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Abstract

Chemotherapy-induced alopecia is one of the most difficult adverse events of cancer
treatment for patients. However, it is still unknown why anticancer drugs cause hair
loss. We aimed to clarify the mechanism of chemotherapy-induced alopecia in mice
using an in vivo imaging technique with a two-photon microscope, which enables
observation of the deep reaction in the living body in real time. In this study, ICR
mice were injected intraperitoneally with cyclophosphamide (120 ug/g). Changes
in the hair bulb morphology, subcutaneous vessel permeability, and vessel density
were evaluated by two-photon microscopy and conventional methods. In order to
determine whether there is a causal relationship between vascular permeability and
hair loss, we combined cyclophosphamide (50 ug/g) with subcutaneous histamine.
We found that the hair bulbs became smaller, blood vessels around the hair follicle
decreased in diameter, and vascular permeability was confirmed by two-photon mi-
croscopy and conventional examination at 24 h after cyclophosphamide injection.
Apoptosis occurred in vascular endothelial cells around the hair follicle. Additionally,
hair loss was exacerbated by temporarily enhancing vascular permeability with hista-
mine. In conclusion, cyclophosphamide caused a decrease in vascular density and an
increase in vascular permeability, therefore increased vascular permeability might be

one of the causes of chemotherapy-induced alopecia.
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1 | INTRODUCTION

Chemotherapy-induced alopecia is one of the most difficult adverse
events of cancer treatment for patients in clinical oncology,' and it
has a substantial impact on patient body image. Recently, a large-
scale questionnaire survey targeted Japanese patients with breast
cancer who were scheduled to receive chemotherapy,? and the
CIA incidence varied depending on the type and dose of anticancer
drugs. Cyclophosphamide (CYP) is an anticancer drug that remains
a key drug for cancer chemotherapy. CYP is used in chemotherapy
protocols for various tumors, carcinomas, and sarcomas. It is always
used in preoperative and postoperative adjuvant therapy in the
treatment of breast cancer, and patients experience hair loss very
frequently. There is no preventive method for CIA, and it still un-
known why anticancer drugs cause hair loss. Therefore, it is urgent
to clarify the mechanism of CIA.

A CIA mouse model of CYP-induced alopecia is well established,
and possible mechanisms underlying hair follicular response to CYP
treatment have been reported.3’6 For instance, Botchkarev et al re-
ported that p53 is essential for triggering apoptotic cell death in the
hair follicles that is induced by CYP in mice.” However, we found
few studies about changes in the microenvironment of hair follicles
during exposure to CYP. There is only one report about reduced
blood vessel density in the lower part of the bulge area because
of inhibition of hair-follicle-associated angiogenesis without vascu-
lar apoptosis in doxorubicin-induced CIA.® Additionally, no study
has focused on microenvironmental dynamics around hair follicles
in a CYP-induced CIA model. In most animal studies of CIA, dorsal
skin tissues are harvested from euthanized mice, but this approach
is often insufficient to verify the biological properties. We hypoth-
esized that exposing the hair follicles to CYP leads to dysfunction
of hair growth, resulting in changes in the local microenvironment
including blood flow, vascular structure, and permeability. However,
there is no direct in vivo study to show real time insights of the mi-
croenvironmental dynamics around hair follicles. Two-photon mi-
croscopy has been developed and is widely used in the biomedical
research field; it enables observation of the deep reaction in the
living body in real time and is useful for elucidating the mechanism
of biological phenomena. In this study, we aimed to determine the
mechanism of CYP-induced CIA in mice by employing an in vivo im-

aging technique using the two-photon microscope.

2 | MATERIALS AND METHODS
2.1 | Animal model

Six-wk-old female ICR mice were purchased from Japan SLC, Inc
(Shizuoka, Japan). Mice were housed in a temperature-controlled
space with 12 h of light daily, and were fed freely on food and water.
Fifty-eight mice were used in this study. All experimental procedures
were approved by the Institutional Animal Care and Use Committee

of Oita University, Faculty of Medicine (approval number: 182 001).
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2.2 | Induction of anagen and alopecia

Anagen was induced in the dorsal skin of mice in telogen of the
hair cycle by depilation. Depilation was performed by gently shav-
ing the mice with clippers and applying a melted wax/rosin mixture
under general anesthesia, as described previously.8 After hardening,
it was peeled off from caudal to cranial direction. Then all telogen
hair shafts were plucked, which induces the predictable and highly
synchronized development of anagen follicles that are morphologi-
cally indistinguishable from spontaneous anagen follicles. On day 9
post depilation, it becomes a model mouse adapted to the human
hair cycle. Alopecia was induced by intraperitoneal administration of
CYP and subjected to in vivo imaging and further analyses.

2.3 | Two-photon microscopy

For the in vivo imaging protocol, we divided the mice into two groups:
CYP 120 pg/g (CYP120), as CYP120 group, or PBS; as control group.
In 24 h after administration, we harvested the skin flap and turned
it over with the mice under general anesthesia and observed the
subcutaneous tissue from the internal side using an upright two-
photon excitation fluorescence microscopy system (A1RMP, Nikon
Corporation, Tokyo, Japan). We first injected 100 ug/100 uL
Texas-red® labeled Lycopersicon esculentum lectin (TL-1176, Vector
Laboratories, Burlingame, CA, USA) into the tail vein to visualize
and evaluate the perifollicular vessels, and then 150-ug TRITC-
conjugated 70-kDa dextran (D-1819, Life Technologies Corporation,
Eugene, OR, USA) and 150-ug FITC-conjugated 150-kDa dextran
(FD150S-1G, Sigma-Aldrich, St. Louis, MO, USA) were dissolved in
100 pL of PBS to evaluate leakage into the subcutaneous intersti-
tial tissue. We performed two-photon excited fluorescence imaging
with a x25 water-immersion objective lens (CFI75 Apo 25xW MP,
numerical aperture = 1.1; Nikon) using an ultrafast tunable laser
(Chameleon Discovery NX, Coherent Inc, Santa Clara, CA, USA)
(excitation, 950 nm; repetition rate, 80 MHz; pulse width, 100 fs).
We placed emission filters at 525/50 nm (center wavelength/band-
width) to obtain the fluorescence signal of FITC, an emission filter
at 575/50 nm for the fluorescence signal of TRITC, and a dichroic
mirror at 593 nm to isolate the fluorescence signal of Texas-red®. We
also used a short-pass filter at 492 nm to obtain a second harmonic

generation signal from the collagen fibril.

2.4 | Vascular permeability test

We used the Miles assay to evaluate the vascular permeability in vivo
as follows. Mice were put in the fixing device at 0, 12, or 24 h after
injection of CYP120 or PBS (CYP120: five in each group, PBS: three
in each group) intraperitoneally, and 0.5% EB solution (200 uL) was
injected into the tail vein. Mice were sacrificed by cervical disloca-
tion at 30 min after injection of the EB solution. Dorsal full thick-

ness skins were collected, weighted, and minced with scissors. Each
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sample was immersed in 500 ul formamide, incubated at 55°C for
48 h using a filtering process with a 100-um cell strainer, and cen-
trifuged at 9200 g for 5 min. The supernatants were collected, and

absorbance was determined at 610 nm.

2.5 | Immunofluorescence and TUNEL staining

The mice were sacrificed 24 h after administration of CYP120 or
PBS, dorsal skins were collected, fixed in 10% buffered formalin for
24 h, and embedded in paraffin. For immunofluorescence detection
and quantification of apoptotic endothelial cells in mouse skin sec-
tions, we used a TUNEL staining kit (In Situ Cell Death Detection
Kit; Roche Diagnostics, Mannheim, Germany) in combination with
immunofluorescence for CD31. Skin sections were TUNEL-stained
by protocol, and subsequently incubated with a rabbit polyclonal
anti-CD31 antibody (1:40 dilution, ab28364, Abcam plc, Cambridge,
UK) overnight at 4°C. The CD31 immunoreaction was revealed using
the Alexa 594 donkey antirabbit IgG (1:400 dilution, 2 066 086, Life
Technologies, Eugene, OR, USA). The slides were counterstained
with DAPI (Thermo Fisher Scientific, Waltham, MA, USA). The

TUNEL-positive cell counts per hair follicular were calculated.

2.6 | Evaluation of subcutaneous vascular density

Back skin from mice used in the immunostaining experiment was cry-
opreserved in a ~80°C OCT compound. OCT compound-embedded
sections (9-pm thick) were incubated overnight at 4°C with anti-CD31
antibody, and were incubated with Alexa Fluor-594-conjugated don-
key antirabbit IgG for 30 min at room temperature in the dark. The
slides were counterstained with DAPI. Images that were obtained
from the fluorescence microscope (BZ-9000, Keyence, Osaka, Japan)
were analyzed by using the application for image analysis, the public
domain software ImageJ version 1.46r (National Institutes of Health,
http://rsbweb.nih.gov/ij/). In the PBS and CYP groups, the evaluation
was performed in four random fields of three mice each. The CD31-
positive cell area per subcutaneous area was calculated.

2.7 | Vascular hyperpermeability model
with histamine

In order to examine whether increased vascular permeability is in-
volved in CIA, the other experimental protocol was conducted by
temporarily enhancing vascular permeability with histamine (His).
Twenty-four mice were divided into four groups, six mice in each
group: CYP 50 pg/g (CYP50) + His sc, CYP 50 + PBS sc, PBS + His
sc, and PBS + PBS sc, wherein CYP50 or PBS was administered intra-
peritoneally, and then His or PBS was administered subcutaneously.
The mice induced into anagen received CYP50 or the same amount
of PBS. From 1 h to 2 h after administration, mice received a con-

tinuous subcutaneous injection (3000 pg/600 pL/1 h) of histamine

or PBS under the dorsal skin while under general anesthesia. After
24 h, three mice in each group were sacrificed and the tissues were
collected. The others were remained alive and were observed for

hair loss 6 d later.

2.8 | Statistical analysis

All data are presented as mean + standard deviation. Student t test
for nonrelated samples was used for statistical analysis. The results
were analyzed by using SPSS for Windows version 25 (IBM Corp.,
Armonk, NY, USA). The results were considered significant if the
P-value was < 0.05. A two-way ANOVA along with the post hoc
Bonferroni test was applied to the data to determine the interac-
tion and relationship between CYP or PBS injection and time after

administration in vessel permeability.

3 | RESULTS

3.1 | Optimal mice model for observation around
hair follicle by two-photon microscopy

First of all, the optimal model for observing hair follicles with a two-
photon microscope was examined. C57BL/6 mice were considered
to be suitable for the CIA model, because hair in C57BL/6 mice is
black and suitable for detecting changes in the dorsal skin color.
However, endogenous chromophores interfered seriously with two-
photon microscopy (Figure 1A,B). Therefore, we used albino ICR
mice instead of C57BL/6 mice. In addition, as the approach from the
epidermis side did not allow sufficient observation of the hair follicle
part, it was decided to observe from the back side, and we designed
amurine dorsal flap model. This axial pattern skin flap was harvested

based on the caudal dorsal artery.

3.2 | Changes in dermal microenvironment around
hair follicles by CYP

To observe morphological changes in the hair follicle and the sur-
rounding microenvironment caused by administration of CYP, liv-
ing mice were observed with a two-photon microscope. Figure 2
shows the two-photon excited fluorescence images obtained
from the CYP120 group and the control group at 24 h after injec-
tion represented by multicolor images. In the field of view, the
histological structure of hair bulbs and microvessels was shown
on the back of subcutaneous structures including adipocytes
and connective tissue (Figure 2A,B). The single-color images of
the vascular observation are shown in Figure 2C,D. These cor-
responding anatomical drawings are shown in Figure 2E,F. In the
control group, many microvessels surrounded the hair follicle
(Figure 2A,C). In contrast, in the CYP120 group, there were fewer
but more unclear microvessels, and the size of the hair follicles
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seemed be smaller than that in the control group (Figure 2B,D).
Furthermore, the accumulation of granules (particle struc-
tures emitting autofluorescence) was observed in the hair bulbs
(Figure 2B). Those morphological changes and increased autofluo-
rescence signals in the hair follicles were obvious in the CYP120

group compared with control group. To confirm the morphological

FIGURE 1 The C57BL/6 mouse is not
suitable for in vivo observation using two-
photon microscopy. Two-photon images
obtained from the dorsal skin flap of a
C57BL/6 mouse. A, Snapshot view of the
hair follicular circumference taken from
the internal side. B, Snapshot view of the
hair shaft taken from the surface. Strong
autofluorescence signals are observed in
the hair follicle surroundings and the hairs
burned by laser absorption during image
acquisition. The scale bars represent

100 pm

= 2149
Cancer Science Rulis

alterations observed in two-photon microscopy, we generated
the tissue section and quantified the subcutaneous thickness and
the hair bulb size. Histologically, the hair bulbs became smaller
and the subcutaneous layer was thinner at 24 h after CYP120

treatment (Figure 3A,B). The maximum diameter of the hair bulb

was significantly smaller (59.9 + 13.1 um vs 109.0 + 23.1 pum,

FIGURE 2 Microenvironment around hair follicle 24 h after CYP120 using two-photon microscopy. The dorsal skin flap of the mice

is observed by two-photon microscopy at 24 h after cyclophosphamide 120 pg/g (CYP120) injection (lower panels) and the control

group (upper panels). A, B, Snapshot images merged with all colors: cyan, second harmonic generation from collagen fibrils; green,
autofluorescence from intrinsic substances; red, Texas-red® fluorescence from the vessel wall. C, D, Single-color images with Texas-red®
fluorescence. E, F, The corresponding anatomical drawings (HB: hair bulb; BV: blood vessels). White arrowheads indicate small granules and

white arrows indicate adipocytes. The scale bars represent 50 um
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FIGURE 3 Changesin subcutaneous
tissue at 24 h after CYP 120.
Representative histological images
obtained from (A) the PBS group, and (B)
the CYP120 group. The thickness of the
subcutaneous tissue is determined from
the lower end of the dermis to the upper
end of the fascia, and the maximum value
in the visual field is measured. The size

of the hair bulb is measured at the site
where the largest split surface has the
largest diameter. The scale bars represent
100 um. C, The subcutaneous tissue
thickness and the maximum diameter of
the hair follicular were measured in at
least four random visual fields in each
group (n = 3). Data are presented as
mean * standard deviation. Student t test
was used for statistical analysis (*P < .05)

FIGURE 4 Changes in vascular permeability caused by CYP 120 with two-photon microscopy. Contrast images of fluorescent tracers
with different molecular weights at 24 h after CYP120 injection (lower panels) are shown and compared with the control, PBS injection
(upper panels) by using two-photon microscopy. Snapshot images of dorsal skin from mice are taken with two different colors: A, B, orange,
for tetramethylrhodamine (TRITC) florescence bound to the 70-kDa dextran; C, D, green, for FITC fluorescence bound to the 150-kDa
dextran; E, F, subtraction images obtained by subtracting the 150-kDa dextran image from the 70-kDa dextran image (orange-green). The
scale bars represent 50 um
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FIGURE 5 Morphological changes in subcutaneous tissue by CYP120. A, Changes in vascular permeability over time. The vascular
permeability of the mice back at 0, 12, and 24 h after the CYP120 (n = 5) or PBS (n = 3) administration was evaluated by Miles Assay. Data
are presented as mean + standard deviation (*P[>F] < .05, the interaction was significant in post hoc tests after ANOVA). B, Changes in
vascular density. Twenty-four hours after CYP120 or PBS administration, the back of the mouse was double-stained with CD31 and DAPI.
The CD31-positive area per subcutaneous area of each sample (n = 3) was calculated using image analysis software. Student t test was used
for statistical analysis (*P < .05). C, Number of TUNEL-positive cells in hair follicle. Twenty-four hours after administration, triple staining was
performed with CD31, TUNEL, and DAPI. TUNEL-positive cells per hair follicle were counted in three or more visual fields of each (n = 3)
and statistically examined (*P < .05). The triple staining of hair follicles and blood vessels obtained from (D) PBS and (E) CYP120 injection,
respectively. White arrows and arrowheads indicate TUNEL-positive cells in hair follicular and in vascular endothelium, respectively. TUNEL,
indicated with green; CD31, red; and DAPI, blue. The scale bars represent 100 um

P < .001) and the subcutaneous tissue was also significantly thin-
ner (359.8 = 38.5 um vs 408.9 £ 22.6 um, P < .05) in the CYP120
group than in the control (Figure 3C).

3.3 | Evaluation of vascular permeability
using tracers

Next, we evaluated the functional changes in blood vessels around

the hair follicle by using two types of contrast agents with different

molecular weight after administration of CYP120 in living mice. Most
of both tracers were retained within the microvascular structure in
the control (Figure 4A,C). The subtraction image (Figure 4E) was ob-
tained by subtracting the FITC image data from TRITC image data,
and was displayed as a pseudocolor image. The signal distribution of
the subtraction image indicated that the 70-kDa dextran was deliv-
ered to the finer blood vessels and could slightly leak into the inter-
stitial space in the control mice (Figure 4E). However, in the CYP120
group, both large and small tracers drastically flowed out into the

interstitial space around the hair bulbs (Figure 4B,D). Moreover, we
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found that the shape of hair bulbs was clearly depicted in the sub-
traction image because the small tracer could spread inside the hair
follicles of the CYP120 group (Figure 4F).

3.4 | CYP treatment-induced vascular
hyperpermeability and microvascular disorder

Quantitative evaluation of the vascular hyperpermeability was per-
formed by Miles assay. No change in vascular permeability was ob-
served in the control group: O h after injection, 2.53 + 0.70 ng/mg
skin; 12 h after injection, 2.89 + 0.76 ng/mg skin; and 24 h after
injection, 2.85 + 0.96 ng/mg skin. In the CYP120 group, the concen-
tration of EB increased over time: O h after injection, 2.35 £ 0.87 ng/
mg skin; 12 h after injection, 10.03 + 1.05 ng/mg skin; and 24 h
after injection, 20.44 + 2.75 ng/mg skin. There were significant
differences between 0-12 h, 0-24 h, 12-24 h in the CYP120 group,
CYP120 - Controlat 12 h,and CYP120 - Control at 24 h, respectively
(Figure 5A). Furthermore, to confirm the microvascular disorder re-
vealed by two-photon microscopy, the triple staining with CD31,
TUNEL, and DAPI was performed in the tissue section as shown in
Figure 5B-E. CYP120 administration affected not only vessel perme-
ability but also the distribution of microvascular around the hair fol-
licles (Figure 5D,E). In the CYP120 group, the subcutaneous vessel
density that was defined as a ratio of CD31-positive area/subcuta-
neous area was obviously less than that in the control group (Figure
S1A,B). We then calculated the subcutaneous blood vessel density
based on the immunofluorescent images. The blood vessel densities
in the CYP120 and Control groups were 0.71 £ 0.07 and 1.27 + 0.03

at 24 h, respectively (Figure 5B). We also examined apoptosis in the

TUNEL positive cell
counts/hair follicular
(2]

0 L
CYP50+PBS s.c.

CYP50+His s.c.

hair follicular bulbs. In the control group, TUNEL-positive cells were
not detected in the blood vessels and hair follicles (Figure 5D). In
contrast, in the CYP120 group, TUNEL-positive cells were detected
(Figure 5E). The number of TUNEL-positive cells in the hair follicles
was significantly higher than that in the control group (Figure 5C),
and were found more in the lower part of the hair follicle than in the
middle part of the hair follicle (Figure 5E). The TUNEL signal merged

with DAPI staining was also localized on the vascular endothelium.

3.5 | Transient hyperpermeability caused apoptosis
in vascular endothelial cells

The results of two-photon microscopy, Miles assay, and the histo-
logical examination showed that CYP120 administration increased
vascular permeability in the hair follicle microenvironment. To inves-
tigate whether the increased vascular permeability is involved in the
mechanism of the hair loss, we conducted the other experimental
protocol for the administration of low dose CYP (CYP50), which
does not cause hair loss and histamine, and which has a temporary
vascular hyperpermeability effect. At 6 d after the administration of
CYP50 or PBS combined with subcutaneous injection of histamine
or PBS, no apparent hair loss was observed in the CYP50 + PBS sc
(Figure S2A), PBS + His sc, and PBS + PBS sc groups. However, mice
in the CYP50 + His sc group had mild hair loss compared with those
in the other groups (Figure S2B). As a result of TUNEL staining of
the tissue collected at 24 h after administration, TUNEL-positive
cells were observed in the hair bulb of the CYP50 + His sc group
(Figure 6B) but not in the other groups (Figure 6A; CYP50 + PBS sc

group). The number of TUNEL-positive cells per hair follicular was

FIGURE 6 Apoptosisoccurs in hair
follicles when histamine sc is added to
CYP50. Representative images of TUNEL
and DAPI staining of subcutaneous tissue
at 24 h after (A), CYP 50 pg/g (CYP50)

+ PBS subcutaneous injection (sc) and

(B), CYP50 + histamine 3000 pg/h sc.
White arrows indicate TUNEL-positive
cells in hair follicles and white arrowheads
indicate possible red blood cells because
they are DAPI-negative. The scale bars
represent 50 um. C, TUNEL-positive cells
per hair follicle were counted in three or
more visual fields of each specimen (n = 3),
and statistically examined (*P < .05)
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significantly higher in the CYP50 + His sc group than in the CYP
50 + PBS sc group (Figure 6C).

4 | DISCUSSION

Intravital observation of the ClA-induced mice revealed that the
microenvironment around hair follicles was drastically changed by
anticancer drug administration that affected vascular permeability
around the hair follicles, coinciding with a defect of the microvas-
cular structure. Herein, we demonstrated a pivotal mechanism of
CIA dynamics using a two-photon microscope with more reliable ap-
proaches to confirm those findings in in vivo imaging. To our knowl-
edge, this is the first study that shows the relationship between
vascular permeability and CIA by in vivo imaging.

It is noteworthy that CYP, the most commonly used drug for
cancer chemotherapy, increased subcutaneous vascular permea-
bility, and decreased the subcutaneous blood vessels in this study.
Few CIA studies focused on microenvironments. However, there
are various reports on the effects of CYP on blood vessels; it has
a higher sensitivity to vascular endothelial cells than keratinocytes
and fibroblasts,’ damages ovarian blood vessels, and thickens the

1011 3nd normalize abnormal

vascular wall. CYP can cause infertility
blood vessels in collagen diseases.!?13 Although CYP enhances vas-
cular permeability of tumors'* and bladders,*® there has been no
previous study on the relationship between vascular permeability
and CIA. The direct evidence of CYP-mediated hyperpermeability
was provided by the Miles assay.'® The Miles assay can quantify the
cumulative amount of dye leakage during the time from EB admin-
istration to animal sacrifice and, as EB binds to albumin in plasma, it
reflects only the permeability of albumin, approximately 66 kDa. An
alternative, reliable method for observing vascular permeability in
living animals using fluorescent tracers by two-photon microscopy*’
is to visually capture the vascular permeability on the region of inter-
ests. The result of two-photon imaging with florescent tracers con-
jugated with 70-kDa and 150-kDa dextran strongly suggests that
the increased vascular permeability drastically changes the microen-
vironment of hair follicles and pharmacokinetics.

Two-photon microscopy and conventional methods also con-
firmed the decrease in blood vessel density. It can be concluded that
the total volume of subcutaneous vessels was significantly reduced
at 24 h after CYP 120 ug/g injection because of the decrease in ves-
sel density and decrease in subcutaneous thickness. More apoptosis
occurred in the lower part of the hair follicle than in the middle part
of the hair follicle. One reason for this is that the lower part of the
hair follicle could be highly sensitive to CYP because the cell divi-
sion is more active at the lower part of the hair follicle than at the
middle part in anagen. Another reason for this is that the lower part
has fewer blood vessels and is more susceptible to vascular damage
due to CYP than the middle part, which forms the vascular plexus.*®
We also confirmed that the increased vascular permeability is dom-
inantly associated with inducing apoptosis in hair follicular cells and

the hair loss by using histamine as an adjunct to CYP. Histamine
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is fast acting, has a very short half-life of only a few minutes, and
causes a temporary increase in vascular permeability. The blood
concentration of CYP is highest at 1 h after administration,'? so his-
tamine was subcutaneously injected from 1 h to 2 h after CYP50
injection in this experiment. In our study, TUNEL-positive cells were
scattered in the hair bulbs and surrounding supporting tissues in
the CYP50 + His sc group, whereas TUNEL-positive cells were not
found in the CYP50 + PBS sc group. This change in the number of
TUNEL-positive cells is considered to be consistent with the macro-
photograph showing hair loss. By enhancing vascular permeability
with His, the situation in which apoptosis did not occur originally
changed to a situation in which apoptosis did occur. This situation
might be caused by leakage of a large amount of CYP to the hair bulb
and surrounding stroma. The possible mechanism in CYP-induced
alopecia is that the anticancer agent itself changes the microenvi-
ronment of the blood vessels surrounding the hair follicle, and then
the vascular permeability increases and the hair bulbs are damaged.
Consequently, a vascular disorder develops, and the ischemia affects
hair loss and growth.

Increased vascular permeability is one cause of CIA, assuming
that the hair loss became prominent in the condition of hyperper-
meability due to chemotherapy. The frequency of causing hair loss
varies clinically depending on the anticancer agent and dose used.
Although no epidemiological survey for the individual difference in
the dose and hair loss has been conducted, the state of blood ves-
sels in the patient’s scalp is considered to be one cause. There might
be risk factors of CIA, for example it might occur when a patient
has an inflammatory lesion such as seborrheic eczema or a fragile
vascular condition. Currently, only the scalp-cooling device is effec-
tive to some extent as CIA prevention and has been clinically ap-
plied.2°'21 There are two known mechanisms of CIA prevention by
the scalp-cooling method: to inhibit the anticancer drug itself from
reaching the peripheral blood vessels of the scalp by contracting the
blood vessel, and to attenuate the action of the anticancer drug by
deviating from the optimal temperature of the action of the anti-
cancer drug. There is no study on the relationship between scalp
cooling itself and vascular permeability, but cooling reduces vascular
permeability and vascular hyperpermeability, which is caused by his-
tamine.??2%|f scalp cooling can reduce scalp vascular permeability
due to anticancer agents, decreased vascular permeability might be
a new third mechanism of CIA prevention by scalp cooling.

From the future perspective on preventing CIA, the local
administration of a vascular permeability reducer and vascular
endothelial cell protective agent could be effective. However, phy-
sicians should be cautious of systemic administration because this
might diminish the antitumor effect, which is the original purpose
of anticancer drug usage. As for anti-angiogenic therapy in clinical
application with chemotherapy, bevacizumab, an anti-VEGF anti-
body, has been reported to decrease vascular permeability 24,25
and VEGF to enhance it.2® VEGF is also known as one of the hair
growth factors,?” and it has been reported that VEGF itself and
a component that activates VEGF are effective as a therapeutic

agent for alopecia areata, non-scarring alopecia, and androgenic
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alopeciei.28'30 Although there have been no reports of associa-
tion between anti-VEGF antibody and CIA, it is reported that hair
loss was more frequent in a bevacizumab-plus regimen than in a
regimen without bevacizumab (67% vs 48%) in a clinical trial.3!
Although bevacizumab exhibits attenuated vascular permeability,
its original effects of inhibiting angiogenesis may promote hair loss
by anticancer agents.

In this study, there are several limitations. Firstly, in order to con-
firm that decreased permeability could prevent CIA, it is necessary
to examine the presence of decreased hair loss with drug that re-
duce vascular permeability or in transgenic mice with decreased vas-
cular permeability. Secondly, it is also necessary to verify whether
other anticancer agents that induce alopecia increase vascular
permeability.

In conclusion, we observed decreased blood vessel volume and in-
creased vascular permeability in a mouse model of CIA induced by CYP.

Increased vascular permeability might be one of the causes of CIA.
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