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ABSTRACT

Androgenetic alopecia (AGA) causes balding in approximately 50% of adults. One primary cause of AGA is synthesis of dihy-
drotestosterone from testosterone by 5-o reductase. Systemic pharmaceutical interventions have potentially serious side effects,

necessitating development of localized interventions. One such approach is administration of red light via low level light therapy
(LLLT), which has promising clinical data. However, the LLLT mechanism of action remains unclear. We investigated the ability
of LLLT to stimulate nitric oxide (NO) and the role of NO in inhibition of DHT synthesis. Our results show that red and red-
orange light induce NO release in a cell-free platform. In A549 and HEK293T cells, we demonstrate 620 and 660nm LED-emitted
light stimulates the production of NO, reactive oxygen species (ROS), and decreases DHT synthesis. These results provide a plau-
sible mechanism of action for LLLT employing LED-emitted red and red-orange wavelengths of light to treat AGA.

1 | Introduction

Androgenetic alopecia (AGA) is the leading cause of pattern
baldness, afflicting approximately 50% of men and women
by the age of 50 [1]. In men, AGA results in scalp hair loss
in the vertex and frontal regions, while hair loss presents as
diffuse thinning across the scalp in women [1]. AGA results
from androgenic effects in individuals with specific genetic
factors [1]. Specifically, the potent androgen dihydrotestos-
terone (DHT), a derivative of testosterone whose synthesis is
catalyzed by the enzyme 5-a reductase, has been strongly as-
sociated with the development of AGA in genetically suscepti-
ble individuals [1].

Multiple treatment modalities exist to treat AGA, including
minoxidil, finasteride, dutasteride, hair transplantation, and

low-level light therapy [2]. Of these, finasteride and dutasteride
have a mechanism of action specifically targeting the synthe-
sis of DHT via the direct inhibition of the 5-a reductase en-
zyme family [2]. Specifically, finasteride inhibits Type II 5-a
reductase, while dutasteride inhibits Types I and II 5-a reduc-
tase [1, 2]. Clinically, finasteride has been shown to reduce
circulating DHT by approximately 70% [3], while dutasteride
can reduce circulating DHT by up to 95% [4]; these reductions
have been associated with reduced hair loss. Despite this
clinical data, both finasteride and dutasteride have off-target
effects, including, but not limited to, sexual dysfunction and
increased risk of prostate cancer and are contraindicated for
use in women of reproductive potential due to potential birth
defects [2]. Thus, the continued development of novel, local-
ized therapeutic approaches to treat AGA remains of para-
mount importance.
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One promising approach to treat AGA is photobiomodula-
tion (PBM) with visible wavelengths of light, commonly re-
ferred to as low-level laser (light) therapy (LLLT), which can
be administered with lasers or light emitting diodes (LED).
LLLT involves the use of visible light, primarily in the red to
infrared wavelengths of approximately 600-1070nm to exert
biological effects [5]. A growing body of clinical evidence has
demonstrated the efficacy of LLLT-based approaches to treat
AGA [6]. In fact, one meta-analysis concluded that LLLT is the
superior nonsurgical, nonhormonal approach to treat AGA
[7]. The first LLLT device to treat AGA was approved by the
United States Food and Drug Administration in 2007 [8]. As
of 2021, over 30 home-use LLLT-based medical devices have
been approved by the US FDA as a treatment for AGA and
hair loss [8].

Despite the clinical success of LLLT-based medical devices
in the treatment of AGA, the mechanism of action has re-
mained largely theoretical. Multiple avenues have been pro-
posed, including increased production of ATP, modulation
of reactive oxygen species (ROS) and oxidative stress, de-
creased inflammation, and modulations to gene expression
and protein synthesis [9-12]. While LLLT has been shown
to conditionally modulate 5-a reductasc [13], there has been
little direct evidence that LLLT inhibits DHT synthesis. In
this study, we explored one potential mechanism of action
for LLLT to treat AGA. Specifically, we explored the ability
of red-orange (620—630nm) and red (660 nm) light, on their
own and in combination to induce biological responses and
the capacity of these responses to inhibit the synthesis of DHT.
We demonstrated that 620, 660, and 620nm+ 660nm light-
emitting diodes (LEDs), but not 660 nm lasers, stimulate the
production of reactive oxygen species (ROS) in epithelial cell
lines. Additionally, dual LED wavelengths stimulated the pro-
duction of nitric oxide (NO) in vitro, while single wavelength
LEDs and lasers did not. Finally, we showed that dual LED
wavelengths inhibited the conversion of testosterone to DHT
in immortalized epithelial cell cultures, but not in primary
hair follicle dermal papilla cells, likely due to the reduced ex-
pression or lack of type II 5-a reductase in cultured hair folli-
cle dermal papilla cells [14, 15]. However, in vivo hair follicle
dermal papilla cells express both type I and type IT 5-a reduc-
tase [14]. These results provide evidence that LLLT treatment
of AGA functions through NO/ROS inhibition of type II 5-a
reductase synthesis of DHT.

2 | Materials and Methods
2.1 | NO Inhibition of 5-a Reductase

To measure the conversion of testosterone to dihydrotestoster-
one, 5-a reductase was isolated from frozen human prostate
tissue via differential centrifugation [16]. Isolated enzyme was
incubated at 37°C with an excess of testosterone and NADPH
and terminated with acetonitrile. Testosterone and DHT were
extracted from the media and their concentrations determined
via GC-MS. For all experiments, a no light or chemical (nega-
tive) control and positive (finasteride) control were used to deter-
mine assay validity. S-nitrosoglutathione (GSNO) was utilized
as the NO donor.

2.2 | Light-Induced NO Release From
Endogenous Stores

To measure the release of NO from endogenous stores by
visible light, proteins were nitrosated/nitrosylated using S-
nitrosoglutathione. Nitrosated proteins were added to a nitric
oxide analyzer (NOA) flask in white foam and aluminum foil. The
flask was connected to a GE-Sievers Nitric Oxide Analyzer purged
with nitrogen gas. The flask was illuminated with 21.82mW/cm?
of 630nm LEDs or 15.20mW/cm? of 660nm LEDs for 20 min. The
NOA collected NO concentration in parts-per-billion every sec-
ond; the background prior to illumination was removed.

2.3 | Cell Lines

A549 (#CCL-185) and HEK 293T (#CRL-3216) were obtained
from the American Type Culture Collection (Manassas, VA).
Cell lines were maintained in high glucose DMEM (Sigma-
Aldrich) supplemented with 10% heat-inactivated FetalClonell
(HyClone) and 1% antibiotic-antimycotic (Gibco) and incubated
at 37°C/5% CO,. Primary human hair follicle dermal papilla cells
(HFDPC) (#602K-05a) were obtained from Cell Applications
Inc. through Fisher Scientific. HFDPC were maintained accord-
ing to manufacturer's instructions.

2.4 | LED And Laser Illumination Platform

An illumination platform was constructed to simulate the dis-
tance between light emitters and the surface of the scalp used
by LLLT-based caps for androgenetic alopecia (Figure 1). The
illumination platform consisted of an optical tower, sample
housing, and sensor base. The sensor base was 3-D printed
to house a Thorlabs S142CL Integrating Sphere Photodiode
Power Sensor and hold a 35mmx10mm tissue culture-
treated dish that acts a sample house directly above the Power
Sensor. Two optical towers were constructed so that the face of
each tested light emitter type (LED and laser) was held 10 mm
above the bottom of the sample housing. Light emitters were
soldered 13 mm from each other center-to-center perpendicu-
larly on a Printed Circuit Board Assembly (PCBA) to mimic
placement in the REVIAN Red cap or another LLLT-based
cap (Figure 1A). LEDs and lasers were extracted from the
REVIAN Red cap (nominal dose of 1.24J/cm? over 10 min)
and another LLLT-based cap (nominal dose of 1.10J/cm?
over 6 min), respectively. The peak wavelengths for the LEDs
were 621 and 656nm and the peak wavelength for the laser
was 652nm (Figure 1B). Each PCBA was connected to a cali-
brated external power supply and the drive current settings for
each were then set to match optical power output from both
LEDs and lasers in their respective caps. LEDs were driven
at a 10mA constant current and lasers were driven at a 55mA
constant current via an external and calibrated DC power
supply. Corresponding lenses for LED and laser systems were
extracted from the REVIAN Red cap and the laser-based
LLLT-based cap, respectively, and cut to fit the interior of op-
tical towers. Lenses were placed directly on the tissue culture
plate. Samples were illuminated with LEDs for 10 min (nomi-
nal dose =0.44J/cm? at 0.74 mW/cm?) or with lasers for 6 min
(nominal dose =0.29J/cm? at 0.818 mW/cm?).
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FIGURE 1 | Translational optics platform. An illumination platform was constructed to simulate the distance between light emitters and the

surface of the scalp used by LLLT-based medical devices emitting red and red-orange wavelengths of light as treatment for androgenetic alopecia.

(A) The illumination platform consists of an optical tower, sample housing (designed to hold 35 mm x 10 mm tissue culture dish), and sensor base. (B)

Independent characterization of the 620 nm and 660nm LED arrays by measuring the spectral flux. Data are presented as Spectral Flux (Watts/nm).

2.5 | ROS Production With CellROX Deep Red
Reagent

ROS production was measured with the fluorescent CellROX
Deep Red reagent (Invitrogen #C10422) and adapted from
manufacturer's instructions. Cells were plated and incubated
at 37°C/5% CO, overnight. Cells were washed twice with PBS.
CellROX Deep Red reagent was diluted in PBS. Prior to illumi-
nation, diluted CellROX Deep Red reagent was added to cells
and incubated at 37°C/5% CO, until treatment. Following illu-
mination, OptiMEM containing Hoechst stain was added to the
cells and then washed with PBS. Cells were visualized within
30min on the ECHO Revolve fluorescent microscope using the
DAPI and Cys filters.

2.6 | NO Production With DAF-FM Diacetate

NO production was measured with the fluorescent DAF-FM
diacetate reagent (Invitrogen #D23844) and adapted from
manufacturer's instructions. Cells were plated and incubated
at 37°C/5% CO, overnight. Cells were washed twice with PBS.
DAF-FM diacetate was diluted in PBS. Prior to illumination,
diluted DAF-FM diacetate reagent was added to cells and incu-
bated at 37°C/5% CO, until treatment. Following illumination,
OptiMEM containing Hoechst stain was added to the cells and
then washed with PBS. Cells were incubated at 22°C for 30 min,
then visualized on the ECHO Revolve fluorescent microscope
using the DAPI and FITC filters.

2.7 | DHT Conversion Assay

For the DHT conversion assay, cells were cultured and in-
cubated overnight at 37°C/5% CO, prior to illumination.
Immediately following illumination, 100nM testosterone-d3
(Sigma-Aldrich #T5536) was added to all cells, except a no tes-
tosterone control, which was incubated with only cell culture
media. For all experiments, cells without light or chemical
treatment (negative) and cells treated with 5uM finasteride
(positive) controls were used to test assay validity. Cell culture
supernatants were harvested at 2h post-illumination (hpi), 6

hpi, and 24 hpi. DHT concentration was measured via DHT
competitive ELISA (Abcam #ab283979).

2.8 | Statistical Analysis

Statistical analysis was conducted via the Kruskal-Wallis one-
way ANOVA with Dunn's multiple comparisons test. Statistical
significance is indicated by *p <0.05; **p <0.005; ***p <0.0005;,
and ****p <0.0001.

3 | Results

3.1 | NO Inhibits the Conversion of Testosterone to
DHT by 5-a Reductase

First, we set out to determine whether nitric oxide (NO) could
inhibit the conversion of testosterone to dihydrotestosterone
(DHT) by the enzyme 5-a reductase. Using the standard NO
donor S-nitrosoglutathione (GSNO) and the positive control
finasteride, we measured the concentration of DHT follow-
ing incubation with isolated 5-a reductase enzyme. The re-
maining DHT concentration was evaluated using GC-MS
(Figure 2A).

In comparison to the untreated control, finasteride strongly in-
hibited the conversion of testosterone to DHT by 5-a reductase
in vitro (Figure 2B). At doses as low as 0.1 uM, finasteride re-
duced the amount of DHT to 10.8% (90.2% inhibition) relative
to the untreated group. Interestingly, increasing the finasteride
concentration to 1uM reduced DHT concentrations to 24.8%
(75.2% inhibition) relative to the untreated group. However, fur-
ther increasing the finasteride concentration to 10uM reduced
DHT concentrations to 1.5% (98.5% inhibition) relative to the
untreated group. These results indicate that this assay is suffi-
cient to determine inhibition of testosterone conversion to DHT
by 5-a reductase in vitro.

The NO donor GSNO displayed a dose-dependent reduction in
testosterone conversion to DHT by 5-a reductase (Figure 2B).
Dosing with 0.25and 0.50mM GSNO reduced DHT to 87.5%
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(12.5% inhibition) and 57.6% (42.4% inhibition), respectively, rel-
ative to the untreated control. However, increasing the GSNO
dose to 1mM reduced DHT to 12.7% (87.3% inhibition) relative
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to untreated controls. Taken together, these results indicate that
NO can inhibit the function of 5-a reductase and reduce the syn-
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3.2 | Red-Orange and Red Wavelengths
of Light Promote Release of NO From Nitrosated/
Nitrosylated Proteins

We next sought to determine how red-orange wavelengths of
visible light induce release of NO from an array of proteins that
are commonly nitrosated/nitrosylated. Nitrosated/nitrosylated
albumin, cytochrome c oxidase, GSNO, and hemoglobin were
illuminated with 630 nm or 660 nm LEDs for 20min. NO release
was measured via a chemiluminescent nitric oxide analyzer
(Figure 2C). To account for the differences in power between
630nm and 660nm light, data are presented at 17J of total light
delivered (Figure 2D).

Each wavelength of light demonstrated the release of NO from
nitrosated/nitrosylated proteins in vitro in a wavelength- and
protein-dependent manner (Figure 2D). Specifically, 1J of
630nm wavelength light induced NO release from cytochrome
¢ oxidase—NO, GSNO, and hemoglobin, but not albumin or
cytochrome c oxidase. Conversely, 1J of 660nm light induced
NO release from albumin, cytochrome ¢ oxidase—NO, GSNO,
and hemoglobin, but not cytochrome c oxidase. In general,
both wavelengths induced similar levels of NO flux; however,
630nm light induced more NO flux from GSNO than 660nm
light, while 660 nm light induced more NO flux from albumin.
Taken together, these results indicate that both 630 and 660nm
light individually induce NO production via denitrosation/de-
nitrosylation of proteins.

3.3 | LEDs, But Not Lasers, Induce Production
of ROS in A549 Cells

After identifying that wavelengths of light in the red-orange
and red region of the visible light spectrum induce NO release
from free nitrosated/nitrosylated proteins, we next determined
whether red and red-orange visible light could sufficiently in-
duce biological responses within cells. To do this, we illumi-
nated A549 epithelial cells with LEDs emitting 620, 660, or
620+660nm light (dual) or lasers emitting 660nm light and
measured ROS production immediately following illumination
with CellROX Deep Red reagent (Figure 3A).

In A549 cells, red-orange light stimulated ROS in an emitter- and
wavelength-dependent manner (Figure 3B). Specifically, LEDs
emitting 620 nm and 660nm light individually induced ROS
production in 80.3% (p<0.05) and 89.0% (p <0.0005) of cells
(Figure 3C). LEDs emitting the dual wavelength combination
induced ROS production in 92.5% (p <0.0001) of cells immedi-
ately following illumination. Conversely, laser-emitted 660 nm

light induced ROS production in 3.5% of cells, which was lower
than homeostatic ROS production in unilluminated cells (5.8%).
These results indicate that red and red-orange wavelengths of
light emitted from LEDs induce cellular responses, while laser-
emitted red light does not.

3.4 | Dual Wavelength LEDs Induce Production
of NO in A549 Cells

The induction of ROS indicates that red and red-orange wave-
lengths of light elicit biological effects in epithelial cells. Based
on the previous finding that red and red-orange wavelengths
of light can release NO from nitrosated/nitrosylated proteins
(Figure 2), we next sought to determine if these same wave-
lengths of light could induce the production of NO in cells. Thus,
we illuminated A549 epithelial cells with LEDs emitting 620
nm, 660nm, dual wavelengths or lasers emitting 660nm light
and measured NO production immediately following illumina-
tion with DAF-FM diacetate (Figure 3A).

In contrast with ROS production, NO production following illu-
mination was limited (Figure 3B); few cells in the unilluminated,
620nm LED, 660nm LED, or 660nm laser groups induced NO
production. Specifically, 1.32% of unilluminated cells, 0.5% of
620nm LED-illuminated cells, 2.7% of 660 nm LED-illuminated
cells, and 0.9% of 660nm laser-illuminated cells produced NO
(Figure 3C). However, cells illuminated with LEDs emitting
dual wavelengths induced consistent, detectable NO production
with 44.1% (p<0.0001) of cells producing NO. These results
indicate that the limited NO production by red and red-orange
wavelength illumination is augmented in the presence of two
differing wavelengths of light.

3.5 | Dual Wavelength LEDs Induce Reactive
Oxygen Species and Reduce DHT Conversion in
293T Cells

After determining that red and red-orange wavelengths of light
from LEDs induce biological responses in epithelial cells, we
next sought to determine if these wavelengths reduced concen-
trations of DHT following illumination in comparison to the
FDA-approved finasteride. For these experiments, we utilized
HEK 293T cells instead of A549 cells as A549 cells only express
Type I 5-a reductase [17, 18], while HEK 293 T cells express Type
1I 5-a reductase [19] and allow the use of finasteride as a positive
control and comparator. In this experiment, we detected ROS pro-
duction following illumination then assessed production of DHT
following illumination or treatment with finasteride.

FIGURE 2 | Red and red-orange wavelengths of light release NO from nitrosated/nitrosylated proteins, which inhibits DHT synthesis by 5-a re-
ductase. (A) The 5-a reductase enzyme was isolated from human prostate tissue and incubated at 37°C with an excess of testosterone, NADPH, and
GSNO or finasteride. The reaction was terminated with acetonitrile. DHT was extracted and its concentration determined via gas chromatography-
mass spectrometry. (B) Data presented are the mean remaining DHT (%) and inhibition (%) relative to untreated samples. Data were collected across
2-3 independent experiments. (C) Proteins and the low molecular weight glutathione known to store NO in vivo were nitrosated/nitrosylated with
commercially available NO-donating compounds. Following nitrosation/nitrosylation, the compounds were illuminated with red-orange (630 nm) or
red (660nm) wavelengths of light for 20 min. The amount of NO release was measured via chemiluminescence with a nitric oxide analyzer. (D) Data
plotted are NO Flux at 1J of light energy. Methods figure created with Biorender.com.
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FIGURE 3 | Dual wavelength LEDs stimulate production of NO and ROS in a synergistic manner. (A) DAF-FM diacetate and CellROX Deep Red
reagent were added to determine production of NO and ROS, respectively. Cells were illuminated with LEDs and lasers for 10 and 6 min, respectively.
ROS and NO production were measured immediately following illumination (0h post-illumination). (B) Representative images of two independent
experiments. (C) Data presented are mean percentage of cell expressing ROS or NO from two independent experiments. Methods figure created with
Biorender.com.
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First, we measured ROS production in HEK 293 T cells, illumi-
nated with LEDs or lasers (Figure 4A). As we observed in A549
cells, only LED-emitted light stimulated production of ROS in
HEK 293T cells. Conversely, there was no detectable ROS pro-
duction in unilluminated or laser-illuminated HEK 293 T cells.
These results strongly corresponded to the observed ROS pro-
duction in A549 cells.

Next, we illuminated HEK 293 T cells with LEDs or lasers or
treated with finasteride before adding testosterone to measure
DHT synthesis at 2hpi, 6 hpi, and 24 hpi (Figure 4B). DHT con-
centration was measured via competitive ELISA. At 24hpi,
dual LED wavelengths significantly reduced DHT concentra-
tion (0.20ng/mL) relative to the unilluminated control (0.92ng/
mL, p<0.05), corresponding to a 79.3% reduction in DHT
(Figure 4C). Similarly, finasteride reduced DHT concentrations
at each timepoint evaluated, though these differences were not
statistically significant; the peak reduction by finasteride was
approximately 40% at 2hpi. The 620nm LED demonstrated a
trend for reduced DHT at 2hpi and 6 hpi relative to unillumi-
nated control, although these differences were not statistically
significant. Conversely, the two 660 nm emitters (LED and laser)
did not induce any reductions in DHT at any timepoint tested.
These results demonstrate that illumination with dual wave-
length LEDs induces a biological response that inhibits the con-
version of testosterone to DHT in HEK 293 T cells.

3.6 | LEDs Induce Reactive Oxygen Species in
Primary Hair Follicle Dermal Papilla Cells

After showing that the dual LED wavelengths can inhibit the
conversion of testosterone to DHT by 5-a reductase in an im-
mortalized epithelial cell line, we finally sought to investigate
the biological effect of LLLT in a translationally relevant model,
primary human hair follicle dermal papilla cells (HFDPC).
Thus, we examined ROS production and DHT synthesis by pri-
mary HFDPC (Figure 5).

First, we measured ROS production in HFDPC illuminated
with LEDs or lasers (Figure 5A). As we observed in A549 and
HEK 293T cells, only LED-emitted light stimulated production
of ROS in HFDPC. Specifically, 620nm LEDs, 660nm LEDs,
and the dual LED wavelengths each induced detectable ROS;
the relative intensity of ROS production was highest in the dual
wavelength LED illumination group. Conversely, there was no
detectable ROS in unilluminated HFDPCs or in HFDPCs illu-
minated with lasers emitting 660nm. These results in primary
HFDPCs strongly correspond with the ROS production observed
in both immortalized epithelial cell lines.

Next, we illuminated HFDPCs with LEDs, illuminated with
lasers, or treated with finasteride before adding testosterone to
measure DHT synthesis at 2hpi, 6hpi, and 24 hpi. DHT con-
centration was measured via competitive ELISA (Figure 5B). In
contrast to HEK 293T cells, we did not observe any trends or
statistically significant changes in any treatment groups, includ-
ing the finasteride positive control, relative to the unilluminated
control group (Figure 5B). These results indicate that in primary
HFDPCs in vitro, red and red—orange wavelengths of light and
finasteride do not reduce DHT synthesis despite the consistent

induction of ROS by LED-emitted light. Because the finasteride
positive control did not show a decrease in DHT, it is likely that
LED emitted light lowers DHT through lowering Type II 5-a
reductase activity, which is not expressed in culture HFDPCs,
but is expressed in vivo in HFDPCs [14]. With the induction of
ROS by LED-emitted light, it is probable that in a system where
HFDPCs express both type I and type II 5-a reductase, LED-
emitted light would lead to a reduction of DHT.

4 | Discussion

Our understanding of the mechanisms driving LLLT-based
treatment of AGA to date remains largely theoretical. Numerous
factors have been suggested, including NO production [9, 20],
increased cell proliferation [5], reduced inflammation [5], and
modulated gene expression [9, 21]. Despite the growing interest
in noninvasive approaches to treat AGA, there are limited studies
available that have investigated LLLT against a driver of AGA:
the synthesis of DHT from testosterone to DHT by 5-a reductase.
Previous research has indicated that LLLT can modulate 5-o re-
ductase expression [13] and can theoretically inhibit DHT synthe-
sis. The present study builds on this foundation; in this study, we
show that LLLT with LED-emitted dual wavelengths of red and
red-orange light inhibits the synthesis of DHT by 5-a reductase.
Notably, the observed biological effects were strongest in dual
LED wavelengths compared to individual wavelengths, suggest-
ing a synergistic effect of 620 and 660nm light. Further, this study
suggests that LED-based LLLT primarily functions through inhi-
bition of Type II 5-a reductase and has minimal impact on Type
I 5-a reductase. Within the cell lines utilized in this study, A549
cells express Type I 5-a reductase [17, 18], HEK 293 T cells express
Type II 5-a reductase [19], and HFDPCs produce both Types I
and II 5-a reductase; however, HFDPCs produce only Type I 5-a
reductase in vitro [14, 15]. Finasteride, a known Type II 5-alpha
reductase inhibitor [2, 22], inhibited the synthesis of DHT in HEK
293T cells (Figure 4C). However, finasteride had no inhibition
activity in scalp-derived HFDPCs in the present study (Figure 5B)
likely owing to the loss or low expression of Type II 5-a reductase
expression in primary HFDPC cultures in vitro [14, 15]. Similar
trends were observed with dual wavelength LED illumination,
providing evidence that LED-LLLT inhibits Type II 5-a reduc-
tase. Despite the lack of DHT synthesis inhibition observed in the
primary HFDPC model, it is notable that strong ROS activation
was observed, suggesting that the LED-based LLLT approach
will inhibit DHT synthesis in translational models which express
Type II 5-a reductase, including immortalized dermal papilla
cells [23, 24], ex vivo hair follicles [25], or three-dimensional or-
ganoid cultures [11, 26].

In this study, the strongest biological impacts were observed
in cells treated with dual wavelength LEDs. Indeed, aside
from ROS production, individual wavelengths of light did not
induce consistent levels of NO or inhibit DHT synthesis re-
gardless of the emitter type used. A key photoacceptor within
human skin, cytochrome c oxidase (CCO), has four separate
chromophores that can absorb light. Notably, these chromo-
phores absorb different wavelengths of light centered around
620, 680, 760, and 820nm [27]. Simultaneous illumination
with two wavelengths of light and the broader spectral range
emitted by LEDs likely activates multiple CCO chromophores.
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FIGURE4 | Dual wavelength LED lights inhibit conversion of testosterone to DHT in epithelial cells. (A) CellROX Deep Red Reagent was added
to determine production of ROS. Cells were illuminated with LEDs and lasers for 10 and 6 min, respectively. ROS production was measured immedi-
ately following illumination (0 h post-illumination). Representative images of two independent experiments. (B) Cell cultures were illuminated with
LED or Laser lights for 10 and 6 min, respectively. Immediately following illumination, testosterone was added to each plate. Samples were harvested
at2h, 6h, and 24h following illumination. DHT concentration was determined via competitive ELISA (Abcam). (C) Data presented are DHT concen-
tration +/— SEM from four independent experiments. Methods figure created with Biorender.com.
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(B) Cell cultures were illuminated with LED or Laser lights for 10 and 6 min, respectively. Immediately following illumination, testosterone was

added to each plate. Samples were harvested at 2, 6, and 24 h following illumination. DHT concentration was determined via competitive ELISA

(Abcam). Data presented are DHT concentration +/— SEM from four independent experiments.

In theory, this would displace more NO from CCO, resulting in
greater NO-based biological effects downstream. Further, the
observed preclinical findings in vitro with dual wavelengths
of light have been supported in clinical study. In one prospec-
tive, double-blind, sham-controlled study, a dual wavelength
LED (620nm+ 660nm) device increased hair count by 26.3
hairs/cm? 16 weeks after enrollment [28]. In another study,
14weeks of treatment with 655 and 780nm light increased
vertex hair density and anagen/telogen ratio [29]. Finally, a
combination of 650nm lasers with 630 and 660nm LEDs re-
ported increased mean hair thickness and hair density but did
not report a change in overall appearance in the treated group
[30]. Based on these preclinical findings and clinical reports,
dual wavelength illumination increases the success of LLLT
as a therapeutic for AGA.

This study also directly compares the biological responses in cells
stimulated with LEDs and lasers. Within the context of LLLT, light
from lasers and LEDs are considered to have substantial differ-
ences that are believed to improve biological responses by propo-
nents of both modalities. For example, lasers produce collimated,
coherent light, while LEDs produce noncoherent light ([6, 31]).
Collimated, coherent light has been proposed to penetrate tissue
deeper and stimulate mitochondria to induce biological response
than noncoherent light [6]. However, these conclusions were
reached prior to the development of modern LEDs; indeed, non-
coherent light has been shown to induce comparable biological
effects as coherent light in preclinical and clinical studies using
modern LED technologies [6]. Our present study shows that in a
wavelength- and power-matched system, LEDs induced stronger
biological responses than lasers, including NO production, ROS
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production, and DHT synthesis inhibition. Thus, these results
combined with results of past studies suggest that wavelength
selection and sufficient power are more critical to induce physio-
logic effects than the type of emitter used.

AGA is the leading cause of hair loss in adult men and women [1].
The development of AGA is strongly associated with the synthesis
of DHT from testosterone by 5-a reductase. Multiple pharmacecu-
tical interventions have been shown to reduce DHT in vivo, corre-
sponding to slowed hair loss and increased hair growth [1, 7, 22].
However, these systemically administered compounds have un-
desirable off-target effects that can skew the benefit-risk profile in
individuals [22]. Given the demonstrated success in targeting 5-ot
reductase to reduce hair loss, localized treatments that offer similar
benefits while reducing off-target risks are an intriguing option. The
present study investigated one of these options, LLLT, which uti-
lizes targeted wavelengths of light to induce a biological response.
Our study demonstrates that red and red-orange wavelengths of
light induces NO release from proteins in vitro, that NO inhibits 5-ot
reductase activity, and that a combination of red and red-orange
light induces biological responses that reduce DHT synthesis in epi-
thelial cells. Taken together, this study strengthens our understand-
ing of the mechanisms behind LLLT treatment of AGA.
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