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Abstract: Much research has been conducted to determine how hair regeneration is regulated, as this could
provide therapeutic, cosmetic, and even psychological interventions for hair loss. The current study focused
on the hair growth effect and effective utilization of fatty oil obtained from Bryde's whales through high-
throughput DNA microarray approach in conjunction with immunohistochemical observations. The research
also examined the mechanisms and factors involved in hair growth. In an experiment using female C57BL/6]
mice, the vehicle control group (VC: propylene glycol: ethanol: water), the positive control group (MXD: 3%
minoxidil), and the experimental group (WO: 20% Whale Oil) were topically applied to the back of the mouse.
The results showed that 3% MXD and 20% WO were more effective than VC in promoting hair growth,
especially 20% WO. Furthermore, in hematoxylin and eosin-stained skin tissue, an increase in the number of
hair follicles and subcutaneous tissue thickness was observed with 20% WO. Whole-genome transcriptomic
analysis also showed that 20% WO may have lower stress- and inflammation-related responses than 3% MXD.
Therefore, whale oil can be expected to be used as a safe hair growth agent.

Keywords: DNA microarray; oil; minoxidil; hair growth; immunostaining; animal model

1. Introduction

In addition to protecting the head from external stimuli such as temperature, ultraviolet rays,
and bruising, hair also excretes toxic substances such as heavy metals. Beautiful hair also has a
significant impact on the visual effect of significantly changing one's appearance and on the
psychological effect of increasing one's self-confidence. The demand for hair-care products is
growing, especially with the recovery of economic activity due to the easing of behavioral restrictions
caused by the Covid-19 pandemic, and the increasing number of elderly people and the growing
problem of hair loss are expected to contribute significantly to the future growth of the hair-care
market. Currently, two drugs, minoxidil (MXD) and finasteride, are approved by the U.S. Food and
Drug Administration (FDA) for the treatment of hair loss. Although the details of MXD's mechanism
of action are unknown, it is known to prolong the duration of the hair growth phase by inducing
vasodilation of the scalp [1-4]. Finasteride has been demonstrated to prevent male pattern baldness
by inhibiting 5a-reductase activity, which affects the metabolism of male hormones [5]. However,
side effects such as scalp problems including rashes and itching have been reported with MXD, and
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liver dysfunction, erectile dysfunction, and rashes have been reported with finasteride [6,7]. Thus,
natural ingredients and organic formulations are in high demand in the hair care product market.

Studies have shown that fish oil, which is rich in n-3 polyunsaturated fatty acids such as
eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA), has
high antioxidant capacity, reduces systemic inflammation, and is generally known to prevent
atherosclerosis [8,9]. Intake of foods with such antioxidant capacity and circulation-promoting effects
is known to contribute to various health-promoting effects, and it has been reported that intake of
foods with high antioxidant capacity promotes hair growth. Human hair is mostly made of amino
acids, but fatty acids are also constituents of hair, and a decrease in fatty acids is known to lead to a
decrease in water retention in the hair texture, and further to a decrease in hair luster. In addition, a
recent systematic review of hair growth and supplements [10] listed about a dozen dietary
supplements that promote hair growth, including omega 3 and 6, which contain antioxidants. In
addition, omega-3 fatty acids have blood flow-promoting properties, which may promote blood flow
to the hair matrix cells in the hair follicles, which are important for hair growth and development in
particular. There have also been reports of omega-3 and its effectiveness in promoting hair growth
[11].

Recent studies have confirmed that cold-pressed whale oil (WO) has high antioxidant and anti-
inflammatory effects [12,13]. The high stearic acid content of the WO makes it suitable as a cosmetic
material, since stearic acid in WO is a component that helps improve the barrier function and is used
in conditioners and treatments. Furthermore, WO contains a large amount of DPA and EPA, which
could be applied to scalp care and hair growth products. Experiments were conducted to confirm the
hair-growth-promoting effects of WO, aiming to make effective use of the parts that are normally
discarded and to utilize WO as a functional ingredient.

2. Materials and Methods

2.1. Sample Preparation and Whale Oil (WO)

Bryde's whale (Balaenoptera brydei) skin was extracted with heated steam at 200°C for 20 minutes
and frozen. The WO was provided by Kyodo Senpaku Co. Ltd (Japan).

2.2. MTT Assay

Human Follicle Dermal Papilla Cells (HFDPC) were seeded in 96-well culture plates at 3 x 104
cells/100 puL/well and pre-cultured for 24 hours at 37°C and 5% CO.. Cultures were grown in DMEM
(Dulbecco's Modified Eagle's Medium "Nissui" (2), Nissui Pharmaceutical) medium with 10% FBS
(fetal bovine serum) and 1% antibiotic (Sigma A5955) at a ratio of 1%. After preincubation, the
medium was replaced with a new medium, and the WO, Docosapentaenoic Acid (DPA), and
Eicosapentaenoic Acid (EPA) adjusted to a concentration of 0.0-5.0% with D/E solution
(DMSO:Ethanol=1:1), and as a positive control Minoxidil (MXD), which is used in hair growth
products, was added at 5-30 uM concentration in D/E solution. 24-120 hours of incubation at 37°C
and 5 % CO: was followed by incubation with MTT (3-[4,5-]dimethylthiazol-2-2) from the Cell
Growth Kit I (Roche Life Science). After incubation at 37°C and 5% CO: for 4 hours, 100 puL/well of
solubilizing solution (0.01 M HCl, 10% SDS) was added and incubated at 37°C and 5% CO: for 24 to
120 hours. After that, 100 uL/well of solubilizing solution (0.01 M HCl, 10% SDS) was added and
incubated for 17 hours at 37°C, 5% COz. After incubation, absorbance was measured at 570 nm using
an iMark microplate reader (Bio-Rad) with a reference wavelength of 650 nm. The cell viability (%)
was determined by taking the number of viable cells without the evaluation sample as 100 when the
evaluation sample was added. Each measurement was repeated twice and the average (Average of
values for each 12 wells) value was calculated. All results below are expressed as mean + SE, using
the Turkey method. p <0.05 is considered a significant difference.
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2.3. Confirmation of Gene Expression Involved in Hair Growth

Total RNA was extracted from HFDPCs with a mixture of WO, DPA, EPA (0.0-5.0%), and
Minoxidil (5-30 uM) in D/E solution (DMSO:Ethanol=1:1) and incubated for 30, 60, and 90 minutes
using the RNeasy Micro Kit (QIAGEN) Total RNA was extracted according to the standard protocol.
RNA concentration and 260/280 and 260/230 ratios were measured using a spectrophotometer to
confirm RNA quality. 100-500 ng of RNA was used to synthesize cDNA using the Affinity Script
QPCR cDNA synthesis kit (Agilent), followed by the Emerald Amp PCR Master (TAKARA) with
specific primers for FGF7 and VEGF genes (Table 1). PCR reactions (initial denaturation at 97°C for 5
min, thermal denaturation at 95°C for 45 s, annealing at 55°C for 45 s, and extension at 72°C for 1 min
were performed for 27 to 45 cycles, After the PCR reactions, the PCRs were separated on a 1.5%
agarose gel and visualized with ethidium bromide and UV light. The expression levels of the
visualized target genes were corrected for the expression level of the GAPDH gene, a housekeeping
gene, and plotted (n=3).

Table 1. Primer designs used for RT-PCR analysis

Forward Primer Reverse Primer
e Primer name Nucleotide sequence (5'-3') Primer name Nucleotide sequence (5'-3") FIDGUE S gene name
(Gene) (bp)
NM_002009 hHO05  cacagataggaagaggtcaatga hHO06  taacttctigtgtgtcgctcag 262 FGF7
AY047581 hHO07  ctgaggagtccaacatcaccat hHO08  ttegtttaactcaagetgecte 254 VEGF
NM_002046 hHO09  acagtcagccgcatcttctt hHO10  atgggatttccattgatgaca 276 GAPDH

2.4. Evaluation of Hair Growth Using Mouse Black Skin Model

To evaluate the hair growth-promoting effects of WO, a back skin model of C57BL/6] mice was
used for comparison. This is because MXD is used to treat alopecia [13] and is commonly used as a
positive control in many hair studies. To improve the penetration of the test samples, propylene
glycol: ethanol: water (5:3:2) was used as the VC group, and preliminary experiments were conducted
with 1, 10, and 20% concentrations of WO. After preliminary experiments the concentration of WO
was determined to be 20%. C57BL/6] mice were divided into three groups (6 mice/group) and
housed ad libitum at 22 + 2°C, 6:00-18:00, 12 hr/12 hr light/dark cycle. The hair cycle was adjusted by
shaving the back of the mice and then shaving again 1 week later. A 200 uL of the adjusted sample
was applied to the back of the mice daily, and observations and photographs were taken at 0, 1, and
3 weeks. Photographs were analyzed using Image] software. The ratio of hair growth area to shaved
area was calculated and the hair growth rate (%) was measured.

2.5. Histological Observations

In the hair growth evaluation experiment, the whole back skin tissue of mice was fixed with 4%
paraformaldehyde solution and replaced with PBS after 3 weeks of application of the conditioned
sample. Paraffin sections were dehydrated and permeated with xylene for embedding in paraffin. 5
pm paraffin sections were treated with hematoxylin/eosin stain, dehydrated, permeated, and sealed
with cover glass. Section images were photographed with a BZ-X 710 brightfield system (Keyence) at
x20 magnification, and images were analyzed using ImageJ software. The total number of hair
follicles in the dermis and hypodermis and the thickness of the hypodermis were measured and the
mean number of hair follicles and mean thickness of the hypodermis were calculated (n=6).

2.6. Whole-Genome DNA Microarray Analysis

In hair growth evaluation experiments, whole mouse back skin tissue was sampled at 1 and 3
weeks after application of the conditioned samples and stored at -80°C. The skin tissue was
pulverized to a fine powder in liquid nitrogen and stored at -80°C until RNA isolation. Skin tissue
was ground to a fine powder in liquid nitrogen and stored at -80°C until RNA isolation. DeNovix)
and formaldehyde-agarose gel electrophoresis. Microarray analysis was performed using the Whole

d0i:10.20944/preprints202404.1154.v1
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Mouse Genome Oligo DNA Microarray Kit 4x44K (Agilent) and the Dye-swap method to identify
genes whose expression changed after whale oil and MXD treatment (up-regulation: Up (=1.5-fold),
down-regulation: Down (21.5-fold)) compared to VC, Down-regulation: Down (<0.75-fold)) were
listed. The Functional_Categories (KEYWORDS) and pathway (KEGG pathway) of the list of variable
genes selected by the microarray analysis were analyzed using Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8.

The data have been deposited with the NCBI's Gene Expression Omnibus - GSE263884
(https://www .ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE263884; accessed 2024.04.13).

3. Results

3.1. Proliferative Effects of HFDPC by MTT Assay

The results of cell proliferation effects using immortalized human papilla cell HFDPC by MTT
assay are shown in Figure 1. Significant cell proliferative effects of the WO and minoxidil were
observed at all concentrations of 10, 15, and 30 uM compared to the control (D/E); at concentrations
of 10 and 15 uM, the proliferative effect of minoxidil was higher than that of WO, but at 30 uM, whale
oil was as high as that of minoxidil. The proliferative effect of WO on immortalized human papilla
cells was less effective than that of WO with DPA and EPA alone, suggesting that components other
than DPA and EPA were involved in the proliferative effect of WO on immortalized human papilla
cells.
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Figure 1. HFDPC proliferation effect of WO by MTT assay. The graph shows the results on the third
day after addition of the test sample. Results were presented as mean + SE ** p <0.01, * p <0.05 when
compared to the respective D/E values by Student's t-test.

3.2. Hair Growth Marker Gene Expression Results

Figures 2 and 3 show the expression results of the hair growth marker genes, FGF7 and VEGF,
in immortalized papilla cells induced by the WO. No significant effect of the WO on FGF7 expression
was observed, but significant effects of DPA and DPA treated for 60 and 90 min and 90 min,
respectively, were observed (Fig. 2). On the other hand, no significant effect of minoxidil on VEGF
was observed, whereas significant effect of minoxidil on VEGF expression was observed in WO and
EPA treated for 30 min.
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Figure 2. FGF7 gene expression in HFDPC by RT-PCR. The graph shows the expression of the FGF7
gene 30, 60, and 90 minutes after addition of the test sample. Results were presented as mean + SE **
p <0.01, * p <0.05 when compared to the respective D/E values by Student's t-test (n =3).
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Figure 3. VEGF gene expression in HFDPC by RT-PCR. The graph shows the expression of the VEGF
gene 30, 60, and 90 minutes after addition of the test sample. Results were presented as mean + SE **
p <0.01, * p <0.05 when compared to the respective D/E values by Student's t-test (n =3).

3.3. Hair Growth Promoting Action

Figure 4-A and Figure 4-B show the progress of hair growth in the back of mice at 0, 1, and 3
weeks after the application of the conditioned samples. 1 week after the application of minoxidil, the
hair growth rate was high, but at 3 weeks, the WO showed a significantly higher hair growth
promotion effect. While there were individual differences in minoxidil, there were almost no

individual differences in WO, and a high hair-growth effect was confirmed in all individuals (Figure
4-A, 3weeks).
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Figure 4. Effect of whale oil (WO) application on hair growth on the back of mice. A: Progressive
growth of hairs on the back of mice; B: Percentage of hair growth area on the back of mice.

3.4. Optical Microscopic Observation with H&E Staining

Figure 5 shows the results of measuring the total number of hair follicles in the skin tissue of the
entire back layer of mice three weeks after application of the sample. As shown in Figure 5-B, the
number of hair follicles was significantly increased in both WO and minoxidil, but the number of hair
follicles was particularly high in WO. In addition, the skin micrographs showed that the hair follicles
were densely packed (Figure 5-A). The thickness of the subcutaneous tissue was also measured, and
a significant increase in thickness was observed in whale oil (Figure 5-B). The thickness of
subcutaneous tissue is related to: (1) protection against environmental factors and external stress, and
its involvement in moisturizing function to prevent moisture loss; (2) protection of hair follicles by
strengthening the formation of a layer of adipose tissue under the dermis and hair follicles, including
heat insulation; and (3) indirect positive effects on hair growth by promoting the supply of necessary
nutrients. (2) Thus, it is believed that an increase in the thickness of subcutaneous tissue creates an
environment conducive to healthy hair growth and further improves hair growth [14].
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Figure 5. Experimental measurement of the number of hair follicles and thickness of subcutaneous
tissue in the back skin tissue of mice. A: H&E-stained photo of mouse back skin tissue; B: Number of
hair follicles; C: Thickness measurement of subcutaneous tissue (Hypodermis).

3.5. Transcriptomic Analysis Results

The cDNA microarray data have been submitted to NCBI's Gene Expression Omnibus under the
GEO series accession number GSE263884
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE263884; accessed 2024.04.13). Figure 6



https://doi.org/10.20944/preprints202404.1154.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 April 2024

reprints202404.1154.v1

shows the results of the investigation of the expression variation gene data obtained from the DNA
microarray analysis of mouse skin. In WO, the number of genes whose expression increased (UP:
red) was 1614 and decreased (Down: blue) was 2389 in the first week, and in the third week, the
number of genes whose expression increased was 5338 and decreased was 7402. Similarly, at week 1
minoxidil there was an increase of 1902 gene transcripts and a decrease of 3070 gene transcripts, and
at week 3 there was an increase of 2234 gene transcripts and a decrease of 3874 transcripts.

Investigating the top 30 genes among the list of genes with variable expression identified several
factors associated with hair growth. The identified genes and their brief functions are listed in Table
2. Genes circled in red are associated with hair growth and are described below.

6000
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(2000)
(4000)
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(8000)
1 week 3 weeks 1 week 3 weeks
20% WO 3%MXD
mUP mDown

Figure 6. Number of genes whose expression changes were observed due to whale oil (WO) and

minoxidil. The graph shows genes whose expression increased in red, and the number of genes whose

expression decreased in blue.

Table 2. Factors related to hair growth in the top genes of expression variation. (Red letters: increased
expression, blue letters: decreased expression).

20% WO 1 week [ 20% WO 3 weeks
gene name | fold | function gene name | fold | function
|| Mug2 12.94 Anti-inflammatory, Anti-degranulation 21 7.39 Hair Growth, Barrier Function
Scgb1b27 7.37 Anti-inflammatory risp1 7.42 Alopecia
Scgb1b26-ps 6.76 Anti-inflammatory 1di2 7.79 Moisturizing
Mug1 5.82 Anti-inflammatory, anti-degranulation Serpinald 7.13 Anti-inflammatory
Fig 5.26 Anti-inflammatory, Moisturizing, Barmier function| [S100a7a 6.27 Skin Protection
Jlidi2 4.82 Moisturizing Tchh 4.71 Moisturizing, Barrier function
Stfat 4.73 Anticoagulant EadiS 4.52 Hair Growth, Barrier Function
Scgb1b30 4.72 Anti-inflammatory 100a3 4.00 Cuticle
Slc16a6 (MCT7)  0.18 Inflammation Pon1 0.08 Antioxidant
Cndp2 0.20 Oxidation Myh3 0.11 Muscle contraction
Diablo 0.23 Apoptosis Sin 0.11 Muscle contraction
Acod1 0.27 Oxidation/Inflamm ation Pvalb 0.13 Muscle contraction
Pyy 0.27 Vasodilation Mylpf 0.13 Muscle contraction
Sle5a3 0.28 Oxidation/Inflamm ation Neb 0.14 Muscle contraction
Renbp 0.29 Vasoconstriction Ttn 0.14 Muscle contraction
Slc5a3 (SMIT1) 0.31 Vasoconstriction Ptgs1(COX-1) 0.14 Vasoconstriction
3% MXD 1 week 3% MXD 3 weeks
gene name | fold | function gene name | fold | function
Oca2 54.35 Melanin synthesis Spr2i 10.10 Barrier function
Cahm4 45.11 Barrier function Mug2 9.32 Anti-inflammatory, Anti-degranulation
S100a7a 33.73 Skin Protection Sprr2a3 6.94 Barrier function
Trpm 1 34.02_Melanin synthesis Spr2i-ps 5.73 Barrier function
i i T 4.76 Barrier function
| i Nppb 4.71 Vasorelaxation
15.34 Cuticle Sprr2e 4.39 Barrier function
4.68 Hair Growth, Barrier Function s2 4.35_Barrier function
Leap2 0.24 Antibacterial Mgst3 0.08 Detoxification
Serpinb12 0.26 Skin Protection Slc25a15 0.14 Detoxification
Hamp2 0.27 Antimicrobial Slc22a4 0.14 Detoxification
Myh4 0.31 Muscle contraction Ptx3 0.19 Anti-inflammatory
Ttn 0.33 Muscle contraction Prdx3 0.21 Antioxidant
Myh8 0.33 Muscle contraction Mylpf 0.23 Muscle contraction
Myh2 0.35 Muscle contraction Myh8 0.24 Muscle contraction
Myh1 0.40 Muscle contraction Des 0.26 Muscle contraction

3.5.1. Whale Oil (WO) 1 Week

Flg (Filaggrin): A decrease of filaggrin causes skin barrier function deterioration. Many patients

with atopic dermatitis have been found to have genetic abnormalities of filaggrin, and filaggrin is

attracting attention as a key substance in the treatment of atopic dermatitis. Filaggrin gene mutations
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also cause a decrease in natural moisturizing factors in the stratum corneum, leading to cutaneous
xerosis and epithelial barrier abnormalities [15]. Filaggrin normalizes skin pH and is involved in
improving barrier function [16].

3.5.2. Whale Oil (WO) 3 Weeks

Fgf21 (fibroblast growth factor 21): It is involved in the regulation of glucose metabolism and
promotes blood glucose uptake by adipocytes Fgf21 (-/-) mice have been shown to have lower body
weight, slower hair re-growth, less hair volume, and smaller hair follicle diameter compared to wild-
type mice Fgf21 has been shown to affect hair follicle development and growth cycle in mice,
suggesting that this may be related to the Pi3k/Akt and Mapk/Erk signaling pathways [17].

Crisp1 (cysteine-rich secretory protein 1): The mouse strain C3H/He], which is prone to alopecia
areata, is deficient in Crisp1 protein in the hair shaft. Although clinically C3H/He] mice have normal
hair, abnormal Crispl expression may predispose them to alopecia areata and affect the severity of
the disease [18].

Padi3 (peptidylarginine deiminase type III): Padi3 is essential for hair follicle formation, and
mutations in the Padi3 gene are the cause of a rare hair disorder called uncombed hair syndrome,
which is associated with centrifugal scarring alopecia of the scalp, a more frequent condition affecting
mainly African women [19].

5100a3 (S100 calcium-binding protein A3): S100a3 is associated with cuticle maturation and is
thought to contribute to its enhancement [20]. Furthermore, blockade of 5100a3 activity inhibits hair
growth in mice, suggesting that SI00A3 can be used as a target for hair loss treatment [21].

3.5.3. Minoxidil 1 Week

Shh (Sonic hedgehog): Shh is important for hair development and the hair cycle. In growing skin,
Shh is expressed at high levels in the follicular matrix and functions as a mitogen to promote
regeneration during the growth phase; Shh signaling is also essential for proper regulation of hair
follicle morphogenesis [22].

Tgm3 (transglutaminase 3): Tgm3 is involved in various processes related to hair follicle
morphogenesis, promoting hair formation and strengthening and also supporting hair shaft growth
Many Tgm3 -/- mice exhibit hair abnormalities and have been found to have distorted cuticles. In
addition, Tgm3 contributes to the maintenance of skin barrier integrity [23].

3.5.4. Minoxidil 3 Weeks

Degs2 (sphingolipid delta (4)-desaturase 2): Degs2 is a ceramide synthase, and reduced ceramide
levels and altered ceramide composition are associated with atopic dermatitis and psoriasis. It has
been suggested to be important for skin barrier function [24].

3.6. Biological Functional Enrichment Analysis

To ascertain what biological function pathways were associated with the variable expression
gene clusters obtained by DNA microarray analysis of WO treatment, we performed an enrichment
analysis using the DAVID tool. Each pathway in the resulting KEGG pathway was statistically
significant (p-value < 0.05), including detoxification (mmu00480:Glutathione metabolism,
mmu00983:Drug metabolism - other enzymes), insulin (mmu04911:nsulin secretion,
mmu04910:Insulin signaling pathway, etc.), hair (mmu04916:Melanogenesism, mmu04310:Wnt
signaling pathway [25], etc.), inflammation and stress response (mmu04060:Cytokine-cytokine
receptor interaction, mmu04062:Chemokine signaling pathway, etc.), muscle contraction
(mmu04270:Vascular smooth muscle contraction, mmu04260:Cardiac muscle contraction,
mmu04924:Renin  secretion, etc.), vasodilation (mmu04022:cGMP-PKG signaling pathway,
mmu04926:Relaxin signaling pathway, etc.) were categorized and shown graphically in Figure 7.

As shown in Figure 7, vasodilation and muscle contraction pathways were common in Down
category, but the percentage of muscle contraction pathway was particularly high in Down category

d0i:10.20944/preprints202404.1154.v1
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for both WO and minoxidil. This was thought to be most likely due to the promotion of vasodilation
by decreasing vasoconstriction-related gene expression. These results suggest that minoxidil has a
vasodilating effect on blood flow by dilating blood vessels, and WO may have a similar vasodilating
effect. In addition, inflammation-related pathways were observed in both the UP and Down
categories, but minoxidil was found to have a higher proportion of inflammation pathways in the UP
category. Further confirmation of this inflammatory pathway revealed that the mmu04657:1L-17
signaling pathway and mmu04668:TNF signaling pathway, which are known to play a central role
as regulators of inflammatory responses, were upregulated in minoxidil. signaling pathway, which
are known to be up-regulated by minoxidil, whereas they were down-regulated by WO.
Furthermore, the apoptosis and epherocytosis pathways were also classified as up-regulated in
minoxidil and down-regulated in WO. The results are summarized in Figure 8. More interestingly,
insulin-related pathways were found to be predominantly Down in all of WO and minoxidil (Figure
7).

Up-regulated
pathway

20% WO 3% MXD
1week 3weeks 1week 3weeks

Oinflammation/stress

’ W muscle contraction
,
E_ | DOvasodilation
Ehair

- Oinsulin
] ! M detoxification
] | | Oother

n
S
N

|

Pathway Number
o

B
|
\
{
[

6) — 1+ H |

=

=1
|
‘l
|

6 ——/ H

(100)

e Down-regulated
(160) — pathway

Figure 7. Pathway analysis of genes with altered expression in mouse back skin. Data obtained from
KEGG pathway analysis using the DAVID tool were categorized into inflammation, muscle
contraction, vasodilation, hair, insulin, detoxification, and others, and the number of pathways were
counted and graphed.

4. Discussion

Many factors related to hair growth were detected by the DNA microarray analysis. As shown
in Table 2, many of the up-regulated genes were found to be related to anti-inflammation, hair
growth, and skin barrier in WO, and to hair growth, skin barrier, and melanin synthesis in minoxidil.
In addition, many of the down-regulated genes were found to be related to "vasoconstriction" and
"muscle contraction". Furthermore, KEGG pathway analysis (Fig. 7) confirmed that pathways
classified as muscle contraction-related were down-regulated. This suggests that WO and minoxidil
may cause muscle relaxation and vasodilation as a common function. Minoxidil was developed by
an American pharmaceutical company in the 1960s as an antihypertensive for hypertension due to
its vasodilating effect. It is believed to have a hair-growth effect from the improvement of blood flow
due to this vasodilatation [26, 27] The present results suggest that WO has the same vasodilator effect
as minoxidil.

Furthermore, as to the point that the insulin-related pathway was Down for both WO and
minoxidil, diazoxide, the only drug approved by the U.S. Food and Drug Administration for the
treatment of hyperinsulinemic hypoglycemia, has been shown to increase blood glucose by inhibiting
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insulin secretion through opening of ATP-sensitive potassium (KATP) channels. Hypertrichosis has
been reported as a side effect [28, 29], and indeed diazoxide is also known to stimulate hair growth
[30]. Like diazoxide, minoxidil is a potent KATP channel opener, and as a result, decreased expression
of many genes classified in the insulin secretion-related pathway were detected. Whale oil also
showed a large decrease in the expression of genes classified in the insulin secretion-related pathway,
suggesting that WO may also have a KATP channel-opening effect.

IL17 and TNF signals are known to play a central role as regulators of inflammatory responses.
As shown in Figure 8, IL17 and TNF signals, which promote inflammation, were increased by
minoxidil and decreased by WO. IL-1B, which was included in the IL17 and TNF signals in minoxidil,
is a potent proinflammatory cytokine that is rarely detected in normal tissues and is produced and
secreted by inflammation-inducing stimuli [31].

Furthermore, for mmu04210: apoptotic and mmu04148: epherocytosis, minoxidil was classified
as an ‘Increase’, and increased expression of FASL and CASP6, which are involved in activating
apoptosis, was confirmed. On the other hand, WO was classified as a ‘Decrease’, and decreased
expression of DIABL and DFFB, which activates apoptosis, was observed (Figure 8).

% WXD fweek CSF2,1L13,0EF 86 TNFAR3, OXCL1
Up-regulated pathwa | ) : ,IL13, : b ;
PTe9 P y ‘ mmu04148: epherocytosis | FOS, CXCL3, CXCLS5, IL4, CXCL10,
3 IL6, MMP13, IL5, CCL7, IL1B, CCL2,
NTRK1, APAF1, POPK1, PIKaR3| oo MXD 3weeks /1 CCL17,5100A9
GZMB, FOS, EIF2S1, CTSS, mmu04657:IL-17 signaling pathway ‘J CCL12 EDN1 CSF2 TNFAP3
PIK3CA, FASL, GASP6, BIRCS, 04668:TNF signali th PIK3R3, CXCL1, NOD2, FOS, CXCL3,
BCL2410, BCL2ATD, HRAS mmu . S1gnaning PathWaY ™1 excLs, cxcL10, 1L6, PKACA, IL18
+ mmu04210: apoptotic LTA CCL2
0,
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PARP1, PARP2, BAD, GZMSB, mmu04668: TNF signaling pathway | 'g‘mg’g IFNG, CCL7, TRAFS, CCL17,
SEPTIN4, NFKB1, ERN1, -
CSF2RB2, DDIT3, CYCT, BIRCS, Kﬁ mmu04210: apoptotic | \1 MAP2K1, JAG1, VCAMA, PIK3CD,
ATM, ATF4,BCL2L1 3 MMP9, MAPK 12, NFKB1, ICAM1,
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I mmu04148: epherocytosis | TRAF5,AKT3, GM5431, IL18R1, ATF4
Down-regulated pathway |

Figure 8. Discussion of inflammation-related and apoptosis pathway analysis results. The pathway
terms selected to contrast minoxidil and whale oil in the KEGG pathway analysis classified as
inflammation were mmu046657: IL-17 signaling pathway, mmu04668: TNF signaling pathway, and
mmu04210 : apoptotic, and mmu04148: epherocytosis.

Apoptosis is promoted by intracellular stresses such as oxidative stress, and furthermore,
epherocytosis has an inflammation-reducing effect that processes dead cells before toxic reactive
oxygen species, proteases and caspases are released by a mechanism in which dead cells are removed
by phagocytes after apoptosis [32]. It has also been suggested that reducing apoptosis promotes hair
growth and minimizes hair loss [33]. Therefore, considering these results, it is possible that the WO
may promote hair growth more than minoxidil by inhibiting or reducing apoptosis.

The side effects of minoxidil include dermatitis such as eczema, hives, and itching, and the
probability of minoxidil-induced side effects is estimated to be about 8%. Propylene glycol contained
in the solvent used to penetrate minoxidil may be considered as a cause of the high incidence of
dermatitis, but propylene glycol itself is not the cause because the solvent used for whale oil in this
experiment also contained propylene glycol. Therefore, the results of this current research suggest
that although dermatitis symptoms were not observed, inflammation and oxidative stress may have
increased with minoxidil compared to WO at the transcript level. These results suggest that WO, like
minoxidil, is a vasodilator and may promote hair growth by reducing inflammation, oxidative stress,
and apoptosis.
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