

Phase 1 metabolism consists of a series of different reactions leading to an alteration of
steroid activity (Schiffer et al. 2019). Phase 1 includes A-ring reduction, followed by
oxidation-, hydroxylation- and dehydroxylation reactions (Schiffer et al. 2019). These
reactions involve enzymes of the HSD and CYP families (Schiffer et al. 2019).



24

In phase 2 reactions, steroids are conjugated, helping in increasing water-solubility of the
steroid to facilitate the urinary and biliary excretion (Schiffer et al. 2019). Phase 2
metabolism includes reversible sulfation and irreversible glucoronidation reactions
(Schiffer et al. 2019).

Circulating steroid conjugates are transported either to the kidney, where they are
excreted in the urine or to the liver resulting in biliary excretion (Schiffer et al. 2019). Apart
from this, salivary excretion of steroids is also a possible way for eliminating steroids
(Schiffer et al. 2019).

1.3.2 Steroids in circulation and uptake of sulfated steroid hormones

After adrenal and gonadal steroidogenesis, both, androgens and estrogens are released
into circulation, where estrogens circulate at lower and androgens at higher levels with
most sexual steroids being transported as a complex containing albumin or SHBG
(Schiffer et al. 2018, Schiffer et al. 2019).

The most abundant steroid in circulation is DHEAS, the product of DHEA sulfation by the
enzyme SULT2A1 and cellular uptake of hydrophilic sulfated steroids needs transporter-
mediated mechanisms for entering the cell membrane (Mueller et al. 2015, Schiffer et al.
2019). Cellular influx and efflux require transport proteins of the solute carrier (SLC) and
adenosine-triphosphate (ATP)- binding cassette (ABC-transporter) families and there is
evidence that both protein types are capable of bidirectional transport (Mueller et al. 2015,
Roth et al. 2012).

Transporters of the SLC family like organic anion-transporting polypeptides (OATPs) and
organic anion transporters (OATs) are known to mediate the uptake of sulfated steroids,
where it is suggested that sulfation of steroids is needed to expedite circulatory transit and
to facilitate cellular uptake via OATPs expressed by the corresponding target cells (Geyer
et al. 2017, Hobkirk 1993, Mueller et al. 2015, Roth et al. 2012, Schiffer et al. 2018).
Cellular efflux of substrates may be mediated by ABC transporters (Roth et al. 2012). One
example of SLC transporters involved in steroid transport is SLCO2B1 (OATP2B1) and a
well-studied substrate of SLCO2B1 is E1S (Medwid et al. 2021).
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1.3.3 Transport of steroid hormones

There is evidence that androgens bind to some sort of endocytic receptor or
transmembrane transporter at the cell surface (Foradori et al. 2008, Geyer et al. 2017).
Studies in Drosophila melanogaster suggest, that cellular uptake of steroid hormones by
facilitated diffusion is transporter-mediated (Okamoto et al. 2018). Hammes et al.
described megalin-mediated endocytic uptake of steroid hormones in Brown Norway rat
choriocarcinoma 16 (BN16) cells and in megalin knockout mice (Hammes et al. 2005).
Our group recently described mutations in megalin in patients with partial androgen
insensitivity syndrome (Marko et al. 2022). Testosterone is supposed to alter via an
unknown mechanism the conformation of gap junctions (Foradori et al. 2008, Pluciennik
et al. 1996). Furthermore, it is assumed that androgen metabolites induce changes in the
membrane “flexibility” through exchanging charges and thereby possibly pass the cell
membrane (Foradori et al. 2008, Zylinska et al. 1999). There is also the class of lipocalin
proteins, that bind steroids and may serve as substrates for receptors (Jensen-Jarolim et
al. 2016).

1.4 Steroids in signal transduction, hair growth and disease

1.4.1 Steroid receptors and their ligands

Steroid hormones are necessary for the beginning and maintenance of developmental
changes and the initiation of sexual differentiation in humans, with vellus hair from
prepubertal pubis, axillar, beard and chest growing into terminal hairs as a reaction to

rising androgen levels (Grymowicz et al. 2020, Schiffer et al. 2019, Sinclair 1998).

Steroid hormones act via interaction with their nuclear receptors: Cortisol shows binding
affinities for both, the glucocorticoid receptor (GR) and the mineralocorticoid receptor
(MR), whereas aldosterone binds to the cytosolic MR (Rassow et al. 2012). Progesterone
serves as ligand for the progesterone receptor (PR) (Yakin et al. 2023). Androgens like
testosterone and 5a-DHT act via binding to the androgen receptor (AR), with 5a-DHT
having higher binding affinity than testosterone (Chen et al. 2019, Tan et al. 2015).
Furthermore, two highly homologous nuclear estrogen receptors (ER) a and 3 (ERa, ERp)
and the vitamin D-receptor (VDR) exist (Chen et al. 2022, Fuentes and Silveyra 2019,
Rassow et al. 2012). Quite remarkably, G Protein-Coupled Estrogen Receptor 1 (GPER1)



26

has been described, with controversial findings on GPER1 functions (Chen et al. 2022,
Fuentes and Silveyra 2019, Prossnitz an Barton 2011). GPER is supposed to promote
phospholipase C (PLC)-mediated calcium mobilization from the endoplasmic reticulum
(ER) (Hernandez-Silva et al. 2020, Xu et al. 2019).

In principle, as mentioned before (1.2.2.1.), steroid receptors act via similar mechanisms,
that involve G protein-coupled receptor-mediated activation of protein kinases and
subsequent transcription of StAR, followed by StAR-regulated cholesterol transport to the
inner mitochondrial membrane (Fuentes and Silveyra 2019, Miller and Auchus 2011,
Mostaghel 2013). After interaction with the corresponding ligands, the PR interacts with
progesterone-responsive elements (PREs), the AR binds to androgen-responsive
elements (ARES), initiating male sexual development and differentiation, the ER interacts
with estrogen-responsive elements (EREs) and the VDR binds to vitamin D-responsive
elements (VREs) in regulatory regions of target genes in order to regulate their
transcription (Chen et al. 2022, Elmlinger et al. 2001, Fuentes and Silveyra 2019, Rozmus
et al. 2020, Sahu et al. 2014, Tan et al. 2015, Yakin et al. 2023).

The mammary gland expresses both ERa and ER and ERa serves as prognostic marker
for the outcome of ER-positive breast cancer (Burns and Korach 2016). Experiments in
mice and murine cells have demonstrated the importance of epithelial ERa expression for
mammary gland development (Rusidzé et al. 2021), whereas deletion of ERp did not
result in developmental defects in mice (Krege et al. 1998), although the mammary gland
of lactating mice lacking functional ERB (ERB™) was less well differentiated in comparison
to wildtype mice (Forster et al. 2002). Marjon et al. suggest a role for GPER in the
proliferation and growth of mammary tumors on the basis of experiments in GPER
knockout mice (KO/PyMT) that showed smaller tumors in advanced tumor stages than
GPER wildtype mice (WT/PyMT) (Marjon et al. 2015). Interestingly, high expression of
GPER was shown to be associated with an aggressive subtype of triple negative breast
cancer (TNBC) in humans and the expression increases with development and
progression of ER-positive breast cancer (Xu et al. 2022). Zhang et al. showed that high
expression of GPER1 mRNA was not associated with the overall survival of patients
suffering from TNBC, but with a better overall survival of patients with ER-positive breast
cancer (Zhang et al. 2022). And Martin et al. associated low cytoplasmic GPER
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expression with adverse breast cancer-specific patient survival, whereas nuclear GPER

expression was not (Martin et al. 2018).

There are several organic and inorganic molecules that are able to act as agonists or
antagonists at steroid receptors: Cyproterone acetate and spironolactone display steroidal
antiandrogens, with limited clinical application, that antagonize androgen actions by
competing for AR binding (Tan et al. 2015). More extended clinical application can be
seen for ER ligands like oral contraceptives (Soria-Jasso et al. 2019) and the class of
selective estrogen receptor modulators (SERMs), which role as agonists or antagonists is
dependent on the tissue where they act on (Fuentes and Silveyra 2019, Paterni et al.
2014). SERMs target both ER subtypes (Paterni et al. 2014). In its role as antagonists,
SERMs compete with estrogens for the binding to the ER, thereby inhibiting binding of
estrogens to the receptor (Wardell et al. 2014). After the successful binding to the ER,
SERMSs act as agonists and induce a conformational change in the ligand binding domain
(Fuentes and Silveyra 2019).

Tamoxifen is one of the most used SERMs in the treatment of ER-positive breast cancer
(Fuentes and Silveyra 2019). The compound is known to modulate estrogen signaling by
competitively inhibiting the binding of estrogens to the ER and preventing estrogen action,
therefore acting as antagonist in breast tissue (Freites-Martinez et al. 2018, Fuentes and
Silveyra 2019, Gonzalez et al. 2016). Vice versa it fulfills its task as agonist in the uterus
(Fuentes and Silveyra 2019).

Next to E1, E2 and SERMSs, androstenediol can also serve as a ligand for the ER (Miller
et al. 2013, Paterni et al. 2014).

1.4.2 Steroids in hair growth and disease

Stimulation of sebum secretion and hair growth is dependent on the local concentration
of androgens in the skin (Schiffer et al. 2018). The impact of androgens on hair follicles
depends on the hair location on the body, as known for follicles located in the eyelashes

that are not androgen-regulated (Grymowicz et al. 2020).

Hirsutism is characterized by an excessive growth of terminal hair from a male patterned

type that is mostly associated with an excess of androgen levels in the blood (hyperandro-
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genemia) (Unluhizarci et al. 2023). Alopecia areata belongs to the non-scarring types of
hair loss, beginning with loosing scalp hair as patches (Betz et al. 2015). It is associated
with a deregulation of the immune system and with an increased local production of
androgens (Betz et al. 2015, Schiffer et al. 2018). Complete androgen insensitivity
syndrome (CAIS) also illustrates the determining effect of androgens on hair development
in the human body (Krupp et al. 2012), since there is sparse or even a lack of pubic and
axillary hair in case of CAIS, if there are mutations within the AR gene (Auer et al. 2022,
Kapama et al. 2022).

Despite the role of male and female sexual hormones on the growth of body and sexual
hair, all further considerations in this thesis regarding hair development and local steroid

hormone metabolism concern human scalp hair.

There is evidence that estrogens play an important role in human scalp hair growth. In
premenopausal women, circulating E1 and E2 levels are between 5 and 1000 pmol per
liter blood plasma as mentioned in table 1 (Tab. 1) (Mueller et al. 2015, Schiffer et al.
2019). Higher E2 levels can be determined for pregnant women reaching a maximum in
the third trimenon (Robinson and Klein 2012). During pregnancy, hair growth increases,
whereas hair shedding decreases (Pierard-Franchimont and Pierard 2013). After
pregnancy, estradiol decreases to normal levels again. It is believed, that observations on
women who suffer from postpartum telogen effluvium can be explained with variations in

hormone levels after delivery (Mirallas and Grimalt 2016).

As a result of a normal process of ageing, the amount of scalp hair and the hair diameter
decrease with age (Robbins et al. 2012). But still, circulating E1 and E2 levels in postmen-
opausal women are lower than in premenopausal women (Tab. 1), with E1 achieving only
a quarter of the former amount and E2 only a tenth (Mueller et al. 2015, Schiffer et al.
2019). E2 shows higher binding affinity for both, ERa and ERp, and E1 shows lower
affinity for both receptor types (Alemany 2021).
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Tab. 1: Blood plasma levels of estrogens. Reference: Mueller et al. 2015.

Steroid Premenopausal Postmenopausal Reference
Women Women
E1S 2—-5nmol/ L 0.5-2pmol/ L (Mueller et al. 2015)
E1 15 — 500 pmol/ L 10 — 120 pmol/ L
E2 5—-1000 pmol/ L 5—-80 pmol/ L

1.4.3 E1 and E2 Formation in Isolated Human Hair Roots - Findings by Wehner and
Schweikert

Steroids are subject to local activation and inactivation, as known for cortisol or vitamin
D3, as well as for 5a-DHT. As mentioned before, cortisol can serve as ligand for the MR,
but since the cellular amount of cortisol is higher than the concentration of aldosterone,
cortisol successfully competes with aldosterone for the MR binding (Rassow et al. 2012).
In order to facilitate aldosterone binding to the MR, cortisol needs to be inactivated to
cortisone, mediated by the enzyme 113-hydroxy-dehydrogenase (Rassow et al. 2012). A
similar mechanism is known for calcitriol, the active form of vitamin Ds. If a sufficient cel-
lular amount of calcitriol is available, calcitriol is converted to 24,25-dihydroxycholecal-
ciferol mediated by the enzyme CYP24A1, which competes with the enzyme 1a-hy-
droxylase for the VDR binding (Rassow et al. 2012).

Based on the hypothesis that hair may increase local E2 signaling through uptake and
activation of E1S, Wehner and Schweikert identified the local synthesis of biologically
active E1 and E2 from the biologically inert substrate E1S in human hair roots from healthy
donors (Wehner and Schweikert 2014). In their experiments, Wehner and Schweikert
investigated isolated scalp hair roots from men and women who reported no history of hair

growth disorders and no use of oral or local steroids (Wehner and Schweikert 2014).

Their comparisons on hair from men and women from different anatomical sites and
growth stages indicate that hair roots from scalp, beard and body possess enzymatic
activity and are able to convert hormonally inactive steroids in the tissue into active steroid
hormones (Wehner and Schweikert 2014). They showed that local E2 formation from E1S
in the human scalp hair roots is higher than that resulting from the aromatization of

androstenedione and testosterone (Wehner and Schweikert 2014). They also recognized,
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that the metabolism is gender-, age-, site- and growth phase-dependent (Wehner and
Schweikert 2014). They showed that estrogen formation in male anagen scalp hair roots
was significantly lower than in female anagen scalp hair roots of people younger than 50
years (Wehner and Schweikert 2014). In contrast to that, comparable levels were
observed in anagen hair roots of other anatomical sites (Wehner and Schweikert 2014).
They found that estrogen formation in women older than 50 years was significantly lower
than in women younger than 50 years, but higher in men older than 50 years (Wehner
and Schweikert 2014). They propose, that local E2 formation from E1S could play an
important role during the hair growth cycle, since they were not able to detect E2 in telogen
hair (Wehner and Schweikert 2014).

1.5 Premature Hair Loss

1.5.1 Androgenetic alopecia (AGA) or female pattern hair loss (FPHL)

The term androgenetic alopecia (AGA) summarizes hair loss patterns occurring in men
and women classified by Hamilton/Norwood and Ludwig (Hadshiew 2022, Ludwig 1977,
Lutz 2018). Alopecia in women with increased androgen levels in the blood is called
androgenetic alopecia and if blood androgen levels are normal the term FPHL is used,
which is the most common cause of female hair loss (Davis and Callender 2018, Lutz
2012, Redler et al. 2017).

AGA is the most common hair loss in men (Heilmann-Heimbach et al. 2016). The enzyme
SRD5A2 is associated with AGA (Ntshingila et al. 2023) as well as implicated to be
involved in the pathophysiology of male pattern baldness (MPB), namely in the increase

in the sensitivity to androgens (Heilmann-Heimbach et al. 2017).

Several genes are proposed to be involved in male hair loss, as described for MPB
(Heilmann-Heimbach et al. 2017). Among these genes are fibroblast growth factor 5
(FGF5) and ectodysplasin A (EDA) (Heilmann-Heimbach et al. 2017). FGF5 is suggested
to be involved in the misfunction of the regulation of the anagen to catagen transition
(Heilmann-Heimbach et al. 2017, Higgins et al. 2014). It is also supposed to determine
hair length in human hair follicles (Higgins et al. 2014). EDA is required for placode

formation and therefore is necessary for the process of hair formation (Duverger and
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Morasso 2014). Deregulation of EDA, resulting in decreased levels, is described for
human hair growth disorders (Duverger and Morasso 2014, Heilmann-Heimbach et al.
2016). Mutations in the EDA gene are associated with hypohidrotic ectodermal dysplasia
(HED), a disease that is characterized by failed development of hair and teeth, ranging
from hypodontia to anodontia (Clarke et al. 1987).

AGA belongs to the non-scarring alopecia types and is characterized by a progressive
loss of scalp hair (Sinclair 1998) starting in the “reproductive years”, in rare cases also
during puberty (Davis and Callender 2018, Lutz 2018, Ramos and Miot 2015). Anagen
phase is shortened in AGA (Paus and Cotsarelis 1999). It is caused either by genetic
inheritance and/ or by hormonal imbalances (Lutz 2012). Terminal hairs change their
appearance to intermediate or vellus hairs, a short, nonmedullated type of hair without
association to the sebaceous gland (Duverger and Morasso 2014, Nestor et al. 2021,
Ramos and Miot 2015).

Pathogenetically, two possible causes exist for the development of AGA: First, the hair
loss can be caused by an increased sensitivity of the hair follicles against local 5a-DHT,
which leads to a miniaturization of the hair follicles (Arias-Santiago et al. 2012, Lee et al.
2015, Lutz 2018, Paus and Cotsarelis 1999, Sinclair et al. 2015). And second, it can also
occur in case of high androgen levels in the blood (Lutz 2018). The hair loss is clinically
characterized by a diffuse and progressive thinning of the hair in the fronto-vertical or
parietal area of the scalp, while the frontal hairline remains intact (Grymowicz et al. 2020,
Lutz 2012, Lutz 2018, Nestor et al. 2021, Sinclair 1998). In AGA the amount of telogen

hair is normally only increased in the central part of the scalp (Lutz 2012).

Interestingly, findings in epidemiology suggest associations of AGA with other somatic
diseases: Arias-Santiago mentioned in 2010 and 2012 associations of greater prostate
volume with early urinary flow changes in men with AGA (Arias-Santiago et al. 2012) as
well as associations between AGA and cardiovascular risk factors of metabolic syndrome

and carotid atheromatosis in men and women (Arias-Santiago et al. 2010).
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1.5.2 Diffuse hair loss

In contrast to AGA, diffuse hair loss (diffuse alopecia (DA)) affects the scalp area uniformly
(Qi and Garza 2014). Diffuse hair loss shows clinical variation and different stages and
can be caused by several factors, including thyroid dysfunction, iron, zinc or biotin

deficiencies or pharmacological side effects (Lutz 2012).

Since hair loss has been described to be associated with thyroid dysfunction (Cohen et
al. 2023, Deo et al. 2016, Lutz 2012, Natarelli et al. 2023), laboratory testing in case of
hair loss commonly includes thyroid stimulating hormone (TSH), thyroxine (T4) and
trijodthyronine (T3) (Wolff et al. 2016). Furthermore, experiments in murine models have
shown that mice, lacking thyroid hormone receptors, develop thinner fur than wildtype
mice, although the overall number of hair follicles were similar, but in TR-deficient mice
the number of hair follicles in anagen phase was significantly lower (Contreras-Jurado et
al. 2014).

“Telogen effluvium” is one type of diffuse hair loss, in which a large number of hairs are

simultaneously in telogen state (Qi and Garza 2014).

Another form of diffuse hair loss is called “anagen effluvium”, which is characterized by

breaking off of hair instead of induced shedding of hair (Qi and Garza 2014).

And a third type of diffuse hair loss is referred to as “loose anagen syndrome” in which
duration of anagen phase is shortened resulting in a reduced hair length (Qi and Garza
2014).

1.6 Confirmation of the type of hair loss and available therapies

1.6.1 Confirmation of the type of hair loss in a pluck trichogram

A trichogram serves as a method for differentiating the form of alopecia and to determine
whether a therapy is successful or not (Lutz 2012, Ramos and Miot 2015). It is an analysis
of epilated scalp hair roots under a microscope, standardized in the 1950s by Van Scott
(Ramos and Miot 2015, Van Scott et al. 1957).
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Since hair roots from different growth stages can be distinguished by appearance (Fig. 5),
it is possible to assess the number of hair roots from each growth phase and to determine

the percentage of hair of each hair growth stage (Ramos and Miot 2015).

In humans, a physiological trichogram of the capillitium shows at least 80 % of hair in an
active growing stage (Lutz 2012) and maximal 14 % in the telogen phase (Lutz 2001, Lutz
2012). Sporadically, catagen or dystrophic hair can be counted or even broken off hair
(Lutz 2012).

A B

Anagen Telogen

Fig. 5: Hair roots A Anagen hair root B Telogen hair root, 20x light microscope, own work.

In general, increasing telogen rates determined by pluck trichogram can be associated
with moderate hair growth disorders, but the exact cause for the impaired growth has to
be further specified (Lutz 2001). It is worth mentioning, that anagen and telogen rates
show variations according to the activity of the hair loss (Lutz 2012). To avoid a distortion
of results, the hair should not be washed for five days before carrying out a trichogram,
otherwise most telogen hair would be mechanically shed in advance, because of the
washing process and results would be falsely embellished (Lutz 2012, Ramos and Miot
2015).
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1.6.2 Approved therapies

Hair loss represents a common symptom with a multitude of different origins. The demand
for therapy options is understandably high, but there are only a few FDA- (Food and Drug
Administration) and EMA- (European Medicines Agency) approved pharmaceuticals or
devices available with potentially restricted efficacy. Topical minoxidil solution, oral
finasteride and low-level light therapy (LLLT) represent FDA-approved options for treating
androgenetic alopecia (Nestor et al. 2021, Panchaprateep and Lueangarun 2020, Paus
and Cotsarelis 1999), with topical minoxidil and systemic finasteride also being drugs from
the European guideline for the diagnostic and treatment of AGA (Wolff et al. 2016). The
type of therapy chosen depends on the confirmed presence of a hyperandrogenemia (Lutz
2018).

1.6.2.1 Minoxidil

Minoxidil acts on potassium channels in smooth muscle leading to vasodilation, as well
as it increases anagen state of the hair cycle and therefore has stimulating effects on hair
formation and growth (Fabbrocini et al. 2018, Kaiser et al. 2023). The compound is a pro-
drug that is converted into its active form inside of the hair (Fabbrocini et al. 2018).
Minoxidil was actually approved by the FDA for the treatment of hypertension (Fabbrocini
et al. 2018).

Topical minoxidil serves as a vasodilator and was shown to avoid hair loss by prolonging
anagen phase and increasing hair diameter and hair density (Nestor et al. 2021, Paus and
Cotsarelis 1999, Qi and Garza 2014, Trueb 2021). Furthermore, adipose-derived stem
cells (ASC) pretreated with minoxidil and injected into mice were shown to promote hair
growth in vivo (Choi et al. 2018).

The compound needs to be applied once or twice a day (Nestor et al. 2021), yielding

variable effects in a minority of cases (Paus and Cotsarelis 1999).

Few side effects are mentioned for topical minoxidil treatment: skin irritation and contact

allergic dermatitis (Sinclair 1998).

The compound can be used for both men and women (Qi and Garza 2014).
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1.6.2.2 Finasteride

Finasteride is an inhibitor of the enzyme SRD5A type 2 (SRD5A2) that was originally
shown to be effective in the treatment of prostate cancer (Vickers et al. 2010). Finasteride
blocks the conversion of testosterone into its more active metabolite 5a-DHT (Fabbrocini
et al. 2018).

The compound is not approved for the use in women (Fabbrocini et al. 2018).

1.6.2.3 Low-level light therapy
Low-level light therapy (LLLT, red light) has been proposed to stimulate hair growth, both
in male and female hair loss diseases (Jimenez et al. 2014), but the exact molecular

mechanisms are not completely understood (Fabbrocini et al. 2018, Jimenez et al. 2014).

A study by Jimenez et al. in 2014 revealed an increase in the density of terminal hair after
26 weeks treatment with the FDA-cleared HairMax Laser Comb® with a device emitting a

wavelength of 655 nm (Jimenez et al. 2014).

LLLT has to be used three times a week with a treatment duration of 8 - 15 minutes
(Jimenez et al. 2014).

1.6.3 Other options

Next to the approved therapies with topical minoxidil and oral finasteride, other
pharmaceuticals have been described that may support the treatment of androgenetic
alopecia. These options include cyproterone acetate (Fabbrocini et al. 2018, Lutz 2018)
and spironolactone (Lutz 2018), the latter being tested as off-label drug, since it is not

approved for any dermatologic conditions (Levy and Emer 2013).
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1.7 Aim of the project

The overall aim of the current project was to test the hypothesis that hair loss may be
correlated or even caused by a reduced enzymatical conversion of sulfated steroids into
E2 in the human scalp hair root. More precisely, the project was supposed to confirm local
steroid metabolism, as it was described by Wehner and Schweikert (Wehner and
Schweikert 2014), with a focus on anagen scalp hair of healthy women, also in

dependency of age.

Furthermore, the aim was to compare local steroid hormone metabolism in scalp hair roots
of healthy women and women with a history of hair growth disorders (AGA or DA), and to
investigate if AGA differs from DA. In this context, also gene expression data from hair
roots were compared between the three observation groups (control, AGA, DA) in order
to uncover potential transcriptional differences between control, AGA and DA. The
analysis was supposed to give insights into the expression pattern of steroid hormone
transporters or receptors and enzymes that are involved in the oxidation, reduction,
conjugation and desulfation of steroid hormones that may affect the local concentration of
steroids in hair roots and may influence the effects of steroid hormones on their

corresponding receptors.

Since androstenediol shows binding affinity for the ER, another goal was to find out if

DHEA may also represent a source of ER-signaling.
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2. Materials and methods

2.1 General equipment and material

2.1.1 General equipment

Tab. 2: General equipment

Product Name Purchase
Cell culture hood Hera Safe, Heraeus Thermo Scientific,
Type: HS 12/2 Waltham (USA)

REF: 51010924
Fabric No.: 95110994

Centrifuge Eppendorf 5430 Eppendorf, Hamburg (Germany)
Eppendorf 5810 R Eppendorf, Hamburg (Germany)
Heating Blocks Thermomixer comfort | Eppendorf, Hamburg (Germany)
MHR-20 HLC BioTech
Homogenisator Ultra Turrax T25 IKA-Werke GmbH & Co. KG,
Staufen (Germany)
Ice Machine Scotsman AF 80 Scotsman
Incubators Galaxy S14 New Brunswick, an Eppendorf
Company, Hamburg (Germany)
INTAS Science imaging Gel imager INTAS, Gottingen (Germany)
Mastercycler ® ep realplex Eppendorf, Hamburg (Germany)
Microplate reader Infinite M Plex Tecan Deutschland GmbH,
Crailsheim (Germany)
Microscope Olympus BH-2 Olympus
Microwave Type 7873 Severin
Nanophotometer NanoDrop Thermo Fisher
Photo machine Mitsubishi P93D Mitsubishi
Pipetboy Accujet Pro Brand
Pipettes Eppendorf research Eppendorf, Hamburg (Germany)

Plus (2.5 uL, 10 uL,
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100 pL, 200 pL, 1000
uL)

Gilson

(20 pL, 200 ulL, 1000
uL)

Gilson International B.V., Lim-
burg an der Lahn (Germany)

Power Supply PAC 200 BioRad, Hertfordshire
(United Kingdom)
Scale Precision VWR International, Darmstadt
scale LPWQ-723i | (Gemany)
Serial No.:
IT1402669
Serial No.: 50311283 | Sartorius AG, Gaéttingen
(Germany)
SpeedVac ThermoFisher, Scientific Savant
Thermocycler Mastercycler Eppendorf, Hamburg (Germany)
ep gradient S
realplex 2

TriCarb liquid scintillation
counter

PerkinElmer, Waltham, MA, USA

Vortex Vortex Genie-2, Scientific Industries
Model G-560E; Serial
No: 2-95848
2.1.2 General materials
Tab. 3: General materials
Product Description Article Purchase
number
Benchguard Extra |49 cm x 50 cm | 115-9321 VWR International, Darmstadt
(Germany)
Culture tubes with | glass RG09 A. Hartenstein GmbH,
screw cap Wurzburg (Germany)
Disposal bags small 86.1197 Sarstedt, Numbrecht (Germany)
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Gloves Nitratex 4400053 Ansell Healthcare Europe N.V.,

Microtouch, Brussels (Belgium)

size M

Nitratex, size 112-1845

M
Liquid scintillation AYX5.1 Carl Roth GmbH und Co. KG,
vials Karlsruhe (Germany)
Objective slides Mattrand 14000590 Engelbrecht Medizintechnik
Pipette filtertips 10 puL 70.3020.255 | Sarstedt, Numbrecht (Germany)
biosphere 20 pL 70.1114.210

200 pL 70.760.212

1000 puL 70.3050.255
Pipette tips 10 puL 70.3010 Sarstedt, Numbrecht (Germany)

200 pL 70.3030.020

1000 pL 70.3050.020
Seals Microseal 'B° | MSB1001 BioRad, Calofornia (USA)

Seal
Serological pipettes | 10 mL 4488 Sarstedt,

25 mL 4489 Numbrecht (Germany)

50 mL 86.1689.001
Syringe filter 0.22 83.1826.001 | Sarstedt,

um Filtropur S Numbrecht (Germany)
Syringes Omnifix-F | Single-use, 9161406V B. Braun Melsungen AG,
Luer solo 0.01-1mL Melsungen (Germany)
TC-dish 35 Standard 83.3900 Sarstedt,

Numbrecht (Germany)

TLC Plates Polygram Sil 805013 Macherey-Nagel,

G Duren (Germany)

0.2 mm silica

gel

20x 20 cm
Tubes Falcon 15 mL | 62.554.502 Sarstedt,




40

Falcon 50 mL | 62.547.254 Numbrecht (Germany)
Tubes, safe seal 1.5 mL 72.706 Sarstedt,
2.0 mL 72.695.500 NUmbrecht (Germany)
Video printer paper | Mitsubishi 11001233 Diagramm Halbach
K65HM
24 well plates Corning 734-0078 Corning B.V., Amsterdam (The
primaria Netherlands)
96-well microplates | Flat bottom 738-0026 Th. Geyer
black
2.1.3 Chemicals
Tab. 4: Chemicals
Product Description Article Purchase
Number
Ammonium hydroxide, 100 mL 338818 Sigma-Aldrich
NHsOH Chemie GmbH,

Taufkirchen (Germany)
Chloroform 25L 133101.1612 | Applichem,

Darmstadt (Germany)
3,5-Diaminobenzoic acid 100 g 113832 Sigma-Aldrich
dihydrochloride Chemie GmbH,

Taufkirchen (Germany)
Dichloromethan 1L 1.06044- Sigma-Aldrich

1000 Chemie GmbH,

Steinheim (Germany)
17B-Estradiol 250 mg E2758 Sigma-Aldrich

Chemie GmbH,

Taufkirchen (Germany)
Estrone 500 mg E9750 Sigma-Aldrich

Chemie GmbH,

Taufkirchen (Germany)
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Estrone sulfamate 2mg E9645 Sigma-Aldrich
Chemie GmbH,
Taufkirchen (Germany)
Ethanol Technical Werner Hofmann,
Dusseldorf
Ethyl acetate 1L 1036491000 | Merck KGaA,
Darmstadt (Germany)
Formaldehyde solution 1L 1.04003.1000 | Merck KGaA,
Darmstadt (Germany)
2-Mercaptoethanol 250 mL 4227 .1 Carl Roth GmbH und
Co. KG, Karlsruhe
(Germany)
Methanol Technical 1.06009.6025 | Diagonal
3’Morpholinopropanesulfonic | 500 g A2947, 0500 | Applichem
acid
Notit A 100 g 30890.01 Serva
Electrophoresis GmbH,
Heidelberg (Germany)
p-anisaldehyde solution p-Anisalde- SRA1 Sigma-Aldrich
hyd, Chemie GmbH,
Acid alcohol Taufkirchen (Germany)
5 mg/100 mL
Peqlab Universal agarose 500 g 732-2789 VWR International,
Darmstadt (Germany)
Percloric acid, HCLO4 70 %, 50 mL | 311421 Sigma-Aldrich
Chemie GmbH,
Taufkirchen (Germany)
Toluene 1L 1.08327 Merck KGaA,

Darmstadt (Germany)
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2.1.4 Isotope-labeled chemicals

Tab. 5: Isotope-labeled chemicals

Concentration: 1 mCi/ mL;
Purity > 98 %

Product/ Amount/ Lot Description Article Purchase
number
[1,2,6,7-3H(N)] Specific activity: ART1607 | Hartmann
Dehydroepiandrosterone . _ Analytic GmbH,
/ 250 uCil 210402 76.1 Cif mmol; Braunschweig
Solvent: Ethanol; (Germany)
Concentration: 1 mCi/ mL;
Purity > 98 %
[6,7-3H(N)] Estrone Specific activity: ART0821 | Hartmann
sulfate ammonium salt/ 40 Gi/ mmol Analytic GmbH,
50 pCi/ 200423 ’ Braunschweig
Solvent: Ethanol; (Germany)
Concentration: 1 mCi/ mL;
Purity > 98 %
[6,7-3H(N)] Estrone Specific activity: ARTO0821 | Hartmann
sulfate ammonium salt/ : _ Analytic GmbH,
50 uCi/ 210713 40 Cif mmol, Braunschweig
Solvent: Ethanol; (Germany)
Concentration: 1 mCi/ mL;
Purity > 98 %
[6,7-3H(N)] Estrone Specific activity: ARTO0821 | Hartmann
sulfate ammonium salt/ 40 Gi/ mmol Analytic GmbH,
50 uCi/ 210923 ’ Braunschweig
Solvent: Ethanol; (Germany)
Concentration: 1 mCi/ mL;
Purity > 98 %
[6,7-3H(N)] Estrone Specific activity: ARTO0821 | Hartmann
sulfate ammonium salt/ 40 Gi/ mmol Analytic GmbH,
50 uCi/ 220401 ’ Braunschweig
Solvent: Ethanaol; (Germany)
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2.1.5 Buffers, kits and solutions

Tab. 6: Buffers, kits and solutions

Product Description | Article number Purchase
HD Green Plus DNA Dye 5x1mL ISII-HD Green P | Intas
iScript™ cDNA Synthesis Kit 1708891 BioRad, Hercules,
CA, USA
Phosphate 1Xx 14190-169 Life Technologies,
Buffered Saline (PBS) 10x 14200-067 Thermo Scientific
RiboRuler High Range RNA SM1823 ThermoFisher
Ladder
RNA Gel Loading Dye 2X R0641 ThermoFisher
RNase-free DNase Set 50 79254 Qiagen,
preparations Hilden (Germany)
RNeasy Micro Kit 74004 Qiagen,
Hilden (Germany)
Takyon Low Rox SYBR ® UF-LSMT- Eurogentec, Seraing,
MasterMix dTTP Blue B0O701 Belgium

2.1.6 Oligonucleotide sequences for qRT-PCR

Tab. 7: Oligonucleotide sequences for qRT-PCR

Name Sequence forward 5’ -> 3’ Sequence reverse 5’ -> 3’ Purchase

HSD17 | 5CATCTCGCAGTGCAAGGA | 5’ ATATTGCCGGCATCAACA | Eurofins

B7 AA GC

ESR2 5GAGTCTGGTCGTGTGAAG | 5’ACTTCTCTGTCTCCGCAC | Eurofins
GA AA

LARS2 | 5AAACTGTATGAGGCTGGG | 5'AATCCAGTGGGCTTGCA | Eurofins
CT TG
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2.1.7 Growth media and cell culture solutions

Tab. 8: Growth media and cell culture solutions

Product Description Article number | Purchase
Fetal bovine serum | 500 mL, 10270-106 Gibco,
Lot: 42Q0008K ThermoFisher Scientific
L-Glutamine 200 mM 25030-081 Gibco,
ThermoFisher Scientific
MEM Non-essen- | 100x 11140-035 Life Technologies,
al amino acid Thermo Scientific
Minimal Essential | 500 mL 21090-022 Life Technologies
Medium GmbH, Darmstadt (Germany)
Penicillin/ 5000 U/ mL 15070-063 Life Technologies, Thermo
Streptomycin Scientific
Sodium pyruvate 100 mM 11360-039 Life Technologies, Thermo
Scientific

2.1.8 Computer software

Tab. 9: Computer software

Product Description Purchase

EndNote X8.2 Alfasoft

GraphPad Prism | Prism 6 for Mac OS X Graphpad Software, Inc.

Microsoft Office for Mac, Version 16.43 from 2020 | Microsoft

Software Realplex Eppendorf

gRT-PCR

Software infinite 200Pro Tecan Deutschland

T q GmbH, Crailsheim
ecan reader (Germany)

Software QuantaSmart™-5.2 Perkin Elmer, Waltham,

TriCarb MA, USA

Scintillation

Counter
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2.2 Methods
2.2.1 Design of the study

The study was approved by the ethics committee of the University of Bonn, reference
number 272/16. Written informed consent was obtained from all participants prior to

inclusion and is part of the scientific documentation.

Human anagen scalp hair roots were donated by 39 female volunteers (age range 19 -
72). Volunteers were classified into three observation groups: Control, androgenetic
alopecia (AGA) and diffuse alopecia (DA). Personal data were replaced by a code
consisting of letters and numbers, so that no data can be assigned to a specific person.
Dr. med. Gerhard Alfons Lutz assisted with diagnosis and counseling of volunteers.
Volunteers were included into the project either by Dr. med. Gerhard Alfons Lutz or by
making an appointment on the basis of an informative flyer, that was available at the
Institute for Biochemistry and Molecular Biology (IBMB) in Bonn or at different

dermatologists in Bonn and Koblenz.

The combination of four aspects served to assign participating women to one of the three
groups: Pluck trichogram, visual appearance, pull-test and anamnesis interview. The
pluck trichogram served to determine the hair root state. Epilation sites for all three groups
were first in the frontotemporal area and second from the occipital part of the scalp. The
pluck trichogram was carried out as described (Lutz 2012). The hair was parted using a
tail comb and fixed on both sides by hands. A cosmetically good result was achieved if a
narrow column of nearly 100 hairs was lifted up with the comb and fixed with a rubber-
faced surgical clamp near the scalp skin. The hair was suddenly epilated following the
natural exit direction of the hair from the skin. The hair column was tape fixed on a lined
objective slide followed by removal of the surgical clamp. The hair was covered with ice-
cold 1x phosphate buffered saline (PBS) and a cover slip. Extending hair shafts were cut
from the back of the slide and were discarded. The number of hairs in each growth phase
was counted in a meander-shaped manner using a light microscope (Olympus BH-2) with

a 5x objective and the number of hairs of each growth stage was calculated to 100 percent
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(%). The ratio of telogen hair from both epilation sites served as marker for differentiating
between a physiological state (control), AGA and DA. Women with a telogen rate below
fourteen percent were considered healthy controls. A telogen rate above fourteen percent
was associated with hair growth disorders (AGA and DA). According to the description by
Lutz in 2012, a higher telogen rate only in the frontotemporal area was considered as

AGA, a higher telogen rate in both epilation sites was considered as DA (Lutz 2012).

Next to the trichogram, hair density was assessed by visual appearance. In this context,
the hair was parted in the central area, both parietal zones and the occipital area of the

head using a comb and a visual diagnosis of the hair density was made.

A pull-test served to assess the activity of the hair loss by counting the lost hair that got

stuck between the fingers when the hair was brushed with the hands.

To complete diagnosis, a structured anamnesis interview gave information of a potential

history of hair growth disorders.

To rule out any subjective impressions concerning visual appearance of the hair growth
state, the whole procedure was always carried out by the same first and second

examiners.

Concerning impressions on the hair root state, the results made by pluck trichogram were
strictly assigned to one of three observation groups, according to the percentages

calculated.

Since hormone levels are variable during the day, pluck trichogram was always carried
out between 9 AM and 11 AM, to reduce potentially fluctuating results concerning hor-

mone levels.
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Fig. 6: Preparation of hair roots: Hair column tape fixed on a lined objective slide and
separation of anagen and telogen hair. Own work.

2.2.2 Incubation of human scalp hair roots with isotope-labeled estrone-3-sulfate or
dehydroepiandrosterone and extraction of steroid mixtures

It was shown that human scalp hair roots possess enzymatic activity through which

conversion of steroid hormones can be catalyzed (Schweikert and Wilson 1974,

Schweikert, Milewich et al. 1975, Wehner and Schweikert 2014).

The purpose of the following experiments was to investigate the formation of estrone (E1)
and 17p-estradiol (E2) from estrone-3-sulfate (E1S) or the formation of androstenediol
from dehydroepiandrosterone (DHEA) in isolated anagen scalp hair roots. Therefore,
proximal ends of epilated hair containing the hair root (0.5 cm) were cut, and immediately
transferred into ice-cold PBS (1x, Thermo Scientific) and separated according to the
growth phase under a light microscope (Olympus BH-2) equipped with a 5x objective
(Reinertson et al. 1957, Schweikert, Milewich et al. 1975, Van Scott 1957).

The necessary concentration of [1,2,6,7-3H(N)] DHEA for the experiments was
determined in a saturation analysis, where, according to Wehner and Schweikert (Wehner
and Schweikert 2014), six isolated anagen scalp hair roots were incubated for 48 hours
in 300 microliter (uL) minimal essential medium (MEM, Thermo Scientific) containing 50
nM, 100 nM, 500 nM and 1000 nM of [1,2,6,7-*H(N)] DHEA (Hartmann Analytic, 76.1 Ci/
mmol) at 37 °C in an atmosphere of 5 % CO2/ 95 % O:in a 24-well plate (Corning primaria,
VWR). The volume of [1,2,6,7-3H(N)] DHEA was calculated by multiplying the aimed
concentration [nM] with the specific activity [Ci/ mmol] and by dividing this number by the

concentration [mCi/ mL] of [1,2,6,7-H(N)] DHEA. To minimize the amount of isotope-
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labeled substrate, concentrations higher than 100 nM were prepared with 100 nM of
[1,2,6,7-3H(N)] DHEA that were filled up with non-labeled DHEA (Sigma) to 500 nM and
1000 nM, respectively.

MEM was prepared as follows: To avoid any solvent effects during the incubation period,
the different concentrations of [1,2,6,7-*H(N)] DHEA were dried completely for fifteen
minutes in a vacuum concentrator. The dried steroid was then dissolved completely in the
necessary volume of MEM by incubation for 30 minutes under shaking at 37 °C. MEM
was supplemented with 2 mM L-Glutamine (Thermo Scientific), 1 % penicillin/ streptomy-
cin (6000 U/ mL, Thermo Scientific) and 10 % fetal bovine serum (FBS, Thermo Scientific).

MEM containing steroids was in the following termed substrate solution.

A negative control containing substrate solution without hair roots was prepared for the
lowest concentration (50 nM) of [1,2,6,7-°*H(N)] DHEA. Data values for the negative

control were subtracted from all other data values as background.

A time course experiment served to specify the time that was necessary for the detection
of androstenediol locally formed from DHEA. The experiment was performed as described
before with a concentration of 100 nM of [1,2,6,7-*H(N)] DHEA over a time period of 48

hours with time points at four hours, six hours, 24 hours and 48 hours.

The determined point in time was supposed to be in a linear range and was chosen on

the basis of the here created XY-Plot (see results, figure 11 B).

In summary, experiments on androstenediol formation from DHEA were carried out in the
following with 100 nM of [1,2,6,7-3H(N)] DHEA over a time period of five hours.

According to the findings of Wehner and Schweikert (Wehner and Schweikert 2014) and
the saturation and time course experiments for DHEA presented in this approach, anagen
scalp hair roots were incubated for 48 hours in 300 uL MEM containing 50 nM [6,7-2H(N)]
estrone sulfate ammonium salt (E1S, Hartmann Analytic, specific activity 40 Ci/ mmol) or
for five hours with 100 nM [1,2,6,7-3H(N)] DHEA at 37 °C. The volume of [6,7-*H(N)] E1S
was calculated as previously described for [1,2,6,7-H(N)] DHEA.

As mentioned for DHEA experiments, also data for E1S experiments represent triplicate

values and a negative control (also triplicate values) containing substrate solution without
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hair roots was prepared for each sample, which was afterwards subtracted from all other

data values as background.

After the incubation period, enzymatic reactions were stopped by placing the 24-well plate
on ice. For [6,7-3H(N)] E1S experiments, the conditioned medium was transferred into
ice-cold glass tubes containing 1.5 mL chloroform (CHCI3 Applichem) and 0.3 mL bi-
distilled H20. The samples were stirred vigorously three times over a ten-minute period
and incubated on ice for phase separation for fifteen minutes. The aqueous phases were
transferred into new glass tubes and were extracted twice with 1.5 mL CHCIz. The CHCI3
layers were then combined and backwashed three times with bi-distilled H20, always
shaking vigorously three times over a ten-minute period and left for phase separation on
ice for fifteen minutes. The collected CHCIs extracts were used for steroid separation. The
aqueous phases (liquid waste) were checked for isotope-labeled content, indicated by the
number of counts per minute (cpm) detected by the liquid scintillation counter. Afterwards
aqueous phases were discarded according to the isotope content and following the rules
for isotope-labeled waste management in the corresponding laboratory. The amount of

isotope-labeled content was documented in a list in the corresponding laboratory.

According to non-published pre-experiments of Wehner and Schweikert on
androstenediol detection, the conditioned medium was transferred into ice-cold glass
tubes containing 1.4 mL CHCI3 and 0.7 mL technical methanol (MeOH, Diagonal). The
samples were stirred vigorously three times over a ten-minute period and incubated on
ice for phase separation for fifteen minutes. CHCI3 extracts were further used for steroid
separation and the remaining aqueous phases were managed according to the

descriptions for E1S experiments.

48 h 0

//¢ TS oo
// + PDHEN Aqueous phase o o

Organic phase

\

5h
. . _— . . Steroid separation via
Pluck Trichogram Inf:sjbatlon and Extraction of liquid steroid mix thin-ayer
exposition to substrate from aqueous phase
chromatography

Fig. 7: Experimental workflow: Pluck trichogram, incubation of scalp hair roots, extrac-
tion of steroid mixture and steroid separation via thin-layer chromatography. Own work.
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2.2.3 Steroid separation/ Thin-layer chromatography (TLC)

The collected CHCI3 extracts contained a mixture of substrates (E1S or DHEA) and
products (E1 and E2 in case of E1S or androstenediol in case of DHEA). In principle,
DHEA can be converted into androstenedione, testosterone, androstenediol and 7a-
hydroxy-DHEA. All of these metabolites can be detected using the solvent system
dichloromethane/ ethyl acetate/ MeOH (85:15:1.7; v:v:v), which was tested before, in non-
published experiments of Wehner and Schweikert. In this experiment, the focus laid on

the detection of androstenediol.

In the second experiment, metabolites derived from E1S (E1 and E2) were detected, both
in the same sample and on the same TLC plate and run. For separation of E1 and E2 the
solvent system toluene/ ethanol (93:7; v:v) was used as described by Wehner and
Schweikert (Wehner and Schweikert 2014).

Thin-layer chromatography (TLC) separated the formed steroid metabolites from each
other. To describe the performance of separated compounds during a TLC, relate to front
values (Rf values) can be calculated. Rf values are a characteristic property of a
compound in a certain solvent system and describe the ratio of the distance the compound
covers during the separation (a) and the distance between starting line and running front
(b). Variations in Rr values can appear due to room temperature differences. Rr values

were calculated by dividing a by b, yielding R = a/b.

Since the yield of formed steroid metabolite in hair roots is low, it was necessary to
increase its amount for visualizing it after the TLC has been finished. Therefore, in case
of E1 and E2 detection, 25 ug of a prepared mixture containing E1 and E2 (1 mg/ mL in
MeOH, in the following termed standard) was added to a 0.5 mL aliquot of CHCI3 extract.
In case of DHEA metabolization, 25 ng of a standard containing testosterone (1 mg/ mL
in MeOH) was added to a 0.5 mL aliquot of CHCI3 extract. Testosterone showed a Rs
value of 0.5 in this solvent system. In preliminary experiments of Wehner and Schweikert
testosterone showed an equivalent Rr value and androstenediol showed a Rs value of 0.4
under the same conditions (non-published data from Wehner and Schweikert). These
references were used in the here described experiments to assess androstenediol

position after the TLC had been stopped.
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The experimental design was the same for metabolite separation from DHEA and E1S.
Aliquots of 0.5 mL CHCIs extract containing the corresponding standard were evaporated
to dryness. The residues were redissolved in 75 uL CHCI3 and spotted on a start line
marked on plastic backed silica gel TLC plates (Ref. 805013, 20 cm x 20 cm, Macherey-
Nagel). The TLC plate was transferred into a TLC chamber that was filled with the
corresponding solvent system. The solvent system was filled in 30 minutes in advance to
allow equilibration of the fume phase. The solvent system only covered the bottom of the
TLC chamber and was not in direct contact to the start line, to prevent mixing of the

samples and to allow separation of the samples in direction to the top of the TLC plate.

TLC was stopped when the running front reached the upper third of the plate (13 - 14 cm,
calculated from the starting front). The running front was marked with a pencil and the
plate dried at room temperature. Afterwards, p-anisaldehyde solution (5 mg p-anisalde-
hyde in 100 mL acid alcohol, Sigma) served to stain the formed metabolites during heating
of the plate with a hair dryer. To evaluate the aimed metabolite, the colored area (E1 =
red/ orange, E2 = yellow, Fig. 8) was scratched from the plate (Rr value calculated for
androstenediol 0.4, Rf value E1 0.28, Rrvalue E2 0.15). The powder was transferred into
liquid scintillation vials and 4 mL scintillation cocktail (Rotiszint eco plus, C. Roth) were
added. Vials were capped and samples were stirred vigorously to release the sample from

the powder into the liquid scintillation cocktail.

Corresponding energies of each spot were analyzed using a TriCarb liquid scintillation
counter (Perkin Elmer) and the amount of 3H of each spot was given as cpm. These cpm
values were calculated to bequerel (Bq). Calculated Bq values were then transformed into
picomol (pmol) using the specific activities of the used substrates. These values later

served for normalization on the DNA-content.
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Fig. 8: Thin-layer chromatography (TLC) of estrone (E1) and 17B-estradiol (E2)
derived from estrone-sulfate (E1S). Solvent system toluene/ ethanol (93:7; v:v). Spotted
on plastic backed silica gel TLC plates (Ref. 805013, 20 cm x 20 cm, Macherey-Nagel).
Own work.

2.2.4 Inhibition of steroid sulfatase to prevent E1 and E2 formation from E1S

Hydrolysis of E1S into the product E1 is catalyzed by the enzyme steroid sulfatase (STS).
As a control for enzymatic formation and for the hydrolysis of E1S by STS, human anagen
scalp hair roots were incubated with different concentrations of the specific STS inhibitor
estrone sulfamate. Compound concentrations varied from 0.1 nanomolar (nM) to 0.1 uM.
Hair roots were incubated with and without inhibitor in order to demonstrate the involve-
ment of STS.

After evaporating the appropriate amount of estrone sulfamate, the necessary amount of
[6,7-H(N)] E1S was dried completely, both in a vacuum concentrator. For untreated
samples, the volume of solvent without inhibitor was used to exclude solvent effects. The
dried inhibitor and steroid were resolubilized in MEM and were incubated for 30 minutes
shaking at 37 °C to let the inhibitor and steroid dissolve completely in substrate solution.
Further preparations of scalp hair roots and incubation settings were equal to that
described in 2.2.2.
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2.2.5 DNA determination in hair roots

DNA concentration of anagen scalp hair roots was determined according to a modification
by Kissane and Robins (Kissane and Robins 1958) of the Doebner-Miller quinoline syn-
thesis (Wehner and Schweikert 2014). Briefly, N-glycosidic bonds of purine deoxynucleo-
tides are cleaved under heating, releasing the corresponding purine from deoxyribose.
3,5-diamino benzoic acid dihydrochloride (DABA) reacts with the liberated deoxyribose,
yielding a fluorescent product (quinoline), that can be determined. Since ribose, in contrast

to deoxyribose, is substituted at position C2, the reaction is DNA-specific.

DABA

</: | j HN NH, R {:m“ i
(P)—cH 0})‘ (P)—cH ;;l\ .. |\ N
it S L i I & R 6

HO H +60°C HO H

Purine deoxyribose Purine deoxyribose Quinoline Purine

Fig. 9: Reaction of purine deoxynucleotide with DABA, yielding quinoline. Own work.

The DNA standard stock solution was prepared by dissolving 40 ug of genomic DNA from
murine liver in 1 ml 0.4 N ammonium hydroxide (NH4OH, Sigma). DNA stock solution was
stored at 4 °C. Working standards were prepared freshly prior to use, by diluting the stock
solution in 0.4 N NH4OH. A standard curve was built from 0, 0.4, 0.6, 0.8, 1, 1.6, 2, 2.6, 3
and 4 ung DNA with a linear trend line with intersection zero. A coefficient of determination

(R?) bigger than 0.95 was considered suitable for further calculations.

A 1.5 M 3,5-diamino benzoic acid dihydrochloride (DABA, Sigma) solution was prepared
prior to use by dissolving 0.337 g of DABA in 1 mL bi-distiled H20. The dark brown
solution was decolorized by successive extraction with 0.1 g per mL activated charcoal
(Norit A, Serva) followed by centrifugation at 4000 revolutions per minute (rpm) (3220
relative centrifugal force (rcf), Eppendorf 5810 R) for 20 min at 20 °C and filtration (syringe
filter 0.22 um, Sarstedt), after which the solution got a pale yellowish color. The increase
in blank readings can be minimized by protecting the solution from exposure to light
(solution stable for almost 3 hours) as described in non-published pre-experiments of
Wehner and Schweikert.
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250 pL of freshly prepared 1.5 M DABA solution were added to samples and standard.
Tubes and cell culture plates were capped and heated at 60 °C for 45 minutes (min) in an
oven, protected from light where a fluorescent product was formed by the reaction

between DABA and the liberated deoxyribose (liberated from purine deoxynucleotides).

2750 pL of 0.6 N perchloric acid (HCIO4, Sigma) and 500 pL bi-distilled H.O were added
to each sample to stop the reaction, samples from cell culture plates were transferred to
tubes and samples were mixed and left for incubation on ice for ten minutes to collect
precipitates in the lower center of the tubes. 100 uL supernatant were transferred into a
black microflour 1 flat bottom 96 well plate (Th. Geyer). Fluorescence was determined
with infinite pro 200 software (Tecan) in a microplate reader using excitation wavelength

of 396 nm and emission wavelength of 496 nm.

The values for the standard calculated by the software were then illustrated in a XY-plot,
where a trendline with intersection zero and its equation served to calculate the DNA-
content of samples using the fluorescence intensity of each sample as input. These values
were in the end used for normalization of the pmol values calculated as described in 2.2.3

by dividing the pmol values by the DNA amount in ng.

2.2.6 Ribonucleic acid (RNA) extraction

Ribonucleic acid (RNA) was extracted from human anagen scalp hair roots using the
RNeasy Micro Kit supplied by Qiagen according to the manufacturer’s instructions for
purification of total RNA from animal and human tissues. Scalp hair roots were not
weighed or counted before disruption and homogenization. Scalp hair roots were not
stabilized in reagents like RNAlater™. Furthermore, hair roots were not separated
according to the epilation sites. All steps were performed at room temperature (22 - 24
°C). Obtained scalp hair roots were immediately disrupted and homogenized using a
homogenisator (Ultra Turrax T25, Janke & Kunkel) in a lysis buffer (supplied with the kit)
containing guanidine-thiocyanate and p-mercaptoethanol (3-Me, C. Roth). After spinning
down the sample, it was applied to a RNeasy MinElute® spin column supplied with the Kkit,

where RNA bound to the silica membrane. Copurified DNA was removed by DNase |
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(supplied with the kit) treatment, resulting in high-quality total RNA. No poly-A RNA was

used as carrier RNA. RNA was eluted in 14 uL RNase-free water.

Nucleic acids absorb ultraviolet light (UV-light). RNA quality was determined by measuring
the absorbance of samples at 260 nm (A260) and 280 nm (A280) in a spectrophotometer
(Nano Drop, Thermo), where the amount of absorbed light correlates with the nucleic acid
concentration. The 260:280 ratio, determined in spectrophotometric analysis, enables to
draw conclusions on protein, phenol, salt or alcohol contaminations of the measured
samples, since these contaminants absorb light at 280 nm. Thus, spectrophotometric

analysis supports in evaluating RNA quality.

2.2.7 RNA agarose gel electrophoresis
RNA agarose gel electrophoresis served to determine RNA integrity, by excluding RNase-
induced degradation of RNA samples. Spectrophotometric analysis and RNA gel

electrophoresis complement each other for quality control of RNA samples.

A two-percentage agarose gel was prepared by dissolving 1.8 g of universal agarose
(PeqgLab) in 90 mL of bi-distilled H20. HDGreen Plus DNA stain supplied by Intas is a
fluorescent dye used for visualization of nucleic acids on agarose gels by UV-light. The
fluorescent dye was added to the dissolved gel solution according to the manufacturer’s
instructions (3 pL per 100 mL gel solution). After addition of 6 mL of 20x 3’morpholinopro-
panesulfonic acid (MOPS) buffer (0.4 M MOPS, 0.1 M sodium acetate - 3 H2O (NaOAc),
0.02 M disodium ethylenediaminetetraacetate (Na2EDTA), diethyl pyrocarbonate (DEPC)
treated H20, pH 7.0) and 12 mL formaldehyde (37 %, Merck) to the prepared gel solution,
it was transferred into a prepared electrophoresis chamber for polymerization. A defined
amount of RNA was diluted in RNase-free water supplemented with 2x RNA loading dye
(95 % formamide, 0.025 % sodium dodecyl sulphate (SDS), 0.025 % bromophenol blue,
0.025 % xylene cyanol FF, 0.025 % ethidium bromide, 0.5 mM ethylenediaminetetraacetic
acid (EDTA), Thermo Scientific). Formamide is a denaturing agent that helps to separate
RNA molecules according to their size only. Samples were mixed well, heated for ten
minutes at 60 °C and chilled on ice for five minutes afterwards, to maintain an unfolded

state of RNA samples.
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Fig. 10: RNA agarose gel. Molecular weight (MW), base pairs (bp), hours (h), volt (V),
milli ampere (mA). RiboRuler High Range RNA Ladder (SM1823, Thermo Fisher) used
as reference. 28s ribosomal RNA, 18 s ribosomal RNA. Own work.

2.2.8 3’-mRNA-Sequencing

3’-mRNA sequencing and sample quality control was performed by the Next Generation
Sequencing (NGS) Core Facility of the Medical Faculty of the University of Bonn at the
Life & Brain Center in Bonn, Germany. Libraries were prepared and samples were
enriched using the QuantSeq 3'-mRNA Seq Fw. Library Prep Kit (Lexogen, New
Hampshire, United States) and the data was processed using the options recommended
by the manufacturer. The RNA Integrity Number (RIN) of all samples was determined
using a TapeStation 4200 (Agilent, Santa Clara, California) by the NGS Core Facility. RIN
values of all samples were larger than 7. 3'-mRNA sequencing was performed on the
NovaSeq 6000 (lllumina) by the NGS Core Facility with read lengths of 1 x 100 bp and a
sequencing depth of 10 M read pairs per sample on average.

Further data processing was carried out by Dr. Simon Bohleber and Prof. Dr. Ulrich
Schweizer. Raw reads were clipped, mapped to the human genome and aligned against
GRCh38. Statistical analysis was done by Dr. Simon Bohleber and Prof. Dr. Ulrich
Schweizer using the R-package DESeq2 as recommended by the provider (normalization
of raw counts, dispersion estimation and negative binomial Wald test with Benjamini-

Hochberg multiple test correction).
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2.2.9 Quantitative real time polymerase chain reaction (QRT-PCR)
RNA extraction was done as described in 2.2.6

2.2.9.1 cDNA-synthesis
The synthesis of cDNA from RNA was performed using iScript™ cDNA Synthesis Kit (Bio-

Rad) according to the manufacturer’s instructions.
Reaction setup and reaction protocol as described in table 10.

Tab. 10: Reaction setup and protocol for cDNA synthesis

Reaction setup Reaction Protocol

1 ug RNA template Priming 25°C-5min

4 uL 5x iScript Reaction Mix Reverse 46 °C - 20 min
transcription

1 uL iScript Reverse Transcriptase RT inactivation 95 °C -1 min

ad 20 uL Nuclease-free water Optional 4 °C - hold

2.2.9.2 qRT-PCR
gRT-PCR was performed in triplicate values. Reaction setup and reaction protocol as

described in table 11. Corresponding primer sequences are mentioned in table 12.

Tab. 11: Reaction setup and protocol for qRT-PCR Analysis

PCR Reaction PCR Program
5 puL cDNA (1:10 diluted cDNA) Takyon™ 95 °C - 15 min
Activation
0.25 puL 10 uM Primer forward (fwd) Denaturation | 95°C-30sec
0.25 uL 10 puM Primer reverse (rev) Annealing 60 °C - 45 sec | 40 cycles
12.5 uL SYBR® Blue Extension 72°C-30sec
7 uL Nuclease-free water 72 °C - 3 min
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Tab. 12: Oligonucleotide sequences for qRT-PCR

Oligonucleotide | Nucleotide sequence forward Nucleotide sequence reverse
5->3 5->3

hHSD17B7 CATCTCGCAGTGCAAGGAAA | ATATTGCCGGCATCAACAGC

hESR2 GAGTCTGGTCGTGTGAAGGA | ACTTCTCTGTCTCCGCACAA

hLARS2 AAACTGTATGAGGCTGGGCT | AATCCAGTGGGCTTGCATG

2.2.10 Statistical analysis and graphical arrangements
Calculations, graphical evaluations and arrangements were performed with GraphPad
Prism 6 (GraphPad Software) and Microsoft Excel from 2020 and 2021 for Macintosh.

Figures for overview were created with reMarkable 2 from 2020.

Statistical significance for comparing two groups was calculated by two-tailed and one-
tailed unpaired t-test as mentioned in the corresponding figure legends in GraphPad Prism
6.

Group comparisons for more than two groups were evaluated by using ordinary one-way

ANOVA and Dunnett’s multiple comparisons test in GraphPad Prism 6.

Group comparisons for age were evaluated by using Mann Whitney U-test with a
confidence interval of 95 % in GraphPad Prism 6.

Based on the obtained results, data were considered significant when P < 0.05.

Participants were included by age (range 19 - 72) and by type of hair growth disorder, as
described before in 2.2.1.
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3. Results

3.1 Group assignment and demographic data

This project served to test the hypothesis that disordered hair growth is correlated with
impaired local steroid metabolism in hair roots. In this approach disordered hair growth
and healthy hair growth were compared. Scalp hair was assigned to control, androgenetic
alopecia (AGA) and diffuse alopecia (DA) groups according to visual diagnosis, pull-test
and the anagen to telogen ratio observed in the pluck trichogram (see 2.2.1. methods).
Women who showed both, a diffuse hair thinning and an elevated telogen rate, only in the
frontal head area were assigned into the group of AGA. A positive family history for hair
growth disorders underlined the diagnosis, but was not mandatory. Women who had an
elevated telogen rate both in frontal and occipital area and showed a uniformly diffuse hair
thinning of scalp hair in frontal, parietal and occipital areas of the head, were assigned
into the group of DA. Also in this case, a positive family history for hair growth disorders
supported the diagnosis, but was not strictly necessary. Neither the exact subtype of DA,

nor the progress stage of AGA were estimated in the current project.

In total, 39 female volunteers donated scalp hair roots for this project. Personal data were
replaced by a code consisting of letters and numbers, so that no data can be assigned to
a specific person. By this classification, the DA group consisted of 15 participants with six
individuals younger than 50 years and nine females older than 50 years and a median
age of 30.7 and 60.8, respectively (Tab. 15). The group of AGA consisted of eight
volunteers with three individuals younger than 50 years and five females older than 50
years and a median age of 43.3 and 58, respectively. The remaining 16 individuals served
as healthy controls with nine individuals younger than 50 years and seven females older
than 50 years with a median age of 31.3 and 59.6. The median age for females older than
50 years was similar in all three groups. The median age for females younger than 50
years was similar for controls and DA, but was slightly increased in the AGA group.
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Tab. 13: Demographic data. AGA androgenetic alopecia, DA diffuse alopecia. n absolute
number, h relative fraction in the study population. Approved by the ethics committee of
the University of Bonn, reference number 272/16.

Control AGA DA
n=16;h=0.410 |n=8; h=0.205 |n=15;h=0.385
Age < 50 years 9 3 6
Median age 31.3 43.3 30.7
Age > 50 years 7 5 9
Median age 59.6 58 60.8
Eating Balanced 8 8 6
habits Low meat 5 0 6
Vegetarian 1 0 1
Not specified | 2 0 2
Family history of hair|5 4 6
growth disorders
General Medication 9 7 5

3.2 Synthesis of estrone (E1) and 17pB-estradiol (E2) from estrone-3-sulfate (E1S) in
healthy and disturbed hair growth
Developmental changes in the growth of human body hair are initiated by rising steroid
hormone levels during sexual development (Grymowicz et al. 2020, Schiffer et al. 2019,
Schweikert and Wilson 1974, Sinclair 1998), but not much is known about the exact
molecular mechanisms underlying hair loss and the role of the local steroid hormone
metabolism in the hair follicle. Based on the results obtained by Wehner and Schweikert
(Wehner and Schweikert 2014) on the local steroid metabolism in healthy hair, this
approach served to test the hypothesis that the enzymatic conversion of E1S into E2 might
be impaired in hair growth disorders. To work on the question whether there is a different
metabolization pattern of estrogens in disturbed hair growth, E1 and E2 formation from
the substrate [6,7-3H(N)] E1S was investigated in anagen scalp hair roots obtained from

39 female volunteers, grouped into controls, AGA and DA (Tab. 13).



61

Hydrolysis of E1S yielded moderate amounts of E1 in both, control and disordered hair
growth (AGA and DA) samples (Fig. 11 A). It was shown that there was no statistically
significant difference between the group of hair growth disorders and control samples
concerning the synthesis of E1 from E1S (Fig. 11 A). Separation of the group with hair
growth disorders into AGA and DA reflected partly this observation. The data showed an
equal amount of E1 formed from E1S in control and DA samples (Fig. 11 B). In AGA
samples, two clusters for E1 synthesis formed, one with a higher and one with a lower
amount of E1 released from E1S. The cluster with the lower E1 rate showed equivalent
E1 levels as seen for control and DA samples. The increase in E1 formation of the higher
cluster in AGA samples was statistically significant in comparison to the control group (Fig.
11 B). E1 is predominantly present in postmenopausal women (Samavat and Kurzer
2015) leading to the assumption that samples with a higher E1 formation might represent
women older than 50 years. But the higher rate in metabolization to E1 showed no age-
relation indicated as red dots for women older than 50 years in the graph (Fig. 11 B).
Considering the low sample number in the AGA group, it is worth mentioning, that the data

might therefore not be reliable.

In line with the starting hypothesis, E2 formation from E1S was significantly decreased in
case samples (AGA and DA) compared to control samples (Fig. 11 C), noting that sample
variation in the control group was higher for E2 formation and a homogenous distribution
of case samples was visible (Fig. 11 C). Separation of the case group into AGA and DA
did not change this observation (Fig. 11 D). The overall amount of formed E2 was many
times lower than that measured for E1. Group comparison showed a significant decrease
in E2 formation in DA samples compared to the control group (Fig. 11 D). Note that the y-
axis differs between figures 11 C and D, resulting in a compressed presentation of values
in D (Fig. 11 C and D). E2 formation from E1S was not different between AGA and DA
groups. The observation that the difference compared to control was only significant in

the DA group may be associated with the lower number of participants in the AGA group.
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Fig. 11: Formation of estrone (E1) and 17p-estradiol (E2) from [6,7-3H(N)] estrone-
3-sulfate (E1S) in isolated anagen scalp hair roots. Six hair roots per hair donor were
incubated with [6,7-°H(N)] E1S. Formation of E1 and E2 was determined via thin-layer
chromatography (TLC) and the amount of E1 and E2 was normalized on the DNA content.
A and B Comparison of E1 formation from [6,7-H(N)] E1S in control and disordered hair
growth samples. Anagen hair roots from 16 controls (women age range 19 — 72 years,
mean 43.69 years), eight androgenetic alopecia (AGA) cases (women age range 41 — 65
years, mean 52.5 years) and 12 diffuse alopecia (DA) cases (women age range 21 — 66
years, mean 50.42 years). B Individuals older than 50 years are indicated in red color. C
and D Comparison of E2 formed from [6,7-*H(N)] E1S in control and disordered hair
growth samples. Anagen hair roots from 15 controls (women age range 19 — 72 years,
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mean 44.67 years), six AGA cases (women age range 44 — 65 years, mean 54.33 years)
and 14 DA cases (women age range 21 — 66 years, mean 50.57 years). E2 formation from
[6,7-*H(N)] E1S is decreased in disordered hair growth, especially in case of DA (D).
Samples displayed hair roots from the frontal scalp area. Each point represents the mean
value of three determinations (triplicate) for one individual. Ordinary one-way ANOVA +
Dunnett’s multiple comparisons test were used for statistical analysis of B and D with only
using the higher cluster of AGA samples in comparison to the control group for the analy-
sis in D. Mann-Whitney U-test was used for statistical analysis in C. SD Standard devia-
tion. * P < 0.05.

To determine if metabolite formation is an age-related process, as seen in the results of
Wehner and Schweikert (Wehner and Schweikert 2014), an age cut-off was set at 50
years, approximating the natural transition period between a premenopausal and a
postmenopausal state. This age threshold divided the groups (control, AGA, DA) into
individuals younger and older than 50 years.

No age-related effect was detectable for E1 or E2 formation from E1S, neither within the
control, AGA or DA group, nor in comparison between all three observation groups
(control, AGA, DA) (Fig. 12 A and B). So, it was not possible to confirm an age-dependent
steroid metabolism in hair roots as suggested by Wehner and Schweikert (Wehner and
Schweikert 2014) in this approach.
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Fig. 12: Test on potential age-dependency in the formation of estrone (E1) and 17p-
estradiol (E2) from [6,7-3H(N)] estrone-3-sulfate (E1S). Six hair roots per hair donor
were incubated with [6,7-3H(N)] E1S. Formation of E1 and E2 was determined via thin-
layer chromatography (TLC) and the amount of E1 and E2 was normalized on the DNA
content. A E1 and B E2 formation from [6,7-3H(N)] E1S in anagen scalp hair roots from
the frontal scalp area of women grouped according to an age cut-off of 50 years and
according to control, androgenetic alopecia (AGA) and diffuse alopecia (DA) groups.
Anagen hair roots from 16 controls (women age range 19 — 72 years, mean 43.69 years),
eight androgenetic alopecia (AGA) cases (women age range 41 — 65 years, mean 52.5
years) and 15 diffuse alopecia (DA) cases (women age range 21 — 66 years, mean 48.8
years). Each point represents the mean value of three determinations (triplicate) for one
individual. SD standard deviation. No significant differences were found.

3.3 Inhibition of the hydrolysis of E1S into E1 and E2 by the STS inhibitor estrone
sulfamate
To verify the experimental setup and to confirm that really the local enzymatic conversion
of E1 and E2 from E1S in scalp hair roots was measured, estrone sulfamate served as
specific inhibitor of the enzyme steroid sulfatase (STS) which catalyzes the conversion of
sulfated steroids, like E1S into its unconjugated product E1 (Hilborn et al. 2017, Kurogi et
al. 2019, Mueller et al. 2015). The inhibitor was used to impair the hydrolysis of E1S,
yielding less E1.
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Estrone sulfamate inhibited the conversion of E1S to E1 in hair roots in a dose-dependent
manner, confirming that the hydrolysis of E1S in hair roots is catalyzed by STS, with an
estimated half-maximal response of the compound (ECso) at 100 nM for inhibiting E1
formation (Fig. 13 A). Thereby verifying the experimental procedure. The results show that
hair roots exposed to estrone sulfamate synthesize less E1 than the untreated control
(Fig. 13 A - B), underlining the efficiency of the compound. The roughly five-fold amount
of estrone sulfamate (500 nM) efficiently prevented E1 and E2 formation from E1S in
anagen scalp hair roots (Fig 13 B and C). So, this experiment confirms that the conversion
of E1S into E1 and E2 can be inhibited by estrone sulfamate-mediated inhibition of STS
and therefore supports the proposition of enzymatic E2 production from E1S in hair

follicles.
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Fig. 13: Effect of estrone sulfamate on the formation of estrone (E1) and 173-estra-
diol (E2) from [6,7-3H(N)] estrone-3-sulfate (E1S) in anagen scalp hair roots. Six hair
roots per hair donor were incubated with [6,7-3H(N)] E1S. Formation of E1 and E2 was
determined via thin-layer chromatography (TLC) and the amount of E1 and E2 was nor-
malized on the DNA content. A Formation of E1 from E1S was dose-dependently in-
hibited by estrone sulfamate with a calculated ECso at 100 nM estrone sulfamate. B In-
hibition of E1 release from [6,7-3H(N)] E1S by estrone sulfamate. C Inhibition of E2 for-
mation from [6,7-3H(N)] E1S. Hair roots were donated by the same female volunteer (34-
years old) for all three experiments. Each point represents the mean value of three de-
terminations (triplicate) of one experiment. The experiment was repeated twice. Unpaired

one-tailed t test was used for the statistical analysis of B and C. SD standard deviation, *
P <0.05, ** P <0.01.
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3.4 Analysis of a potential season-dependency of E1 formation from E1S or of the
appearance of hair loss

Some animals shed fur in preparation for the warm seasons and develop thicker fur in

preparation for colder months, due to a synchronized hair growth cycle (Pierard-

Franchimont and Pierard 2013). This season-dependency served as basis for considera-

tions on a potential season-dependency in human hair growth.

The following pilot experiment was carried out three times over a seven months period for
one individual. Anagen scalp hair roots were donated by a female volunteer who had no
history of hair growth disorders. The volunteer practiced scalp skin massages and used

topical application of a solution containing ginkgo and biotin.

As previously done for E1 formation from E1S, six isolated human anagen scalp hair roots
were incubated with 50 nM of [6,7-*H(N)] E1S over 48 hours. Experiments were per-
formed once in April, once in September and once in October, each time in triplicate

values.

Results indicated that E1 formation from E1S was lower in September and October,
compared to April (Fig. 14 A), leading to the impression that E1 formation from E1S varied

season-dependently. This finding may serve as inspiration for further research studies.

The recruitment process of volunteers showed no season-dependency, since the
appearance of controls and cases was homogenously distributed all over the year (Fig.
14 B). Linear regression of all E1 formation rates did not support a significant effect of

season on the results of the study (Fig. 14 C).
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Fig. 14: Analysis of a potential season correlation of hair loss. A Formation of estrone
(E1) from [6,7-3H(N)] estrone-3-sulfate (E1S) in isolated anagen hair roots seems to follow
a seasonal rhythm. Hair roots were donated from the frontal scalp area of a 34-year-old
female volunteer who had no history of hair growth disorders. Six hair roots per hair donor
were incubated with [6,7-3H(N)] E1S. Formation of E1 and E2 was determined via thin-
layer chromatography (TLC) and the amount of E1 and E2 was normalized on the DNA
content. B Recruitment of volunteers over a 12 months period with separation of monthly
participants into the three observation groups (black = control, red = androgenetic alopecia
(AGA), green = diffuse alopecia (DA)). Hair roots were donated by 16 controls (women
age range 19 — 72 years, mean 43.69 years), eight androgenetic alopecia (AGA) cases
(women age range 41 — 65 years, mean 52.5 years) and 15 diffuse alopecia (DA) cases
(women age range 21 — 66 years, mean 48.8 years). C Linear regression of E1 formation
in dependence of the month. R? = R square, control = black, AGA = red and DA = green
dots. Trendline = red.
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3.5 Establishing an assay for the formation of androstenediol from DHEA in hair roots
Dehydroepiandrosterone (DHEA) is one of the most abundant steroid hormones of the
adrenal cortex (Hernandez-Pando et al. 1998, Kohalmy et al. 2007, Schiffer et al. 2018,
Turcu and Auchus 2015). In this context, it is important to consider, that its sulfate ester,
dehydroepiandrosterone sulfate (DHEAS), is by far the steroid with the highest plasma
concentration (Mueller et al. 2015, Schiffer et al. 2019). Reduction of DHEA by HSD17B1
results in formation of androstenediol (Hilborn et al. 2017). Since androstenediol shows
binding affinity for both nuclear estrogen receptors o and  (ERa, ER), this pathway
could provide a route for weak estrogenic activity in hair roots originating from DHEA
(Chen et al. 2022, Fuentes and Silveyra 2019, Miller et al. 2013, Paterni et al. 2014). So,
the following experiments served to test the hypothesis that an impaired conversion of
DHEA into androstenediol may occur in hair growth disorders. First, an assay to test the
conversion of DHEA to androstenediol was set up. In this case, anagen scalp hair roots
obtained from a female volunteer, who had no history of hair growth disorders, were
incubated with different concentrations of the substrate [1,2,6,7-3H(N)] DHEA.

Analogous to the findings by Wehner and Schweikert (Wehner and Schweikert 2014), the
analysis was carried out with six anagen scalp hair roots over a time period of 48 hours.
Results show that androstenediol formation from DHEA was highest at concentrations
around 50 and 100 nM (Fig. 15 A). So, based on this result, all further experiments were
carried out with 100 nM [1,2,6,7-3H(N)] DHEA.

In order to set up the activity assay, also the time period in which andostenediol formation
from DHEA shows a linear increase needed to be determined. As described before,
anagen scalp hair roots were obtained from a female volunteer, who had no history of hair
growth disorders, and were incubated over four, six, 24 and 48 hours with 100 nM [1,2,6,7-
3H(N)] DHEA as substrate. Androstenediol formation was linear up to six hours of

incubation, but increased up to 48 hours measurement (Fig. 15 B).

According to these results, further experiments were carried out with 100 nM substrate

over an incubation period of five hours.
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Fig. 15: Standardization of assay conditions. A Saturation analysis of the formation of
androstenediol in isolated anagen scalp hair roots at varying [1,2,6,7-*H(N)] dehydroepi-
androsterone (DHEA) concentrations in 48 hours. Anagen hair roots were obtained from
the frontal scalp region of a 34-year-old female volunteer. The [1,2,6,7-3H(N)] DHEA con-
centrations ranged from 50 nM to 1000 nM. B Time course of the formation of
androstenediol from 100 nM [1,2,6,7-*H(N)] DHEA in isolated anagen scalp hair roots
over a time period of 48 hours and analysis time points at four, six, 24 and 48 hours. Each
data point represents one determination in one experiment.

3.6 Impact of hair growth disorders on the synthesis of androstenediol from DHEA

After determining the experimental setting for the analysis of androstenediol formation
from DHEA, all further experiments on this issue were carried out with six isolated anagen
scalp hair roots, that were exposed to 100 nM of [1,2,6,7-3H(N)] DHEA over a time period

of five hours.

The case samples were not different from controls in androstenediol formation (Fig. 16
A). Sample values were homogenously distributed in case samples, variation of control
samples seemed to be higher, building two groups, one with a higher and one with a lower
androstenediol formation (Fig. 16 A). The amount of androstenediol synthesized from
DHEA was in the lower picomolar range (Fig. 16 A). When separating case samples into
AGA and DA, still no difference in between the three observation groups (Fig. 16 B) was
visible. As mentioned in 2.2.2 a negative control without hair roots was subtracted as
background from values obtained from samples containing hair roots. For androstenediol
measurements, these calculations sometimes led to negative values in the corresponding

graphical analysis. Taken together, the data show that androstenediol formation from
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did not differ between control and disordered hair growth and therefore it was not

possible to confirm the hypothesis that an impaired conversion of DHEA into

androstenediol may occur in hair growth disorders. To determine, if androstenediol

formation is age-dependent, an age cut-off was set at 50 years, as described in 3.2 for E1

and E2 formation from E1S. No age-related effect was detectable for androstenediol
formation from DHEA, neither within the control, AGA or DA groups, nor in comparison of
all three observation groups (control, AGA, DA) (Fig. 16 C).
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formation from [1,2,6,7-3H(N)] DHEA in control and disordered hair growth samples
(androgenetic alopecia (AGA) and diffuse alopecia (DA)). Hair roots were donated from
16 controls (women age range 19 — 72 years, mean 43.69 years), eight AGA (women age
range 41 — 65 years, mean 52.5 years) and 12 DA cases (women age range 21 — 66
years, mean 46.25 years). C Test on connection of the formation of androstenediol from
[1,2,6,7-H(N)] DHEA and age. No age-dependency determined in the formation of
androstenediol from [1,2,6,7-3H(N)] DHEA. Each point represents the mean value of three
determinations (triplicate) of one individual. Statistical analysis of A was carried out with
Mann Whitney U-test with a confidence interval of 95 %. Ordinary one-way ANOVA and
Dunnett’'s multiple comparisons test were used for statistical analysis of the data in B. SD
standard deviation. No significant differences were found.

3.7 Analysis of enzyme expression patterns in scalp hair roots from controls, AGA and
DA

The data of this project showed a decrease in E2 formation from E1S in disordered hair
growth compared to the control group, whereas E1 formation from E1S and
androstenediol formation from DHEA seemed to be unaffected in control and case
samples (AGA, DA). As described before in 1.2.2 (introduction), the synthesis of steroid
hormones involves various enzymes of the CYP450 and HSD families (Mostaghel 2013,
Penning 2011, Rizner and Penning 2014, Schiffer et al. 2019). These enzymes mediate
the oxidation or reduction of steroid hormones, whereby some enzymes favor the
oxidation and some the reduction, respectively. This led to the question, whether the
observed decrease in the formation of E2 from E1S in disordered hair growth might be a
consequence of changed enzyme expression. Of special interest were here the enzyme
STS, which catalyzes the formation from E1S to E1 (Hilborn et al. 2017, Mueller et al.
2015), and the enzymes HSD17B7 and HSD17B1, that mediate the reduction of E1 to E2
(Hilborn et al. 2017, Miller and Auchus 2011, Nokelainen et al. 1998, Ramos and Miot
2015, Samavat and Kurzer 2015, Schiffer et al. 2019), the latter also being involved in the
formation of androstenediol from DHEA (Hilborn et al. 2017, Rainey and Nakamura 2008,
Rege et al. 2013).

Since Wehner and Schweikert worked on the comparison of the metabolism in anagen
and telogen hair (Wehner and Schweikert 2014), the interest here first was on the com-
parison of MRNA expression patterns of relevant enzymes in anagen and telogen hair.
Therefore, RNA was extracted from hair roots obtained by trichogram and 3’-mRNA-se-

quencing was carried out. Hair roots for these experiments were donated by two female
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volunteers who had no history of hair growth disorders and the experiments were carried
out independently from the comparison of case and control groups. One of these female
volunteers also served for the comparison of HSD17B7 expression of anagen and telogen
hair at two time points (Fig. 17 E). No significant difference was observed for expression
of CYP19A1, HSD17B1 and STS, maybe since samples from only two volunteers were
investigated. If the sample number would have been higher, the single results may turn
out to be significant. Interestingly, the data indicated, that HSD17B7 expression might be
down regulated in telogen samples compared to anagen samples (Fig. 17 D and E). The
enzyme is involved in the conversion of E1 into E2 (Ferrante et al. 2020). This result fur-
ther underlines the idea of Wehner and Schweikert, that changes in the steroid
metabolism (E2) may occur within the hair growth cycle (Wehner and Schweikert 2014),
in particular since down regulation of HSD17B7 would reduce the availability of E2 in the

hair root.
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Fig. 17: Expression patterns of relevant enzymes in the hair growth cycle. Expres-
sion of A CYP19A1, B STS, C HSD17B1 and D HSD17B7 in anagen and telogen hair,
donated by two female volunteers without any history of hair growth disorders. E Expres-
sion of HSD17B7 in anagen and telogen hair, donated by one female volunteer without
any history of hair growth disorders at two time points. D and E Expression of HSD17B7
(in reads per million mapped reads (RPM)) depends on the hair growth cycle. SD standard
deviation. 3’-mRNA sequencing. * P < 0.05. Two sample t-test was used for the statistical
analysis of the data in A - D. One-tailed t-test was used for statistical analysis of the data
in E. HSD hydroxysteroid dehydrogenase. CYP cytochrome P450s. STS steroid sulfa-

tase.
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Thereupon, the next aim was to investigate whether the mRNA expression patterns of
relevant enzymes differed between case groups (AGA and DA) and controls. Therefore,
3’-mRNA-sequencing was carried out as before with samples from controls and
disordered hair growth. The investigations were supposed to elucidate, if a lower or higher
metabolization rate as illustrated in figure 11 (Fig. 11 A-D) may correlate with a lower or
higher transcript expression. In these experiments only anagen hair roots were used for

the comparison of case and control samples.

Principal component analysis (PCA) was performed in order to see whether the samples
clustered in groups. PCA served to flatten the whole data set with lots of dimensions to
two dimensions, so that it was easier to look at it graphically. The two-dimensional PCA
plot showed, that the data for disordered hair growth (A) and controls (Ctrl) was uniformly
distributed from up to down and from left to right, indicating that there was no internal
correlation of the two groups on the expression level (Fig. 18), meaning that the group of
disordered hair growth did not differ from the control group. If there was a similar
transcription pattern of samples in the hair loss group different to that presented in the
control group, then a clustering would be visible for samples from disordered hair growth
on the one hand and, different to that, another clustering for control samples. Principal
component 1 (PC1) accounted for 23.3 % of the total variation around the PCs while PC2
only accounted for 13.5 %. But although PC1 and PC2 only accounted for 36.8 % of the
variation in total, both could still be used to identify clusters of data or, like in this case,
both can be used to exclude any clustering of samples or sample features in the two-
dimensional PCA plot. In summary, the PCA indicates that there are no significant
differences between the groups concerning the expression of relevant enzymes in

general.
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Fig. 18: Principal component analysis (PCA) of 3’-mRNA-sequencing data. PCA of
all samples distinguished into control (ctrl) and disturbed hair growth samples (A), each
point represents one individual and the indicated names correspond to the group (control
and disturbed hair growth) and the sample position on the 96-well plate. C (n = 12), A (n
= 16). PC1 principal component 1, PC2 principal component 2. No significant differences
between C and A found.

Since all participants in this approach do have scalp hair, it was not surprising that the
results of mMRNA samples from hair roots did not show big differences between control
and disordered hair growth in general. So, a deeper and more precise look into the data
set concerning the conversion of the substrates E1S and DHEA into their corresponding
products E1, E2 and androstenediol was necessary for the further analysis of both
observation groups. Therefore, an explorative data analysis was applied to compare

disordered hair and healthy hair growth.

A heatmap helped to visualize the data. The heatmap is arranged in rows, representing
genes encoding for the enzymes, and columns, representing the observation group (A =

hair loss, C = control) (Fig. 19). Numerical values are colored according to the color scale
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shown in the figure (Fig. 19), correlating a red color with a higher, than average, gene
expression and a blue color with a lower, than average, gene expression. The heatmap
indicates that there was no strong up or down regulation among the genes in the
comparison of both observation groups, showed by the color code, where most samples
center around +/- 2 on the color scale (Fig. 19). The heatmap also indicates, that the data
for controls and the data for hair loss are not tightly grouped, otherwise the color code
would not differ much in the C and in the A group, assuming variation in between the
groups (Fig. 19). Since there were no big differences between both observation groups
on average, the single rows had to be analyzed in more detail. Particularly, how strong
STS, HSD17B1 and HSD17B7 (all bold) differ from the average. The color code for STS
indicated that samples in group C did not clearly show a tendency for a higher or lower
regulation of STS, since samples varied in a 50 to 50 ratio (Fig. 19). In the A group it
seemed as if STS was down regulated on average, despite a few samples, where the
color code indicated a rate between zero and 2 on the color scale (Fig. 19). The
consequence for both groups is quite similar, as the enzyme STS did not differ from the

average (Fig. 19).

Controversial results were seen regarding the regulation profile of the enzyme HSD17B7,
which seemed to be barely expressed in group C, whereas group A showed a ratio of 50
to 50 for barely and low regulation concerning color code and color scale (Fig. 19). Taken

together, also this approach showed no significant differences between both groups.
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Fig. 19: Heatmap of candidate genes involved in the conversion of estrone-3-sulfate
(E1S) into 17p-estradiol (E2). 3’-mRNA sequencing data. A disordered hair growth, C
control. Color code as log2 scale. HSD17B1, HSD17B3, HSD17B2, HSD17B4 hydroxy
dehydrogenases 17B1, 17B7, 17B2, 17B4, STS steroid sulfatase, SULT1E1
sulfotransferase family 1E member 1. Vs versus. Ctrl control. C (n = 12), A (n = 16). No
significant differences between C and A found.

The heatmap illustrated in figure 20 consistently showed, that there still was no significant
difference in the regulation of genes that may be involved in the conversion of DHEA into
androstenediol (Fig. 20).
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Fig. 20: Heatmap of candidate genes involved in the conversion of dehydroepi-
androsterone (DHEA) into androstenediol. 3’-mRNA sequencing data. A disordered
hair growth, C control. Color code as log2 scale. Vs versus. HSD17B1, HSD17B3,
HSD17B2, HSD17B4 hydroxy dehydrogenases 17B1, 17B3, 17B2, 17B4, STS steroid
sulfatase, AKR1C3 aldo keto reductase 1C3, SULT1E1 sulfotransferase family 1E mem-
ber 1. C (n =12), A (n = 16). No significant differences between C and A found.

Next, the expression of different enzymes was compared between control, AGA and DA
in order to assess, if these candidate genes were differentially regulated in between the
three groups. Calculating the fold change suggested, that HSD17B7 showed the highest
variability compared to all other enzyme profiles in this graph (Fig. 21 A), indicating that
this gene might be deregulated in some of the hair donors. Figure 21 B illustrated all single
values for the expression profile of only HSD17B7 and revealed again, that there was a
strong variation of the sample values for DA and AGA, but no significant difference

between case and control samples (Fig. 21 B).
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Fig. 21: Gene expression of candidate genes involved in the conversion of
dehydroepiandrosterone (DHEA) into androstenediol and estrone-3-sulfate (E1S)
into estrone (E1) and 17p-estradiol (E2). 3'-mRNA sequencing data. AGA androgenetic
alopecia. Rel. SEM relative standard error of the mean. RPM reads per million mapped
reads. AGA androgenetic alopecia. Ctrl control. SD standard deviation. HSD17B1,
HSD17B7, HSD17B2, HSD17B4 hydroxy dehydrogenases 17B1, 17B7,17B2, 17B4, STS
steroid sulfatase, DHEAS dehydroepiandrosterone sulfate. A High sample variation for
HSD17B7 indicates that HSD17B7 might be deregulated in some samples.

gRT-PCR served to determine, if expression of HSD17B7 differed between the control
and AGA group. Controversially, the data indicated that human HSD17B7 (hHSD17B7)
was lower expressed in AGA samples than in the control group (Fig. 22), mentioning that

the standard deviation was high.

So, both methods, 3’-mRNA sequencing and qRT-PCR, indicated that there was no

difference in the expression profile of HSD17B7 in the group comparison.
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Fig. 22: Quantitative real-time polymerase chain reaction (QRT-PCR) of human hy-
droxy dehydrogenase 17 B7 (HSD17B7, hHSD17B7). Data represent the relative ex-
pression (224€T) and standard deviations (SD) from five control and five androgenetic
alopecia (AGA) samples. CT cycle threshold.

3.8 Analysis of steroid receptor and steroid transporter expression in scalp hair roots
from controls, AGA and DA
Up to this point, the here presented experiments showed that E2 formation from E1S was
lower in samples from hair growth disorders compared to the control group, whereas E1
formation from E1S and androstenediol formation from DHEA seemed to be unaffected in
both groups. 3’-mRNA sequencing failed to detect any different transcript expression
levels of enzymes that are involved in the conversions from the substrates E1S and DHEA
into their products E1, E2 and androstenediol, indicating that the decreased E2 formation
in disordered hair growth might not be subject to a malfunction of enzymes involved in the
synthesis of steroid hormones, although the impact of the enzyme HSD17B7 on hair

growth may be a potential topic for a follow-up research project.

Steroid hormone actions are mediated through their interaction with their nuclear
receptors. Since E1, E2 and androstenediol show binding affinity for both nuclear estrogen
receptors o and 3 (ERa, ERp) (Chen et al. 2022, Fuentes and Silveyra 2019, Miller et al.
2013, Paterni et al. 2014), the next aim was to investigate if ER expression differed
between case and control samples. Data revealed that there was no significant up or down
regulation of ESR1 (ERa) or ESR2 (ERB,) in AGA or DA in comparison to the control
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group (Fig. 23 A and B), indicating that at least on the expression level ESR1 was not
impaired in one of the observation groups. The data also indicated, that the mean value
in the expression profile of ESR2 was higher in AGA samples than the mean value of the
control group (Fig. 23 B). But sample variation was high in the groups of DA and AGA,
suggesting that all three observation groups might show an equal expression of the
receptors. Data on the relative expression of ESR2 obtained by qRT-PCR showed no
difference in the expression of ESR2 in control and AGA samples (Fig. 23 C).

So, at least for the here presented observation groups, there seemed to be no difference
in the expression profiles of steroid receptors among normal hair growth (control) and
disordered hair growth (AGA and DA), assuming normal functionality on steroid hormone

receptor level.
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Fig. 23: Expression analysis of steroid hormone receptors. A Comparison of the
expression of estrogen receptor o (ESR1) and B estrogen receptor  (ESR2). Data
represent mean and standard deviation (SD) from 12 control (ctrl), 14 diffuse alopecia
(DA) and seven androgenetic alopecia (AGA) samples. C Real-Time quantitative
polymerase chain reaction (QRT-PCR) of ESR2 in control and AGA samples. Data
represent the relative expression (222¢T) and SD from five control and five AGA samples.
CT cycle threshold. No significant differences found between control and disordered hair
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Now, it had to be excluded that less E2 was built as a consequence of less available
substrate (E1S). Cellular influx of sulfated steroids like E1S requires active transport
mechanisms mediated by solute carrier organic anion transporters (SLC) like SLCO2B1
(OATP2B1) which substrate is E1S (Medwid et al. 2021, Mueller et al. 2015, Roth et al.
2012).

Interestingly, expression of SLCOZ2B1, which is involved in the cellular uptake of
endogenous compounds such as steroid hormone conjugates, seemed to be down
regulated in DA and AGA compared to the control group (Fig. 24), although this effect was
not statistically significant and data showed high sample variation as indicated by the

standard deviation.
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Fig. 24: Expression analysis of solute carrier organic anion transporter family
member 2B1 (SLCO2B1) in control (ctrl), androgenetic alopecia (AGA) and diffuse
alopecia (DA) samples. SLCO2B1 seems to be lower expressed in AGA (not significant).
Data represent mean and standard deviation (SD) from 12 control, 14 DA and seven AGA
samples. Ordinary one-way ANOVA and Dunnett’s multiple comparisons test were used
for statistical analysis of the data. * P < 0.05. 3’-mRNA sequencing. RPM reads per million
mapped reads.
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3.9 Analysis of FGF5 and EDA expression in scalp hair roots from control, AGA and DA
Several genes are described that seem to be involved in male pattern baldness (MPB) as
mentioned in 1.4.1 (introduction). Transcript expression of these candidate genes served

to determine, if there were similarities between MPB and AGA or DA in women.

Data indicated a down regulation of fibroblast growth factor 5 (FGF5) expression in DA
and AGA compared to control samples (Fig. 25 A), indicating that DA, or even AGA, may
show similarities to MPB, but more samples would be necessary for the AGA group to
make further statements on a potential significance of the down regulation of FGFS5.

Expression analysis also revealed a slight down regulation of ectodysplasin A (EDA) in
anagen scalp hair roots from AGA and DA in comparison to the control group (Fig. 25 B).
Due to low sample amounts these results were not verified by gqRT-PCR.
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Fig. 25: Expression analysis of candidate genes for male pattern baldness (MPB) A
fibroblast growth factor 5 (FGF5) and B ectodysplasin A (EDA) in control (ctrl),
androgenetic alopecia (AGA) and diffuse alopecia (DA) samples. Expression of FGF5
and EDA is significantly lower in DA samples compared to the control group. Data
represent mean and standard deviation (SD) from 12 control, 14 DA and seven AGA
samples. One-tailed t-test was used for statistical analysis of the differences between the
control group and the group of DA in A and B. * P < 0.05. RPM reads per million mapped
reads.
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3.10 Analysis of mitochondrial transfer RNA (tRNA) transcript expression in control, AGA
and DA

Interestingly, as an incidental finding, a set of genes associated with mitochondrial

translation, was noted in the 3’-mRNA sequencing data. These genes were down

regulated in the AGA group.

As seen in and described for figure 19, the heatmap is arranged in rows, representing
genes encoding for the tRNA genes, and columns, representing the observation group (A
= hair loss, C = control) (Fig. 26). Numerical values are colored according to the color
scale shown in the figure, correlating a red color with a high gene regulation and a blue
color with a low gene regulation. The heatmap indicated that transcript levels for
mitochondrial tRNA genes and mitochondrial processing tRNA genes were decreased on
average in samples from hair growth disorders (A) compared to the control (C) as shown
by the color scale (Fig. 26). This includes mitochondrial encoded tRNA Leucin 1 (MT-TL1),
mitochondrial encoded tRNA serin 1 (MT-TS1), and mitochondrial encoded tRNA
isoleucine (MT-TI), as well as mitochondrial processing tRNAs tRNA methyltransferase
10 C (TRMT10C) and Leucyl-tRNA synthetase 2 (LARS2).

So, the heatmap indicated a clustering of the samples, building two different groups, one
group for the C samples and one group for the A samples. Both clusters showed a different

transcript regulation for some mitochondrial encoded genes.
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Fig. 26: Expression analysis of mitochondrial (mito) transfer ribonucleic acid
(tRNA) transcripts in control and disordered hair growth (androgenetic alopecia
(AGA) and diffuse alopecia (DA)) samples. Data include 12 control (C), 14 DA and
seven AGA (A) samples. 3’-mRNA sequencing. Ctrl control. tRNA methyltransferase 10
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C (TRMT10C), Leucyl-tRNA synthetase 2 (LARS2), tRNA Leucin 1 (MT-TL1), tRNA serin
1 (MT-TS1), tRNA isoleucine (MT-TI). Color code log2 scale.

Separating the group of disordered hair growth into DA and AGA revealed, that the levels
for MT-TL1 (Fig. 27 A), MT-TS1 (Fig. 27 B) and MT-TI (Fig. 27 C) were down regulated in
AGA samples, which was not the case for the control group. Furthermore, the DA group
showed equivalent transcript levels to that of the control samples (Fig. 27 A - C). Transcript
expression for tRNA methyl transferase 10 C (TRMT10C), which is involved in the 5’ end
removal of the tRNA biogenesis (Phizicky and Hopper 2023), showed a significant
decrease in the AGA group when compared to the control group, as illustrated in figure
27 D (Fig. 27 D). In contrast to this, the DA group showed no significant difference to the
control group (Fig. 27 D).
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Fig. 27: Expression analysis of mitochondrial genes associated with translation.
A mitochondrial encoded transfer ribonucleic acid (tRNA) Leucin 1 (MT-TL1), B mito-
chondrial encoded tRNA serin 1 (MT-TS1), C mitochondrial encoded tRNA isoleucine
(MT-TI), D tRNA methyl transferase 10 C (TRMT10C). A - D Mitochondrial genes seem
to be lower expressed in AGA, whereas the effect is not visible for DA. 3'-mRNA se-
quencing. RPM reads per million mapped reads. SD standard deviation. Ctrl control,
AGA androgenetic alopecia. Ordinary one-way ANOVA and Dunnett’s multiple compari-
sons test were used for statistical analysis of the datain A-D. *P <0.05, ** P < 0.01,
ns not significant.
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In contrast to this, data for Leucyl-tRNA synthetase 2 (LARS2) showed no significant
difference between the control group and AGA or DA (Fig. 28 A). Data obtained from qRT-
PCR implicated that relative expression of human LARS2 was slightly down regulated in
AGA samples compared to control samples, although this result was not statistically
significant and standard deviations indicated a high sample variation in both groups (Fig.
28 B).

So, the qRT-PCR result for LARS2 displays the findings from the 3’-mRNA sequencing
data for LARSZ2.
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Fig. 28: Expression analysis of Leucyl-tRNA synthetase 2 (LARSZ2) in control (ctrl),
androgenetic alopecia (AGA) and diffuse alopecia (DA) samples. A Data represent
mean and standard deviation (SD) from 12 control, 14 DA and seven AGA samples.
Mitochondrial genes seem to be lower expressed in AGA. 3'-mRNA sequencing. RPM
reads per million mapped reads. B Quantitative real-time polymerase chain reaction (qQRT-
PCR) analysis of human LARS2 (hLARS2) in control and AGA samples. Data represent
relative expression (2*2€T) and standard deviation (SD) from five control and five AGA
samples. Ordinary one-way ANOVA and Dunnett’s multiple comparisons test were used
for statistical analysis of the data in A. Data not significant. CT cycle threshold.

Considering now all the data presented in this approach (metabolite experiments and 3’-
mRNA sequencing), the data from the metabolite experiments, as well as the data for
FGF5 and EDA (Fig. 25) and LARS2 (Fig. 28) indicated, that AGA and DA may differ from
the control, but may not be different from each other, assuming that both, AGA and DA,

may show similarities. But the data presented in figures 26 and 27 now indicated, that the
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AGA group may be different from DA and control concerning mitochondrial function.
These observations could lead to a potential new research project, namely the impact of

mitochondria on hair growth.

In summary, the comparison of disordered hair growth and healthy hair growth are in line
with the idea, that hair growth disorders may be correlated with an impaired local E2
metabolism in the hair root, since the conversion of E1S into E2 was lower in hair growth
disorders than in the healthy control. In this context, the enzyme HSD17B7 might display
a key enzyme, since the data indicate that down regulation of HSD17B7 may occur in

telogen hair.

It was not possible to confirm the hypothesis, that hair growth disorders may be correlated
with an impaired androstenediol formation from DHEA.

Furthermore, results indicate that hair growth disorders, especially DA, may show
similarities to MPB, since the candidate genes for MPB, FGF5 and EDA, are down

regulated in hair growth disorders.

The data also raises the question, whether AGA may be correlated with impaired

mitochondrial features.

The here presented results led to ideas for potential follow-up research projects concern-
ing (1) the impact of warm and cold seasons on estrogen metabolism in hair growth and

(2) the impact of mitochondria on hair growth.
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4. Discussion

4.1 Summary

Hair loss is a symptom that affects both, men and women, at different ages. The extend
of and the cause for loosing hair can vary (Lutz 2012), which makes it even more difficult
to find the right diagnosis and treatment. The impact of steroid hormones on hair
development and hair loss thereby displays an important research field, since hair growth

is dependent on the local androgen concentration in the skin (Schiffer et al. 2018).

This project served to test the hypothesis that disordered hair growth may be correlated
with impaired local steroid metabolism in hair roots. Based on the results obtained by
Wehner and Schweikert (Wehner and Schweikert 2014) on the local steroid metabolism
in healthy hair, this approach served to test the hypothesis that the enzymatic conversion
of estrone-3-sulfate (E1S) into 17p3-estradiol (E2) might be different in hair growth disor-
ders. And indeed, results show, that the conversion of E1S into E2 is significantly de-
creased in diffuse alopecia (DA). It was also possible to confirm the local conversion in
isolated hair roots by inhibiting steroid sulfatase (STS) leading to a decreased conversion
of E1S into estrone (E1) and E2.

3'mRNA-sequencing furthermore showed a lower expression of the enzyme HSD17B7 in
telogen compared to anagen hair. The enzyme mediates the reduction of E1 into E2
(Hilborn et al. 2017, Miller and Auchus 2011, Nokelainen et al. 1998, Ramos and Miot
2015, Samavat and Kurzer 2015, Schiffer et al. 2019). In anagen hair, 3'mRNA-
sequencing revealed no significant differences between control and disordered hair
growth groups. But an explorative approach indicated that fibroblast growth factor 5
(FGF5) and ectodysplasin A (EDA), both being candidate genes for male pattern baldness

(MPB), are significantly decreased in anagen hair in the group of hair growth disorders.

It was not possible to confirm the hypothesis that the conversion of dehydroepiandros-
terone (DHEA) into androstenediol may be different in hair growth disorders.
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4.2 Study group

Despite difficulties in the recruitment of hair donors, probably partly a result of the SARS-
CoV-2-pandemic situation, it was possible, with the help of Dr. med. Gerhard Alfons Lutz
to include 39 female volunteers for the project. Since Dr. Lutz has specialized in the field
of alopecia (Lutz 2012, Lutz 2018), he carried out the trichograms according to his own
descriptions (Lutz 2001). His diagnostics revealed that several hair donors did not suffer
from androgenetic alopecia (AGA), but from diffuse alopecia (DA), so volunteers were
assigned into control, AGA and DA groups (Tab. 13). Since Dr. Lutz was the only person
carrying out the anamnesis interview and visual diagnosis, as well as the pull-test and the
trichogram, it was possible to exclude inter-individual differences in the assignment of hair
donors. This helped to create a homogenous group distribution concerning the hair state.
It further helped to minimize group variation, that could be otherwise a result of probably
wrongly diagnosed volunteers. Median age for volunteers older than 50 years is similar
among the three groups (Tab. 13). Since hair develops with age (Robbins et al. 2012) and
also the amounts of circulating steroids change with age (Mueller et al. 2015, Schiffer et
al. 2019), a similar median age makes a comparison among the groups easier, because
a potential age-dependent effect in the analysis of steroid metabolism could be minimized.
Unfortunately, the AGA group of younger women is characterized by a higher median age
(43.3) than the two other groups (median age 31.3 and 30.7) (Tab. 13). Together with the
overall lower number of participants in the AGA group in comparison to the control or DA
groups, the higher median age may result in higher sample variation. A higher group
number (n) may lead to a more homogenous group distribution and may contribute to a

lower variation between the groups.

4.3 Biochemical assay

On the basis of the experimental design published by Wehner and Schweikert (Wehner
and Schweikert 2014), anagen scalp hair roots were incubated in cell culture medium
containing either [6,7-3H(N)] E1S or [1,2,6,7-3H(N)] dehydroepiandrosterone (DHEA) over
48 hours (E1S) or five hours (DHEA), respectively, followed by extraction of the
conditioned media and subsequent separation of steroids via thin-layer chromatography

(TLC). Colored spots representing estrone (E1), 17p-estradiol (E2) and androstenediol,
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were scratched off from the TLC-plate and corresponding energies of each scratched spot
were analyzed. Results, given as counts per minute (cpm), in combination with the specific
activities of the substrates were used to normalize the amount of formed product on the

DNA content of the hair roots.

Following these experimental designs, it was possible to confirm a local metabolization of
E1S to E1 and E2 in isolated scalp hair roots, as it was described before by Wehner and
Schweikert (Wehner and Schweikert 2014 ). Hydrolysis of E1S yielded moderate amounts
of E1, nearly as much as shown in the results by Wehner and Schweikert (Wehner and
Schweikert 2014, Fig. 2 A), indicating that the biochemical assay worked nearly as good
as in their experiments. Measurable, but much lower amounts of E2 were detectable (Fig.
11). Comparable results were shown by Wehner and Schweikert, although the overall
amount of E2 was much lower than presented by Wehner and Schweikert (Wehner and
Schweikert 2014, Fig. 2 B). Reduction of E1 yielded 3 % EZ2 in their experiments (Wehner
and Schweikert 2014, Fig. 2 B) and approximately 0.1 % in the here presented results
(Fig. 11). It is known that some hormone levels are subject to variation during the day
(Oster 2014) and also steroid hormones show variable levels during the menstrual cycle
(Rassow et al 2012). To rule out that enzymes involved in the conversion of the substrates
E1S and DHEA into their products E1, E2 and androstenediol may be subject to a circa-
dian expression pattern, hair roots were always epilated between 9 AM and 11 AM, so
that the experiments always started at the same time period of a day. Differences in the
amounts of formed metabolites between the experiments of Wehner and Schweikert
(Wehner and Schweikert 2014) and the here presented project may be a result of
differences in the experimental setup between this approach and the settings from
Wehner and Schweikert. Briefly, Wehner and Schweikert described that after separation
of steroids via TLC, the resulting spots and the spaces in between were cut off and
analyzed (Wehner and Schweikert 2014). In this approach, only the resulting spots were
scratched off and analyzed, not the spaces in between (see 2.2.2). It may happen that the
steroid mixture did not separate completely or accurately, so that not all of the formed E2
centered in the colored E2 spot. This would mean that some of it might still be detectable
in the space between starting line and E2 spot. This would mean, that only part of the
formed E2 was scratched and analyzed. This aspect cannot be totally excluded

concerning this approach, since the steroid mixture runs upwards on the TLC plate for
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separation. In all instances, E1 formation is higher than E2 formation (Fig. 11) and this
supports the data presented by Wehner and Schweikert (Wehner and Schweikert 2014).
Since the amount of E2 formed from E1S were low, someone could also assume, that
experiments on E2 formation did not work properly. Assuming this, due to trace amounts
of measurable E2 in the samples (Fig. 11 C and D), it should also be the case for experi-
ments on E1 formation, because the synthesis of E1 and E2 were measured within the
same experiment, same sample and same TLC lanes and runs. But results reveal

moderate amounts of formed E1, assuming that the experiments did work correctly.

So, it was possible to confirm a local metabolization of the sulfated steroid E1S into its
products E1 and E2 in human scalp hair roots, as it was presented by Wehner and
Schweikert (Wehner and Schweikert 2014).

4.4 E2 formation in women suffering from hair loss
Another goal of this project was to compare the metabolism of E1S in healthy women and
women suffering from hair loss, in order to possibly uncover potential differences in the

formation of E2 from E1S.

The comparison of the local synthesis of steroid hormones in control and disordered hair
growth (AGA and DA) shows that E1 formation from E1S might be higher in the AGA
group than in control or DA samples (Fig. 11 A and B). This might indicate a higher STS
activity in AGA samples, since STS is involved in the conversion of sulfated steroids like
E1S (Hilborn et al. 2017, Mueller et al. 2015). But due to the low number of participants
and the sample variation within the AGA group, the data may not be reliable. It might be
possible that a higher sample number may lead to more precise and more homogenous
results. As indicated in the graph, the group with a higher E1 formation from E1S does not
exclusively contain samples from women older than 50 years, although E1 is said to be
predominantly present in postmenopausal women (Samavat and Kurzer 2015). Wehner
and Schweikert compared E1 formation in healthy women younger and older than 50
years and they showed that E1 formation is lower in scalp hair from women older than 50
years (Wehner and Schweikert 2014). Considering their results (Wehner and Schweikert
2014), it then seems plausible that the higher E1 formation in the AGA group is not related
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to higher aged participants, but it might indicate that part of the AGA group may differ from
the other AGA samples, maybe in an aspect that was not identified during this project.

Taken together, the experiments of the here presented project cannot confirm an age-
dependency in the metabolization of E1S to E1 and E2 in women, like it was described
before by Wehner and Schweikert (Wehner and Schweikert 2014), neither in the control
group, nor in the group of disordered hair growth, although composition of the control
group (age < 50, n = 9, age > 50, n = 7) is comparable to the study by Wehner and
Schweikert (age < 50, n = 8, age > 50, n = 8).

In contrast to Wehner and Schweikert, who determined anagen and telogen scalp hair in
healthy volunteers (Wehner and Schweikert 2014), only anagen hair roots served for the
comparison of healthy and disturbed hair growth in this approach. Wehner and Schweikert
showed, that much more telogen than anagen hair was necessary for their experiments
(Wehner and Schweikert 2014), but due to the possibility that the epilation of hair from the
scalp might be painful, the experiments focused on anagen hair. Although hair loss is
characterized by a higher rate of telogen hair (Lutz 2001, Lutz 2012), at least for AGA, the
duration of the anagen phase was described to be shorter than in the normal hair growth
cycle (Paus and Cotsarelis 1999). A shorter anagen phase might then be a promising
aspect in the comparison of estrogen metabolism in AGA and control group. But the
results indicate that there is no difference in the synthesis of E1, assuming proper STS-
functionality in all observation groups. Furthermore, returning to the E1 formation in
telogen hair, the results presented by Wehner and Schweikert revealed, that E1 formation
does not differ between the anagen and telogen state of scalp hair roots (Wehner and
Schweikert 2014). Another reason, why this approach excluded telogen hair from the
analysis a priori. But Wehner and Schweikert showed, that E2 formation from E1S is
almost abolished in telogen hair (Wehner and Schweikert 2014). In this context, the overall
aim of the current project was to test the hypothesis that hair loss may be correlated or
even caused by a reduced enzymatical conversion of sulfated steroids into E2 in the
human scalp hair root. The data show indeed, that the conversion of E2 from E1S is
reduced in anagen hair roots in disordered hair growth (AGA and DA) (Fig. 11 C and D).
A reduced conversion of E1 to E2 in anagen hair roots in case of hair loss now suggests,

that E2 may be involved in the transition of anagen to telogen phase, a hypothesis that
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was already suggested by Wehner and Schweikert, based on their finding that E2
formation is almost abolished in telogen hair (Wehner and Schweikert 2014). Together
with the reduced expression of HSD17B7 in telogen hair (Fig. 17), it strengthens the
impression that hair loss may be correlated to a reduced conversion of sulfated steroids
in hair roots. The decreased E2 levels in hair growth disorders therefore underline the
hypothesis of Wehner and Schweikert that E2 might play a critical role in the maintenance
of anagen phase and physiological hair development (Wehner and Schweikert 2014). In
this case, AGA and DA show comparable amounts in E2 formation (Fig. 11 D), assuming,
in disordered hair growth, impaired functionality of enzymes of the HSD family, namely
HSD17B1 and/ or HSD17B7, that mediate the reduction of E1 to E2 (Hilborn et al. 2017,
Miller and Auchus 2011). The data also indicate that AGA and DA do not differ much
concerning the metabolization of estrogens (Fig. 11), although both diseases appear
clinically different from each other (Lee et al. 2015, Qi and Garza 2014). In all instances,
the group size is low and more AGA cases would have been helpful and necessary to
make more precise statements on this result, but within 13 months it was not possible to

include more AGA cases.

AGA is a disease that can be present in different stages, each characterized with an
increase in the severity of the phenotype, according to the classifications on hair loss
patterns occurring in men and women from Hamilton, Norwood and Ludwig (Hadshiew
2022, Ludwig 1977). In this project, AGA cases were not examined on activity stages or
the severity of the phenotype due to the low number of AGA cases in this project in
general. So, if a stronger or weaker stage of the disease might reflect its activity in a higher
or lower estrogen metabolization, no further statements can be made, regarding this
aspect, only on the basis of the here presented experiments and results, but it could be a

potential future aspect for further research in this field.

It was not possible to confirm an age-dependency in the estrogen production as shown
by Wehner and Schweikert, neither for the control group, nor for the AGA or DA groups
(Fig. 12 A and B), although the group size, at least for the control, was comparable to the
number of participants in the study by Wehner and Schweikert (Wehner and Schweikert
2014).



97

The metabolization of a substrate into its product always involves enzymatical action. The
enzyme STS catalyzes the hydrolysis of sulfated steroids like E1S and
dehydroepiandrosterone sulfate (DHEAS) (Hilborn et al. 2017, Mueller et al. 2015) and
estrone sulfamate is described to be specific in inhibiting STS (Kurogi et al. 2019). The
results of the current project show, that hair roots exposed to estrone sulfamate synthesize
less E1, the direct product of E1S, than the untreated control (Fig. 13 A - B), thereby
underlining the efficiency of the compound on the enzyme STS (Kurogi et al. 2019). These
results therefore confirm that E1 and E2 are enzymatically formed from the substrate E1S
during the experiments. The internal background control (without hair roots) described in
the methods (2.2.2) serves to make sure, that only the local, hair root-mediated, E1 and

E2 formation from E1S is observed.

4.5 Season-dependency

Figure 14 A indicates that E1 formation from [6,7-*H(N)] E1S in a healthy female donor is
lower in autumn than in spring (Fig. 14 A), suggesting that estrogen levels, at least
concerning E1 formation, might show a season-dependency. Actually, the hair growth
cycle in humans follows an asynchronous rhythm, so that the hair density is supposed to
remain relatively stable all over the year (Natarelli et al. 2023, Pierard-Franchimont and
Pierard 2013). Different to that, it is known that some animals show variable fur growth
patterns in warm and cold seasons, due to a synchronized hair growth cycle (Pierard-
Franchimont and Pierard 2013). This is an aspect that might partly reflect the today’s
differences between humans and animals. The reason that leads to the synchronization
of the hair growth cycle in some animals is not completely understood. Maybe it is an
evolutionary mechanism that helped to survive, but the underlying basic biochemical or
endocrinological mechanism remains unknown. Since this was just a pilot experiment with
only one individual, the number of data also needs to be increased to allow further
statements on this issue. But indeed, it is an interesting finding. Since the result is not
statistically significant, it is potentially a not reliable finding that human hair growth may
follow a seasonal effect as known for animals (Pierard-Franchimont and Pierard 2013).
There could also be other reasons why the amount of E1 formed from E1S varies among

these consecutive experiments (for example (e.g.) use of dietary supplements in the
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meantime), concluding that only data for E1 formation do not provide any reliable
information on this issue. It would have been interesting and strictly necessary to see data
for E2 formation for this time period, since E2 formation, following the data in this project,
is suggested to be affected in hair growth disorders and in telogen hair, as shown by
Wehner and Schweikert (Wehner and Schweikert 2014). Further considering a potential
season-dependency in the occurrence of hair loss, figure 14 B and C indicate that there
is no correlation between the recruitment of hair loss cases and colder months (Fig. 14 B
and C). The recruitment process followed a random principle, since the assignment to one
of the groups was first carried out when meeting potential hair donors. So, it was not
known in advance, if a volunteer serves as a control or case (see 2.2.1). Regarding the
whole project and the interviews with the volunteers concerning personal experiences on
hair growth, it is also not surprising that hair loss cases are well distributed over the
observed 12 months period and that they are not clustering in warmer months. People
suffering from AGA recognized years ago that they are losing hair, indicating that the
disease developed over a long time rather than being a sudden issue that develops
according to changes in the weather. This is the case for AGA, but it does not mean vice
versa, that another sudden hair loss could not be related to seasonal differences. For
example, vitamin D is implicated to be involved in alopecia (Conic et al. 2021). The effect
of vitamin D on hair growth is not well understood, but mice lacking the vitamin D-receptor
(VDR -/- mice) were described to develop alopecia (Li et al. 1997). And serum vitamin D
is one parameter medically determined in case of hair loss (Conic et al. 2021). People
living beyond the 48th latitude may develop a kind of vitamin D-deficiency in terms of
winter, due to the low number of hours, where the sun shines and probably also because
they spend more time inside than outside in nature with less skin exposure to UV-light
(Blum und Muller-Wieland 2020). It though may be interesting to compare serum vitamin
D levels in case of hair loss in relation to winter months and the severity of the hair loss in

another future project.

4.6 DHEA
The data of the current project further indicate, that androstenediol formation from DHEA
is concentration- and time-dependent (Fig. 15 A and B). These results resemble the data
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for E1 and E2 formation from E1S presented by Wehner and Schweikert (Wehner and
Schweikert 2014). The data illustrate, that androstenediol formation from DHEA is highest
at 100 nM substrate (Fig. 15 A). Actually, one would expect a plateau, if the maximum of
the amount of formable androstenediol has already been reached in the measurement.
Or one would at least expect as much as the maximum input of isotope-labeled substrate,
in this case 100 nM, because the energy measured should rather be lower and not exceed
the input activity. All substrate preparations include 100 nM of [1,2,6,7-3H(N)] DHEA, but
samples for 500 nM and 1000 nM are filled up to the aimed concentration with non-labeled
substrate. Of course, it cannot be totally excluded that this mixture for the higher concen-
trations were incorrectly carried out, but since the substrate is evaporated to dryness be-
fore it is resolubilized in the cell culture medium, at least a solvent effect can be excluded.
If it is not a mistake in the preparation, maybe the non-labeled substrate is somehow
interfering with the isotope-labeled substrate, but this issue has not been further analyzed.
The amount of androstenediol formed in 48 hours from 100 nM substrate, is, concerning
the exact value, lower in figure 15 B than illustrated in figure 15 A (Fig. 15 B), but since
the experiments were carried out with hair roots from the same woman, inter-individual
effects can be excluded. Daily fluctuations could explain the different measurable amounts
since the experiments were not carried out on the same day (Fig. 15 A and B). The data
show, that a metabolization of DHEA to androstenediol can be determined using the
adapted experimental conditions (see 2.2.2 and Fig. 15 A and B). The measurable amount
of DHEA-derived androstenediol is even higher (approximately 0.3 pmol * ug DNA"' * 5
hours™') than the amount of E1S-derived E2 (0.005 pmol * ug DNA" * 48 hours™'). DHEA
is one of the most abundant steroid hormones of the adrenal cortex (Kohalmy et al. 2007,
Schiffer et al. 2018, Turcu and Auchus 2015) and androstenediol can serve as a ligand
for the ER (Miller et al. 2013, Paterni et al. 2014). But the comparison of control and dis-
ordered hair growth clearly shows, that androstenediol formation from DHEA is not
different in disordered hair growth (Fig. 16 A and B). Wehner and Schweikert suggested
that estradiol might play a key role in hair formation, since they found that E2 formation in
telogen hair roots from healthy donors is almost abolished (Wehner and Schweikert 2014).
Regarding this and since androstenediol can also serve as a ligand for the estrogen re-
ceptor (Miller et al. 2013, Paterni et al. 2014), it would have been interesting to see a

comparison of the androstenediol formation in anagen and telogen hair. But as mentioned
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before, due to the restricted amount of material and since anagen phase is supposed to
be shorter in AGA than in normal hair growth (Paus and Cotsarelis 1999), all experiments
in this project concerning the comparison of healthy and disordered hair growth included
anagen and excluded telogen hair roots. Furthermore, it was not possible to confirm an
age-dependency in androstenediol formation from DHEA (Fig. 16 C) like it was described
for E1S-derived E1 and E2 in the experiments of Wehner and Schweikert (Wehner and
Schweikert 2014).

4.7 Expression of steroid biosynthetic genes

To uncover potential transcriptional differences between anagen and telogen hair, 3’-
MmRNA sequencing was performed. The analysis revealed no significantly different
expression patterns of enzymes that are involved in the conversion of E1S or DHEA into
E1, E2 or androstenediol (Fig. 17 A - C). An explorative analysis of the data focused on
candidate genes involved in the processes studied in this work. Interestingly, expression
of HSD17B7 is significantly reduced in telogen hair (Fig. 17 D and E). HSD17B7 is
involved in the conversion of E1 into E2 (Hilborn et al. 2017, Miller and Auchus 2011). The
reduction of HSD17B7 expression in telogen hair (Fig. 17 D and E) is in line with the
observation of Wehner and Schweikert on E2 formation being decreased in telogen hair
(Wehner and Schweikert 2014). These data might suggest that a low expression of
HSD17B7 in anagen hair may underline the observed reduction in E2 formation from E1S
in volunteers suffering from hair loss (Fig. 11 D). These data would again underline the
hypothesis of Wehner and Schweikert on E2 playing a role in the termination of the hair
growth cycle (Wehner and Schweikert 2014). These observations may also correlate hair
loss with a reduced enzymatical conversion of sulfated steroids like E1S into E2. This
strengthens the impression that changes in steroid metabolism may be involved in the

hair growth cycle.

The comparison of gene expression patterns of control, AGA and DA samples suggest
that there are no significant differences between the groups in general (Fig. 18 - 20). Par-
ticularly, the expression patterns of STS, HSD17B1 and HSD17B7 are here of special
interest, since these are the enzymes involved in the downstream conversions from E1S
to E1 to E2 (Hilborn et al. 2017, Miller and Auchus 2011, Mueller et al. 2015, Nokelainen
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et al. 1998, Ramos and Miot 2015, Samavat and Kurzer 2015, Schiffer et al. 2019). But
the results indicate again, that there is no difference in the expression patterns of control
and disordered hair growth samples (Fig. 19 - 20). But if there is no significant difference
in the expression patterns of enzymes involved in the metabolization of E1S to E1 and E2
or of DHEA to androstenediol, why is the amount of E1S-derived E2 lower in samples
from disordered hair growth in the here presented results? It must have been a different
enzymatical conversion, because otherwise the lower E2 amount cannot be explained.
The comparison of the regulation of candidate genes (enzymes involved in E1S and
DHEA metabolism to E1, E2 and androstenediol) shows, that again HSD17B7 showed
the highest variability among the two hair loss groups (AGA and DA) (Fig. 21 A). Itis worth
mentioning, that comparing all the enzyme expression profiles, it is visible that the
differences between the three observation groups are not as strong for STS, HSD17B1,
HSD17B2 and HSD17B4 as for HSD17B7 (Fig. 21 A - B). The high variability in the AGA
or DA group concerning the expression of HSD17B7 might indicate, that this gene may
be deregulated in some volunteers suffering from hair loss. These data reflect the status
in hair roots from anagen phase, but the data do not differ between the frontal and occipital
scalp area, where the hair roots were epilated. Hair roots used for the analysis were epi-
lated from frontal and occipital part of the head and were afterwards mixed for the sample
preparation for 3'-mRNA sequencing. As mentioned before, hair loss may show different
activities (Lutz 2012) and AGA and DA differ from each other in their hair loss pattern.
Briefly, the AGA group shows a high telogen rate in the frontal scalp area, whereas the
DA group is characterized by a uniformly shedding of scalp hair in the frontal and occipital
scalp area (see 2.2.1 and Lutz 2012). It cannot be excluded, that a sample contained more
anagen hair from the occipital part than from the frontal epilation site. But the data pre-
sented by Wehner and Schweikert indicate, that E1S-derived E1 and E2 formation do not
significantly differ between the epilation sites on the scalp (Wehner and Schweikert). The
high variability of the HSD17B7 expression in comparison to the other enzyme expression
patterns (Fig. 21 A) is especially noticeable, in particular, when reminding that the analysis
did not differ between frontal and occipital anagen scalp hair roots. So, this might also
explain the high variation in between the groups. By the way, expression analysis does
also not give any information on the translation process, so it is not sure, if the information
on HSD17B7 obtained from the mRNA gains functional HSD17B7 protein. Furthermore,
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it was not possible to confirm these results on qRT-PCR level (Fig. 22). Controversially,
gRT-PCR suggests a lower relative expression of HSD17B7 in AGA than in control
samples (data not significant), which may be correlated with the lower E2 formation in
AGA and DA in metabolite experiments, since HSD17B7 mediates the conversion from
E1 into E2 (Hilborn et al. 2017, Miller and Auchus 2011). It could be that the samples
measured in gRT-PCR were not properly enough prepared in advance, since Ct values
actually should be similar in between a group, although each sample represents a different
individual. It could also be that the primer used for the analysis was not properly enough
designed. Due to the restricted sample amount, the analysis was only carried out once,
therefore only serving as a kind of pilot experiment, that should give further hints on the
expression of HSD17B7 in the human hair root. So, in order to draw further conclusions
on the expression of HSD17B7 in the human hair root, gRT-PCR actually needs to be
repeated at least twice, to check if the here presented result can be reproduced. So, this
result does not help in the understanding of hair loss and it does not provide any
information about potential differences in the expression patterns of enzymes in samples
from controls and hair loss, but it might suggest a role for HSD17B7 to be somehow
involved in this process. Shehu et al. described in 2011 that estradiol stimulated HSD17B7
expression on protein and mRNA level (Shehu et al. 2011). Furthermore, they found that
upregulation of hsd17b7 by estradiol is an ER-mediated event, since tamoxifen, as a
selective ER antagonist, blocked these effects (Shehu et al. 2011). In a study with 112
female patients with breast cancer, alopecia was attributed to tamoxifen treatment in 37
cases (33 %) (Freites-Martinez et al. 2018). If upregulation of hsd17b7 is ER-mediated
(Shehu et al. 2011), the next effort in this project was, to compare the expression patterns
of steroid receptors in the observation groups, to uncover potential transcriptional
differences between the three observation groups. Expression analysis has demonstrated
that mediators of estrogen action, including (i) the estrogen receptor (ER) isoforms ERa
and ERp (Fig. 23) and (ii) enzymes of the 17p3-hydroxysteroid dehydrogenases (173-HSD)
are expressed within human anagen scalp follicles. Expression analysis indicates that, at
least for the here presented observation groups, there seems to be no difference in the
expression profiles of the estrogen receptors o and § among normal hair growth (control)

and disordered hair growth (AGA and DA), assuming normal functionality on receptor
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level. Also in this case, expression analysis gives no information about the translation of

gene into (functional) protein.

Solute carrier organic anion transporters (SLC transporters) are considered to mediate
the influx of substrates (Roth et al. 2012). One member of the SLC transporter family is
SLCO2B1 and one well-studied substrate of SLCO2B1 is E1S (Medwid et al. 2021).
Results indicate, that expression of SLCO2B1 is down regulated in AGA samples (Fig.
24). If down regulation of SLCO2B1 expression may lead to an impaired influx of E1S in
disordered hair growth, one would assume, that the lower local substrate availability
consequently leads to a lower product amount, which is the case for E2 in the here
presented metabolite experiments (Fig. 11 C and D). But since E1 formation remains
nearly unaffected in control and AGA groups, this idea is challenged, because E1S is
enzymatically converted to E1 by the enzyme STS and not to E2 (Hilborn et al. 2017,
Mueller et al. 2015). Above all, the decrease in the expression level between control and
AGA is not statistically significant. SLCO2B1 has been previously shown to be responsible
for the cellular availability of iron (Unlu et al. 2022). As mentioned in the introduction,
several factors, including iron, are assumed to be involved in the regulation of the hair
growth cycle and CYP450 enzymes, involved in the synthesis of steroid hormones,
contain a heme group with iron (Guo and Katta 2017, Lutz 2012, Mellon and Griffin 2002,
Natarelli et al. 2023). But the exact mechanism how iron deficiency affects hair growth
remains unknown (Guo and Katta 2017). Iron is described to act as a cofactor for the
enzyme ribonucleotide reductase, which is a rate-limiting enzyme in the synthesis of DNA
(Natarelli et al. 2023). Rapidly dividing cells constantly use this enzyme, as it is the case
for rapidly dividing hair follicle cells (Natarelli et al. 2023). So, it is suggested, that iron
deficiency may lead to a decrease in the efficiency of the enzyme ribonucleotide
reductase, thereby leading to the association to disordered hair growth (Natarelli et al.
2023). Due to the complexity of this topic, further considerations are challenging only on
the basis of the here presented results. Still, the high variation of sample values in
between the observation groups does not clarify, if there is really a different expression
pattern of SLCO2B1 between the groups. Although, the high variation might also indicate,
that the expression of SLCO2B1 is deregulated in some of the samples. A higher number
of participants may minimize the variability to clarify, if there are different expression

patterns of SLCO2B1 in control and disordered hair growth or not. Other methods for
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analyzing the impact of iron in local steroid metabolism would be necessary to draw further

conclusions in this research field.

4.8 Known candidate genes and hair loss

Several genes are described that seem to be involved in male pattern baldness (MPB)
(Heilmann-Heimbach et al. 2017). Could these genes also be involved in female hair loss?
The data indicate, that fibroblast growth factor 5 (FGF5) is statistically significant lower
expressed in DA than in control samples (Fig. 25 A). Also in the AGA group, expression
of FGF5 seems to be lower in comparison to the control group (Fig. 25 A), although this
result is not statistically significant. FGF5 is assumed to be involved in the deregulation of
the development from anagen phase to the transition (catagen) phase (Heilmann-
Heimbach et al. 2017, Higgins et al. 2014). It is also suggested, that FGF5 determines
hair length in human hair follicles (Higgins et al. 2014). If this would be the case, it raises
the question whether a lower expression of FGF5 may correlate with shorter hair or a
shorter anagen phase. The hair growth cycle, actually anagen phase, determines the
length of hair, since anagen is the state with the longest duration within the hair growth
cycle (Duverger and Morasso 2014, Grymowicz et al. 2020, Ota et al. 2002). Since AGA
is described to be characterized by a shorter anagen phase (Paus and Cotsarelis 1999),
results then suggest that the effect of FGF5 in disordered hair growth may be an
interesting future research field. If the number of samples analyzed would have been
higher, the result may also be significant for the AGA group. Figure 25 B illustrates that
also expression of ectodysplasin A (EDA) is decreased in hair growth disordered samples
(DA and AGA) compared to the control group (Fig. 25 B). Even in this case, the reduction
in the expression of EDA in the DA group, but not in the AGA group, is statistically
significant compared to the control group (Fig. 25 B). EDA is necessary for a proper hair
formation and is furthermore assumed to be affected in human hair growth disorders
(Duverger and Morasso 2014, Heilmann-Heimbach et al. 2016). Clarke et al. described in
1987, that mutations in EDA lead to hypohidrotic ectodermal dysplasia (HED), which is
characterized by failed development of hair and teeth (Clarke et al. 1987). If mutations in
EDA lead to decreased levels of functional EDA, this would be in line with the here

presented observation of a decrease of EDA in disordered hair growth.
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In summary, results indicate, that DA and AGA may show correlations to MPB at least on
gene expression level. Quite interesting is, that Lutz described in 2018 that female pattern
hair loss may be distinguished in a female and a male type, the latter more often
presenting with hyperandrogenemia (Lutz 2018). Together with the results obtained in this
project, it then seems possible that hair loss diseases may have even more similarities,
although they are distinguished clinically by their phenotypes and sometimes also by their
origin. This again underlines the difficulties in the classification and treatment of hair loss,
but may open up the possibility for disease over-lapping treatment options. This aspect

would need to be further investigated.

4.9 Incidental findings

Quite interesting, although found as a coincidence, is the finding that certain mitochondrial
genes, meaning nuclear genes expressed in mitochondria, as well as mitochondrially
coded genes including mt-tRNAs, seem to be lower expressed in disordered hair growth
(Fig. 26). Before being further processed to their final structure, pre-tRNAs are enzymati-
cally released from long polycistronic precursor RNAs in the mitochondria (Vilardo et al.
2023). Since tRNAs are involved in the translation process, this incidental finding leads
back to the discussion about a potentially different translational process in scalp hair in
hair growth disorders, as mentioned before. The data indicate that levels for mitochondrial
encoded tRNA Leucin 1 (MT-TL1), mitochondrial encoded tRNA serin 1 (MT-TS1) and
mitochondrial encoded tRNA isoleucine (MT-TI) are decreased on average in the AGA
group (Fig. 27 A - C). Levels for mitochondrial processing tRNA methyltransferase 10 C
(TRMT10C) are even significantly decreased in the AGA group (Fig. 27 D). This effect
cannot be seen for the DA group. TRMT10C is involved in the 5" end removal of the tRNA
biogenesis (Phizicky and Hopper 2023). Leucyl-tRNA synthetase 2 (LARS2) levels are
also decreased on average in the AGA group, although this result is not statistically
significant, probably due to the low sample number in the AGA group and high sample
variation within the control group (Fig. 28 A). It was also not possible to confirm this result
via qRT-PCR (Fig. 28 B). But these data might suggest, that tRNA processing may not
function properly in AGA. Mitochondria play a key role of a cells oxidative phosphorylation
process in gaining adenosine triphosphate (ATP) (Feng et al. 2022). A proper function of
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the mitochondria drives several cellular processes, and mitochondrial disorders are
associated with several diseases (Picard et al. 2016). But do these findings suggest, that
there might exist mitochondrial stress in AGA and if so, how may it become noticeable? If
there would be a problem in the respiratory efficiency of human scalp hair roots in AGA,
it might explain the differences in AGA and DA phenotypes, pluck trichogram or telogen
rates. Lower tRNA levels could also indicate lower mitochondria numbers. Vidali et al.
investigated in 2014 the impact of thyroid hormones on mitochondria in organ-cultured
human scalp hair follicles (Vidali et al. 2014). They found that hair follicles subjected to
TSH, T3 and T4 showed an upregulation of mitochondrial biogenesis, indicating that
evaluation of thyroid hormone levels might be important when characterizing hair loss
(Vidali et al. 2014). In fact, it was already mentioned that thyroid dysfunction may lead to
hair loss (Cohen et al. 2023, Deo et al. 2016, Lutz 2012, Natarelli et al. 2023) and
laboratory testing in case of hair loss commonly includes thyroid stimulating hormone
(TSH), thyroxine (T3) and trijodthyronine (T4) (Wolff et al. 2016). Results presented now
in the current project may open up the possibility for new research in the field of hair
growth disorders, namely the impact of mitochondria on hair growth. To clarify, if there
might exist a respiratory inefficiency in human scalp hair roots in case of AGA, other ex-
perimental tests would be necessary, probably measurements on oxygen consumption or
extracellular acidification rates using scalp hair roots as input. Due to the restricted amount
of sample material, no such experiments were carried out in this approach, therefore no
further statements concerning the mitochondrial respiratory state of hair roots in case of
hair loss can be made. Since the exact origin of the type of hair loss was not determined
in this study, it cannot be completely excluded, that differences in the disease
characteristics, leading to high heterogeneity, confound the results. Heterogeneity also
includes the absolute abundances between the observation groups with the AGA group
(n = 8) being only half of the control group (n = 16) concerning the number of participants
(Tab. 13). In this context, it is again worth mentioning that the recruitment process took
thirteen months during which time it was possible to include only eight AGA cases out of

39 participants in total.

It would have been interesting to determine, if more data from more individuals would
reflect equivalent results as presented here for metabolization and expression analysis,

since higher absolute abundances may reflect more precise results.
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In this context, it is again worth mentioning, that hair root samples from fronto vertical and
occipital scalp areas were pooled for expression analysis due to restricted amounts of
sample material. Considering that at least for AGA, anagen to telogen ratios differ in fronto
vertical and occipital areas of the scalp, it would have been interesting to distinguish
samples in frontal and occipital specimen prior to expression analysis to investigate, if
expression patterns also differ at the two considered scalp sites. As mentioned before,
AGA is a disease that can be characterized in different stages, according to the extent of
the hair loss (Hadshiew 2022). This may complicate the interpretation of the here
presented results even more. If different disease states correlate with different
metabolization or expression patterns, it could explain greater intra-assay variability in an
observation group. In this case, it might have been better to classify AGA not only as AGA,
but as AGA according to the precise state of the disease. A more detailed classification of

AGA or DA has not been done in this approach.

In summary, premature hair loss, especially from the scalp or even an excess of hair
growth, may be a difficult situation for those affected, due to social or psychological
aspects that may arise. A more detailed knowledge of local steroid metabolism and
involved enzymes in human scalp hair, may open up the possibility of pharmacological
intervention, since enzymes can be inhibited, in principle, and topical application may
reach the hair follicle inside of the skin. A better understanding of the molecular
mechanisms may also be important for all organs and tissues that are regulated by male
and female sexual hormones and that possess an enzymatic activity comparable to that

in human scalp hair, for example bone, prostate and mamma.



108

5. Abstract

Hair loss displays a common symptom with a multitude of different origins that complexes

diagnostics and therapy.

The basis of the current project was the hypothesis, that hair loss may be correlated or
even caused by an impaired local steroid hormone metabolism in scalp hair roots. It is
known that human hair growth is regulated by hormones, including steroid hormones
(Schweikert and Wilson 1974). In this context it was determined, if the local conversion of
the steroid estrone-3-sulfate (E1S) into its products estrone (E1) and 17p-estradiol (E2)
may be impaired in hair growth disorders (androgenetic alopecia (AGA) and diffuse
alopecia (DA)). Indeed, the conversion of [6,7-3H(N)] E1S into E2 was significantly
decreased in the DA group in metabolite experiments. By the use of the steroid sulfatase
(STS)-specific inhibitor estrone sulfamate, it was furthermore possible to inhibit the
conversion of [6,7-H(N)] E1S into E1 and E2, thereby confirming that the conversion
occurs locally in isolated hair roots. Moreover, 3’-mRNA sequencing data revealed, that
expression of the enzyme HSD17B7, which is involved in the conversion of E1 into E2, is

decreased in telogen hair.

It was not possible to confirm the hypothesis, that the conversion of dehydroepiandro-

sterone (DHEA) into androstenediol may be impaired in hair growth disorders.

Concerning the comparison of healthy and disordered hair growth, transcript expression
analysis revealed, that there are no significant differences between the control, AGA or
DA groups on the gene expression level in general. But an explorative analysis shows,
that fibroblast growth factor 5 (FGF5) and ectodysplasin A (EDA), both being candidate
genes in male pattern baldness (MPB), are significantly lower expressed in DA. This may
indicate similarities of AGA and/ or DA to MPB.

Interestingly, found as a coincidence, the data set also suggested, that expression of
several mitochondrial genes may be decreased in samples from hair growth disorders,

which may open up the possibility for new research in the field of hair growth disorders.
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