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Abstract

According to WHO organization report, cancer is the second highest cause of

death, accounting for approximately one sixth of death incidence in the world. There

are several types of cancer treatments depending on the type of cancer and how

advanced it is. Examples of current methods include chemotherapy, radiotherapy and

surgery. A localized radiotherapy treatment, utilizing low doses or high doses of

radiation to kill cancer cells, often causes a variety of side effects such as itchy skin,

tiredness and temporary localized hair loss.

Skin is the largest organ in mammals. The hair follicle(HF) is one of the

characteristic features of mammals serves as a unique mini-organ, anchoring into the

skin. The hair follicle keeps regular hair growth cycle in three different stages:

anagen, catagen and telogen stages. Each stage has different hair structures,cell

populations, and macroenvironment in dermis. In addition, there are stem cells

distributed in hair follicle in order to sustain hair cycle regeneration. Hair follicles

would enter either dystrophy anagen or dystrophy catagen if the hair follicles are

exposed to long term radiation during a radiotherapy.

Our lab's previous studies indicated 2 Gray (Gy) and 5.5 Gy ionizing radiation

may induce hair dystrophy in different manners. The aim of this study is to figure out

the relationship between dermal macroenvironment and hair regeneration in adaptation
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to irradiation dystrophy, and to understand the mechanism of hair follicle regeneration

upon radiation damage. In this study, HFs in 5.5Gy ionizing radiation will degenerate

and recover afterwards. Afterwards, dermal macro-environment will be dramatically

changed as seen in immunostaining of oil red O(ORO) and Masson trichome staining

after radiation treatment. Thus, we utilized mass spectrometry to identify and quantify

protein expression in dermal macroenvironment after ionizing radiation. Based on

protein sequencing data, it indicates that proteins associated with fatty acid metabolism

would be changed significantly after radiation. Finally, we used Acipimox (lipolysis

inhibitor) as our functional assay for animal model to confirm that lipolysis plays the

important role in hair regeneration after ionizing radiation. The results indicated that

HFs would delay re-entering of anagen stage almost 10 days, comparing with no-drug

intake control group. In summary, our findings revealed that fatty acid metabolism of

dermal macroenvironment would be a vital factor of hair regeneration after ionizing

radiation. Thus, we believe that fatty acid is essential for hair follicle regeneration

stimulated by ionizing radiation.

Keywords : radiotherapy, hair loss, hair follicle regeneration
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Chapterl Introduction
1.1Introduction to radiation

Radiation known as the energy emanated by waves or energized particles and its
propagation of energy transmitted through space or matter. (Mehta, Suhag et al. 2010)
Radiation can destroy living cell’s DNA by breaking down chemical bonds of
between molecules and modify cellular structure of organism. These damages are at
the cellular level and hence effect of exposure to radiation is difficult to detect.
(Donya, Radford et al. 2014) Radiation has various basic physical forms such as
electromagnetic waves, energetic particles or both. Electromagnetic radiation includes
of waves of oscillating electrical and magnetic fields, which is pure energy with no
weight like radio waves. electromagnetic radiation spectrum includes x-rays, visible
light, infrared light, and radio waves. (Balagamwala, Stockham et al. 2013) Particle
radiation used in therapy can be divided into 2 categories: “proton-therapy”
characterized by low linear energy transfer (LET) and “heavy-ion therapy” with high
LET properties. (Schulz-Ertner, Jakel et al. 2006) Usage of radiation in therapy is due
to the biophysical and biological superiority of particle beam. Proton and heavier ion
beams are included in the particle beams. It’s energy given off during penetration
depth of matter called bragg peak.(Brown and Suit 2004) Its has better treatment

localization compared to photon beams. Thus treatment can be perform without
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inducing toxicity in normal tissues in close proximity.
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1.2 Clinical applications of radiation and its biological effect on mammal

Cancer become a leading cause of death in developed countries. Surgery has
been the most effective treatment for cancer therapy until the advent of radiotherapy
in the 1920s and chemotherapy after 1940s. (A. Urruticoechea 2010) In contrast to
surgery, chemotherapy has systemic side effects for treatment and radiotherapy
locally affects normal tissues in proximity to the targeted tissue.(Bentzen, Dorr et al.
2003)) There are several types of ionizing radiation therapy against cancer, including
X-rays, gamma rays, electron beams.(Teruhiko Terasawa 2009) Radiation has since
been widely used to treat certain types of cancers in the late 19" century. Cancer cell
exposed to I.R. will undergo various types of cell death through cytotoxic lesions. The
types of cell death include apoptosis, mitotic catastrophe, necrosis, senescence,
autophagy.(Baskar, Lee et al. 2012) Although the advantage of radiation therapy is a
localized treatment for targeted cell, I.R. also induces systemic effects as side

effect.(Formenti and Demaria 2009)
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1.3 Hair follicle and dermal macroenvironment

HFs can continuously go through cyclic growth life and apoptosis, including

active phase(anagen), dystrophic phase(catagen), rest phase(telogen).(Alonso and

Fuchs 2006) In murine model, hair cycle will synchronized with dermal white adipose

tissue. Increasing size of dermal white adipose tissue (DWAT) in dermis will

always coincide with growth life of hair follicle.(Foster, Nicu et al. 2018) Structure of

HFs in each hair cycle stage is diverse. (Paus 2001) However, DWAT changes

alongside of Hfs in dermis. (Arnold Biological Luboratory 1953)

1.3.1 Structure of hair follicles

HFs grow beneath the skin surface and has differentiated organelles with

cylindrical structure, including sebaceous gland, bulge, outer root sheath(ORS), inner

root sheath(IRS), medulla, hair bulb and dermal papilla cells(DPCs).(Schneider,

Schmidt-Ullrich et al. 2009) HFs have concentric layers ofcells surrounding central of

hair shaft.Outer root sheath(ORS) is localized at the outer most layer. There are

several types of keratins, adhesion molecules, cytokines, and growth factors receptors

present as well. ORS can regenerate after receiving injury or stimulation.(Franklin H.

Epstein 1999) Adjacent to hair shaft is the inner root sheath(IRS). IRS contains

different fibrillar proteins and represents a rigid cylinder at the lower part of

HFs.(Hardy 1992) At the base of HFs is hair bulb that containing adult tissue stem

4
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cells residing in niches known as hair matrix. These cells have short lifespan and then
differentiate into other lineages. (Yang, Adam et al. 2017) The Hair matrix embraces
a pocket of mesenchymal cells called dermal papilla(DP) that thought to be a

reservoir of multi-potent stem cells. (Driskell, Clavel et al. 2011)

1.3.2 Hair cycling

During cyclic life of degeneration and regeneration known as hair cycle, HFs
consist of three periodic stages, which are growth phase(anagen), dystrophic
phase(catagen), resting phase(telogen).(Alonso and Fuchs 2006) Inhibitor or
stimulator will affect HFs cyclical change activity such as flux from cycle to
cycle.(Davis 1962) Anagen is a growth phase that can be divided into six
substages.(Herman B. Chase 1951) Anagen VI stage is distinct from other stages in
that it has the maximum rate of hair growth.(Chase 1954) In this stage, bulge stem
cell and 2" hair germ will differentiate into other concentric layer cell types.(Greco,
Chen et al. 2009) Catagen is regarded as a transitional stage where HFs is converted
from an active phase to a resting phase.(Chase 1954) There is a massive keratinocyte
apoptosis occurring in the hair bulb but dermal papilla is unaffected.(GerdLindner
1997) Telogen is the quiescence stage. HFSCs in this stage enter resting phase and

wait for the next anagen stage.(Stenn KS 1999) Telogen HFs is surrounded by
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interfollicular dermal fibroblasts and reach its minimum length relative in the hair

cycle.(Muller-Rover, Handjiski et al. 2001)

1.3.3 Structure of dermal macroenvironment

When the skin organ is fully grown it will integrate with white adipose tissue
that comprises unilocular adipocytes to store fatty acids for energy.(Driskell, Jahoda
et al. 2014) Much research in recent years has focused on the relationship between
adipocyte lineage cells and the hair cycle. For example, Horsley et al. showed that
dynamic regeneration of adipocyte precursor cells could be parallel to the activation
of skin stem cells. However, adipogenesis defection would affected follicular stem
activation.(Festa, Fretz et al. 2011) Another study showed that dermal adipose tissue

will undergoe morphology changed and induce HFs cycle.(Foster, Nicu et al. 2018)

(Fig.1)

1.3.4 Adipose tissue

Adipose tissue have always had the biological role of immunity and
inflammation in animal. The major white adipose tissue depot is found at the
subcutaneous region of abdominal or gluteal-femoral.(Kwok, Lam et al. 2016) In

mice skin, dermal white adipose tissue is a continuous layer. It can be separated into
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DWAT and subcutaneous dermal white adipose tissue. which are divided by the
panniculus carnosus.(Zwick, Guerrero-Juarez et al. 2018) There are various cell types
in adipose tissue, including adipocytes, vascular cells, neuronal cells, immune cells,
extracellular matrix and stromal cells. But, the main component in adipose tissue is

mature adipocytes.(Lago, Cerqueira et al. 2018) (Fig.2)

\L Wats

1 Bwmps

* Bulge Stem Cells
¢ Dermal Papilla Cells

Competent Early Anagen Mid Anagen Late Anagen Catagen Refractory
Telogen (1-11) (III-IV) (V-\v) Telogen

Fig.1 Murine HC-dependent DWAT fluctuations(April R. Foster et al. 2018) This
illustration reveal that hair cycling may parallel with DWAT fluctuations.
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......
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Fig.2 Adipose tissue components. (Lago, Cerqueira et al. 2018) Adipose tissue is
a complex endocrine organ. Adipose tissue include adipocytes, extracellular matrix,
stromal cells, immune cells, neuronal cells, and vascular cells.
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1.4 Response of hair follicle to ionizing radiation

In previous study, chemotherapy and radiotherapy are widely used in cancer
treatment.(Delaney, Jacob et al. 2005) Although radiotherapy is a non-invasive
therapy but is associated with various side effects depending on radiation dosage and
particle beam types.(Bentzen 2006) HFs are highly proliferative and sensitive organs
that can easily acquire genotoxic injuries via ionizing radiation.(F.D. Malkinsonm
1972) The common clinical side effects of radiotherapy toxicity are acute
gastrointestinal(GIl) damage, cardiac toxicity, cognitive impairment, reproductive
disorders and hair loss.(De Ruysscher, Niedermann et al. 2019) Numerous researchers
are attempting to find out strategies to prevent hair loss by radiotherapy. Until now,
there is no effective strategy to cure hair loss induced by ionizing radiation. It is more
important to figure out how HFs regeneration is induced by ionizing radiation.
Normally, the human HFs are in the anagen stage 90% of the time. Human may suffer
hair loss after receiving radiation therapy due to hair matrix cells’ highly proliferative
and sensitive nature during anagen stage.(Foitzik, Krause et al. 2006) In the previous
study, it is shown that HFs might have different hair repair responses to chemical
drug.(Fig.3) Hence, understanding the response of HFs toward radiation is extremely

important in Pathobiology (Paus, Haslam et al. 2013)
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Lateanagen

« Damage to epithelial stem cells
determines reversibility of alopecia

« Damage to melanocyte stem cells?

Dystrophic anagen

« Hair-shaft shedding (effivium/alopecia)

Confintled bot ded growth of depig 4
and/or structurally abnormal hair shaft

+ Anagen abnormally prolonged

+ Main damage
target: anagen
hair matrix

+ Additional damage to

hair-follicke vasculature

and mesenchyme?

Chemotherapy

Dystrophic catagen
« Accelerated hair regrowth of normal hair shafts by
shortenad and accelerated re-entry into anagen

Fig.3 Two repaired pathways of HFs induced by chemotherapy. (Paus, Haslam et al.
2013) Two approaches to repair HFs induced by chemotherapy.
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1.5 Motivation and purpose

For cancer patients, hair loss may be a side effect of chemotherapy or
radiotherapy. Managing hair loss is an important part of cancer care and treatment. In
this study, we try to figure out the relationship between dermal macro-environment

and hair regeneration in adaptation to irradiation dystrophy.

11
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Chapter 2 Materials and methods
2.1 Animals
Mice
C57BL/6 female mice of 4 weeks old age were purchased from Taiwan National
Laboratory Animal Center(Tainan, Taiwan). All animals were prepared in accordance

with Institutional Animal Care and Use Committee of National Taiwan University.

Laboratory animal anesthesia
In animal studies, anesthetic agents is prepared with a mixture of 5ml zolazepam
(Zoletil vet, Virbac Laboratories) , 3.75ml saline and 1.25ml Rompun (Bayer,

Germany) for intramuscular injection.

BrdU labeling
For proliferating cell observation, we performed intraperitoneal injection of 1mg

of 5-bromo-20-deoxyuridine (BrdU) 1 hour before skin samples were collected.

12
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2.2 Mass Spectrometry work flow
2.2.1 Tissue lysis

After receiving radiation treatments, mice dermal tissues were scraped off by
scalpel. Promptly, these tissues were collected into Eppendorf and stored in liquid
nitrogen for further processing. After measurement of dry weight, PTS-lysis buffer
(12nM SDC, 12mM SLS in 100mM Tris-HCL, pH9.0 with protease inhibitor cocktail
and phosphatase inhibitors) was added to sample. Then, the homogenization was
performed with pestle tube homogenizers under 4°C before the centrifugation under
16000 r.c.f., 30 minutes, 4°C. Later, samples in extracted supernatant were measured
for protein concentration and quantification with bicinchoninic assay(BCA). Proteins
was purified by chloroform-methanol precipitation and dissolved in 8M urea for

denaturing.

2.2.2 BCA assay

Pierce™ BCA protein kit composed of reagent A and reagent B were used to
examine the quantification of protein. Reagent A consists of sodium carbonate,
sodium bicarbonate and sodium tartrate in 0.1N sodium hydroxide. Reagent B
consists of copper(l1) sulfate solution. Combination of buffer A and buffer B with

ratio 50:1(vol/vol) is used to prepared BCA solution. Standard calibration curve was

13
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prepared from BSA dissolving in BCA solution to form concentration of Oug/mL,

2 ug/mL, 4 ug/mL, 6 pg/mL, 8 ug/mL, 10 ug/mL.

2.2.3 Protein digestion

For reduction, DTT at 10mM final concentration was added in the sample and
placed on shaker for 29°C, 30mins for sufficient amalgamation. For alkylation, IAM
at 50mM IAM for final concentration were infused into the sample for 29°C, 30mins.
After dilution by urea 1M, denatured proteins were digested with LysC in protein-
enzyme ratio 100:1 for 4 hours, 29°C, then with trypsin in protein-enzyme ratio 50:1

overnight at 29°C.

2.2.4 SDB-XC-stage tip desalting

SDB-XC is a sample preparation tip column that used to desalt and
enrich peptides. To accomplish salting, we first had to complete protein
digestion, kinase reaction and IMAC enrichment. SDB-XC (Styrene
Divinylbenzene) bead is packed into stage-tip, thenwashed using
80%ACN as an ctivation agent based on condition with 0.5%ACN. At the

end, used 80%ACN to elute and transfer the peptides into a new tube.

14
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2.2.4 LC-MS/MS analysis

Suspension of sample are done using 0.1% FA (formic acid) for analysis.
Thermo LTQ-Orbitrap Fusion Lumos Tribrid mass spectrometer system (Thermo
Fisher Scientific, San Jose, SA) with an Ultimate 3000 RSLCnano system (Thermo
Fisher Scientific, San Jose, SA) is used for mass spectrometry analysis. The
75umx50cm analytical column of RSLCnano system is collected with 3um C;g
particles. The buffer system is combined with 0.1%FA (buffer A) and CAN with
0.1% FA(buffer B). The LC gradient is 150mins gradient at 0.5 nL/min flow speed.
The range of each full MS scan is around 400m/z to 1650m/z and is accompanied
with 15 data dependent acquisition (DDA). Later, dynamic exclusion setting accorded
to charge states positive2-5, exclusion duration 20s, injection time 50ms. At the end,
HCD is allowed for collision scanning: isolation window 1.6m/z, AGC target 1.0x

10°, HCD collision energy 27%, orbitrap resolution 15000.

2.2.5 Database search and quantitation
We use MaxQuant software to handle LC-MS/MS data.(Cox and Mann 2008) Label-
free quantification (LFQ) algorism is utilized for quantification. The standard

parameters of peptide modification are 1*Cs-L-Lysine, 2*Cs1°Ns-L-Arginine in

15
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SILAC, carbamidomethyl(C), *0-phospho(STY), 20-phospho(STY), acetyl(N-

term), deamidation(NQ) are oxidation(M) are set in Maxquant.

16
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2.2.6 Chemical material for protein quantification

Chemical and materials Sources
Acetonenitrile Merck
Acetonitrile-0.1% Formic acid J.T.Baker
Acetic Acid Merck
Acrylamide solution (40%,37.5:1) Bio-Rad
Ammonium Hydroxide Sigma

Ammonium persulfate(APS)

Amersham Pharmacia

BCA™ protein Assay Kit

Thermofisher

BSA

Sigma

l30615N4 L-Arginine-HCI

Thermofisher

13c615N; L-Lysine-2HCI

Thermofisher

CK2 recombinant kinase NEB
Dithiothreitol Sigma
EDTA Merck
Ethanol Merck
Formic acid Riedel
Glycine J.T.Baker
lodoacetamide Sigma
Lys-C Sigma
Methanol Merck
Milli-Q Ultrapure Water Purification System Millipore

N.N,N’, N’-Tetramethylenediamine(TEMED)

Amersham Pharmacia

Ni-NTA silica resin Qiagen
Protease inhibitor cocktail Roche
SDB-XC Empore disk 3M

Stage-Tip Gilson
Tris-HCI Sigma
Triethylammonium bicarbonate Sigma
Trifluoroacetetic acid Sigma

Trypsin Promega
Tween 20 Sigma

Urea USB Corporation
Water Milli-Q system
Water-0.1% Formic acid J.T.Baker
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2.3 Irradiation treatment

Female mice at postnatal day21 was shaved carefully with electric shaver.
Around 7 to 10days later, we checked that dorsal skin was color in black and dorsal
HFs entered early full anagen stage. Each mice were then anesthetized, and the mouse
received single doses(2 or 5.5Gy) of y irradiator by **’Cs source on the dorsal
side.(dosage: 3.37Gy/minute, y irradiator IBL 637 from CIS Bio international). Mice

were all irradiated in the morning.

2.4 Histology examination

Mouse skin samples were collected and fixed with 4% paraformaldehyde at 4°C
overnight. Subsequently, these tissues were embedded in paraffin wax and  5um

sections were used for hematoxylin and eosin staining.

2.5 Pharmaceutical lipolysis inhibition

Lipolysis inhibitor, Acipimox, was purchased department of pharmacy of
National Taiwan University Hospital. Acipimox (75mg/Kg) oral intake was
administrated before 3days IR treatment. In the 25 following days, mice received

Acipimox daily. Phenomenon of hair loss were observed within 60 days post
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exposure to IR treatment. (LD50 values in mice and rats range from 2000 to

5000mg/Kg)

2.6 Immunofluorescence staining and microscopy

The mouse skin samples were fixed with 4% paraformaldehyde(PFA) at 4°C
overnight. Then they are dehydrated and embedded by OCT or paraffin wax. Paraffin
sections were dewaxed using xylene and rehydrated for antigen retrieval process.
We use citrate buffer(10mM Citric acid, 0.05% Tween20, pH6.0) as the antigen
retrieval buffer and heat up to 95°C. Then, we put in our sections with citrate buffer at
95°C for 20 minutes. Afterwards, 5% BSA is used as the blocking buffer, the primary
antibodies used were rat anti-BrdU (abcam, 1:100), rabbit anti-cleaved caspase3(cell
signaling, 1:100), rat F4/80 (abcam6640, 1:100), CD31 (abcam56299, 1:100). The
following secondary antibodies were Alexa Fluor Cy3-conjucated donkey anti-rabbit
IgG (H+L) (Jackson Immuno Research, 712-165-153, 1:300) and Alexa Fluor 488-
conjucated donkey anti-rat IgG (H+L) (Jackson Immuno Research, 711-165-152,

1:300)
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2.7 Oil red O staining

The frozen section of mouse skin specimen were fixed with 4%
paraformaldehyde(PFA) at 4°C overnight and soon and embedded in OCT.
Afterwards, we used PBS to dissolve OCT agent and then dipped samples in 60%
isopropanol for 15 minutes. Next, samples were stained in working Oil red O solution
for 15 minutes. Subsequently, the sections were dipped into 60% isopropanol again
and for 15 minutes. Lastly, used 50% glycerol as mounting medium and covered the

sample for microscope observation.

2.8 Statistical analysis

To reduce within-group variance, two radiation dosage proteomic group by
group comparison were done with one way-ANOVA analysis. The difference
between group was considered statistically significant when p<0.05. All statistical

comparison group of staining were performed by software Prism (GraphPad).
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Chapter 3 Results

3.1 Hair follicle respond to ionizing radiation

In this experiment, we sought to clarify effect of ionizing radiation to dermal
macroenvironment and hair follicle. Prior to ionizing radiation treatment, an animal
model needed to be established. At the beginning, C57BL/6 female mice dorsal skin
were irradiated at 32 days of age with gamma radiation from Cs-137 irradiator.
Before getting 2Gy and 5.5Gy ionizing radiation exposure, mouse were shaved at the
dorsal region to make sure hair cycle in full anagen stage. If dorsal skin of mice is
color in black, mice are in anagen VI stage. As can be seen, there was no significant
changes in the following day after 2Gy radiation. But, there was significant hair loss
at post-5.5Gy irradiation day5 when compared with the non-irradiated control mice as
indicated in Fig.4a. It may be reasonable to rationalize that hair loss is caused by
higher dose of ionizing radiation. There was a notable difference between post-5.5gy

I.R. day4 and non-I.R. day4 mice as shown in Fig.4b.
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would get hair loss than 2Gy radiation.

(b) Hair growth score after exposure to ionizing radiation
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3.2 Irradiation trigger dermal macroenvironment change

From the phenomenon described above, we obtained reliable evidence showing
dose-dependent HF loss. The evidence points to the likelihood that hair follicle
dystrophy caused hair loss. Hence, we examined hair follicle dystrophy in H&E
staining. It displayed that dermal macroenvironment and hair follicle had no any
significant diversity in non-irradiation group. The structure of hair follicle and dermal
macroenvironment remains intact. It was also evident that non-irradiation group and
exposure to 2Gy group are alike. Dermal macroenvironment and hair follicle exposed
to 2Gy irradiation would not change its morphology. However, there were significant
decrease in the thickness ratio of skin and hair follicle dystrophy at post-5.5Gy I.R.
day3. (see Fig.5b) In the meantime, it can be seen that melanin migrated from
medulla to outer root sheath. There also a tendency for dermal white adipose tissue to
decrease in size congruently with 5.5Gy I.R. induced hair dystrophy. Shortly after the
hair dystrophy, injured hair bulb began to restore its structure at post-1.R. day5. It can
be observed that dermal macroenvironment highly correlated with hair regeneration.
Nevertheless, there is considerable disparity in the behavior of hair follicle after
exposure to 2Gy and 5.5Gy irradiation. Based on this information, we speculated 2Gy

irradiation caused lower damage compared to 5.5Gy irradiation. We therefore
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speculate that injury caused by 2Gy irradiation recovered within 24 hours post

irradiation.
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(a) Histology of dermal macroenvironment after exposure to radiation. This results
indicated that thickness of skin would get thinner compared to other conditions.

(b) Thickness of dermal macroenvironment after exposure to radiation.
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3.3 Irradiation induce hair injury in dermal

macroenvironment

In biology, most organisms response to stress or stimulation which led to injuries
always resulted in cell apoptosis. The purpose of these natural phenomenon are to
maintain homeostasis between cell death and cell renewal.(Porter AG1 1999) In the
previous study, Ralf Paus etc. defined that phenotypes of hair follicle from anagen to
catagen were natural cell apoptosis.(Muller-Rover, Handjiski et al. 2001, Pawlik and
Keyomarsi 2004). As mentioned previously, the aim of this study was to determine
how irradiation would induce hair follicle injury.. It isn’t likely any difference by the
distribution of cell proliferation at dayO to day5 in non irradiation group. Furthermore,
we studied that there is no cleaved-caspase3 positive staining cell in the result. In the
previous study, if HFs are exposured to 2Gy radiation, cell death progress will happen
in 24hrs. However, HFs cell death induced by 5.5Gy radiation also appeared at
24hrs.(Huang, Lai et al. 2017) Thus, two dosage radiation induced HFs cell death
mainly display before 24hrs. As can be seen in Fig.6a&6c, cleaved caspase3 positive
cells only expressed at post-5.5Gy |.R. dayl. Afterward, there wasn’t any cell
proliferation at post-5.5Gy I.R. day3. As evident in Fig.6b, if hair follicle is exposed
to 5.5Gy I.R., cell proliferation will significantly decreased and the lowest appeared at

day3. In addition, cell proliferation activity would increase at day5 after exposure to
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2Gy and 5.5Gy L.R. This result implied that hair follicle were highly sensitive to both

2Gy and 5.5Gy I.R. and recovered later in both cases.
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Fig.6 Irradiation induce hair injury in dermal macroenvironment.

(a)Apoptosis and cell proliferation were labelled by cleaved caspase3 and BrdU.
(cleaved caspase 3: green; BrdU: red)

(b,c) Statistics of HFs injury and proliferation induced by I.R. treatment.
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3.4 Dermal macroenvironment respond to ionizing radiation

Adipose tissue contains immune cells, adipocytes, extracellular matrix,
fibroblasts, vascular cells, neuronal cells and stromal cells.(Lago, Cerqueira et al.
2018) There were various degree injury induced by distinct radiation dosage. Thus,
we were trying to figure out dermal macroenvironment injury induced by radiation.
Oil red O staining results showed that lipid droplet and adipocytes buckling at post-
5.5Gy I.R. day3 to day5 and post-2Gy I.R. day3(Fig.7a). This result inferred that lipid
droplet and adipocytes were sensitive to radiation. As illustrated by Fig.7b, ORO
positive cells in dermis significantly increased after post-5.5Gy I.R. day3 to day5 and
only increased at post-2Gy I.R. day3. However, we used masson trichome staining to
identify phenotype of collagen fibers and muscle fibers after exposure to radiation as
could be found in Fig.7c. This result demonstrated that collagen fibers were destroyed
after exposure to 2Gy and 5.5Gy radiation. We assumed that collagen fibers were
highly sensitive to radiation treatment. In addition, we used F4/80 immuno-marker to
identify immune infiltration caused by radiation.(Fig.7d) We found that amount of
macrophages significantly after exposure to 2Gy and 5.5Gy I.R decreased then

increased later on .
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(c) Masson trichome staining in dermal macroenvironment and HFs.(collagen: blue,
muscle fibers: red, nuclei: black/blue) This result indicated that the muscle fiber in
dermal macroenvironment will significantly decrease at post-5.5Gy I.R. treatment.
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(d) F4/80 immunostaining in dermal macroenvironment and HFs.(green:F4/80; blue:
Hoechst) After 2Gy/ 5.5Gy |.R. treatment, macrophage significantly decrease in

dermal macroenvironment.
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3.5 Profiling distinction between each radiation dosage

treatment population from total proteome

To profile exhaustive total proteome result from each radiation treatment, we
focused on the significant change protein population in 6hrs and 24hrs after exposure
to radiation treatment. By the label-free technique, in 2Gy radiation treatment, there
were 3585 proteins ID been identified and 1497 significant changed protein 1D
analysis by ANOVA. In 5.5Gy radiation treatment, there were 3585 proteins ID been
identified and 1804 significant changed protein ID analysis by ANOVA. There were
more total of significant change proteins ID in 5.5Gy radiation treatment compared to
2Gy radiation treatment. We identified 232 proteins enriched only in 2Gy radiation,
539 proteins enriched only in 5.5Gy radiation and 1263 proteins enriched in both
population.(Fig.8a) By GO terms analysis towards the both proteins population, the
oxidation-reduction process related proteins was the most significant enriched in 2Gy
and 5.5Gy I.R. (Fig.8c) We discovered that there were the others different biological
process GO terms which were enriched, including platelet related function activity,
cell homeostasis, ATP metabolism etc. As listed in Fig.8b, this result indicated that
triglyceride metabolic process and glucose metabolic process would have up-

regulated expression level by 5.5Gy |.R. stimulation but down-regulated expression
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level by 2Gy I.R. stimulation. In addition, the transcription and translation related GO

terms ranked ahead as detailed in Fig.8d.
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Fig.8 Significant changed proteins ID by ANOVA analysis. Significantly enriched

Gene Ontology (GO) terms according to DAVID bioinformatics resources.

(a) Enriched proteins populations in 2Gy and 5.5Gy.

(b) Up-regulated expression levels of significant protein enriched in 5.5Gy but down-
regulated expression level in 2Gy

(c) Top30 up-regulated expression levels of significant protein enriched in 2Gy and
5.5Gy

(d) Up-regulated expression levels of significant protein enriched in 2Gy but down-

regulated expression level in 5.5Gy
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3.6 Comparing the proteome in each population

By same strategy, we identified the GO terms in biological process only
expressed in single 1.R. dosage. Firstly, there were 232 enriched proteins only
expressed in 2Gy I.R.(Fig.8a) These GO terms were highly expressed in biological
process of cell-cell adhesion, endocytosis and protein transport. (Fig.9a) We
speculated that cell-cell adhesion and endocytosis responsed to cell apoptosis signal
induced by radiation injury in dermal macroenvironment and HFs. However, there
were 539 enriched proteins only expressed in 5.5Gy I.R..(Fig.8a) These GO terms
were highly expressed in biological process of muscle contraction.(Fig.9b) This result
matched the Masson trichome staining showing that muscle related protein had
changed significantly.(Fig.7c) We hypothesized that if dermal macroenvironment and
HFs received higher 1.R. it would perform supplemental energy activity such as
oxidation reduction process and tricarboxylic acid cycle. The cell-cell adhesion
related GO terms were co-enriched in two radiation dosage population, but it included
different protein markers in each population. In Fig.9c, we identified certain cell-cell
adhesion related proteins that were up-regulated and enriched only in 5.5Gy L.R. ,
such as Glod4, Pdlim5, Prdx1, Vabp, Capzb, Paics. By contrast, there were another
cell-cell adhesion re;ated proteins markers which were down regulated and enriched

only in 5.5Gy I.R., such as Twfl, Hdlbp, Ywhab, Ahsal, Sfn, Eefld, Eif4h, Eif4g2,
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Gigyf2, Twhaz, Vasp, Capzb, Statl, Ldha and Larpl. In the previous study, Ldha,

protein marker was highly corelated to hair follicle stem cell activity.(Flares, Schell et

al. 2017) It could be inferred that expression level of Ldha in hair follicle stem cell

was sensitive to radiation and highly correlated to hair follicle regeneration. In Fig.

9d, we found that cell-cell adhesion related proteins that were up-regulated and

enriched only in 2Gy I.R. , such as Scrib, Ndrgl, Snx9, Sh3g11, Mprip, Stk24, Snx5,

Ppplrl31, Esyt2, Fscnl, Histlh3a, Arfipl, Gipcl, Istl. In the previous study, Scrib,

this protein marker would mediate epidermal development and played a role of tumor

suppressive function in skin.(Pearson, McGlinn et al. 2015) It could be assumed that

radiation might affect tumor suppressive function and increased expression level.
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3.7 Fat metabolism related biological process were highly

enriched in both population

As can be seen in Fig.8c, the ranking of oxidation-reduction process was the most
significant GO term in top 30 up-regulated expression level in 2Gy and 5.5Gy. This
result revealed that fat metabolism related GO terms included fatty acid metabolic
process, fatty acid beta-oxidation, lipid metabolic process, fatty acid beta-oxidation
using acyl-CoA dehydrogenase, and triglyceride metabolic process. This result
matched the previous data at Fig.7a, fat metabolism related protein would have
dramatically changed after exposure to I.R. treatment. Here, we used the enriched
proteins ID in fat metabolism related protein (Fig.8c) to figure out the correlation of
fat metabolism. (Fig.10) This figure indicated that our fat metabolism related protein

were highly expressed correlated to fatty acid beta-oxidation and lipid metabolism.
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Fig.10 Fat metabolism GO terms were enriched in both radiation dosage.
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3.8 Lipolysis inhibition delayed the recovery of hair re-entry

anagen stage after I.R. injury

To examine the response of anagen HFs to I.R. injury with lipolysis inhibition,
we tested the hypothesis that lipolysis induced by I.R. in dermal macroenvironment
would affect recovery of HFs after |.R. treatment in mice. We used 32-day-old mice
receiving I.R. with or without Acipimox oral intake in the following 25 days and
found significant results. As can be seen in Fig.11c,it is apparent that if mice receive
I.R. treatment with Acipimox oral intake, HFs will delay anagen stage until much
later. In addition, body weights data in Fig.11d indicated that there was no difference
between group of receiving Acipimox intake or non-intake control group after I.R.
treatment. As shown in Fig.11a, if mice received I.R. treatment without Acipimox,
HFs will enter anagen stage at post-1.R. day28. In contrast, if mice receive I.R.
treatment with Acipimox, HFs will enter anagen stage at post-1.R. day 39. (Fig.11b)
Comparing Fig.11a and Fig.11b showed that HFs delayed re-entry anagen stage by
almost 10days after I.R. treatment depending on whether the mice receiving
Acipimox oral intake. The degree of I.R. injury to HFs could be inspected by
histological examination, proving that lipolysis inhibition system protected structure
of hair matrix intact than without receiving Acipimox intake with I.R. treatment.(Fig.
11e) As indicated in Fig.11f, it seemed that lipolysis inhibition with I.R. treatment
would prolong catagen of hair cycle until post-1.R. day13 . However, mice did not
received Acipimox with I.R. treatment which would entered telogen stage at post-I.R.
dayll1. As can be seen in Fig.11g, we found that mice receiving I.R. treatment without
Acipimox would entered full anagen stage at day30. But mice receiving I.R. treatment
with Acipimox remained in telogen. In Fig.11h, it seemed that mice receiving I.R.
treatment with Acipimox entered full anagen stage at post-1.R. day41 to 45. However,

43

d0i:10.6342/NTU201901903



mice receiving |.R. treatment without Acipimox remained full anagen stage until post-
I.R. day 43 and turned into catagen stage at post-1.R. day 45. Whether mice receiving
I.R. with Acipimox oral intake or not, all returned to normal postnatal hair cycle

regeneration at post-1.R. day41.
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Fig.11 Lipolysis inhibition would delayed hair growth after I.R. treatment.
(a,b) Gross view indicated that HFs delayed re-entry anagen stage almost 10days after
I.R. treatment whether the mice receiving Acipimox oral intake
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(c) Hair growth score for 41days after exposure to 5.5Gy ionizing radiation with
Acipimox oral intake or water intake. This result revealed that Acipimox will delayed
hair growth re-entry anagen
(d) Body weights of mouse for 31 days. Acipimox oral intake did not change body
weight.
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Water intake + 5.5Gy |.R.

Acipimox intake + 5.5Gy |.R.

(e) Histology examination of combination of 5.5Gy and water intake, combination of
5.5Gy and Acipimox oral intake at dayO to day5. This result revealed that structure of
hair matrix in Acipimox oral intake group was more intact than water oral intake
group undergoes.
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Water intake + 5.5Gy |.R.
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(F) Histology examination of combination of 5.5Gy and water intake, combination of
5.5Gy and Acipimox oral intake at day7 to day13. This result revealed that lipolysis
inhibition with L.R. treatment would prolonged catagen stage.
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Water intake + 5.5Gy |.R.

Acipimox intake + 5.5Gy |.R.

5.5Gy and Acipimox oral intake at day30 to day34. This result revealed that lipolysis
inhibition with L.R. treatment would prolonged catagen stage.
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Water intake + 5.5Gy |.R.

Acipimox intake + 5.5Gy |.R.

(h) Histology examination of combination of 5.5Gy and water intake, combination
of 5.5Gy and Acipimox oral intake at day41 to day45. This result revealed that
lipolysis inhibition with 1.R. treatment would prolonged catagen stage.
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Chapter 4 Discussion and conclusions

Thus far we have investigated dermal macroenvironment and hair follicle after
radiation treatment by immunofluorescence staining, H&E staining, masson trichome
staining. From the results above, we can see some evidence about synchronized
change of dermal macroenvironment and HFs induced by radiation treatment. These
evidences provide us useful clues to indicate that interacted regulation of hair
regeneration and dermal macroenvironment have strong correlation.

From proteomic analysis results, it provided more details to characterize the HFs
and dermal macroenvironment at various cell status undergoing radiation treatment.
According to proteins ID that underwent significant changes, we can get more
information about the radiation stimuli induced cross-talk from dermal
macroenvironment and hair follicle’s intrinsic protein network. This network might
highly correlate with mitochondria, this hypothesis was based on the result(Fig. 8b)
which indicated that many GO terms occurred in mitochondria.

On the other hand, we used a lipolysis inhibitor, Acipimox as our functional
assay to inducee lowered the triglyceride levels in mice. We hypothesized thtat this
drug could also lower fatty acid release through lowered level of triglyceride. In our
study, combination of Acipimox oral intake and 5.5Gy I.R. treatment group would

delayed re-entry anagen stage almost 10 days. Our lipolysis inhibition with L.R.
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treatment results were in general agreement with previous dermal white adipose tissue
induced hair follicle cycle studies in mice.(Foster, Nicu et al. 2018) However, the
lipolysis inhibition mechanism underlying radiation treatment remains unclear. This

mechanism could eventually lead to a new biomarkers with radiation treatment.
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