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Abstract

Chemotherapy-induced alopecia is frequently induced by various regimens of chemo-
therapy and has a significant impact on mental health and quality of life. However, the
effect of available current treatment for chemotherapy-induced alopecia is not suffi-
cient. This study aimed to clarify the therapeutic effects and mechanism of skin cool-
ing and the antioxidant a-lipoic acid derivative on chemotherapy-induced alopecia. We
developed a chemotherapy-induced alopecia model of cyclophosphamide (120pug/g)
using Institute of Cancer Research mice. We used cooling therapy and a-lipoic acid
derivative application as the treatments. We compared the alopecia score, hair bulb
diameter, insulin-like growth factor-1 level, vascular permeability, and apoptosis be-
tween the control and treatment groups. The alopecia score significantly improved in
each treatment group compared with that in the cyclophosphamide group. Hair bulb
diameter significantly improved in the cyclophosphamide + cooling group compared
with that in the cyclophosphamide group. The insulin-like growth factor-1 level and
vascular permeability level was significantly retained and suppressed, respectively,
in each treatment group compared with that in the cyclophosphamide group. The
number of apoptotic cells in the vascular endothelium significantly decreased in the
cyclophosphamide + a-lipoic acid derivative group compared with that in the cyclo-
phosphamide group. In conclusion, cooling therapy and a-lipoic acid derivative fa-
cilitated recovery from chemotherapy-induced alopecia caused by cyclophosphamide

through decreasing vascular permeability.

KEYWORDS
alopecia, antioxidants, chemotherapy, cooling therapy, cyclophosphamide

Abbreviations: ALAD, a-lipoic acid derivative; AS, alopecia score; CIA, chemotherapy-induced alopecia; CYP, cyclophosphamide; ICR, Institute of Cancer Research; OCT, optimal cutting

temperature; QOL, quality of life; TRITC, tetramethylrhodamine.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Cancer Science. 2023;114:1007-1014.

wileyonlinelibrary.com/journal/cas 1007


www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0002-5014-5270
mailto:﻿
https://orcid.org/0000-0002-8475-3688
http://creativecommons.org/licenses/by-nc/4.0/
mailto:k-yohei@oita-u.ac.jp

AIBAET AL.

LA BRWATS 2 Cancer SCience

1 | INTRODUCTION

With recent advances in medicine, an increasing number of patients
lead active social lives while continuing cancer treatment. Therefore,
changes in appearance due to treatment side effects have a signifi-
cant impact on mental health and QOL for cancer patients. Among
these, alopecia is a side effect that occurs frequently in various regi-
mens of chemotherapy.! The degree of alopecia varies with the type
of anticancer drug. Cyclophosphamide, anthracyclines, and taxanes
cause severe alopecia with hair loss of 250%, 260%, 80%-90% and
100%, respectively.?™ Hair loss of 250% occurred in 96% of breast
cancer patients receiving the standard adjuvant chemotherapy com-
bination of epirubicin/paclitaxel/cyclophosphamide.®

Clinical applications of scalp cooling have proven effective to
some extent for preventing and reducing the severity of CIA, making
it the recommended treatment for CIA in patients with breast can-
cer. Randomized controlled trials have shown that the use of a scalp
cooling system results in a 50% success rate of hair loss prevention,
where hair loss is defined as <50%.87%° Scalp cooling is presumed to
attenuate the influence of anticancer drugs on hair bulbs by con-
stricting scalp blood vessels and reducing blood flow. However,
details of this hypothesis as a preventive mechanism are not well
understood. To prevent hair loss completely and promote recovery,
the development of novel treatments is needed.

The ALAD DHLHisZn is a potent antioxidant, which is stable
even in air.¥'? Its transdermal application was found to inhibit hair
loss in a CIA model, and histological findings showed that it reduced
inflammatory cell infiltration of the skin and destruction of hair bulbs
and hair shaft structures caused by anticancer drugs.? According
to clinical features of chemotherapy-induced hair loss,*® we have
demonstrated the promotion of recovery after CIA by transdermal
administration of ALADs.'* Our previous study also revealed that
the regulation of vascular permeability, oxidative stress, and apop-
tosis occurring around skin hair bulbs may be a key factor in the
prevention and treatment of CIA,'® but the treatment effects and
mechanisms of ALAD for CIA remain to be elucidated. Therefore,
this study aimed to examine the therapeutic effects and mechanism

of scalp cooling and ALAD for CIA in an animal model.

2 | MATERIALS AND METHODS

2.1 | Agents

Cyclophosphamide was selected as the anticancer agent for use in
this study. This was due to CYPs being widely used in breast cancer
treatment in practice and causing high rates of CIA. Moreover, CYP
has been shown to induce follicular apoptosis and CIA in mice, in-
cluding in our previous study.?>¢ Cyclophosphamide (030-12,953,
FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was used
as the anticancer agent to induce CIA. The applied antioxidant was
an ALAD, a modified version of alpha-lipoic acid, which is a potent
antioxidant that is more stable in air.

2.2 | Animals

Mice have long been used in CIA research, and their short hair cycle
is evident. Therefore, it is considered that mice are an established
alternative model for CIA in humans. This study utilized 6-week-old
female ICR mice. The mice were kept in an air conditioning-
controlled facility under a 12-h light/dark cycle, with free access to
food and water. This study was approved by the Animal Care and

Use Committee of Oita University (approval number: 202003A).

2.3 | Induction of anagen and alopecia

The anagen phase was induced by removing the hair on the dor-
sal area of the mice. First, the backs of the mice were shaved using
a clipper. Next, a dissolved wax/rosin mixture was applied on the
backs of the mice under general anesthesia to remove their hair.
On the 9th day after hair removal, all hair bulbs were in the ana-
gen phase and thereby suitable as a model of the human hair cycle.
As CYP is administered in one dose on the 9th day, anagen is con-
verted to catagen on the 16th day, catagen is converted to telogen
on the 24th day, and telogen is converted to anagen on the 30th
day.” Visible alopecia is completed on the 16th day, and recovery
from CIA begins around the 25th day.!¢*® Therefore, we defined the
period until the 15th day as the early phase, the period from the 16th
day to the 29th day as the middle phase, and the period after the
30th day as the late phase. Alopecia was induced by intraperitoneal
administration of 120pg/g of CYP dissolved in PBS.*>%¢

2.4 | Treatments

We used two treatments: DHLHisZn (DHLHZn, 01702, lwaki &
Co., Ltd.), an ALAD, and cooling therapy. ALAD was mixed with
white Vaseline® to a concentration of 1% and gently applied at a
transdermal dosage of 3 g to the hair-removed skin on the backs of
the mice with a spatula daily. This was performed in the morning,
from the 8th day until the mice were sacrificed according to our
previous study.12 During cooling therapy, the backs of the mice
were cooled under general anesthesia. A spiral-formed silicone
tube was connected to a chiller (CF302L, Yamato Scientific Co.,
Ltd), and the back skin of the mice was cooled. Tap water cooled to
4°C was used as the circulating fluid. The required temperature of
circulating refrigerant was 4°C, in order to lower the mouse skin
temperature to 19°C using this cooling system in the preliminary
experiment. The mouse skin in contact with the fluid was set to
19°C and cooling was conducted for 2 h. As there were no ex-
isting reports of cooling experiments using mice in CIA, cooling
time was set in accordance with human scalp cooling therapy.
We allocated five mice each to the following six groups: control
group, ALAD group, cooling group, CYP group, CYP+ALAD group
and CYP +cooling group. We administered CYP and conducted
cooling therapy on the 9th day following hair removal. For the
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CYP +cooling group, we continuously conducted 30 min of cool-
ing, CYP administration, and then 1.5 h of cooling, for a total
of 2 h of cooling. This was in accordance with the human scalp
cooling therapy as there were no reported cooling experiments
using mice with CIA. For the ALAD and CYP+ALAD groups, the
DHLHZn mixture described above was applied once a day from
the 8th day after hair removal. Two researchers examined the AS
of each mouse every week starting on the 16th day. These were
scored from O to 4 according to the following scoring criteria;
score 0 (0% hair coverage), 1 (approximately 25% hair coverage),
2 (approximately 50% hair coverage), 3 (approximately 75% hair
coverage), and 4 (100% hair coverage).? The mice were sacrificed
on the 10th day (1 day after treatment, early phase), 16th day
(7 days after treatment, middle phase), and 37th day (4 weeks after
treatment, late phase), it was also confirmed that each mouse was

growing appropriately, after which evaluations were conducted.

2.5 | Insulin-like growth factor-1 (IGF-1)
measurement

We used the dorsal skin of mice collected in the early, middle, and
late phases and stored them at -80°C. The skins were sufficiently
homogenized, after which the protein concentrations were ad-
justed to 250 pg/ml and measured using an IGF ELISA kit (ELISA kit,
KAO0493, Abnova).

2.6 | Two-photon microscopy

In the early phase (10th day; 24 h after anticancer drug administra-
tion), we conducted observations by creating a skin flap from the
back skin of the mice under general anesthesia. First, we injected
100pg/100pl Texas-Red®-labeled Lycopersicon esculentum lectin
(TL-1176, Vector Laboratories) into the tail vein of the mice. We ex-
cised approximately 2x3 cm of skin from the mice under general
anesthesia, and the skin on the lateral side was set to enable ob-
servation using an upright two-photon excitation fluorescence mi-
croscopy system (A1RMP, Nikon Corporation) from the inside by
inverting it while still attached to the body. We injected 3.75mg
of TRITC-conjugated 70-kDa dextran (D-1819, Life Technologies
Corporation) and 1.25mg of FITC-conjugated 150-kDa dextran
(FD150S-1G, Sigma-Aldrich) that were dissolved in 50 ul PBS into the
mice eyeball and conducted observations.'> We randomly imaged
and evaluated three locations from each mouse to reduce selection
bias. Analyses were conducted using NIS-Elements (Nikon, Tokyo,
Japan). The blood vessel section was extracted, and the fluorescent
intensity of the section outside the blood vessel was measured using
Texas-Red®-drawn images. Similarly, the fluorescence intensity of
the section outside the blood vessel was measured in the composite
TRITC and FITC images. The fluorescence intensity of the compos-
ite image was compared based on the fluorescent intensity of the
Texas-Red®-drawn images.

2.7 | Immunofluorescence and TUNEL staining

The dorsal skin of mice from each phase was collected and cryopre-
served in a -80°C OCT compound, from which 9-um sections were
made. Apoptosis was evaluated using a TUNEL staining kit (In Situ
Cell Death Detection Kit; Roche Diagnostics), and staining was con-
ducted according to the manufacturer's protocol. Counterstaining
was conducted using DAPI (Thermo Fisher Scientific). Staining of
the endothelium of the blood vessels was conducted using rabbit
polyclonal anti-CD31 antibodies (1:40 dilution, ab28364, Abcam plc)
and Alexa 594 donkey antirabbit 1gG (1:400 dilution, 2,066,086, Life
Technologies). Two researchers randomly selected three capillaries
near the hair bulb from the skin samples of each mouse. The capillaries
were identified by CD31 staining. The number of TUNEL-positive cells
in the area was counted by two researchers in a blind fashion, and the

average number of TUNEL-positive cells in each group was compared.

2.8 | Statistical analysis

The mean and standard error values are shown for the data. Results
were analyzed using SPSS for Mac version 28 (IBM Corp). Statistical
significance was determined using Student's t-test, with a p-value
less than 0.05 considered statistically significant.

3 | RESULTS

3.1 | Assessment of alopecia score

Two researchers evaluated the extent of AS of each mouse on the
16th, 23rd, 30th, and 37th day and the mean score of the five mice in
each group is shown (Figure 1). All groups of mice grew adequately in
terms of body weight and visible nutritional status. On the 16th day,
the CYP group had a significantly lower AS than the control, ALAD,
and cooling groups. Similarly, on the 23rd and 30th day, the CYP
group had a significantly lower AS than the control, ALAD, and cool-
ing groups. Meanwhile, on the 23rd and 30th days, the CYP+ALAD
and CYP+cooling groups showed improvements in AS compared
with that in the CYP group. On the 37th day, no significant differ-
ences were noted in AS among the all groups (Figure 1).

3.2 | Histological changes in hair bulb diameter

We measured hair bulb diameter of three subcutaneous tissues from
a section of the dorsal skin from each mouse (Figure 2A). In the early
phase, the hair bulb diameter was significantly shorterin the CYP group
than in the control group (p <0.05; Figure 2B). Meanwhile, no signifi-
cant shortening of hair bulb diameter was avoided in the CYP +cooling
groups compared with that in the CYP group (p<0.05; Figure 2B). In
the middle and late phases, no significant differences were noted in
the hair bulb diameter of the subcutaneous tissue (Figure 2C,D).
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FIGURE 2 Subcutaneous tissue measurements. A, Subcutaneous histology at the early phase in the control group. We measured the hair
bulb diameter of the largest split surface (*). Scale bars, 100 pm. B-D, Comparison of the hair bulb diameter in the early phase, in the middle
phase, and in the late phase. Means and standard errors of the hair bulb diameter are shown as vertical and the error bars, respectively.

Statistical analysis was performed using Student's t-test (*p <0.05)

3.3 | IGF-1 measurement in skin tissue

In the early phase, there were no significant differences in the IGF-1
level among the groups (Figure 3A). However, in the middle phase,
the IGF-1 level was significantly lower in the CYP group than in
the control group and significantly higher in the CYP+ALAD and
CYP +cooling groups than in the CYP group (p<0.05; Figure 3B).
In the late phase, there were no significant differences in the IGF-1
level among the groups (Figure 3C).

3.4 | Visualization of vascular permeability

Changes in vascular permeability in the early phase were evalu-
ated using two-photon microscopy (Figure 4A). We obtained
images combining TRITC-conjugated 70-kDa dextran and FITC-
conjugated 150-kDa dextran (Figure 4A). There was a significant
decrease in the fluorescent intensity ratio in the CYP+ALAD
and CYP+cooling groups compared with that in the CYP group
(p<0.05; Figure 4B).
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FIGURE 3 IGF-1 measurements. Comparison of IGF-1 in the
early (A), middle (B), and late phases (C). Means and standard errors
of IGF-1 are shown as the vertical and the error bars, respectively.
Statistical analysis was performed using Student's t-test (*p <0.05)

3.5 | Apoptotic changes of vascular endothelium in
skin tissue by treatment

Changes in apoptosis of vascular endothelial cells were compared
by fluorescent immunostaining. The results of fluorescent immu-
nostaining in the early stage are shown (Figure 5A), and the number
of apoptotic cells in vascular endothelium during the early phase are
shown (Figure 5B). We counted apoptotic cells in three capillaries
from each mouse. In the early phase, the number of apoptotic cells
in capillaries was reduced in the CYP+ALAD group compared with
that in the CYP group (p <0.05; Figure 5B).
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4 | DISCUSSION

This study investigated the efficacy of different treatments for
CIA and found that each studied intervention promoted early re-
covery of CIA, including ALAD and cooling therapy. The shorten-
ing of the hair bulb diameter and the decrease in the IGF-1 level
due to CYP administration were thought to be maintained by the
regulation of vascular permeability, exhibiting an early recovery
from alopecia.

In AS, we found that each treatment group accelerated recovery
from CIA. Yoneda et al. showed that by maintaining IGF-1 expression
at the 16th day following hair removal in mice, the extent of CIA
was reduced.” Therefore, we focused on IGF-1 as a factor in recov-
ery from CIA.?® IGF-1 is expressed in the epidermis stratum granu-
losum, fibroblasts, and dermal papilla cells.?! It has been reported
that IGF-1 acts as both an autocrine and a paracrine factor.}”?? As
both cooling therapy and ALAD are topical treatments, we assumed
that IGF-1 acts as a paracrine factor in hair loss through secretion
from skin cells. It also affects hair bulb growth, hair growth cycle,
and hair bulb differentiation.?® Reportedly, IGF-1 plays a key role in
maintaining hair bulbs in the anagen phase,21 and its expression in
dermal papilla cells increases rapidly in the catagen and at the be-
ginning of telogen phases of the hair growth cycle, promoting the
transition to the anagen phase.” Neonatal mice usually transition
from the catagen to telogen phase and exhibit a rapid increase in the
IGF-1 level in the second to third week after birth.Y” While an adult
mouse model was used in this study, it has been reported that by
aligning the growth phase through hair removal, the growth phase
shifts from mature anagen to catagen by the 15th day, and enters
the mature anagen phase again after the 30th day.’®” In a previous
study, we also reported that changes occurred in the perifollicular
area 24 h after anticancer drug administration.'® Therefore, in this
study, the 10th day, 24 h after administration of CYP was evaluated
as early phase, the 16th day as middle phase, and the 37th day as
late phase. In this study, IGF-1 expression in the middle phase was
lower in the CYP group than in the control group, and it took time
for levels to recover. Meanwhile, IGF-1 expression in the treatment
group was maintained at the same level as that in the control group,
and there is the possibility of reduced damage to IGF-1-producing
cells, maintenance of the anagen phase, and promotion of hair bulb
transition and hair recovery.

In this study, two-photon microscopy investigation showed
that increased vascular permeability caused by the anticancer
drugs was suppressed by each treatment. CYP has been reported
to have a high sensitivity to vascular endothelial cells and to induce
apoptosis of vascular endothelial cells.?* Previously, we have also
reported that the pathological condition of increased vascular per-
meability is potentially due to the induction of apoptosis in those
vascular endothelial cells.”> We demonstrated that the suppres-
sion of this pathological condition may promote hair recovery, and
that the effectiveness of these treatments may be due to the reg-
ulation of this pathological condition. The effect of cooling therapy
on hair loss has been clinically applied by reducing the distribution
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of anticancer drugs to the scalp due to its vasoconstricting action. alopecia-suppressing effects. A previous study on mice reported
In this study, we investigated the effects of cooling therapy on that stimulation by skin cooling stimulated a2 receptors in vascu-
CIA in an in vivo model for the first time, in which we showed its lar smooth muscle, constricted blood vessels, and reduced blood
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flow.?® Various substances, such as nitric oxide and vasopressin, are
involved in vasoconstriction and decreased blood flow due to skin
cooling.z“’26 In this study, the model skin was cooled to a set tem-
perature of 19°C, referencing the effective set temperature used
in clinical practice. Increased vascular permeability was suppressed
by the 24th hour after administration of the anticancer drug, which
was likely to be the result of a cascade of events caused by cooling,
such as stimulation of vascular smooth muscle, vasoconstriction, and
decreased blood flow. While hair matrix cells were not investigated
in this study, the results suggest that apoptosis of the hair matrix
cells was reduced, and recovery was promoted as a result of the
decrease in the distribution amount of the anticancer drug in the
tissues around the hair bulb due to the suppression of the vascular
permeability caused by the anticancer drugs.

ALAD also suppressed CYP-induced vascular permeability. ALAD
isan antioxidant thatis stable eveninairand has been shown to not only
suppress skin inflammation by anticancer drugs but also have in vivo
antioxidant and antiapoptotic effects.'*2 CIA is reportedly caused by
increased active oxygen production, also known as oxidative stress,
around the hair bulbs and the subsequent induction of apoptosis of
the hair matrix cells, against which antioxidants have been shown to
be useful.’*?28 Our current immunostaining study confirmed that the
apoptotic cells in the vascular endothelium decreased in the ALAD-
administered group, suggesting that ALAD administration before and
after anticancer drug administration affected the vascular endothe-
lium, enhanced its stability, and controlled its permeability. This may
have suppressed the leakage of anticancer drugs around the hair
bulbs and the subsequent oxidative stress in a similar manner as that
noted in cooling therapy. Furthermore, ALAD application may be less
invasive to the body compared with cooling therapy, and continuous
administration is possible, so it is expected that the oxidative stress
and apoptosis that occur in the late stages of anticancer drug adminis-
tration can also be regulated. In this study, effective ALAD treatment
was achieved through 4 weeks of continuous administration however,
in reality, vascular permeability was regulated even by the 24th hour,
and the effect of promoted recovery was shown from an early stage
(1 week after anticancer drug administration). Therefore, future stud-
ies should focus on investigating the effective application period.

There are several limitations in this study. First, this study used
only a single anticancer drug (CYP), and we will need to conduct fur-
ther studies on the effects of interventional treatment using other
anticancer drugs that cause alopecia with high frequency, such as
taxanes and anthracyclines. Second, this study used mice, and dif-
ferences between mice and humans are not denied in terms of the
hair cycle. Third, the effect of alpha-lipoic acid self-production in
vivo by cooling, and the effect of self-produced lipoic acid on alope-
cia are unknown. Therefore, the influence of lipoic acid in vivo on the
study results cannot be completely excluded.

CIA is commonly perceived as a serious problem that needs to
be solved; therefore, there is a need for novel potential solutions.
We showed that cooling therapy and ALAD each had the effect of
promoting recovery from CIA in CYP-induced CIA mouse models. In
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the future, clinical studies are needed to evaluate the effect of these

treatments in humans.
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