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ABSTRACT

Background: Refractory rosacea can be effectively treated with fractional microneedle radiofrequency (FMR), but its optimal
parameters need confirmation.

Objective: To explore the optimal parameters of FMR in treating rosacea-like dermatitis and the underlying mechanisms.
Methods: A rosacea-like dermatitis mouse model was intervened with FMR of varying pulse energy and width. By assessing
the severity of erythema and measuring erythema area, optimal parameters of FMR to treat rosacea-like dermatitis in mice were
determined. Pathological staining was performed to examine the infiltration of inflammatory cells and CD31* microvessels.
Expression levels of pro-inflammatory factors were detected by qRT-PCR. The involvement of the NF-xB signaling pathway
and its downstream mediators (IL-1f3, IL-6, TNF-a) in mice treated with low-power short-pulse-width fractional microneedle
radiofrequency (LS-FMR) was detected using Western blotting. In a cohort of 20 patients with erythematotelangiectatic rosacea
(ETR) and managed by one session of FMR treatment, therapeutic efficacy was assessed by Multispectral skin analysis system
at 3months of follow-up.

Results: LS-FMR at energy levels of 1, 2, 3 and 4 W and pulse width of 20ms alleviated the severity of erythema and narrowed
the erythema area in LL37-induced mice. It significantly inhibited the infiltration of mast cells and CD4+ T cells, polarization
of CD4+ T cells to Th1/Th17 cells, angiogenesis, the activation of the NF-xB signaling pathway, as well as the expression of
downstream inflammatory cytokines (IL-1(3, IL-6, TNF-a). In a cohort of 20 ETR patients, just one session of FMR treatment
significantly alleviated erythema at 3 months of follow-up, without obvious adverse events.

Conclusion: LS-FMR is a promising approach to treat rosacea by suppressing skin immune responses and angiogenesis.
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1 | Introduction

Rosacea, a chronic inflammatory skin disease mainly affecting
the face's central areas, features capillary dilation, recurrent
flushing, erythema, and inflammatory papules/pustules [1].
Rosacea typically begins at 30-50years, cycles between flare-
ups and remissions [2], affects 5.5% of adults globally with a
higher rate in women, leading to a high tendency to negative
emotions and low quality of life [3].

Immune dysregulation and neurovascular abnormalities are
crucial in rosacea pathogenesis [4, 5]. Toll-like receptor 2
(TLR2) in keratinocytes is upregulated in response to the ac-
tivation of the innate immune system, which in turn activates
kallikrein-related peptidase 5 (KLKS5) into biologically active
LL37 [6]. Overexpression of LL37, vital for rosacea develop-
ment, enhances inflammation by boosting pro-inflammatory
cytokines and NF-xB signaling [7, 8]. In addition, innate im-
mune cells (such as mast cells) and adaptive immune cells
(such as CD4+ T cells) are also closely associated with the
pathogenesis of rosacea [9, 10]. Transient receptor potential
cation channel subfamily V (TRPV) is found upregulated in
rosacea patients and is responsible for skin neurogenic symp-
toms like burning sensations, tingling, and itching [11, 12].
Currently, LL37 injection is a common methodology to create
in vivo rosacea models due to its ability to induce rosacea-like
lesions [13].

How to treat rosacea is challenging. Monotherapy is insuffi-
cient to maintain disease stability and prevent relapses, and a
long-term medication enhances the risk of adverse events [14].
Photoelectric therapies, like Intense Pulsed Light (IPL) and
Pulsed Dye Laser (PDL), target hemoglobin to reduce vascular
dilation and erythema [15, 16]. However, IPL and PDL have
been vilified by the poor outcomes of treating deep-seated
skin inflammation and vascular lesions [17]. Studies have
shown that 5-Aminolevulinic acid photodynamic therapy
(ALA-PDT) has demonstrated potential value in the treatment
of rosacea. However, the strict postoperative photoprotection
requirements of this therapy reduce patient treatment compli-
ance, and its relatively high long-term recurrence rate limits
its prospects for clinical application [18]. Micro-invasive pho-
toelectric treatments, such as FMR, show better results in
rosacea with sebaceous gland hypertrophy and tissue prolifer-
ation [19]. Fractional microneedle radiofrequency (FMR), as a
minimally invasive cosmetic procedure, can deliver radiofre-
quency energy directly to the dermis via microneedle arrays,
but may cause minimal injury to the epidermis [20]. FMR
shrinks sebaceous glands and stimulates collagen generation
and remodeling, thus improving the appearance of aging skin,
enlarged pores, and acne scars [21]. Park et al. for the first
time reported the successful application of FMR to reduce fa-
cial erythema in rosacea patients [22]. An observational study
demonstrated the ability of FMR to alleviate erythema, flush-
ing, and burning sensation in patients with refractory rosacea
[23]. High-energy FMR, however, is found to cause rosacea-
related symptoms [24].

In the present study, we established a rosacea-like dermatitis
mouse model to identify optimal parameters of FMR to treat
rosacea and explored potential mechanisms of action, and

validated the efficacy of low-power short-pulse-width fractional
microneedle radiofrequency (LS-FMR) in a cohort of 20 patients
with erythematotelangiectatic rosacea (ETR). Our findings are
expected to provide valuable references for clinical management
of rosacea.

2 | Methods
2.1 | A Rosacea-Like Dermatitis Mouse Model

Female BALB/c mice aged 6-8 weeks and weighing 18-22 g were
provided by the Medical School of Nantong University and al-
lowed for a 1-week habituation. All animal procedures were ap-
proved by the Ethics Committee of Nantong University (Ethical
No: S20240215-030). Briefly, LL37, with an amino acid sequence
of LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTE
and a purity of 99% was synthesized by Gill Biotech Co. Ltd.
(Shanghai, China), pre-dissolved in phosphate-buffered saline
(PBS) at a concentration of 320uM, and stored at 4°C for later
use. Twenty-four hours before the experiment, the dorsal fur of
the female BALB/c mouse was shaved. After shaving the dorsal
fur, weighing, and anesthetizing, four intradermal injections of
40pL of LL37 were performed into the back to form a wheal,
with an interval of 12h. Mice in the blank control group were
similarly injected with PBS.

In the first part of in vivo experiments, FMR in mice was per-
formed at varying energy levels of 0, 1, 2, 3, 4, 5, 6, and 7W,
but a fixed pulse width of 20 ms at 12h after the last injection
of LL37.

In the second part of in vivo experiments, PBS- or LL37-induced
mice were treated with blank control, FMR without releasing
energy, and one-pass or three-pass FMR (one or three passes of
FMR at 2W and 20ms at the same site). Non-insulated needles
with a depth of 0.5 mm were used for the thinner skin of mice. At
72h of FMR, mice were captured and sacrificed to collect skin
tissue.

2.2 | Histopathological Analysis

Mouse skin samples were fixed in 4% formaldehyde solution,
embedded in paraffin, and sectioned into 5-um slices for stain-
ing with hematoxylin and eosin (H&E) or toluidine blue. Images
were observed and captured in a blinded way using an optical
microscope.

2.3 | Immunohistochemical
and Immunofluorescence Staining

Paraffin-embedded sections of skin tissue were prepared and
incubated overnight at 4°C with anti-CD4 antibody (1:1000,
Abcam, UK), anti-CD31 antibody (1:2000, Abcam, UK), and
the goat anti-rabbit secondary antibody HRP conjugated (1:50,
Beyotime Biotechnology, China) for 1h at room temperature.
After counterstaining with hematoxylin or DAPI, images were
observed and captured in a blinded way using an optical micro-
scope or fluorescence microscope.
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2.4 | Quantitative Reverse Transcription
Polymerase Chain Reaction (QRT-PCR)

Total RNA was extracted using TRIzol reagent (Takara, Shiga,
Japan) and cDNA was synthesized using the PrimeScript RT
Reagent Kit (Takara, Shiga, Japan). TB Green Premix Ex Taq II
(Takara, Shiga, Japan) was used for qRT-PCR on the BIO-RAD
CFX system (BioRad, Munich, Germany). Relative expressions
of the target genes were normalized to ACTB using the 2724Ct
method. Primers were designed by Sangon Biotech (Shanghai,
China), and their sequences were listed in Data S1.

2.5 | Western Blotting

Skin tissue was lysed with RIPA lysis buffer (Beyotime, China)
to prepare protein samples, whose concentration was quan-
tified using the BCA Protein Assay Kit (Beyotime, China).
After SDS-PAGE, proteins were transferred to PVDF mem-
branes, followed by blocking with 5% BSA in TBST (0.05%
Tween 20 in TBS) for 1h at room temperature. Membranes
were then incubated overnight at 4°C with primary antibod-
ies (all from Abcam, UK): anti-P65 (1:5000), anti-phospho-P65
(1:1000), anti-IL-1f8 (1:1000), anti-IL-6 (1:1000), anti-TNF-a
(1:1000), and anti-f-actin (1:5000, internal reference). After
washing three times with PBS (10 min each) to remove un-
bound primary antibodies, membranes were incubated with
goat anti-mouse/rabbit HRP-conjugated secondary anti-
body (1:1000, Beyotime, China) for 1h at room temperature.
Chemiluminescent imaging was performed on the Tanon
5200 System (Tanon Science&Technology, Shanghai, China).
Protein band gray values were quantified via ImagelJ (v1.53e),
and the relative expression levels of P65, phospho-P65, IL-1f3,
IL-6, and TNF-a were normalized to f3-actin.

2.6 | Study Population

This study was approved by the Ethics Committee of the
Third People's Hospital of Nantong (Ethical No: EL2024025).
A total of 20 patients diagnosed with ETR independently by
two dermatologists according to the Standard Classification
and Pathophysiology of Rosacea: The 2017 Update by the
National Rosacea Society Expert Committee were recruited
[25]. Participants with a history of phototherapy or medication
within the previous 3 months, tendency to keloids, and coagula-
tion disorders were excluded.

2.7 | FMR Procedures

FMR was performed on the same operator (United, Peninsula
Medical Treatment Group, Shenzhen, China) consisting of an
array of 49 (7x7) non-insulated needles. One hour prior to
FMR, compound lidocaine cream was topically applied, fol-
lowed by routine skin cleansing and disinfection. Parameters of
FMR, including the depth (0.9-2.0 mm), pulse energy (6-10W),
and pulse width (60-100ms), were adjusted based on facial re-
gions, with 20% overlap treatment. Immediately after the pro-
cedure, a continuous 1-hour cold compress was applied to the
treated area using sterile medical cooling patches. Furthermore,

local yellow light irradiation was administered for 15min daily
over the following three consecutive days to consolidate the
anti-inflammatory effect and promote skin barrier stabilization.
All patients received detailed postoperative home care instruc-
tions. These included, for the first 7days post-treatment, gently
rinsing the face only with lukewarm water at 32°C-34°C and
avoiding the use of facial cleansers. For the first 14 days, medical
device-grade moisturizing and repair products were to be ap-
plied 3 to 4 times daily. Strict physical sun protection, achieved
by wearing a wide-brimmed hat and a medical sunscreen mask,
was mandatory for 30days, and chemical sunscreens were pro-
hibited. Additionally, patients were advised to avoid spicy foods,
alcohol, and overheated meals in their diet, as well as to refrain
from saunas, hot springs, and strenuous exercise. The use of all
non-medical skincare products and cosmetics was to be sus-
pended for at least 21 days. Clinical images were obtained using
amultispectral skin analysis system (Jiangsu Beining Intelligent
Technology Development Co. Ltd., China) before and 3 months
after FMR. The percentage of erythematous areas was calcu-
lated using ImageJ and GraphPad Prism 8.0.

2.8 | Assessment of the Severity and Quality
of Life in ETR Patients

Two experienced dermatologists independently assessed the se-
verity of ETR and the quality of life using the Clinical Erythema
Assessment (CEA), the Investigator Global Assessment (IGA),
and the Dermatology Life Quality Index (DLQI).

2.9 | Statistical Analysis

Data were analyzed using GraphPad Prism 8 (GraphPad
Software Inc., San Diego, CA, USA). Statistical analyses
were performed using t-tests or one-way analysis of variance
(ANOVA). All normally distributed data were presented as
mean +standard deviation (SD). A p-value of less than 0.05 was
considered statistically significant.

3 | Results

3.1 | Optimal Parameters of FMR for Treating
Mice With LL37-Induced Rosacea-Like Dermatitis

In mice with LL37-induced rosacea-like dermatitis, signifi-
cant inflammatory erythema and capillary dilation were ob-
served (Figure 1A). After 72h of FMR at 1W and 20ms, both
the erythema score and erythema area were slightly reduced
(Figure 1B,C). FMR with energy levels of 2, 3, and 4W and a
pulse width of 20ms significantly alleviated rosacea-like der-
matitis. However, there was no significant difference in efficacy
among these three groups. However, FMR at 5W and 20ms
could only significantly narrow the erythema area. FMR at en-
ergy levels of 6 and 7W and the pulse width of 20ms did not
significantly alleviate rosacea-like dermatitis in mice.

H&E staining showed a significantly smaller count of inflam-
matory cells in LL37-treated mice treated with FMR at 2, 3
and 4W and 20ms (Figure 1D,E), but there lacked a significant
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FIGURE1 | Optimal parameters of FMR to treat LL37-induced rosacea-like dermatitis in mice (a) Dermatoscopic images of skin lesions in mice
with rosacea-like dermatitis at 72h of FMR treatment with varying energy levels (0, 1, 2, 3, 4, 5, 6, and 7W) and a fixed pulse width (20ms). (b-c)
Erythema scores (b) and erythema area (c) of mice. (d-e) H&E staining of inflammatory cells in mouse skin tissue (d) and quantification analysis (e).

Scale bar =200 pm. *p <0.05, **p <0.01, ***p <0.001, n=>5.

difference among the three groups. In contrast, the inflamma-
tory cell count significantly increased in LL37-treated mice
treated with FMR at 5-7W and 20 ms. Although FMR at energy
levels of 2, 3, and 4W with a 20ms pulse width demonstrated
comparable efficacy in alleviating erythema and reducing in-
flammatory cell infiltration (p>0.05), the energy level of 2W
was selected for all subsequent experiments as the representa-
tive LS-FMR parameter. This decision was based on the princi-
ple of using the “lowest effective energy” to achieve the desired
therapeutic effect. This approach aligns with the Arndt-Schultz
rule, where low-level stimuli are beneficial, while higher ener-
gies may become inhibitory or damaging.

3.2 | LS-FMR Reduces Skin Inflammation in Mice
With LL37-Induced Rosacea-Like Dermatitis

To further validate the efficacy of LS-FMR on rosacea-like der-
matitis in vivo, PBS or LL37-treated mice were treated with
one-pass or three-pass LS-FMR. Both gross images and derma-
toscopic observations that FMR at one-pass and three-pass all
significantly reduced the erythema scores and erythema area

in LL37-treated mice (Figure 2A-C). The H&E staining results
demonstrated that LS-FMR can significantly reduce inflamma-
tory cell infiltration (Figure 2D,E). Three-pass FMR presented
the most pronounced efficacy in reducing skin inflammation
in mice.

A series of pro-inflammatory factors in mouse skin tissue
were detected by qRT-PCR (Figure 3A-D). The mRNA levels
of TLR2, TNF-a, IL-18, and IL-6 were all significantly down-
regulated by LS-FMR at one-pass and three-pass. Except for
the mRNA level of TLR2, the efficacy of three-pass LS-FMR
in lowering pro-inflammatory factors was superior to one-
pass treatment.

The mRNA levels of TRPV1 and its released neuropeptides,
including calcitonin gene-related peptide (CGRP), vasoactive
intestinal peptide (VIP), and substance P (SP), were signifi-
cantly upregulated in LL37-treated mice (Figure 3E-H), and
then downregulated by one-pass and three-pass LS-FMR sig-
nificantly. Three-pass LS-FMR was more effective than one-
pass LS-FMR in reducing expression levels of TRPV1, VIP,
and SP.
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3.3 | LS-FMR Inhibits CD4+ T Cell Infiltration
and Th1/Th17 Immune Response in Skin Tissue
of Mice With LL37-Induced Rosacea-Like
Dermatitis

The number of infiltrating CD4* T cells significantly in-
creased in LL37-treated mice. Notably, the infiltration of
CD4* T cells was significantly suppressed by one-pass and
three-pass LS-FMR, showing a comparable outcome between
groups (Figure 4A,B).

Expression levels of genes associated with Th1/Th17 polariza-
tion were examined using qRT-PCR. LS-FMR at one-pass and
three-pass treatments all significantly downregulated their
expression levels (Figure 4C-H). Besides, three-pass LS-FMR
achieved the most excellent performance in suppressing Thl/
Th17 polarization.

3.4 | LS-FMR Inhibits Mast Cell Infiltration
in Skin Tissue of Mice With LL37-Induced
Rosacea-Like Dermatitis

An obvious mast cell infiltration was found in LL37-treated
mice (Figure 5A,B). Both the LS-FMR one-pass and three-pass
treatments significantly inhibited mast cell infiltration in mice
with LL37-induced rosacea-like dermatitis, presenting a simi-
lar outcome between groups. The qRT-PCR results for MMP9
mRNA align with this finding (Figure 5C).

3.5 | LS-FMR Inhibits Angiogenesis in Skin Tissue
of Mice With LL37-Induced Rosacea-Like Dermatitis

Positive staining of CD31 was significant in LL37-treated
mice (Figure 6A,B). Both one-pass and three-pass LS-FMR
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significantly reduced the number of CD31+ vessels, more prom-
inently in the three-pass LS-FMR group. The qRT-PCR results
for mRNA level of vascular endothelial growth factor (VEGF)
align with this finding (Figure 6C).

3.6 | LS-FMR Alleviates LL37-Induced
Rosacea-Like Dermatitis in Mice by Inhibiting
the NF-xB Signaling Pathway

The protein level of phosphorylated P65 (p-P65) in the skin tis-
sue of mice with LL37-induced rosacea-like dermatitis was sig-
nificantly upregulated. Both one-pass and three-pass LS-FMR
significantly downregulated p-P65 levels in the skin of LL37-
induced mice (Figure 7A,B). Furthermore, LS-FMR treatment
also markedly suppressed the protein expression of key down-
stream pro-inflammatory cytokines, including TNF-a, IL-13,
and IL-6 (Figure 7A-E). This inhibition of the master inflam-
matory regulator NF-xB provides direct upstream mechanistic
evidence for the concomitant downregulation of its key down-
stream effector molecules. Collectively, these data indicate that
LS-FMR alleviates skin inflammation in mice, at least in part,
by inhibiting the NF-xB signaling pathway and its mediated cy-
tokine cascade.

3.7 | Clinical Efficacy of LS-FMR on Rosacea

In a cohort of 20 ETR patients treated with LS-FMR and
followed up for 3 months, symptoms of rosacea were signifi-
cantly alleviated (Figure 8A). In comparison to baseline data,
the erythema score (Figure 8B), CEA score (Figure 8C) and
IGA score (Figure 8D) at 3 months all significantly decreased,
suggesting the severity of ETR reduced by LS-FMR treat-
ment. Moreover, the DLQI score was significantly reduced at
3months after LS-FMR, indicating a better quality of life in
ETR patients (Figure 8E), thus validating the clinical efficacy
of LS-FMR on rosacea. Importantly, with the use of optimized
LS-FMR parameters coupled with systematic post-procedure
care, none of the patients experienced exacerbation of ery-
thema or severe adverse events during the follow-up period.

PBS PBS + MN

PBS + FMR 1 - Pass

The mild, transient flushing observed immediately after treat-
ment resolved spontaneously within 72h in all cases, demon-
strating the favorable safety and tolerability profile of this
treatment approach.

4 | Discussion

In our study, we first identified the optimal parameters of
FMR for treating LL37-induced rosacea-like dermatitis and
validated the excellent performances of LS-FMR in reducing
skin inflammation by suppressing pro-inflammatory factors,
infiltration of mast cells and CD4* T cells, Th1/Th17 polar-
ization, and the activation of the NF-xB signaling pathway.
Furthermore, our data validated that LS-FMR provided a
treatment protocol in improving the symptoms and quality of
life in ETR patients.

Previous evidence has shown the successful application of FMR
to skin disorders. Min et al. found that FMR treatment can al-
leviate acne-induced inflammatory erythema [26]. Combined
with pulsed dye laser and low-dose isotretinoin, FMR achieves
better efficacy on refractory rosacea [27]. Wang et al. reported
that lower-energy short-wave radiofrequency can significantly
relieve symptoms of erythema and capillary dilation in ETR pa-
tients. Notably, they avoided applying anesthetics prior to treat-
ment to prevent skin irritation [28]. Our findings consistently
demonstrated the efficacy of LS-FMR in relieving erythema
and reducing the erythema area. Non-insulated needles were
used in the present study due to the typical capillary dilation
and inflammation in the superficial dermis (the papillary and
upper reticular layers) of sensitive skin [29]. Superior to insu-
lated needles that only release radiofrequency heat at the tip,
non-insulated needles can intervene throughout the entire skin
layer. However, Asiran et al. reported a case in which rosacea-
related symptoms appear after dermatological rejuvenation
treatment with FMR, which may be attributed to the higher
energy and longer pulse width needed to generate greater ther-
mal energy [24]. When the temperature exceeds the threshold of
TRPV channels (>42°C), the TRP channel superfamily gets ac-
tivated. This triggers neuropeptide release, leading to vascular

_PBS + FMR 3 - Pass
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FIGURE 5 | LS-FMR inhibits mast cell infiltration in the skin tissue of mice with LL37-induced rosacea-like dermatitis. (a-b) Toluidine blue
staining of mast cells in skin tissue of PBS or LL37-treated mice treated with FMR without releasing energy, one-pass or three-pass LS-FMR (a) and
quantitation analysis (b). (c) The mRNA level of MMP9 in mouse skin tissue. Scale bar =100 um. *p <0.05, **p <0.01, ***p <0.001, n=5.
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FIGURE 6 | LS-FMR inhibits angiogenesis in the skin tissue of mice with LL37-induced rosacea-like dermatitis. (a-b) Immunofluorescent stain-
ing of CD31 in skin tissue of PBS or LL37-treated mice treated with FMR without releasing energy, or one-pass or three-pass LS-FMR (a) and quanti-
fication analysis (b). (c) The mRNA level of Vegf in mouse skin tissue. Scale bar =200 um. *p <0.05, **p <0.01, ***p <0.001, n=5.
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FIGURE 7 | LS-FMR inhibits the NF-xB signaling pathway in mice with LL37-induced rosacea-like dermatitis. (a-e) Expression levels of P-P65,
P65, IL-163, IL-6, and TNF-a in mouse skin tissue of PBS or LL37-treated mice treated with FMR without releasing energy, one-pass, or three-pass
LS-FMR (a) and quantification analysis (b). *p <0.05, **p <0.01, ***p <0.001, n=3.

dysregulation, exacerbated inflammation, and worsening rosa- (5, 6,and 7W). A significant reduction in mouse skin inflamma-
cea symptoms [30, 31]. In our study, we also observed irritation tion was only observed following an FMR treatment at energy
on mouse skin followed by FMR treatment at high energy levels levels of 1, 2, 3, and 4W and a pulse width of 20ms. Complying
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FIGURE 8 | Clinical efficacy of LS-FMR on rosacea (a) Representative VISIA images of red areas in ETR patients before and 3 months after LS-
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the CEA, IGA, and DLQI scores before and 3 months after LS-FMR. ***p <0.001, n=20.

with the Arndt-Schultz rule, FMR at a small energy level re-
lieved skin inflammation in mice with rosacea-like dermatitis,
while that at moderate-to-high energy levels inhibited the ther-
apeutic efficacy of FMR on rosacea [32]. The parameter screen-
ing results of this study indicate that selecting lower energy
parameters helps prioritize treatment safety, reducing the risk of
thermal injury and the possibility of exacerbated inflammation.
This choice holds significant strategic importance for clinical
translation, as it can maximize the expansion of the therapeu-
tic window and enhance the safety profile of this treatment
modality. Seyeon Oh et al. found that low-energy short-wave
radiofrequency treatment can inhibit the expression levels of
TRPV1 and the released neuropeptides in UVB-induced in vivo
and in vitro models, thereby suppressing neuropeptide-induced
inflammatory responses [33]. Similarly, LS-FMR was found to
downregulate TRPV1 and neuropeptides in the rosacea-like der-
matitis mouse model.

Skin immune dysfunction is an established pathogenic mecha-
nism in rosacea [34]. Mast cells are important regulators of skin
inflammation in various subtypes of rosacea [35]. Activated
mast cells exacerbate the inflammatory response by releas-
ing cytokines and forming a MMP9-induced positive feedback
loop via a self-amplifying cycle [36]. Treatment with mast cell

stabilizers can alleviate rosacea-related symptoms [37]. The ef-
ficacy of intense pulsed light therapy in reducing the inflamma-
tory response in rosacea is related to the inhibition of mast cell
degranulation [38]. In our study, LS-FMR greatly inhibited mast
cell activation and downregulated MMP9 in skin tissue of mice
with rosacea-like dermatitis.

Infiltration of CD4* T cells, dominantly by polarized Th1/Th17
cells, is significant in the skin lesions of various subtypes of
rosacea [39]. Th1 cells release cytokines like IFN-y, enhancing
immune activation and inflammation. Th17 cells, a new Th
subset, secrete IL-17, amplifying inflammation through posi-
tive feedback [40]. Son M et al., proved the efficacy of radiofre-
quency treatment on UVB-induced rosacea-like lesions in mice
through suppressing inflammatory cells and pro-inflammatory
factors [41]. We proposed that in mice with LL37-induced
rosacea-like dermatitis, LS-FMR might reduce the production
of Th1/Thl7-related cytokines by activating CD4+ T cells.
Furthermore, three-pass LS-FMR showed superior perfor-
mances in downregulating Th1/Thl7-related cytokines, neu-
rogenic inflammatory factor TRPV1 and the corresponding
neuropeptides than one-pass treatment. The accumulative out-
come of each pass of LS-FMR eventually resulted in a stronger
anti-inflammatory effect. TLR2 is a receptor that specifically
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FIGURE 9 | A graphic illustration of LS-FMR in treating mice with LL37-induced rosacea-like dermatitis. Intradermal injections of LL37 on

mouse back induced rosacea-like dermatitis, showing the pathological manifestations of inflammatory and mast cell infiltration, vasodilation due to

TRPV activation, polarization of Th1/Th17 cells, and activation of the NF-xB signaling pathway, which could be significantly inhibited by LS-FMR.

Furthermore, LS-FMR three-pass treatment provided a stronger effect than the one-pass treatment in inhibiting TRPV1, neuropeptides, and Th1/

Th17-related cytokines. By Figdraw.

recognizes the components in the innate immune system. Its
mRNA level was comparable between the three-pass and one-
pass LS-FMR group, suggesting the high safety of multiple
sessions of LS-FMR without additionally activating the skin
innate immune system. However, higher treatment frequencies
(e.g., 4 or 5 passes) may not necessarily yield better results and
could potentially lead to adverse effects. Excessive energy accu-
mulation might overstimulate the skin, disrupt the skin barrier,
or even activate TRP channels, exacerbating inflammatory re-
sponses and vascular dysregulation.

Besides the excessive activation of inflammatory responses, vas-
cular dilation and abnormal proliferation are also predominant
manifestations of rosacea [42]. Traditional phototherapy, such
as IPL and PDL, causes a selective thermal effect that generates
high energy to damage the abnormal vessels, even though the
huge energy may lead to adverse events like purpura and edema
[43]. Moreover, IPL and PDL treatments are preferred to small
and superficially located vascular dilations [44]. In contrast, en-
ergy delivered by FMR penetrates deeper to the dermis without
damaging the superlayer structure. Huang et al. demonstrated
a significant reduction of facial capillary dilation after a single
treatment of FMR in cases of corticosteroid-induced facial ery-
thema [45]. Our results indicated that LS-FMR significantly re-
duced the number of CD31* microvessels in skin lesions of mice
with rosacea-like dermatitis. Therefore, we believe that LS-FMR
directly suppressed newly formed blood vessels.

The NF-xB signaling pathway has long been recognized for in-
flammatory mediation in inflammatory skin diseases [46, 47].
Inhibition on the NF-xB signaling pathway is a promising strategy
to treat rosacea [48, 49]. Low-energy photobiomodulation therapy,
a non-thermal treatment, alleviates inflammation in rosacea mice
by inhibiting the NF-xB signaling pathway [50]. Our data delin-
eate a coherent mechanism of action for LS-FMR: the suppression
of the NF-xB pathway (evidenced by reduced p-P65) directly leads
to the decreased transcription and protein expression of pivotal

pro-inflammatory cytokines such as TNF-c, IL-1§, and IL-6. This
axis represents a central pathway through which LS-FMR allevi-
ates the inflammation of rosacea-like dermatitis.

Limitations should be noted in the present study. First, mouse
skin was thinner than human skin. As a result, optimal pa-
rameters of FMR to treat rosacea in mice might not be suitable
for human beings. Second, a long-term follow-up of LS-FMR
in treating rosacea is required. Third, the subject population
was only composed of ETR patients, while patients with other
subtypes of rosacea (e.g., papulopustular, ocular, rhinophyma,
or neurogenic subtypes) were not taken into consideration.
Overall, our findings should be further validated in large-scale
multi-center clinical trials.

5 | Conclusion

This study for the first time demonstrated that LS-FMR allevi-
ates the pathological manifestations of LL37-induced rosacea-
like dermatitis in mice by inhibiting inflammatory responses,
angiogenesis, and the NF-xB signaling pathway. Furthermore,
three-pass LS-FMR is superior to one-pass LS-FMR in suppress-
ing inflammatory factors, polarization of infiltrating T cells to-
wards Th1/Th17, and angiogenesis (Figure 9). Our findings may
provide new strategies for clinical treatment of rosacea-related
dermatitis.
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