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Acne vulgaris is a common condition that can have psychologically deleterious effects. Since current
treatments carry the risks of antibiotic resistance or teratogenicity, novel treatment modalities are
under investigation. Our study investigated the efficacy of intradermal radiofrequency treatment (RF)
and intense pulsed light (IPL) in the treatment of acne vulgaris in a rabbit ear model. We evaluated the
effectiveness of IPL, RF, and a combination treatment on cultured Cuticobacterium acnes strains in an
induced rabbit ear model, according to clinical outcomes as well as histological and immunological
approaches. We found that RF treatment markedly decreases papule volume, while IPL appears to
have an immunomodulatory effect. In combination, the two have an additive effect in treatment.
These findings suggest that combination of RF and IPL may be an effective therapeutic option for the
treatment of acne vulgaris.

Acne vulgaris is a common inflammatory skin condition characterized by the development of comedones, pap-
ules, and pustules. In serious cases, nodules and deep pustules as well as cysts may also develop. Acne vulgaris
can lead to substantial social and psychological problems including reduced self-esteem, heightened anxiety,
depression, and mood disorders! . Its chief clinical treatments include antibiotics and isotretinoin, but these can
be limited in their usefulness and acceptability*”. Furthermore, treatments are often difficult and inconvenient to
use, time-consuming, and can be expensive, and post-treatment relapse is common; as a result, compliance may
be poor®. In isotretinoin treatment, relapse rates are relatively low if the drug is administered with a sufficient
cumulative dose of over 120-150 mg/kg’, but some patients are unable to tolerate side effects such as cheilitis,
xerosis, epistaxis, elevated liver enzymes, and elevated blood cholesterol. The drug is also contraindicated in many
patients due to its teratogenic effects®. In antibiotic treatment, the development of antibiotic-resistant bacteria is
an ongoing concern’. As such, novel treatment modalities are needed in order to provide alternatives and com-
plements for the existing therapeutic options.

Sebaceous glands and Cuticobacterium acnes bacteria are central to the development of acne. Proliferation of
C. acnes may contribute to inflammation by activating toll-like receptors (TLR)-2 and TLR-4, which in turn leads
to the release of pro-inflammatory cytokines including interleukin (IL)-1c, IL-103, IL-6, IL-8, IL-12, and tumor
necrosis factor-alpha (TNF-a), as well as transforming growth factor-beta (TGF-f3)!°-'2. TGF-{3 appears to be an
essential anti-inflammatory and immunomodulatory cytokine, which can inhibit CD4+ T-lymphocyte-mediated
inflammation occurring in the early phase of acne lesion development'*!*. It can also contribute to keratinocyte
growth arrest and therefore disturb microcomedone formation', and plays a key role in wound recovery's-*%. C.
acnes increases functional activity in the sebaceous glands and promotes sebum production, and is thought to be
involved in acne by promoting the injury of tissue due to the release of enzymes such as lipases. These catalyze
the dissolution of sebum triglycerides to glycerol and free fatty acids, leading to the influx of polymorphonuclear
neutrophils via chemotaxis!?. As such, preventing inflammation could be an effective treatment for acne by inhib-
iting C. acnes colonization?>*'.

!Department of Dermatology, Chung-Ang University College of Medicine, Seoul, Korea. 2Graduate School of Medical
Science and Engineering, KAIST, Daejeon, Korea. *Department of Dermatology, Seoul Paik Hospital, Inje University,
Seoul, Korea. Correspondence and requests for materials should be addressed to B.J.K. (email: beomjoon74@gmail.
com)

SCIENTIFIC REPORTS | (2019) 9:5056 | https://doi.org/10.1038/s41598-019-41322-x 1


https://doi.org/10.1038/s41598-019-41322-x
http://orcid.org/0000-0003-2320-7621
mailto:beomjoon74@gmail.com
mailto:beomjoon74@gmail.com

www.nature.com/scientificreports/

Figure 1. Scanning electron microscopy (SEM) images. (a) Untreated control. Bacteria appeared as expected,
with a smooth and rounded surface. (b) Radiofrequency (RF) treated group (1 MHz, 36 W, 400 ms, 1 shot). (c)
Intense pulsed light (IPL) treated group (450-1000nm, 10.8J/cm?, three pulses). RF- and IPL-treated bacteria
had a withered and recessed surface. (d) Combination treatment of both RF and IPL. C. acnes exhibited greater
damage under combination treatment in comparison to either RF or IPL treatment alone.

Peroxisome proliferator-activated receptor-gamma (PPAR-v) is a lipid-activated nuclear hormone receptor
participating in sebaceous lipogenesis and differentiation in addition to inflammation??-*%. Sebaceous glands
express PPAR-~, and a number of eicosanoids are capable of triggering this transcriptional factor in vitro*>**. In
both acne lesions and non-acne lesions of acne patients, PPAR-~ is either low or absent in the sebaceous glands®.
We suggest that when PPAR-~ is absent, sebaceous glands’ inflammatory regulation fails, and auto-inflammatory
reactions are switched on. Furthermore, lipid production within acne sebaceous glands is greater than in healthy
sebaceous glands. This suggests that in sebaceous glands of acne lesions, the primary effect of PPAR-~ may be to
regulate inflammation, and possibly to maintain balanced lipid production®.

Because of the drawbacks associated with antibiotics and isotretinoin use, many acne patients seek minimally
invasive treatments such as intense pulsed light (IPL) and radiofrequency (RF) treatment to alleviate inflamma-
tory acne and its sequelae. IPL is commonly used to treat pigmentary disorders and for epilation. Although it is
sometimes used in photodynamic therapy of acne, its performance is questionable, and its efficacy and appli-
cability require further investigation®*-2. Similar questions apply to intradermal RF treatment®*’. Therefore,
we aimed to assess the effectiveness of IPL, RE, and a combination of the two on C. acnes strains and using an
acne-induced rabbit ear model.

Results

Scanning electron microscopy (SEM). SEM was used to examine C. acnes that had been untreated or
treated with RF, IPL, or RE+IPL. Untreated bacteria appeared as expected, with a smooth and rounded surface
(Fig. 1a). Treated bacteria had a more withered and recessed surface (Fig. 1b,c). Differences between bacteria
treated by single therapies, such as RF or IPL, and those treated by combination therapy, were apparent. C. acnes
were much damaged by the combination treatment in comparison to either RF or IPL treatment (Fig. 1b-d).

Morphological changes and histological analysis. The epidermis remained intact in all treatments
(Fig. 2¢). Seven days after treatment, all treatment groups displayed improvement without adverse effects in
comparison to the positive control group (Fig. 2a). Total lesion count indicated that G3, G4, G5 had markedly
improved, with reduction rates of 59.6% for G3, 24.35% for G4, and 67.80 for G5 (Table 1). Phototrichogram
evaluation indicated an identical outcome (Fig. 2b). H&E stained sections prepared from samples obtained seven
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Figure 2. Morphology and histology after seven days. (a) Digital camera images. (b) Phototrichogram
evaluation. (¢) H&E (x100). (d) Oil red O stain (x 100). Seven days after treatment, the treatment groups
displayed greater improvement than the positive control group, without adverse effects. There were marked
infiltration of inflammatory cells around sebaceous glands in the G2 positive control. In G3 and G5, destruction
of the sebaceous glands was evident. Combination treatment produced less inflammatory cell infiltration
compared to treatment with RF or IPL alone. The epidermis was intact in all treatments. In Oil red O staining,
G3 and G5 had no observable sebaceous glands. The size of sebaceous glands was significantly reduced in G4.

Gl 0.0+£0.0 0.040.0 0

G2 |17.00£1.00 19.0£1.00 —11.76 0.0705
G3 |19.00+1.00 7.7+1.53 59.65 0.0004™"
G4 | 17.6740.58 13.33+0.58 24.35 0.0008""
G5 |19.67+0.58 6.331+2.08 67.80 0.0009™"

Table 1. Lesion number count in an acne-induced rabbit ear model. Total lesion count showed that G3, G4, and
G5 improved significantly. *p < 0.05, *#%p < 0.0005.

days after treatment showed marked infiltration of inflammatory cells around the sebaceous glands in the G2 pos-
itive control. In G3 and G5, destruction of the sebaceous glands was evident. In the G5 combination treatment,
there were fewer and less pronounced inflammatory cell infiltrations compared RF or IPL alone. There were no
Oil Red O-stained sebaceous glands in the G3 or G5 groups. Sebaceous gland size in G4 was significantly reduced
compared to that in G2 (Fig. 2d).

According to the objective three-dimensional scanning measurements, there was increased volume of
acne papules in the untreated group, G2 (p=0.0461), while a significant reduction in volume was apparent in
G3 (p=0.0382) and G5 (p =0.0326). G4 displayed reduced volume, but this was not statistically significant
(p=0.7792; Fig. 3a). When the volume change was compared between groups, G3 and G5 were found to have
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Figure 3. Objective three-dimensional (3D) volume change measurement. Using the 3D skin measurement
system, volumes can be measured on areas prior to and after treatment. (a) Volumetric analysis (mm?). There
was increased volume in the untreated group, G2, while significant volume reduction was apparent in G3 and
G5. G4 displayed reduced volume but the reduction was not statistically significant. (b) Volumetric analysis
(%). When the volume change was compared between groups, G3 and G5 decreased in volume by 21.30% and
35.61%, respectively. The volume of G4 groups decreased by 11.18% (*p < 0.05).

decreased significantly by 21.30% (p =0.0137) and 35.61% (p =0.0170), respectively. The volume in the G4 group
likewise decreased significantly by 11.18% (p = 0.0672; Fig. 3b).

Immunohistochemistry and immunofluorescence. PPAR-~ staining indicated a greater, but not statis-
tically significant, decrease of expression in G2 compared to G1 (p =0.1359). PPAR- expression showed a greater
increase in G3 compared to G2, and greater still in G4. However, there were no significant differences in expres-
sion levels between G2 and G3 or G4 (G2-G3: p=0.2936, G2-G4: p=0.1759). G5 was found to be significantly
different compared to G2 (p = 0.0306; Fig. 4a).

TGEF-8 staining indicated that its expression was significantly decreased in G2 compared to G1 (p=10.0057). In
G3, TGF-B expression increased in comparison to G2, but not significantly (p=0.1341). TGF-3 expression in G4
and G5 was significantly different compared to G2, with an especially large difference in the case of G5 (G2-G4:
p=0.0050, G2-G5: p=0.0003) (Fig. 4b).

Immunofluorescence indicated a prominent deposition of TNF-a in the area surrounding the sebaceous gland
in G2. Immunostaining showed that the treatment groups G3-G5 had notably reduced TNF-« expression levels
compared to the G2 positive control group (Fig. 4¢).

Discussion

Light and laser therapies for treating acne are effective with infrequent adverse effects>?”?. Nevertheless, the
exact processes underlying their actions remain unclear. Previous studies have shown that RF reduces sebum
production through the selective electrothermolytic destruction of sebaceous glands®-*!, wherein the glands
are subsequently replaced by fibrosis, leading to dermal contraction and resulting in skin tightening and pore
size reduction®. Our results demonstrate that RF energy can effectively destroy the sebaceous gland. However,
histological examination could not confirm that RF induced fibrosis. At seven days post-treatment, only the infil-
tration of inflammatory cells would be observed. However, as there was an increase in the expression of TGF-3, it
is likely that fibrosis and dermal remodeling will occur over time*2. SEM findings indicate that the energy released
during RF treatment can successfully destroy C. acnes. Objective three-dimensional measurements allowed us to
confirm that the volume of acne lesions was significantly lower after RF treatment. This likely occurred as a result
of sebaceous gland destruction and the expulsion of debris from the skin.

Seven days after IPL treatment, the decrease in acne lesion volume was lower compared to the volume decrease
achieved using RF. This may be because of a photodynamic effect, wherein IPL activates endogenous porphyrins
created by C. acnes to induce TGF-35, rather than cause destruction of the sebaceous gland as in RE. Additionally,
the IPL spectrum includes red light, which mediates the reduction of inflammation and promotion of wound
healing and can be beneficial for acne**=*. SEM confirmed that the surface of C. acnes was destroyed by IPL in
this experiment. These beneficial effects of IPL may bring about clinical improvements, but these do not seem to
be sufficient to reduce the number and size of lesions to the same degree as RF treatment over 7 days.

Reduced PPAR-~ expression levels in the acne-induced model compared to the normal control were observed.
Compared to the positive control, RF and IPL treatment resulted in increased PPAR-~ expression level, though
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Figure 4. Immunohistochemistry and immunofluorescence. (a) PPAR-~ staining indicated a greater, but not
statistically significant, decrease in expression in G2 compared to G1. PPAR-~ expression was increased in

G3 compared to G2, and expression was increased slightly further in G4. However, there were no significant
differences between the degree of expression between G2 and G3 or G4. G5 was significantly different from G2
(PPAR-~, x1000). (b) TGF-{3 expression was significantly lower in G2 compared to G1. TGF-3 expression in
G3 increased in comparison to G2, but not significantly so. TGF-3 expression in G4 and G5 was significantly
different from G2, with an especially large difference in the case of G5 (TGF-8, x100) (c) Immunofluorescence
staining for TNF-o (green) was performed. Nuclei were counterstained with DAPI (blue) (x200).
Immunofluorescence indicated a prominent deposition of TNF-« in the area surrounding the sebaceous gland
in G2. Immunostaining revealed that the treatment groups (G3-G5) had notably reduced TNF-o expression
levels compared to the positive control group (G2). *p < 0.05, ***p < 0.0005.

not significantly so. When the two treatments were provided in combination, there was a statistically significant
outcome. Therefore, it appears that the increase of PPAR-~ regulates inflammation in acne lesions and aids rapid
treatment outcome and recovery, particularly under combination treatment.

Lasers, including IPL, may have an immunomodulatory effect in the treatment of inflammatory acne. A pre-
vious study showed transcription and expression of TGF-{ for a week following RF treatment, with neocolla-
genesis via increased expression of type I and III collagen and upregulation of type I collagen mRNA apparent
within the affected tissue®. In our study, the TGF-{3 expression level in the acne-induced model was significantly
decreased compared to the normal control expression levels. In the case of IPL treatment, TGF-{3 expression was
significantly increased, with even greater level of expression achieved using the combined RF and IPL treatment.
This suggests that the combination treatment could be useful in acne treatment via an immunomodulatory effect
elevating TGF-3 expression.

Previous studies have suggested that downregulation of TNF-q, rather than IL-8 or TLR-2, is the most likely
therapeutic target for IPL¥%. Use of the RF on acne also resulted in attenuated TNF-« release in an acne model®.
We performed immunofluorescence microscopy to assess the release of TNF-« in the control and treatment
groups. RE, IPL, and a combination treatment of these therapies modified TNF-« expression within acne lesions.
We believe that treating lesions with RF or IPL can reduce TNF-q, and will contribute to mitigating the progres-
sion of acne lesions.

The activation of NLRP3 inflammasomes in monocytes in the skin is a major source of pathogenesis of acne
vulgaris®*-4.. Local inflammasomes in sebaceous units induced by C. acne mediate the production of the major
inflammatory cytokine IL-13, which promotes severe localized inflammation in pilosebaceous glands. Since
TNF-o is suggested as an upstream mediator of IL-183, reduced TNF-c expression with combination treatment
of RF and IPL may reduce the secretion of IL-103. Therefore, decreasing the effects of NLRP3-inflammasome may
decrease inflammation induced by C. acnes.
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There are some limitations to our study stemming from our use of a rabbit ear assay (REA), which is com-
monly used to ascertain compound comedogenicity*2. Rabbit inner ear follicles are similar to human follicles in
that both possess small pili and large adjacent sebaceous glands, and the REA is sensitive to the degree that only
two weeks of applying a test agent can produce erythema, desquamation, and follicular keratosis, making the
model useful in studies of the causes of acne***. During the preliminary animal study performed to establish the
assay, we applied oleic acid for 6 weeks and injected C. acne. When we ceased application after the development
of acne lesions, the size of the papules continued to increase for one week, as can be seen in human patients.
Thereafter, spontaneous regression was evident (data not shown). However, this model is not entirely homolo-
gous concerning the characteristics of their human equivalents, with intrinsic differences in skin permeation and
metabolism*#. Rabbit ear hyperkeratosis is different from the comedo of acne vulgaris in several ways. First, the
REA features little bacterial colonization. Second, inflammatory lesions do not emerge since follicular wall rup-
ture does not occur. Third, the horn is not as densely packed. Fourth, mechanical expulsion is easier in the case of
the rabbit*’. Because acne lesions cannot be maintained longer than a week in the rabbit model, the influence of
C. acnes is reduced with time, as continued bacterial colonization is unsuccessful. This may be due to a reduction
of inflammation because of the absence of rupture of the follicular wall. Therefore, the REA is limited in that it can
only be used to observe the effectiveness of treatments in the short term, as in our study’s one-week timeframe.
It is also possible that our observed outcomes may have been better than potential clinical results from a human
patient’s acne lesions, since debris can escape more easily from the rabbit model than from human skin during
microneedle puncture during RF treatment.

In conclusion, RF appears to notably reduce lesion volume when used on acne, while IPL appears to have an
immunomodulatory effect. We also demonstrated that the two treatments in combination produce an additive
effect. In the case of RF, although it did not produce a statistically significant outcome, there appears to be an
additional slight immunomodulatory effect. When performing RF treatment, one can expect that the wound
caused by needle insertion for treatment would heal quickly due to the TGF-(3 enhancement effect of the IPL. In
addition, although IPL treatment is less destructive of the sebaceous gland than RE, it is believed to aid the treat-
ment of acne through increasing TGF-{3, decreasing TNF-q, and increasing PPAR-~. Although IPL did not yield
alarge reduction in volume of acne lesions themselves in seven days, its immunomodulatory effect is likely to aid
the overall treatment of acne. Future trials should investigate whether it is best to perform IPL and RF at the same
time, or whether they should be performed in any staggered intervals.

Methods

Ethics statement. Forty 4-month-old male New Zealand white rabbits (2 to 2.5kg, Saeronbio, Uiwang,
Korea) were used for animal experiments. They were housed under standard temperature and humidity in the
specific pathogen-free facilities of Chung Ang University. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of Chung-Ang University and approved by the
Animal Ethics Committee of Chung-Ang University IACUC (Approval No. 2016-00090).

C. acnes culture. C. acnes (ATCC 11827) was the control strain for anaerobe identification. C. acnes cul-
tures were grown on modified reinforced clostridial agar/broth medium in an anaerobic atmosphere of 80% N,,
10% CO,, and 10% H, at 37°C for 48 to 72 h. C. acnes at 107 colony-forming units (CFU) per 20 uL were heat
inactivated at 95 °C for 5 min, then suspended in an appropriate amount of phosphate buffered saline (PBS) for
experiments.

Scanning electron microscopy (SEM) of treated bacterial cultures. C. acnes preparations as
described above were sorted into four treatment groups, with one receiving no treatment, one receiving RF with
one pulse of 1 MHz at 36 W for 400 ms, one receiving IPL at 450-1000 nm at 10.8 J/cm? with three pulses, and
one group receiving both IPL and RF. Both IPL and RF were delivered using a DermAkne instrument (Huons,
Seongnam, Korea). This device has dual mechanism composed of a monopolar intradermal RF and IPL. Treated
C. acnes (2 x 107/mL) were fixed with 2% glutaraldehyde in PBS at room temperature for 30 minutes, washed, sus-
pended in PBS, and retained on a microporous filter. Each filter coated with C. acnes was dehydrated in a graded
ethanol series (50%, 75%, 95%, and 100%, each for 15 minutes) followed by hexamethyldisilazane (50%, 75%, and
95%, each for 30 minutes). Samples were then incubated overnight in 100% hexamethyldisilazane. Each sample
was coated with platinum and observed using a JSM-PH SEM microscope (Jeol, Tokyo, Japan).

Acne-induced rabbit ear model.  Using a 30-gauge needle, a suspension of C. acnes (107 CFU in 20 uL PBS)
was injected at six sites in the external ear of the experimental rabbits, avoiding contact with blood vessels. These
were followed by application of 50% oleic acid in Macrogol 400 (polyethylene glycol, MW 400; Sigma-Aldrich, St
Louis, MI, USA) performed once a day for 42 days.

Treatment with monopolar RF & IPL.  Five treatment groups were evaluated in rabbits: a normal control
group (G1), an acne-induced positive group (G2), a monopolar RF treated group (G3), an IPL-treated group
(G4), and a group treated with IPL + RF (G5) (Table 2), with eight rabbits per group. Rabbit ears were investigated
before and after monopolar RF and IPL treatment. The animals were sacrificed and analyzed seven days after
treatment. In the case of RE, the sebaceous gland was selectively destroyed without damage to the epidermis by
heat transfer using a 1.2 mm micro-insulated needle (MN), which penetrated the skin and delivered energy to the
rabbit ear at 1 MHz, 36 W for 400 ms. IPL was applied in three pulses at 450-1000 nm at 10.8 J/cm?

Clinical evaluation. Images were taken daily with a 3000D digital camera (Canon Inc., Tokyo, Japan).
Changes in inflammatory lesion (papules, pustules, and nodules) and total lesion counts (inflammatory lesions
and noninflammatory lesions) were noted for seven days post-treatment. Lesion counts were recorded for the
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Cuticobacterium acnes injection + oleic
acid topical treatment Treatment
Gl (=) None
G2 | (+) None
G3 | (+) Monopolar RF device'
G4 (+) IPL*
G5 | (+) Monopolar RF device + IPL*

Table 2. Treatment groups in an acne-induced rabbit ear model. Five treatment groups were evaluated,
including a normal control group (G1), an acne-induced positive control group (G2), a monopolar RF-treated
group (G3), an IPL-treated group (G4), and an IPL + RF-treated group (G5). Eight rabbits were treated in each
group. Rabbit ears were investigated before and after treatments. 'RF: 1 MHz, 36 W, 1.2 mm needle, *IPL: triple
pulse, 450—1000 nm, 10.8 J/cm?, *RF + IPL: same protocol as Groups 3 and 4.

whole ear canal area in both ears of each rabbit. The total number of lesions was considered to be 100% and any
decrease in the number of lesions was calculated accordingly and regarded as percent improvement. A photot-
richogram system (Folliscope, Lead-M, Seoul, Korea) was used to examine changes to the skin after treatment. To
evaluate the progression and efficacy of the treatments, volume covered by follicular orifices was calculated using
digital image analysis performed using Antera 3D software (Miravex Limited, Dublin, Ireland)***.

Histologic and immunologic measurements. Specimens of inflammatory acne lesions (papules) in the
rabbit ear and healthy skin samples of the adjacent area were obtained using 8 mm biopsy punches seven days after
treatment. Each sample was immediately placed in 10% neutral buffered formalin dehydrated with a graded etha-
nol series (70% for 2h, 80% overnight, 90% for 2h, and 100% for 2h) and embedded in dimethylbenzene-paraffin.
Sections (5um) were cut, placed onto slides, and dried in a 70 °C chamber for 40 min. After being dewaxed with
ethanol, the sections were soaked with hematoxylin, water and 1% hydrochloric ethanol at room temperature for
5min, 5min, and 3 sec respectively, and rinsed with water for 20 min. The slices were subsequently stained with
eosin for 3min and dehydrated with a graded series of ethanol (75%, 85%, and 95%, each for 2 min, and 100% twice
for 5min). Additionally, skin biopsy samples were stored at —80°C and placed in a cryomold at optimum cutting
temperature (OCT) (Tissue Tek, SakuraFinetekInc., Torrance, CA, USA). Subsequently, 10-um-thick sections were
stained with Qil red O. The stained tissues were observed under a DP73 microscope (Olympus, Tokyo, Japan).

For immunohistochemistry, slides were blocked in an UltraVision Protein block (Thermo Scientific, Waltham,
MA) for 1h and then incubated with rabbit monoclonal antibodies against PPAR-~ (ab45036, 1: 200; Abcam,
Cambridge, UK) and rabbit monoclonal antibodies against TGF-3 (ab190503, 1: 200; Abcam) at 4°C overnight. The
slides were washed and incubated with secondary horseradish peroxidase (HRP)-conjugated antibody using the
UltraVision Quanto Detection System HRP Polymer Detection Kit (Thermo Scientific, Waltham, MA). After wash-
ing with Tris-buffered saline containing Tween-20, slides were stained using a 3,3’-diaminobenzidine-based Quanto
kit (Thermo Scientific, Waltham, MA). Slides were then counterstained with hematoxylin. Slides stained with TGF-8
and PPAR-~ were selected from raw photographs and saved as jpeg images using image processing software (Adobe
Photoshop, San Jose, CA). A subset of colors representing the brown-stained area was selected from raw photos and
saved as jpeg images. Dye intensity was measured for each image using another image analysis program (Image Pro,
Media Cybernetics, Rockville, MD), and the stained area was calculated and expressed in pixels.

For immunofluorescence, slides were blocked in PBS containing 0.2% Triton X-100 and normal horse serum
at room temperature for 2h and then incubated with mouse monoclonal antibodies against TNF- (sc-12744,
Santa Cruz Biotechnology, Santa Cruz, CA) at 1:100 dilution and incubated at 4 °C overnight. The slides were
washed and incubated with fluorescein isothiocyanate-conjugated anti-Armenian hamster secondary antibodies
(sc-2446, 1:200; Santa Cruz Biotechnology, Santa Cruz, CA) at room temperature for 30 min. Slides were then
counterstained with 4/,6-diamidino-2-phenylindole (DAPI) for 5 min.

Statistical analysis. The mean percentage improvement was calculated for each group of subjects and
used for statistical analysis. At the end of the study, the data were analyzed using SPSS 19 (SPSS, Chicago IL).
Comparisons between groups were analyzed using a one-tailed Student’s t-test. All data are presented as a mean
with standard deviation (SD). Differences were regarded as statistically significant at p < 0.05.

References
1. Baldwin, H. E. The interaction between acne vulgaris and the psyche. Cutis 70, 133-139 (2002).
2. Do, J. E. et al. Psychosocial aspects of acne vulgaris: a community-based study with Korean adolescents. Annals of Dermatology 21,
125-129 (2009).
. Thomas, D. Psychosocial effects of acne. Journal of Cutaneous Medicine and Surgery 8, 3-5 (2004).
. Williams, H. C., Dellavalle, R. P. & Garner, S. Acne vulgaris. The Lancet 379, 361-372 (2012).
5. Zaenglein, A. L. et al. Guidelines of care for the management of acne vulgaris. Journal of the American Academy of Dermatology 74,
945-973. €933 (2016).
6. Dreno, B. et al. Large-scale worldwide observational study of adherence with acne therapy. Int. J. Dermatol. 49, 448-456, https://doi.
org/10.1111/j.1365-4632.2010.04416.x (2010).
7. Layton, A. M., Knaggs, H., Taylor, J. & Cunliffe, W. ]. Isotretinoin for acne vulgaris-10 years later: a safe and successful treatment. Br.
J. Dermatol. 129, 292-296 (1993).
8. Rademaker, M. Adverse effects of isotretinoin: A retrospective review of 1743 patients started on isotretinoin. Australas. J. Dermatol.
51, 248-253, https://doi.org/10.1111/j.1440-0960.2010.00657.x (2010).

LNV}

SCIENTIFIC REPORTS |

(2019) 9:5056 | https://doi.org/10.1038/s41598-019-41322-x 7


https://doi.org/10.1038/s41598-019-41322-x
https://doi.org/10.1111/j.1365-4632.2010.04416.x
https://doi.org/10.1111/j.1365-4632.2010.04416.x
https://doi.org/10.1111/j.1440-0960.2010.00657.x

www.nature.com/scientificreports/

10.
11.

12.
. Choi, Y. et al. Intense pulsed light vs. pulsed-dye laser in the treatment of facial acne: a randomized split-face trial. Journal of the

14.
15.
16.
17.
18.
19.

20.
. Coenye, T., Peeters, E. & Nelis, H. J. Biofilm formation by Propionibacterium acnes is associated with increased resistance to

22.
23.
24.
25.
26.

27.

28.
29.
30.
31.
32.
33.
34.
35.

36.

37.
38.
39.
40.
41.
42.
43.
44,
45.

46.

47.
48.

49.

. Nast, A. et al. European evidence-based (S3) guideline for the treatment of acne - update 2016 - short version. J. Eur. Acad. Dermatol.

Venereol. 30, 1261-1268, https://doi.org/10.1111/jdv.13776 (2016).

Graham, G,, Farrar, M., Cruse-Sawyer, J., Holland, K. & Ingham, E. Proinflammatory cytokine production by human keratinocytes
stimulated with Propionibacterium acnes and P. acnes GroEL. British Journal of Dermatology 150, 421-428 (2004).

Taylor, M., Gonzalez, M. & Porter, R. Pathways to inflammation: acne pathophysiology. European Journal of Dermatology 21,
323-333(2011).

Webster, G. F. Inflammation in acne vulgaris. Journal of the American Academy of Dermatology 33, 247-253 (1995).

European Academy of Dermatology and Venereology 24, 773-780 (2010).

Seaton, E. et al. Investigation of the mechanism of action of nonablative pulsed-dye laser therapy in photorejuvenation and
inflammatory acne vulgaris. British Journal of Dermatology 155, 748-755 (2006).

Moses, H. L., Coffey, R. J., Leof, E. B., Lyons, R. M. & Keski-Oja, J. Transforming growth factor (3 regulation of cell proliferation.
Journal of Cellular Physiology 133, 1-7 (1987).

Fitzpatrick, D. R. & Bielefeldt-Ohmann, H. Transforming growth factor (3 in infectious disease: always there for the host and the
pathogen. Trends in Microbiology 7, 232236 (1999).

Ling, E. & Robinson, D. S. Transforming growth factor-bB1: its anti-inflammatory and pro-fibrotic effects. Clinical & Experimental
Allergy 32, 175-178 (2002).

Schmidt-Weber, C. B. & Blaser, K. Regulation and role of transforming growth factor-3 in immune tolerance induction and
inflammation. Current Opinion in Immunology 16, 709-716 (2004).

Leyden, J. J., McGinley, K. J., Mills, O. H. & Kligman, A. M. Propionibacterium levels in patients with and without acne vulgaris.
Journal of Investigative Dermatology 65, 382-384 (1975).

Bowe, W. & Kober, M. Therapeutic update: acne. Journal of Drugs in Dermatology: JDD 13, 235-238 (2014).

antimicrobial agents and increased production of putative virulence factors. Research in Microbiology 158, 386-392 (2007).
Alestas, T., Ganceviciene, R., Fimmel, S., Miiller-Decker, K. & Zouboulis, C. C. Enzymes involved in the biosynthesis of leukotriene
B 4 and prostaglandin E 2 are active in sebaceous glands. Journal of Molecular Medicine 84, 75-87 (2006).

Dozsa, A. et al. PPAR~-Mediated and Arachidonic Acid-Dependent Signaling Is Involved in Differentiation and Lipid Production
of Human Sebocytes. Journal of Investigative Dermatology 134, 910-920 (2014).

Trivedi, N. R. et al. Peroxisome proliferator-activated receptors increase human sebum production. Journal of Investigative
Dermatology 126, 2002-2009 (2006).

Dozsa, A. et al. Decreased peroxisome proliferator-activated receptor ~ level and signalling in sebaceous glands of patients with acne
vulgaris. Clinical and Experimental Dermatology 41, 547-551 (2016).

Rojanamatin, J. & Choawawanich, P. Treatment of inflammatory facial acne vulgaris with intense pulsed light and short contact of
topical 5-aminolevulinic acid: A pilot study. Dermatologic Surgery 32, 991-997 (2006).

Santos, M., Arianee, V., Belo, V. G. & Santos, G. Effectiveness of Photodynamic Therapy with Topical 5-Aminolevulinic Acid and
Intense Pulsed Light versus Intense Pulsed Light Alone in the Treatment of Acne Vulgaris: Comparative Study. Dermatologic Surgery
31,910-915 (2005).

Yeung, C. K. et al. A comparative study of intense pulsed light alone and its combination with photodynamic therapy for the
treatment of facial acne in Asian skin. Lasers in Surgery and Medicine 39, 1-6 (2007).

Kwon, T. R. et al. Targeting of sebaceous glands to treat acne by micro-insulated needles with radio frequency in a rabbit ear model.
Lasers in Surgery and Medicine 49, 395-401 (2017).

Lee, J. W, Kim, B. J., Kim, M. N., Ahn, G. Y. & Aso, H. Selective sebaceous gland electrothermolysis as a treatment for acne: a
prospective pilot study. International Journal of Dermatology 51, 339-344 (2012).

Kobayashi, T. & Tamada, S. Selective electrothermolysis of the sebaceous glands: treatment of facial seborrhea. Dermatologic Surgery
33, 169-177 (2007).

Yang, L. et al. Healing of burn wounds in transgenic mice overexpressing transforming growth factor-g1 in the epidermis. The
American Journal of Pathology 159, 2147-2157 (2001).

Hawkins, D. H. & Abrahamse, H. The role of laser fluence in cell viability, proliferation, and membrane integrity of wounded human
skin fibroblasts following helium-neon laser irradiation. Lasers in Surgery and Medicine 38, 74-83 (2006).

Medrado, A. R, Pugliese, L. S., Reis, S. R. A. & Andrade, Z. A. Influence of low level laser therapy on wound healing and its
biological action upon myofibroblasts. Lasers in Surgery and Medicine 32, 239-244 (2003).

Na, J. I. & Suh, D. H. Red Light Phototherapy Alone Is Effective for Acne Vulgaris: Randomized, Single-Blinded Clinical Trial.
Dermatologic Surgery 33, 1228-1233 (2007).

Min, S., Park, S. Y., Yoon, J. Y. & Suh, D. H. Comparison of fractional microneedling radiofrequency and bipolar radiofrequency on
acne and acne scar and investigation of mechanism: comparative randomized controlled clinical trial. Archives of Dermatological
Research 307, 897-904 (2015).

Fan, X. et al. Effects of 420-nm intense pulsed light in an acne animal model. Journal of the European Academy of Dermatology and
Venereology 27,1168-1171 (2013).

Taylor, M., Porter, R. & Gonzalez, M. Intense pulsed light may improve inflammatory acne through TNF-o down-regulation.
Journal of Cosmetic and Laser Therapy 16, 96-103 (2014).

Contassot, E. & French, L. E. New insights into acne pathogenesis: Propionibacterium acnes activates the inflammasome. Journal of
Investigative Dermatology 134, 310-313 (2014).

Kistowska, M. et al. IL-18 drives inflammatory responses to Propionibacterium acnes in vitro and in vivo. Journal of Investigative
Dermatology 134, 677-685 (2014).

Strowig, T., Henao-Mejia, J., Elinav, E. & Flavell, R. Inflammasomes in health and disease. Nature 481, 278 (2012).

Mirshahpanah, P. & Maibach, H. I. Models in acnegenesis. Cutaneous and Ocular Toxicology 26, 195-202 (2007).

Fulton, J. E. Jr., Pay, S. R. & Fulton, J. E. III. Comedogenicity of current therapeutic products, cosmetics, and ingredients in the rabbit
ear. Journal of the American Academy of Dermatology 10, 96-105 (1984).

Tucker, S. B., Flannigan, S. A., Dunbar, M. & Drotman, R. B. Development of an objective comedogenicity assay. Archives of
Dermatology 122, 660665 (1986).

Artusi, M. et al. Effect of chemical enhancers and iontophoresis on thiocolchicoside permeation across rabbit and human skin in
vitro. Journal of Pharmaceutical Sciences 93, 2431-2438 (2004).

Hikima, T., Yamada, K., Kimura, T., Maibach, H. I. & Tojo, K. Comparison of skin distribution of hydrolytic activity for
bioconversion of 3-estradiol 17-acetate between man and several animals in vitro. European Journal of Pharmaceutics and
Biopharmaceutics 54, 155-160 (2002).

Frank, S. B. Is the rabbit ear model, in its present state, prophetic of acnegenicity? Journal of the American Academy of Dermatology
6,373-377 (1982).

Coma, M. et al. Methods for diagnosing perceived age on the basis of an ensemble of phenotypic features. Clinical, Cosmetic and
Investigational. Dermatology 7, 133 (2014).

Matias, A. R, Ferreira, M., Costa, P. & Neto, P. Skin colour, skin redness and melanin biometric measurements: comparison study
between Antera 3D, Mexameter and Colorimeter. Skin Research and Technology 21, 346-362 (2015).

SCIENTIFIC REPORTS |

(2019) 9:5056 | https://doi.org/10.1038/s41598-019-41322-x 8


https://doi.org/10.1038/s41598-019-41322-x
https://doi.org/10.1111/jdv.13776

www.nature.com/scientificreports/

Author Contributions

J. Seok, J.M. Kim and B.J. Kim had full access to all data in the study and take responsibility for the integrity of
the data and the accuracy of analysis. J. Seok and T.R. Kwon contributed the study concept and design. Data
acquisition was managed by J.H. Kim and T.R. Kwon. Analysis and interpretation of data were carried out by J.
Seok, S.Y. Choi, K. Li and B.J. Kim. Critical revision of the manuscript and content contributions were made by
K. Liand B.J. Kim.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:5056 | https://doi.org/10.1038/s41598-019-41322-x 9


https://doi.org/10.1038/s41598-019-41322-x
http://creativecommons.org/licenses/by/4.0/

	Effects of Intradermal Radiofrequency Treatment and Intense Pulsed Light Therapy in an Acne-induced Rabbit Ear Model

	Results

	Scanning electron microscopy (SEM). 
	Morphological changes and histological analysis. 
	Immunohistochemistry and immunofluorescence. 

	Discussion

	Methods

	Ethics statement. 
	C. acnes culture. 
	Scanning electron microscopy (SEM) of treated bacterial cultures. 
	Acne-induced rabbit ear model. 
	Treatment with monopolar RF & IPL. 
	Clinical evaluation. 
	Histologic and immunologic measurements. 
	Statistical analysis. 

	﻿Figure 1 Scanning electron microscopy (SEM) images.
	Figure 2 Morphology and histology after seven days.
	Figure 3 Objective three-dimensional (3D) volume change measurement.
	Figure 4 Immunohistochemistry and immunofluorescence.
	Table 1 Lesion number count in an acne-induced rabbit ear model.
	Table 2 Treatment groups in an acne-induced rabbit ear model.




