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Purpose: Clinical studies have confirmed that the hair-growth-promoting effect of approved
oral drug combinations is beneficial for the treatment of diffuse telogen effluvium, which is
characterized by the excessive loss of telogen club hairs. Since data elucidating the mode of
action of such combinations are limited, our study focused on the identification of cellular
processes potentially supporting the treatment of hair loss.

Materials and Methods: A minimal growth culture system (MGM) was used to mimic
in vitro the reduced activity of human hair follicular keratinocytes (HHFKs). The effect of
four core compounds (L-cystine, thiamine, calcium D-pantothenate, and folic acid) of
a marketed oral combination (Panto[vi] gar®), which are approved for the treatment of diffuse
hair loss, was examined by comparing HHFKs cultured either with or without the com-
pounds. After determining their impact on metabolic activity and proliferation, we conducted
a comparative whole-genome gene expression study with subsequent functional grouping of
differentially expressed genes to identify cellular processes influenced by the tested
compounds.

Results: The four core compounds of an oral hair-growth formulation enhanced proliferation
and metabolic activity of HHFKs compared to HHFKSs cultivated in MGM only. Functional
grouping of differentially expressed genes confirmed the regulation of cell cycle-/prolifera-
tion-associated genes (cdkl, HIURP) and revealed regulation of cell death- and oxidative
stress-associated gene groups. A supportive effect of the compounds on cell viability was
demonstrated by lower sensitivity to solar-simulated UV-radiation and increased protection
against oxidative stress. We established a central role for L-cystine, as changes in the
expression of the anti-oxidative gene hmox1 were L-cystine-dependent. However, to reach
a maximal stimulating effect on proliferation, the combination of all four compounds was
necessary.

Conclusion: The tested compound combination had positive effects on metabolic activity,
cell viability, and proliferation of keratinocytes. Furthermore, this study suggested that
L-cystine primarily contributes to the observed protection against endogenous oxidative
stress.
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Introduction

During hair-growth the basal cellular part, the hair follicle continuously progress
through the hair cycle stages: growth (anagen), involution (catagen), and rest
(telogen). In each cycle a new hair shaft is formed, while the old hair mostly
falls out during an actively regulated process termed exogen.! A new follicular
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cycle is initiated through the regeneration of the lower
follicle, which is mediated through the interaction of the
dermal papilla with the hair-specific epithelial stem cells in
the hair follicle bulge.? The mature (anagen) hair follicle
can be divided into a permanent upper segment and
a regenerating lower segment. The lower part contains
the dermal papilla (formed by special fibroblasts), which
is framed by an enlarged bulb consisting of rapidly pro-
liferating matrix keratinocytes, melanocytes and outer root
sheath keratinocytes.> As stated in the review by
Cotsarelis, it is still not clear whether the bulge cells
migrate towards the follicle during the anagen phase in
order to provide the matrix cells with new cells, or
whether the matrix cells self-renew and maintain their
compartment throughout the anagen phase.” Regarding
the actual hair shaft growth, it has been demonstrated
that the highly proliferative hair matrix keratinocytes
give rise to the hair shaft and the inner root sheath.
During the upward movement of the hair matrix keratino-
cytes, they are differentiating into the hair shaft, which
consists of the cuticle, the cortex, and the medulla.’
A major regulator of the hair shaft growth is the dermal
papilla, which controls the hair bulb size, hair shaft size
and anagen duration.® In the subsequent catagen phase,
hair matrix cells reduce their proliferating and stop differ-
entiating so that the hair shaft growth is terminated.
Finally, the hair follicle regresses and reaches a state of
rest (telogen).

A pathological hair loss exists when the physiological
degree of daily hair loss is exceeded for prolonged time.
The hair cycle disorder telogen effluvium is a form of
pathologic hair loss, which is characterized by an increase
in telogen hair follicles.” This type of hair loss is a diffuse,
reversible form that affects the whole scalp.® Causes of
telogen effluvium include iron deficiency, thyroid disease,
disorders.’

and metabolic or endocrine

7

Dietary
deficiencies’ or general stress can also trigger its onset.

Treatment of telogen effluvium includes L-cystine-
containing oral combinations, which exhibit some varia-
tions in their composition. A meta-analysis has confirmed
successful treatment effects of these combinations against
diffuse hair loss through increasing the anagen rate,
reflecting a normalization of the hair cycle disturbance.®
But the precise mode of action underlying the clinical
efficacy of these oral combinations is still not fully
understood.

Here, we investigate how active components of an oral
Merz  Pharmaceuticals

combination  (Panto[vi]gar®,

GmbH, Frankfurt am Main, Germany) affect cellular pro-
cesses, which might be relevant for hair-growth and
through which the compounds could potentially contribute
We unveil that

the in vitro correlate (IC) of the aforementioned oral for-

to a hair-growth-promoting effect.

mulation consisting of L-cystine, thiamine, calcium
D-pantothenate, and folic acid (an assumed metabolite of
p-aminobenzoic acid (PABA))’ has a positive impact on
the proliferation and viability of human hair follicular
keratinocytes (HHFKSs) and contributes to a higher protec-

tion against endogenous oxidative stress.

Materials and Methods

Cell Culture and Treatment

Human hair follicular keratinocytes (HHFKs; Provitro
GmbH, Berlin, Germany; ScienCell, Carlsbad, CA, USA)
were propagated in serum-free growth media (PromoCell;
Heidelberg, Germany) at 37°C in the presence of 5% CO,
in a humidified atmosphere. Preparation of HHFKs from
hair follicles isolated from human scalp tissue involved
proprietary protocols of ScienCell. Briefly: After removal
of the dermal papilla of isolated hair follicles, hair follicle
derived keratinocytes were allowed to grow out in sub-
mersed cell culture to form a population of keratinocytes
form different regions. These keratinocytes named HHFKs
are capable to proliferate and can be expanded over at least
10 passages. The nature of the keratinocytes is confirmed
by their appearance in cell culture (cobblestone morphol-
ogy in light-microscopy) and by the immunohistological
detection of keratin 18. We expanded the HHFKs to gen-
erate a frozen master cell bank from which cells were used
for the described experiments in defined passages.®® Cells
were seeded into flat-bottom microplates (NunclonTM;
Sigma-Aldrich®; Munich, Germany) or cell culture flasks
at a density of 5700-6700 cells cm 2. After overnight
incubation, cells were switched to minimal growth med-
ium (MGM; basal medium without L-cystine, thiamine,
calcium D-pantothenate, folic acid and biotine; customer
formulation; PromoCell; Heidelberg, Germany) or MGM
plus a combination of L-cystine, thiamine, calcium
D-pantothenate, and folic acid (termed IC). IC serves as
an in vitro correlate of the oral formulation Panto[vi] gar®,
which was developed depending on the expected systemic
bioavailability at the hair follicle and the usability of
compounds in an in vitro cell culture system.'® The fol-
lowing experiments for characterization of compound
effects were carried out after an incubation time of 72 h.

submit your manuscript

500

Dove

Clinical, Cosmetic and Investigational Dermatology 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Riegel et al

Preparation of the Medium Serving as
in vitro Correlate of the Oral

Formulation

The four compounds selected as in vitro correlate (IC) of
a marketed, oral hair-growth formulation (Panto[vi]gar®)
were prepared as stock solutions in dimethyl sulfoxide
(DMSO), except for L-cystine, which was directly prepared
in MGM. These stock solutions were further diluted in assay
media to obtain the required test compound concentration
and to restrict DMSO to a maximal concentration of 1%
(v/v). Unused portions of the stocks were stored at —20°C.
The composition of IC consisted of 100 pM thiamine, 50 uM
L-cystine, 1 pM calcium D-pantothenate, and 1 uM folic
acid. In certain experiments cells were cultured with different
concentrations of IC. This was achieved by diluting IC in
MGM: IC/10 refers to IC diluted 10 times in MGM, resulting
in a concentration of 10 uM thiamine, 5 uM L-cystine,
0.1 uM calcium D-pantothenate, and 0.1 pM folic acid.

Metabolic Activity, Proliferation, De
Novo DNA Synthesis

Metabolic activity, proliferation and apoptosis of HHFKs
were detected 72 h after cultivating them in 96-well plates
under the indicated conditions in a final volume of 100 uL.
per well in 4-6 replicates. Background controls were
included in each case.

Metabolic activity was determined by a resazurin solution
(resazurin sodium salt [0.1 mg/mL in phosphate-buffered
saline; PBS], Sigma-Aldrich™; Munich, Germany). 10 pL
of the resazurin solution was added to the treated cells and
incubated for 90 min at 37°C. Metabolically active cells
convert resazurin to the fluorescent resofurin. The resulting
fluorescence was measured on a plate reader (Synergy ™ H4,
BioTek®™; Bad Friedrichshall, Germany) at 560 nm excitation
and 590 nm emission.

The CyQUANT® direct assay kit (Invitrogen™™;
Darmstadt, Germany) was performed to measure the
DNA content of vital cells following the manufacturer’s
instructions. Fluorescence of the DNA intercalating dye
was measured at Ap/Ag, = 480 nm/535 nm on the plate
reader (Synergy™ H4).

De novo DNA synthesis was determined by the BrdU
proliferation ELISA kit (Roche
Mannheim, Germany). During an incubation time of 4 h,

cell Diagnostics,
the labeled thymidine analog BrdU is incorporated into the
newly synthesized DNA. Following the manufacturer’s
detected

instructions, de novo DNA synthesis was

indirectly using a luciferase-coupled antibody directed
against BrdU. Luminescence was measured on a plate
reader (Synergy™ H4).

Microarray

Four replicates of TRIzol® (Sigma-Aldrich®; Munich,
Germany) cell lysates of MGM- and IC-treated HHFKs
were used for the whole-genome gene expression study
carried out with a one-color Agilent whole human genome
oligo microarray 8 x 60K (Miltenyi Biotec B.V. and Co.
KG@G, Bergisch Gladbach, Germany). After background cor-
rection, normalization, and correlation analysis, the whole
data set was processed by differential gene expression
analysis. Significant expression differences of the genes —
also referred to as reporters — were selected by applying
a P-value < 0.01 as selection threshold. In addition to the
P-value, the reliable candidates for differentially expressed
genes were required to show at least a 4-fold average
expression difference between the sample groups.
Additionally, a functional grouping analysis based on the
‘gene ontology biological processes function’ was per-
formed (available at: http://geneontology.org/).

Quantitative Polymerase Chain Reaction

(qPCR) Analysis

Differential expression of selected genes was confirmed
using quantitative polymerase chain reaction (qQPCR) analy-
sis (GenXPro, Frankfurt, Germany). A Tagman®-qPCR was
performed with 15-20 ng total RNA per reaction using the
StepOne™ real-time PCR system (Applied Biosystems,
Darmstadt, Germany). The genes rpl13a, actb and b2m,
coding for ribosomal protein L13a, beta actin and beta-
2-microglobulin, respectively, served as housekeeping genes.

SDS-PAGE and Western Blotting

Total cell lysates were prepared from HHFKSs cultivated in the
indicated culture conditions. After separating 5—-10 pg protein by
using NuPAGE®™ 4-12% Bis-Tris gels in the XCell SureLock™
electrophoresis cell system, proteins were transferred onto
a polyvinylidene fluoride membrane and were blocked with
2% bovine serum albumin in 1 x Tris-buffered saline + 0.05%
Tween 20 for 4-16 h. The following primary antibodies were
used: mouse anti-B-actin (Sigma-Aldrich®™; Munich, Germany),
rabbit anti-CHACI, rabbit anti-CDC2, rabbit anti-HJURP, and
rabbit anti-HO1 (all from Santa Cruz Biotechnology; Heidelberg,
Germany). Proteins were visualized indirectly using horseradish
peroxidase-conjugated secondary antibodies (anti-mouse and
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anti-rabbit; Jackson ImmunoResearch; PA, USA) and enhanced
chemiluminescence immunodetection. Western Blots were quan-
tified by densitometry (ImageJ software). Total protein levels
were normalized to the levels of a housekeeping gene. The
protein levels after IC treatment are shown in relation to levels
detected in HHFKSs cultured only in MGM. CDK1 protein levels
after treatment with L-cystine were related to levels detected in
IC-cultured HHFKSs.

Solar-Simulated UV-Irradiation

HHFKs were treated for 24 h with MGM or IC and subse-
quently UV-irradiated with 25 mJ cm 2 using a solar simulator
(290—800 nm; Suntest® CPS, Atlas, Illinois, USA). Non-
irradiated control cells were covered with UV-impermeable
plates during irradiation in the solar simulator. Metabolic
activity was determined 24 h after irradiation using resazurin
solution (see above). Apoptosis was analyzed 14 h after irra-
diation using the Caspase-Glo®-3/-7 assay (Promega,
Mannheim, Germany). Cleavage activity of caspase-3 and —7
was determined according to manufacturer’s instructions.

Glutathione Levels

Glutathione (GSH) levels in HHFKs were measured 72 h after
MGM or IC incubation using a GSH assay kit (Fluorometric,
Sigma-Aldrich®, Munich, Germany), which allows the deter-
mination of intracellular GSH. After a wash step using PBS,
treated HHFKs were incubated with the detection solution
(1:40 dilution of the substrate in assay buffer) for 40 min at
room temperature. Subsequently, the detection solution was
removed and replaced by MGM. Fluorescence images were
taken by an inverted fluorescence microscope (Axiovert
200M, Zeiss, Jena, Germany) using the filter set 49 (Zeiss,
G365, FT 395, BP445/50). Total cell fluorescence was deter-
mined by using the Image] software.

Data Analysis

Mean values of relative fluorescence/luminescence units
and standard deviation (SD) of replicates were calculated
software (Biotek®; Bad Friedrichshall,
Germany). Statistical significance was assessed with

using Gene5

Student’s -test for independent groups.

Results
Phenotypic Characterization of HHFKs in

a Minimal Growth System
An established in vitro growth-limiting system, which
mimics the reduced activity of keratinocytes associated

with diminished hair-growth,'® was employed to investigate
the influence of hair-growth-promoting combinations on cel-
lular processes, aiming to elucidate the compound effects at
a molecular level. The minimal growth medium (MGM) in
this culture system omits all compounds provided by
a marketed hair-growth formulation. As in vitro correlate
(IC) of this oral hair-growth formulation a combination of
L-cystine, thiamine, calcium D-pantothenate, and folic acid
(a presumed metabolite of PABA)’ was supplemented to
MGM thus providing a system to analyze compound effects
in an in vitro cell model. In this study, we choose to deter-
mine compound affected cellular processes in the hair folli-
cle-derived keratinocytes, the HHFKSs.

Initially, we performed a phenotypic characterization
of cultured cells by analyzing metabolic activity, prolifera-
tion, and de novo DNA synthesis of HHFKs after treat-
ment with IC. When compared to HHFKs cultivated in
MGM it was found that cultivation of HHFKs in IC
promoted metabolic activity (Figure 1A), DNA content
(Figure 1B), and BrdU incorporation (Figure 1C) in
a concentration-dependent manner. The treatment with
the tested compounds caused a 1.4-2.3-fold increase in
metabolic activity, a 1.9-2.9-fold increase in DNA con-
tent, and a 3.6—41.0-fold increase in de novo DNA synth-
esis (Figure 1). The enhanced proliferative and metabolic
activities reflect a robust characteristic of the IC treatment
and confirm that the use of the chosen in vitro model
system is useful to show significant compound-dependent
effects on keratinocytes derived from hair follicles.

Impact of IC on Gene Expression

In order to elucidate the cellular processes that may underlie the
effects of IC on HHFKSs on a molecular level, we conducted
a whole-genome gene expression study by employing an
Agilent whole human genome oligo microarray. The microar-
ray data revealed differential expression of 1278 reporters, of
which 707 were induced and 571 were repressed after IC
treatment. Moreover, 153 of the induced and 83 of the sup-
pressed reporters revealed a more than 10-fold difference in
expression (Figure 2A). Subsequently, IC-regulated reporters
were then clustered into functional groups to identify biological
processes and signaling pathways that are affected by the IC
compounds. This functional grouping revealed that the majority
of differentially expressed genes are associated with cell pro-
liferation, cell viability and cell stress (Figure 2B). The regula-
tion of the functional group associated with proliferation and
cell cycle agrees well with the observed increased cell prolif-
eration caused by IC treatment (Figure 1).
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Figure | Phenotypical characterization of HHFKs after IC treatment. (A) HHFKs were cultivated for 72 h in MGM, IC (50 uM L-cystine, 100 pM thiamine, | uM calcium
D-pantothenate, | pM folic acid) or in different IC concentrations (1/100 dilution and 1/10 dilution) and metabolic activity (n = 4), (B) proliferation (n = 4) and (C) DNA de
novo synthesis (n = 5) was subsequently measured by resazurin assay, CyQUANT® direct assay and BrdU assay respectively. The percentage increase in metabolic activity
and proliferation after IC treatment from four independent experiments was determined relatively to the MGM-cultured HHFKs. The luminescence values * standard
deviation of five independent experiments are representative for the DNA de novo synthesis. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001.

Cell Proliferation Enhancing Effect of IC

Since the functional grouping of differentially expressed genes
supports our initial finding that IC has an influence on the
proliferation/cell cycle of HHFKs, we additionally validated
our expression data using selected genes coding for prolifera-
1 (CDK1),"
Holliday junction recognition protein (HTURP),'? centromere

tion-promoting (cyclin-dependent kinase
protein A (CENPA))"® and proliferation-inhibiting proteins
(Kruppel-like factor 4 (KLF4))".

We confirmed the enhanced expression of cdk1 (18.36-fold),
HJURP (48.88-fold) and cenpA (14.8-fold) after IC treatment,
which was demonstrated in the gene expression study, by gPCR
analysis (Figure 3A and B). In contrast to these examples of
induced genes, the gene coding for KLLF4, a negative regulator of
the cell cycle,'* showed a decrease in expression in the presence
of IC (Figure 3A and B). Additional immunoblot analysis of
CDK1 and HJURP confirms that the increase in mRNA levels
after IC treatment correlates with enhanced protein levels (Figure
3C, D and Supplementary Figure 2). In summary, our data show

that IC treatment has a positive impact on proliferation and cell
cycle of hair follicle-derived keratinocytes.

Positive Influence of IC on Cell Viability
Besides the regulation of proliferation, the functional
grouping also revealed an influence of IC on the gene

group ‘cell death’. For confirmation of this finding, the
differentially expressed genes chacl and tnfrsf6b detected
in the microarray analysis were selected because of their
known regulatory roles in programmed cell death (apop-
tosis). While the pro-apoptotic protein cation transport
regulator-like protein 1 (CHAC1) can modulate the AIF-
PARP apoptotic pathway,'> tumor necrosis factor receptor
6B (TNFRSF6B)
In comparison to HHFKs treated

superfamily member is an anti-
apoptotic protein.'®
with MGM alone, the microarray analysis revealed
a higher expression of tnfrsf6b and a lower expression
of chacl in IC-treated HHFKs, which was confirmed by
gqPCR (Figure 4A and B). Immunoblot analysis demon-
strated that the differential expression of chacl is
reflected on the protein level as well (Figure 4C and

Supplementary Figure 3). Together these data underline

the positive role of the IC compounds in improving the
general cell viability at different levels (promotion of
proliferation and prevention of programmed cell death).
We further investigated the beneficial effect of the IC com-
pounds on cell viability by challenging the HHFKs with solar-
simulated UV-radiation, thus providing a ubiquitous, environ-
mental stress factor to the cells. The irradiation-induced apop-
tosis of MGM- and IC-treated HHFKs was quantified by
determining caspase-3/-7 activity. Based on preliminary tests
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Figure 2 Whole-genome gene expression study of IC-treated HHFKs. (A) Number of IC-induced and -repressed genes/reporters, which have a fold change 2 4 and
a P-value < 0.01 (n = 4). (B) The 1278 identified differentially expressed reporters were analyzed via functional grouping and the analysis is sorted by statistically enriched
categories indicated by their adjusted P-values (values < 0.01). Shown are 20 functional groups with the highest significance.

showing a high sensitivity of HHFKSs to solar-simulated UV-
radiation (data not shown) a dose of 25 mJ solar simulated UV
was chosen for following irradiation tests. Measuring caspase-
3/-7 activities 14 h after irradiation revealed a significant induc-
tion of UV-induced apoptosis in MGM-cultivated HHFKSs, but
not in IC-cultivated HHFKs (Figure 4D). The protective effect
of IC was also reflected in the smaller post-irradiation decrease
in metabolic activity in cells treated with IC compared with
those cultured in MGM alone (Figure 4E). While the metabolic
activity of IC-cultivated HHFKs was reduced after UV-
irradiation by only around 12 + 4%, MGM-cultivated HHFKs
showed an average metabolic activity reduction of 75 + 2%
after UV-irradiation.

Higher Protection Against Oxidative

Stress After Treatment with IC

The gene expression study also revealed the regulation of
genes associated with the ‘response to oxidative stress’,
which displays another gene group being crucial for cell

protection. In general, several genes encoding anti-
oxidative proteins can be induced in response to oxidative
stress. Among others, hmox1, which codes for heme oxy-
genase 1 (HMOX1), is an example of such inducible genes
and represents one mechanism in eukaryotic cell to
increase their anti-oxidative capacity.'” The microarray
and qPCR analysis revealed a strong induction of hmox1
expression in HHFKs only cultured in MGM compared
with IC-treated HHFKs. Consequently, these data demon-
strate that the IC compounds are linked to a prevention of
hmox1 induction (Figure 5SA and B).

We screened the microarray data for further candidates
being potentially involved in cell protection and identified
the regulation of the genes encoding for the L-cystine
transporter SLC7A11 and of the enzyme cystathionase
(CST), which converts cystathionine to L-cystine and
L-homoserine.'® Due to their function both genes are con-
tributing to the regulation of intracellular L-cystine levels.

Interestingly, the expression of slc7all is again associated
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Figure 3 Analysis of cell cycle- and proliferation-associated genes after IC treatment. (A) Relative expression of cell cycle- and proliferation-associated genes (cdkl, HJURP,
cenpA and kif4) in response to IC was analyzed by qPCR (n = 1) and normalized to the geometric mean of ACTB, RPLI3A and B2M. The change in the expression level is
described by the fold change. (B) For comparison, the fold changes of the targets in (A), which have been determined in the whole-genome gene expression study, are listed
here. (C) Immunoblot analysis of the cell cycle-/proliferation-promoting proteins, CDKI and d) HJURP, in cell lysates of HHFKs after MGM- and IC-treatment. The relative

protein levels CDKI and HJURP were quantified and are displayed.

with oxidative stress, which is in this particular situation
caused by L-cystine deficiency resulting in an intracellular
glutathione (GSH) depletion.'® The significant reduced
expression of slc7all (14.93-fold reduction) and cst
(15.89-fold reduction) in IC-treated HHFKs compared
with MGM-treated HHFKs observed
genome gene expression study was consistent with the
differential expression detected by qPCR analysis
(Figure 5A and B).

Since modulation of slc7all expression has already

in the whole-

been correlated to oxidative stress caused by L-cystine
deficiency, we decided to investigate how the compound
L-cystine contributes to protection against oxidative stress
in our system. To analyze this presumed influence of
L-cystine on oxidative stress, we chose the determination
of HMOXI1 protein levels in HHFKs cultivated in MGM,
IC or with L-cystine alone. While HMOX1 was undetect-
able in IC-treated HHFKs, HMOX1 was clearly present in
MGM-treated HHFKs (Figure 5C and Supplementary
Figure 4). Interestingly, the treatment of HHFKs with

L-cystine alone suppressed HMOXI1 expression compar-
able to the IC treatment (Figure 5C and Supplementary
Figure 4). Moreover, serial dilution of L-cystine (10-fold,
100-fold) showed that suppression of HMOX1-expression
by L-cystine was concentration dependent (Figure 5C and
Supplementary Figure 4).

Since we found that genes associated with oxidative stress
are induced in the absence of the IC compounds, we wanted to
provide further evidence of a protective potential of the IC
compounds by determining the direct effect of IC on an intrinsic
anti-oxidant system like GSH, a major anti-oxidant. GSH
depletion is known to be associated with oxidative stress,*
thus cellular GSH-levels provide an additional marker of this
process of endogenous stress. Additionally, there is a published
positive correlation between L-cystine availability and GSH
levels.?'? In this study, we measured intracellular GSH levels
indirectly using a fluorescence-based assay after culturing
HHFKs only with MGM and after IC supplementation. The
measured fluorescence of IC-treated HHFKs displayed
a broader distribution and show higher GSH levels on average
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Figure 4 Analyzing the role of IC in cell viability and cell death. (A) Relative expression of apoptosis-associated genes (chacl, tnfrsféb) in response to IC,
normalized to the geometric mean of ACTB, RPLI3A and B2M was determined by qPCR analysis (n = |). The corresponding fold changes are displayed (B) Shown
are the fold changes of chacl and tnfrsféb, which have been determined in the preceding whole-genome gene expression study. (C) Immunoblot analysis of the
pro-apoptotic protein, CHACI, in cell lysates of HHFKs, which were cultured for 72 h with MGM or IC. The relative CHACI protein level was quantified (D) Cell
viability/cell death was investigated after challenging MGM- and IC-cultivated HHFKs with solar simulated UV-light. Caspase activity and (E) metabolic activity were
determined 14 h and 24 h, respectively, after irradiation with 25 mJ UV-light. The values are shown as mean * standard deviation of three independent
experiments. Statistical significance: *p < 0.05.
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Figure 5 Investigating the beneficial effect of IC against oxidative stress. (A) Relative expression of the oxidative stress-associated gene, hmox|, and L-cystine deficiency-
associated genes slc7al | and cst in response to IC, normalized to the geometric mean of ACTB, RPLI3A and B2M was measured by qPCR analysis (n = I). The fold change
was determined. (B) The fold changes observed in the whole-genome gene expression study for the targets in (A) are listed here. (C) The differential expression of hmox|
was further investigated and quantified at the protein level via immunoblot analysis. Therefore, cell lysates of HHFKs cultivated for 72 h in MGM, IC, in MGM plus the
compound L-cystine (Cys: concentration is equal to the L-cystine concentration in IC; 50 pM) and in different L-cystine concentrations (1/10 diluted; 1/100 diluted) were
used. (D) The intracellular GSH level of MGM- and IC-treated HHFKs was measured using an inverted fluorescence microscope. The total cell fluorescence of up to 100
cells per treatment was determined using the software ImageJ. Average GSH levels of MGM- and IC-treated HHFKs are shown. Statistical significance: *p < 0.05. The values
are shown as mean * SD. (E) CDKI protein expression was analyzed in HHFKs after a 72 h treatment with IC or with MGM plus the compound L-cystine (Cys; 50 pM;
concentration is in accordance with the L-cystine concentration in IC). The relative CDKI protein level was quantified.

(Figure 5D and Supplementary Figure 1). Mean levels of GSH
in HHFKs only cultured in MGM were reduced by 45%
compared to those treated with IC (Figure 5D).

Since the data obtained so far indicate a pivotal role of
L-cystine in the protection against oxidative stress, we addi-
tionally tested to what extent L-cystine alone contributes to
the beneficial effects of IC on the proliferation by using
CDK1 as a proliferation marker. Immunoblot analysis
showed that CDK1 expression was lower in HHFKs, which
were only cultured with L-cystine, compared to HHFKs,

which were cultured with all compounds of IC (Figure SE
and Supplementary Figure 4). However, CDK1 expression
was higher in L-cystine-treated HHFKs than in HHFKs
treated with MGM alone indicating a positive influence of

L-cystine on proliferation (data not shown).

Discussion

Several oral hair-growth combinations are available on the
market and though they vary slightly in their overall composi-
tion, most of them contain L-cystine. In this study, the impact

Clinical, Cosmetic and Investigational Dermatology 2020:13

submit your manuscript

507

Dove


https://www.dovepress.com/get_supplementary_file.php?f=254720.pdf
https://www.dovepress.com/get_supplementary_file.php?f=254720.pdf
http://www.dovepress.com
http://www.dovepress.com

Riegel et al

Dove

of a hair-growth-promoting, L-cystine-containing combina-
tion on cellular processes was investigated by employing
a growth limiting in vitro system, which was published
recently.'® The selected core compounds of the hair-growth-
promoting combination (Panto[vi]gar®) L-cystine, thiamine,
calcium D-pantothenate, and folic acid (as an assumed meta-
bolite of PABA) were the main focus of this work. While in
the study of Hengl et al the minimal growth system was used
with normal human epidermal keratinocytes (NHEKs),'® we
evaluated the compound effects using HHFKs, which repre-
sent a mixed population of keratinocytes derived from the hair
follicle, aiming to use a simplified in vitro model, which is
closer to the hair follicle physiology. Applying growth-
limiting conditions to these cells allowed us to test the impact
of the hair-growth-promoting combination and obtain hints on
basic cellular processes that might be involved in improving
hair-growth.

Consistent with the NHEK -based study of Hengl et al,'°
measuring metabolic activity and proliferation of HHFKs
cultivated in the minimal growth system revealed reduced
cell activity. In the clinics, it is believed that diminished
hair-growth is correlated to a reduced activity of hair
follicle cells. The addition of the four selected core com-
pounds to MGM led to a restoration of cell activity,
indicated by an increase in metabolic activity, prolifera-
tion, and DNA synthesis demonstrating that the tested
compounds, in general, have a positive influence on the
physiologic activity of human keratinocytes (Figure 1).

In the present study, our whole-genome gene expres-
sion study provided further insights into the underlying
molecular mechanisms by showing that tested core com-
pounds are predominantly affecting cell cycle-, cell death-,
and oxidative stress-associated gene groups in HHFKs
(Figure 2). As judged by induced expression of growth-
promoting and repressed expression of growth-inhibiting
genes, the finding is supported that the tested compounds
have a positive influence on proliferation and viability of
HHFKs (Figures 3 and 4). Proliferation plays, in general,
a pivotal role in hair-growth. During the anagen phase of
the hair cycle, the hair shaft elongates as a result of the

high proliferative matrix

3

and differentiating hair
keratinocytes.” Measurement of the cell proliferation
kinetics of hair matrix cells revealed a maximum turnover
rate that confirmed very high proliferative activity as
a characteristic of these cells.”* Moreover, impaired hair-
growth is associated with premature initiation of the cata-
gen phase as well as with reduced proliferative activity of
Functional loss

hair matrix cells. of proteins (eg

P-cadherin), which results in a significant inhibition of
proliferation and transition into the catagen phase,”* man-
ifests clinically as sparse, short hair.?”> Because the tested
compounds have a positive impact on the proliferation of
cells from hair follicles, this underscores their ability to
support a cellular process that is in general crucial during
hair-growth.

In addition with our study, we provide evidence of the
beneficial effects of the compounds under stress-related
(endogenous cellular and environmental stress) conditions.
UV-radiation is a crucial exogenous stressor for hair and
scalp, since they are exposed to solar UVR on a daily
basis. Irradiation of human anagen hair bulbs results in
a premature transition into the catagen phase, reduced hair
shaft elongation, and decreased proliferation of hair matrix
keratinocytes.” Moreover, there are case reports where
high levels of UV rays caused telogen effluvium.?’
Interestingly, our study revealed that IC-treated HHFKs
are more resistant against UV-radiation-induced apoptosis
as those cultured in MGM alone (Figure 4). In contrast to
the NHEK-based study by Hengl et al,'® we found that the
required UV-dose for inducing apoptosis in HHFKs was
significantly lower (25mJ vs 200 mJ). A higher sensitivity
of HHFKs to UV-radiation compared to human skin ker-
atinocytes has already been reported in a study that exam-
ined the response of human hair follicles to radiation.?®
Thus the higher general sensitivity towards UV-irradiation
of our HHFKs underscores their origin from the hair
follicle.

In addition to the enhanced resistance against exogen-
ous stress factors, we identified a protective potential of
the tested compounds also against endogenous oxidative
stress. Besides the known inducible expression of the anti-

. . 28—
oxidative gene hmoxl 830

during oxidative stress,
HMOX1 is associated with increased cell protection
against stress-inducing drugs.’! In this study, the growth-
limiting conditions alone appear to result in oxidative
stress in the cells as judged by the induced hmox1 expres-
sion and the lower intracellular GSH levels that we have
detected (Figure 5). In contrast, addition of IC prevented
this stress-induced HMOX1 expression. Of the com-
pounds under investigation, we found that L-cystine
alone caused a concentration-dependent repression of
HMOX1 expression demonstrating the crucial contribu-
tion of L-cystine to protection against oxidative stress. As
already mentioned, treatment with the IC compounds also
correlated with higher intracellular GSH levels compared

with HHFKs cultivated in MGM alone (Figure 5). It is
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well known that L-cystine availability is a factor that

maintains higher intracellular GSH levels,>'**

thereby
supporting cell survival. Interestingly, Lautier et al
showed that a 40% decrease in GSH led to a doubling of
hmox1 expression, which then remained constant despite
a further decrease in GSH levels.>? The described correla-
tion between GSH-levels and HMOX1 expression is in
agreement with observations from our study where in
MGM-cultivated HHFKs GSH-levels

reduced while in parallel there was a strong induction of

were clearly
hmox1 gene expression.

While our study demonstrated a central role of
L-cystine in the protection against oxidative stress, the
data on CDKI1 protein levels revealed that the observed
positive effect on proliferation is not only based on
L-cystine alone, but rather on the combination of the
four compounds (Figure 5). The previously published
study by Hengl et al, has shown that L-cystine and thia-
mine are the most important protagonists affecting prolif-
eration, while calcium D-pantothenate and folic acid play
a subordinate role.'” A potential area for future studies
would, therefore, be to investigate the influence of the
single compounds in order to identify further processes,
which might be beneficial to support hair-growth. In addi-
tion to identifying cellular processes, which are affected by
the compounds, it would be also interesting to determine
their effects in 3D-models with hair follicle derived kera-
tinocytes and dermal papilla cells. Such 3D-models could
take into account cell interaction- and differentiation pro-
cesses and thus represent an in vitro model that is closer to
the hair follicle as mini-organ. Previous approaches to
establish 3D models are ranging from the generation of
collagen spheroids with derma papilla cells and
keratinocytes> towards the usage of engineered scaffolds
in which derma papilla cells and keratinocytes are grown
in spatially defined domains.** By using such models the
in vivo situation can be better mimicked and it might be
possible to determine compound effects on more specific

aspects of hair-growth.

Conclusion

The tested compounds of a hair-growth promoting formu-
lation have a positive effect on cell proliferation, cell
viability, and cell protection of hair follicle associated
cells (HHFKSs) and thus support fundamental cellular pro-
cesses that are believed to be relevant for healthy hair-
growth. Our study elucidates a pivotal role of the com-
pound L-cystine in the protection against oxidative stress

as demonstrated by the impact on an anti-oxidative protein
HMOX1, whose expression is repressed in the presence of
L-cystine. In case of proliferation, it was shown that the
combination of all compounds from IC is necessary for
a maximal stimulating effect.
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