Transcutaneous application of ultrasound
enhances the effects of finasteride in a
murine model of androgenic alopecia
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Purpose: The purpose of this study was to evaluate if transcutaneous application of low-intensity
ultrasound can locally enhance the effects of finasteride on hair growth in a murine model of
androgenic alopecia (AA).

Methods: AA mice (injected twice per week with testosterone enanthate, n=11), under daily oral
administration of finasteride, received 1-MHz ultrasound for 1 hour at the unilateral thigh area
five times per week for 5 weeks. Non-thermal and non-cavitational ultrasound was delivered in
a pulsed manner (55-ms pulse duration with a repetition frequency of 4 Hz). Skin temperature
was measured during sonication, and the measurements were validated with numerical
simulations of sonication-induced tissue temperature changes. Hair growth was assessed both
photographically and histologically.

Results: We found more hair growth on the sonicated thigh area than on the unsonicated thigh,
beginning from week 3 through the end of the experiment. Histological analyses showed that
the number of hair follicles doubled in the skin sections that received sonication compared to the
unsonicated zone, with thicker follicular diameter and skin. An over five-fold increase was also
observed in the anagen/telogen ratio in the sonicated area, suggesting an enhanced anagen
phase. Skin temperature was unaltered by the administered sonication.

Conclusion: The findings of the present study suggest that pulsed application of ultrasound
promotes hair growth, potentially by disrupting the binding of albumin to finasteride. This may
suggest further applications to enhance the pharmacological effects of other relevant drugs
exhibiting high plasma protein binding.

Keywords: Ultrasound; Finasteride; Albumin; Androgenic alopecia; Plasma protein binding

Key points: Pulsed application of ultrasound reversibly unbinds pharmacological agents from
plasma proteins. Transcutaneous application of low-intensity ultrasound locally enhances the
effects of finasteride on hair growth from a murine model of androgen alopecia. The given
ultrasound is non-cavitational and non-thermal.

382 Ultrasonography 41(2), April 2022

L)

Check for
updates

ULTRA
SONO
GRAPHY

ORIGINAL ARTICLE

https://doi.org/10.14366/usg.21186
pISSN: 2288-5919 e elSSN: 2288-5943

Ultrasonography 2022;41:382-393

Received: September 5, 2021
Revised: November 5, 2021
Accepted: November 10, 2021

Correspondence to:

Seung-Schik Yoo, PhD, MBA,
Department of Radiology, Brigham and
Women's Hospital, Harvard Medical
School, 75 Francis Street, Boston, MA
02115, USA

Tel. +1-617-732-9464
Fax. +1-617-732-9082
E-mail: yoo@bwh.harvard.edu

This is an Open Access article distributed under the
terms of the Creative Commons Attribution Non-
Commercial License (http://creativecommons.org/
licenses/by-nc/4.0/) which permits unrestricted non-
commercial use, distribution, and reproduction in
any medium, provided the original work is properly
cited.

Copyright © 2022 Korean Society of
Ultrasound in Medicine (KSUM)

How to cite this article:

Kim J, Kim HC, Kowsari K, Yoon K, Yoo SS.
Transcutaneous application of ultrasound
enhances the effects of finasteride in a
murine model of androgenic alopecia.
Ultrasonography. 2022 Apr;41(2):382-393.

e-ultrasonography.org



http://www.e-ultrasonography.org
http://crossmark.crossref.org/dialog/?doi=10.14366/usg.21186&domain=pdf&date_stamp=2022-04-01

Ultrasound-mediated enhancement of hair growth

Introduction

Androgenic alopecia (AA), also known as 'male-pattern baldness’,
stems from the reaction of hair follicles to circulating testosterone
and its derivatives, resulting in progressive hair loss. It is the most
common cause of hair loss in both men and women [1]. Non-
pharmacological therapeutic options for AA include scalp micro-
needling [2], electrical stimulation of the scalp [3], and photic
scalp stimulation [4]. However, these non-pharmacological
treatments have a limited effect on AA. Minoxidil, a popular
topical pharmacological agent, is known to increase the amount of
intracellular calcium ions [5], which have been shown to upregulate
adenosine triphosphate (ATP) synthase activity, thereby promoting
hair growth [6]. Although it has fewer side effects than finasteride
[7], minoxidil must be used long-term and is significantly less
effective than oral finasteride treatment [8]. Finasteride inhibits
the action of 5a-reductase-in particular, 5a-reductase type II,
which is highly expressed in the hair follicles in the scalp of AA
individuals [9]. 5a-reductase plays an important role in converting
testosterone to dihydrotestosterone (DHT), which accelerates
hair loss (the mechanism of DHT in hair loss is discussed in detail
elsewhere [10]). Finasteride has several side effects, including
decreased libido and erectile/ejaculatory dysfunction [11], all of
which continue after cessation of the drug [12]. Finasteride also
artificially lowers blood prostate-specific antigen levels [13], which
may decrease the sensitivity of prostate cancer detection. In some
cases, finasteride may also lead to kidney damage [14]. To reduce
these pharmacological side effects, efficient delivery of finasteride to
the scalp while minimizing systemic exposure is warranted.

Recent investigations have revealed that pulsed application
of acoustic pressure waves can unbind pharmacological agents
from plasma proteins [15,16]. For example, an anti-epileptic drug,
phenytoin, was unbound from albumin by the focal application of
ultrasound, enhancing its regional parenchymal uptake across the
blood-brain barrier in rodents [15]. More recently, ultrasound was
also used to unbind lidocaine from a1-acid glycoproteins to enhance
local anesthetic effects in rats [16]. The radiation force conferred
by the application of acoustic pressure waves to biological tissue,
below the threshold for induced thermal and cavitational effects,
is believed to disrupt the weak binding forces between plasma
proteins and the drug, thus temporarily enhancing the bioavailability
of unbound ('free’) drugs for their action [16].

The utility of the ultrasound technique in unbinding pharmacological
agents, such as a type of drug that modulates enzymatic action,
has not been demonstrated. Finasteride readily binds to albumin in
blood, with a >90% binding rate [17], and the resulting albumin-
finasteride complex is not easily transported across the capillary,
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limiting its pharmacological action. Thus, the authors hypothesized
that non-invasive application of pulsed ultrasound could unbind
finasteride from plasma protein, allowing higher levels of finasteride
to be delivered to the skin, which would promote hair growth. The
present study examined the effects of the application of ultrasound
using a murine model of AA under a finasteride regimen. As
ultrasound may induce tissue cavitation or temperature elevation
(which may increase local blood flow), both of which could
confound the interpretation of the results [18] or have ramifications
involving undesired biological effects such as skin injury, premature
skin aging, and neuropathic pain [19,20], this study used non-
cavitational, low-intensity ultrasound that does not elevate the
temperature of the sonicated tissue. The degree of hair growth was
evaluated using photographic and histological analyses (hematoxylin
and eosin [H&E] staining and B-catenin staining).

Materials and Methods

Compliance with Ethical Standards

Experiments were conducted under the approval of and according to
the regulations and standards set forth by the Institutional Animal
Care and Use Committee (IACUC).

Animal Preparation and Study Overview

Six-week-old C57BL/6 mice (n=11; all male, Charles River
Laboratories, Wilmington, MA, USA), following a week of
acclimation, entered the experimental procedures at 7 weeks of age
for steady-state hair growth [21]. The average body weight at the
onset of the experimental procedure was 21.9+1.6 g (n=11).

An overview of the study’s procedure is illustrated in Fig. 1.
First, after removing fur on the back, mice received intramuscular
injections of testosterone enanthate for 5 weeks to create the AA
model. During this time, finasteride was orally given to the animals
daily while ultrasound was administered to a unilateral thigh area,
five times per week. Photographs were taken every week to track
the degree of hair growth. Upon completion of the 5-week study
period, animals were sacrificed, and the skin was harvested for
histological analysis. The experimental procedures are described in
detail below.

Androgenic Alopecia Model

Under anesthesia of ketamine and xylazine (ketamine:xylazine
=100:10 mg/kg, intraperitoneal injection), the fur on the animal’s
back was removed from the scapular line to the root of the tail,
including the thighs of the hind limbs, using an electric clipper,
followed by a 2-minute application of ~2 mL of depilation lotion
(Nair, Church & Dwight Co., Inc., Ewing, NJ, USA) on the skin. The
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Fig. 1. Schematic overview of the experimental procedure. After a week of acclimation and subsequent hair removal, testosterone
enanthate was intramuscularly injected into mice twice per week for 5 weeks while finasteride was orally given daily. Ultrasound was
administered to a unilateral thigh area five times per week and photographs were taken weekly to track the degree of hair growth.

applied lotion was thoroughly removed with saline swabs. Then,
testosterone enanthate (1648004, Sigma, St. Louis, MO, USA,
suspended in sesame oil) was intramuscularly injected into the
thigh muscle at a dose of 50 mg/kg, twice weekly (with a 3-day gap
between injections) for 5 weeks. Testosterone enanthate was chosen
due to its longer pharmacological half-life (i.e., 4-5 days) than other
testosterone-based agents that require more frequent injections [22].
The side of the injection was randomized and balanced.

Administration of Finasteride

Finasteride (Propecia, Merck, Kenilworth, NJ, USA) was suspended
in distilled water and orally administered at 0.5 mg/kg via a gavage
tube (FTP-20-38-50, Instech Laboratory, Plymouth Meeting, PA,
USA), once daily throughout the entire experimental duration (i.e., 5
weeks). Before the application of each dose, an aqueous finasteride
suspension was mixed to maintain homogeneous dose levels at
room temperature.

Ultrasound Application

The animals were anesthetized under isoflurane (2% induction,
~1% for maintenance) and ultrasound was administered to the right
thigh area unilaterally (Fig. 2A, B). Ultrasound gel (Aquasonic, Parker
Laboratory, Fairfield, NJ, USA) was applied to the skin to provide
acoustic coupling. An ultrasound transducer (V302-SU, Olympus
America Inc., Waltham, MA, USA) operating at a fundamental
frequency of 1 MHz was used to deliver ultrasound in a pulsed
manner (55 ms pulse duration, 4 Hz pulse repetition frequency, at
a 2.5 W/cm” spatial peak pulse average acoustic intensity, lgpp).
The ultrasound transducer, which had a 28.4 mm outer diameter,
was actuated by a sinusoidal electrical signal (33210A, Agilent
Technologies, Santa Clara, CA, USA) amplified by a linear power
amplifier (240L, Electronics and Innovations Ltd., Rochester, NY,
USA) with impedance-matching (T-200, Electronics and Innovations
Ltd.). The acoustic intensity from the transducer surface with respect
to the magnitude of input voltage was calibrated using a calibrated
hydrophone (HNR500, Onda, Sunnyvale, CA, USA) 5 mm away from
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the transducer surface (estimated distance to the skin). The acoustic
intensity profile, measured 1 mm away from the transducer surface,
was uniform across the field (Fig. 2C). The corresponding peak-to-
peak pressure amplitude was 549 kPa. A duty cycle of 22% yielded
a spatial peak temporal average acoustic intensity (lrs) of 550 mW/
cm’. The choice of the acoustic pulsing parameter was based on
previous studies that showed unbinding of phenytoin and lidocaine
from plasma proteins [15,16]. The mechanical index, rarefaction
pressure (P, in MPa)xfundamental frequency (in MHz)®®, indicates
the risk of mechanical damage to the tissue, and a value of 1.9 is
currently defined as the regulatory limit for most ultrasound imagers
[23]. In the present study, the mechanical index of the ultrasound
was 0.225 MPax 1 MHz"°=0.225. Sonication was given for 1 hour,
five times per week for 5 weeks (a total of 25 sonication sessions).

Assessment of Hair Growth and Image Analysis
Hair growth was photographed weekly, starting on the day of skin
preparation, for 5 weeks with the same field-of-view and lighting
conditions (Galaxy Note 8, Samsung Electronics, Seoul, Korea),
with a unified pixel dimension (200 um/pixel) across the animals.
To qualitatively illustrate the group-averaged hair growth pattern
in the presence of unavoidable variability in animals’ postures at
the time of capturing photographs, the images were aligned to
one another, being spatially referenced to the root of the tail along
the midline. The aligned images from 11 mice were then overlaid
with an adjustment of transparency (to 91%) to generate a single
composite image representing the group-averaged hair growth
pattern at each time point. The resulting composite images were
converted to an 8-bit grayscale image (pixel intensity range of
0-255) and thresholded at an intensity value of 128 to accentuate
the area of hair growth. This image processing method, which was
inherently sensitive to the threshold level selection, was intended for
a qualitative group-level visualization of the area of hair growth and
required animal-specific region-of-interest (ROI) evaluation.

For the ROI analysis, the background pixels outside of the animal
were cropped and the mean pixel intensity value was calculated
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from a circular region (diameter=40 pixels) at the unshaved back
between the scapulae. Then, an intensity threshold (10 times the
mean pixel intensity from the bare shaved skin) was applied to
delineate the area of hair growth. The ratio of hair growth and bare
skin was then calculated from two rectangular ROIls symmetrically
placed to include the sonicated thigh area (heightxwidth=100x40
pixels, corresponding to an area of 20x0.8 mm?). Although the
sonication was applied in a circular area of the skin, a rectangular
ROI was chosen to include the skin area used for subsequent
histological sectioning and analysis.

Histological Assessment of Hair Growth

Upon completion of the experiment, animals were sacrificed
using a fatal dose of intra-peritoneal injection of pentobarbital
(100 mg/kg) under anesthesia of ketamine and xylazine
(ketamine:xylazine=100:10 mg/kg). Then, the skin on the back,
encompassing the shoulders and thighs, was removed and immersed
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sonication.

in 10% formaldehyde for 24 hours and then in 70% ethyl alcohol
for 24 hours. The rectangular skin areas (dimensions; 3 mmx6 mm)
within the rectangular ROI for image analysis were removed from
the skin and sliced into 6-pum-thick sections: one transverse and the
other longitudinal with respect to the hair follicle orientation, as
illustrated in Fig. 3. The skin sections were subjected to H&E and B
-catenin staining. The expression of B-catenin indicates an enhanced
level of the anagen phase of hair follicles [24]. For B-catenin
staining, anti-B-catenin (sc-1496, Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) primary antibody was used for incubation overnight
at 4°C. After washing the slide, a biotin-conjugated secondary
antibody (B9655, Sigma) and avidin (A9275, Sigma) were incubated
to form an avidin-biotin complex and labeled with chromogen.
The number and diameter of hair follicles, skin thickness, and
the follicular anagen/telogen (A/T) ratio from both sonicated and
unsonicated skin were quantified using the paired t-test (one-tailed).
All analyses were performed using SPSS version 21 (IBM Corp.,
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Fig. 3. lllustration of skin histological sectioning. The spatial
orientation for histological sectioning along the transverse
and longitudinal directions is illustrated (not to scale) from the
rectangular region-of-interest.

Armonk, NY, USA).

Assessment of Temperature Changes at the Skin and via
Thermal Simulation

Given that skin temperature may have an impact on local blood
perfusion and concurrent hair growth [25], the local temperature
at the skin surface was measured using an infrared thermal
camera with a sensing sensitivity of ~0.5°C (C3, FLIR Systems
Inc., Wilsonville, OR, USA) every 15 minutes during the sonication
procedure. In addition, numerical simulations of potential thermal
effects from the sonication were conducted by sequentially solving
the Khokhlov-Zabolotskaya-Kuznetsov and bio-heat transfer
equations [26] through an open-source high-intensity ultrasound
simulator based on MATLAB scripts (https://www.fda.gov/about-
fda/cdrh-offices/hitu-simulator) [27]. The estimation was performed
using the maximum in situ acoustic intensity of 2.5 W/cm’ I, for
both the skin and underlying muscle, with a temporal resolution of
0.2 ms. The thermal properties of the skin (specific heat of 3,300
J/kg/K, thermal conductivity of 0.45 W/m/K, and perfusion rate of
0.0013 kg/m*/s) and the muscle (specific heat of 3,465 J/kg/K,
thermal conductivity of 0.5 W/m/K, perfusion rate of 0.009 kg/m’/s)
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[28] were used with the initial body temperature set at 36.5°C,

Results

Application of Ultrasound Promoted Hair Growth from AA
Mice under Finasteride
Weekly photographs in color, 8-bit grayscale, and thresholded binary
composite images taken from the mice are shown in Fig. 4A-C
respectively. Although there was animal-specific variability in terms
of the location and degree of hair growth, the hair was qualitatively
visible on the back and dorsal thigh areas starting from week 2. At
week 5, the thigh area exposed to ultrasound (right, in green) grew
more hair in the sonicated area (right thigh) than the unsonicated
side. The thresholded binary images (Fig. 4C) showed that hair
growth from the sonicated (right) thigh area contributed to more
than half of the total pixel intensity in the composite image, whereas
hair growth on the opposite thigh area did not.

Based on an animal-specific image-based ROI analysis, from week
3 to the end of the experiment, there was increased hair growth
(in terms of the percentage of area of hair growth in the ROI) at
the sonicated right thigh area compared to the unsonicated left
thigh (paired t-test, df=10: P=0.024 [week 3], P=0.001 [week 4],
P<0.001 [week 5]) (Fig. 4D). At week 5, on average, regrown hair
occupied 70.1%=28.0% of the sonicated area, in contrast to only
50.4%=+36.9% in the unsonicated thigh area. No abnormalities
were found in the sonicated/control skin over the study period.

Histological Assessment of Hair Growth

The hair follicles and skin thickness in the transverse and
longitudinal sections (illustrated in Fig. 3) were evaluated after 5
weeks (exemplar H&E-stained sections shown in Fig. 5). The number
and diameter of the hair follicles were greater within the sonication
area than in the area without any sonication. The area under the
ultrasound exposure appeared to be thicker than its counterpart.
The expression of B-catenin, an indicator of the anagen phase of
hair follicles, was more prominent in the sonicated area than in the
unsonicated region.

A quantitative analysis showed that the number (mean=standard
deviation, 32.4+17.5) and diameter (64.8+12.4 um) of hair follicles
from skin sections that received sonication were greater than those
obtained from unsonicated areas (16.1+10.0 pym and 49.1+2.9
um, respectively, for number and diameter of hair follicles; paired
t-test, df=10, P=0.009, Fig. 6A; df=3, P=0.017, Fig. 6B). The skin
was thicker in the sonicated area (329.4+51.2 um vs. 279.9+53.6
um; paired t test, df=10, P=0.021) (Fig. 6C) with a higher follicular
A/T ratio (0.9+0.9 vs. 0.2+0.3; paired t test, df=10, P=0.007) (Fig.
6D), suggesting an increased number of anagen hair follicles in the
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Fig. 4. Group-level time-progression of the hair growth and image analysis.

A. A composite color image of the mice (n=11) indicates the degree of hair growth during 5-week monitoring period. The photographs were
taken from the same perspective distance from the mice. To create a composite image at each time point, the images were co-registered
along the midline of the mice with respect to the root of the tail, and the image transparency was adjusted to 91% per mouse. The region-of-
interest used to quantify hair growth, with or without transcutaneous application of ultrasound, are marked with colored rectangles (in red,
noted as 'US-', and in green noted as 'US+', respectively). B. The corresponding composite images in 8-bit grayscale are shown (pixel values
0-255). C. The grayscale composite images were thresholded at half of the maximum intensity to make a binary image to accentuate the area
showing prevalent hair growth in the right thigh area that received sonication. D. Image-based region-of-interest analyses of the area occupying
the hair growth (the ratio of binary area within the rectangular region-of-interest, being represented as the percentage hair growth) showed
significant differences between the two thigh areas starting in week 3 (paired t test, *P<0.05). Error bars indicate standard error. L, left; R, right.
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Fig. 5. Hematoxylin and eosin and B-catenin staining images (x20) of the dorsal skin sections with (noted as 'US+') or without the
transcutaneous application of ultrasound (‘US-') are shown in the transverse and longitudinal sections. A higher number and larger
diameter of hair follicles, along with thicker skin, were observed in the skin sections that received sonication than in the area without

application of ultrasound. Scale bars=200 pm.

sonicated regions.

Skin Temperature Measurements and Thermal Simulation
Fig. 7A shows a plot of skin temperature measured at the skin
during sonication. There was no significant temperature change
over the course of sonication (one-way repeated-measures analysis
of variance: F=0.94, P=0.432). The thermal simulation (Fig. 78, C)
also revealed a negligible temperature rise in the muscle and skin
(0.03°C), confirming the skin temperature measurements. The
results suggest that the application of low-intensity ultrasound does
not elevate skin temperature.

Discussion

The present study demonstrated that the transcutaneous application
of ultrasound pressure waves to the skin promoted hair growth in
AA mice receiving finasteride. There was a degree of variability in
the hair regrowth rate depending on the animal, and many animals
failed to completely regrow their hair by the end of the monitoring
period (week 5), which has been observed in previous studies using
murine models of AA [29]. Nonetheless, hair began to appear on
the mid-dorsal area in the back as well as on the thigh area starting
on week 2, and progressively became more evident with time. The

388

Ultrasonography 41(2), April 2022

authors surmise that increasing the monitoring time window beyond
a 5-week period will help show the effects of ultrasound more
clearly.

Based on the histological analysis, the number and diameter
of the hair follicles were greater in the sonicated area than in the
unsonicated area, which agreed well with the photographic analysis.
The thicker skin and higher A/T ratio at the sonicated area suggest
an increased number of anagen hair follicles, indicating enhanced
hair growth.

As to the potential mechanism underlying these observations, the
authors speculate that ultrasound-mediated unbinding of finasteride
from the plasma albumin was the primary contributing factor.
Plasma protein binding (PPB) is known to significantly influence the
pharmacokinetics of drugs [30]. Many types of drugs bind to plasma
proteins, such as albumin, a1-acid glycoprotein, and lipoprotein
[30]. Previous studies showed that finasteride has a high affinity
to plasma albumin [31], and the main binding forces between
finasteride and albumin were found to be van der Waals forces via a
spectrofluorimetry [32]. When finasteride binds to albumin, the large
size of albumin (66.5 kDa) means that it is not typically transported
across the capillary to the interstitial space; instead, it remains in
the blood, reducing the bioavailability of the drug. Increasing the
systemic dose of finasteride is an option to elevate the unbound

e-ultrasonography.org


http://www.e-ultrasonography.org

Ultrasound-mediated enhancement of hair growth

45 - N
40
35
8 30 -
S
S 25 -
S
£ 20 A
(o)
2 15 -
10 -
5 .
0
US- US+
A
400 -
*
350 -
300 -
B
= 250 -
1]
(%]
(0]
£ 200 -
O
£
c 150 A
X
n
100 -
50 -
0
US- US+
C

Fig. 6. Analysis of skin histology.
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A. Ultrasound application increased the number of hair follicles (n=11 mice) from the skin that was exposed to sonication ('US+', in the
green bar) compared to the area without exposure to sonication (‘US-', in the red bar) under a finasteride regimen. B. The diameter of hair
follicles was greater in the sonicated skin. C. The sonication resulted in increased skin thickness. D. The anagen/telogen ratio (A/T ratio),
which indicates the potential for new hair growth, was also greater in the sonicated skin. *P<0.05, paired t test; error bars indicate standard

error.

drug concentration to promote its action, but would increase the
risk of various side effects.

As van der Waals forces are significantly weaker (on the order
of piconewtons [10™" N]) than ionic or covalent bonds [33], the
radiation force imposed by the applied ultrasound pressure waves
was strong enough to unbind finasteride from albumin. Although
a direct derivation of the acoustic radiation force on the albumin-
finasteride complex is difficult since its acoustic absorption coefficient
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is unknown, a qualitative estimation was performed based on the
dimensions of albumin (roughly ellipsoid, ~3 nm in diameter and 14
nm long) [34]. The size of finasteride was not considered due to its
small molecular weight. The maximum surface area exposed to the
incident pressure wave was approximated as 51x10™"® m’ (estimated
from half of the ellipsoidal surface). Assuming full absorption of
the pressure waves (549 kPa, i.e., 5.49x10° N/m?) at the surface,
the radiation force imposed on albumin would be 2.8x10"" N
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(pressurexarea=5.49x10° N/m’x51x10"® m?), which is far greater
than the binding force. Therefore, acoustic radiation force provides a
plausible explanation for the observed phenomena, and the authors
speculate that ultrasound sonication may temporarily and reversibly
disrupt the finasteride-albumin binding, which in turn increases the
available local concentration of unbound finasteride for enhanced
hair growth in AA mice.

The thermal effects of sonication were excluded, as evident from
the temperature measurements and thermal simulation (Fig. 7).
Cavitation does not occur at the intensity and pressure used, since
a pressure of 13.5 MPa is needed to induce cavitation [35], which
is about 25 times stronger than that used in the present study.
Moreover, the mechanical index of 0.225 was much lower than
the regulatory limit of 1.9 for most ultrasound imagers [23]. The
skin, other than induced alopecia, remained normal throughout the
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Fig. 7. Evaluation of the potential thermal effects of sonication.

A. The skin temperature measured over the course of sonication is
shown (error bars: standard error). The initial skin temperature before
the procedure was measured to be 36.5°C (dotted line) and remained
unchanged (one-way repeated-measures analysis of variance, F=0.94,
P=0.432). B. Numerical estimation of temperature at the skin that was
exposed to a maximum in situ acoustic intensity of 2.5 W/cm” Igp, for 1
hour showed a negligible temperature change (<0.03°C). C. The estimated
temperature change in the muscle was also negligible, supporting the
data from skin temperature measurements and estimations.

intervention, which indicates the preliminary safety of the method.
This study has several limitations. First, the current study lacks
an evaluation of sonication effects that are independent of the
use of finasteride. Although the application of ultrasound (alone)
without administration of finasteride would not be likely to induce
any positive impact on hair growth, the inclusion of such an
experimental condition would help isolate the potential effects of
ultrasound pressure waves for the treatment of AA. Second, it is
important to note that testosterone enanthate, which was used for
inducing AA, also strongly binds to a specific testosterone-estradiol
binding globulin (~98%), while it weakly binds to albumin [36];
thus, ultrasound may have also enhanced the effects of testosterone
enanthate, counteracting/compromising the effects of finasteride
unbinding. The pair-wise comparisons of hair growth in each
animal under the same experimental condition suggest that the
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unbinding of finasteride from plasma proteins by sonication might
have outweighed the effects of unbinding testosterone enanthate.
Nonetheless, direct in vivo assays of unbound levels of finasteride/
testosterone enanthate concentrations at the mouse skin would
provide more conclusive information regarding the effects of
ultrasound. Recent advances in high-resolution subcellular in vivo
imaging methods have enabled more detailed analyses on how
unbound drugs work at the tissue or cellular level [37], and such
an analysis could be planned in future studies. In vitro equilibrium
dialysis of solutions containing physiological concentrations of
finasteride, albumin, and testosterone enanthate under sonication
would also help to obtain quantitative data on the effects of
sonication.

Another limitation of this study is the lack of a systematic
assessment of the effects of varying sonication parameters
(frequency and pulsing schemes) on hair growth. For example, the
wavelength of ultrasound is one of the key determinants of the rate
of absorption into the tissue. A higher frequency than that of 1 MHz
used in the current work would have a shorter penetration depth,
depositing more energy to the skin. The pulsing scheme is another
important element to maximize the radiation force to the biological
tissue without heating it. Concurrently, further investigations are
needed to determine the parameter set for maximal unbinding
of a drug from plasma proteins to translate the technique for
dermatological applications.

In summary, this study presents a novel ultrasound technique
that promotes hair growth in a non-invasive manner. Ultrasound
delivered to the back of the mouse skin following finasteride oral
gavage treatment led to significantly higher levels of hair follicle
regeneration than in unsonicated control areas. These findings
position ultrasound as a useful therapeutic tool for the treatment
of AA, through enhancement of localized delivery of finasteride
without elevating the systemic drug dose (and the accompanying
side effects). This approach would be especially beneficial for
treating AA in the presence of marginal effects on hair growth at
lower dose of finasteride. The use of ultrasound to non-invasively
and locally alter the PPB of drugs may impact several clinical fields.
Integration of the presented technique in conjunction with other
antibacterial/antifungal dermatological drugs that bind heavily
to plasma proteins, for example, minocycline (for acne treatment
with protein binding of 76% [38]) or itraconazole (for treatment of
athlete’s foot with protein binding of 99.8% [39]), may be beneficial
to reduce the dose-dependent side effects, such as hepatotoxicity,
commonly shared between these two drugs [40]. Specifically, in skin
diseases, ultrasound may serve as a non-pharmacological treatment
option, perhaps even as a complementary technique alongside
existing therapeutic modalities.
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