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Abstract

Background: Acne is one of the most common chronic inflammatory skin diseases, abnormal
proliferation of keratinocytes can block the hair follicle sebaceous glands result in the formation of acne.
Most drugs to treat acne can cause a variety of side effects, therefore, it is important to seek natural and
safe complementary and alternative therapies.

Methods: The inhibitory effects of BEO were determined on the proliferation of human keratinocyte
(HaCaT) cells induced by heat-inactivated Staphylococcus epidermidis and release of the inflammatory
mediators. Further, a component-target-signal pathway for BEO's effects on acne was constructed
through network pharmacology and the mechanism of BEO action was studied in vivo through the rabbit
ear acne model.

Results: BEO inhibited both cell proliferation, induced by heat-inactivated Staphylococcus epidermidis (p <
0.0001), and release of the inflammatory mediators TNF-a (p < 0.0001) and IL-1B8 (p < 0.05) in a dose-
dependent manner (r = -0.9952, -0.9492), in a HaCaT cell-model of acne. A network pharmacology
analysis of the chemical components of BEO characterized these effects as multi-component, multi-
target and multi-pathway. All targets were mainly associated with metabolic pathways, the toll-like
receptor signaling pathway and the NF-kB signaling pathway. BEO also reduced the severity of acne
lesions, induced by intracutaneous injection of S. epidermidisin a rabbit ear acne model. The expression
of inflammatory mediators and key signaling pathway components, including TLR2, AKT, P13K, NF-kB,
TNF-q, IL-1B in rabbit ear, and TNF-a and IL-1 B in serum, were down-regulated (p < 0.05), indicating that
BEO acts by inhibiting the pro-inflammatory TLR2/PI3K-AKT/NF-kB signaling pathway.

Conclusion: The current results showed that BEO has clear potential for development into a natural and
safe anti-inflammatory skin preparation, which is an effective alternative to conventional treatments
containing antibiotics and synthetic anti-inflammatory agents.

1. Background

Acne is one of the most common chronic inflammatory skin diseases [1], which is caused by an
androgen-induced increase in sebum secretion, abnormal proliferation of keratinocytes and bacterial
colonization of hair follicles [2]. Globally, more than 85% of young people are affected by acne [1].
Studies have shown that Staphylococcus epidermidis dysbiosis can cause infection of hair follicle
sebaceous glands, which can lead to acne [3]. In addition, abnormal proliferation of keratinocytes can
block the hair follicle sebaceous glands and result in the formation of acne [4]. Therefore, most drugs to
treat acne (salicylic acid, antibiotics, and anti-inflammatory drugs) are targeted to the above two
important factors, S. epidermidis infection and abnormal proliferation of keratinocytes [3]; however, these
drugs can cause a variety of side effects and long-term use of antibiotics may result in antibiotic
resistance in acne-causing bacteria [5]. Therefore, patients are gradually turning their attention to natural
and safe complementary and alternative therapies, especially herbal medicines [6].

Page 2/18



Essential oils are a natural, safe, effective and multifunctional alternative therapy [3]. Studies have shown
that Salvia eremophila essential oil containing borneol, a-pinene, bornyl acetate, camphene, 3-
caryophyllene and and limonene [7] and Tanacetum argyrophyllum var. argyrophyllum essential oil
containing borneol, camphor and camphene [8] showed antibacterial activity against S. epidermidis that
causes acne. Cinnamomum camphora chvar. Borneol essential oil (BEO) is obtained by steam distillation
of Cinnamomum camphora chvar. Borneol leaves. Its most abundant component is borneol (16.4%),
followed by B-caryophyllene (10.7%), camphor (10.6%), a-pinene (7.45%), limonene (8.2%), camphene
(4.4%) and bornyl acetate (0.3%) (Table S1) [9]. BEO has various biological activities, including significant
anti-inflammatory effects [9], which has similar components with Salvia eremophila essential oil and
Tanacetum argyrophyllum var. argyrophyllum essential oil, so its acne-treatment potential is worthwhile
to investigate.

This study aimed to use the heat-inactivated S. epidermidis-induced HaCaT cell proliferation and
inflammation model to study the acne-treatment effect of BEO in vitro, and construct a “component-
target-signaling pathway” network of acne regulated by BEO, through a network pharmacology approach,
to analyze the potential mechanism of BEO for acne treatment. An in vivo rabbit ear acne model was
established to probe the relationship between the Toll-like receptor signaling pathway and the anti-
inflammatory effect of BEO on acne in vivo.

2. Materials And Methods
2.1 Materials and Reagents

BEO was provided by Chunjingziran Biotechnology (Shaoxing, Zhejiang Province, China), and was
obtained by steam distillation of fresh branches and leaves of Cinnamomum camphora chvar. Borneol, a
voucher specimen (768133), was deposited at South China Institute of Botany, Chinese Academy of
Science (Guangzhou, Guangdong). The essential oil was dehydrated by adding anhydrous Na,S0,, and
collected in a brown bottle, then stored at 4°C until future use. The BEO components were previously
identified by our research group using gas chromatography mass spectrometry; BEO contains 43
components, the most abundant being borneol (16.4%) [9] (Table S1).

Reagents used were: Dulbecco’'s Modified Eagle’s Medium (DMEM; GIBCO/Thermo Fisher Scientific,
Waltham MA); fetal bovine serum (FBS; GIBCO); penicillin/streptomycin (GIBCO); dimethyl sulfoxide
(DMSO; Solarbio, Beijing, China) and enzyme-linked immunosorbent assay (ELISA) kits (SenBeiJia
Biotechnology, Nanjing, China), which were used to assay rabbit serum tumor necrosis factor (TNF)-a and
interleukin (IL)-1B, rabbit tissue TNF-q, IL-1B, nuclear factor kappa B (NF-kB), phosphoinositide 3-kinase
(PI3K), protein kinase B (AKT), Toll-like receptor (TLR) 2 and HaCaT cellular supernatant (TNF-a and IL-
1B).

2.2 Bacterial Strains and Culturing
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Staphylococcus epidermidis (S. epidermidis) ATCC 12228 was cultured aerobically on nutrient broth (NB)
and incubated at 37 °C for 24 h.

2.3 Anti-human keratinocytes (HaCaT) proliferation and
inflammation in vitro

2.3.1 Cell culture

Human keratinocytes (HaCaT) were cultured in DMEM, supplemented with 10% FBS and
penicillin/streptomycin at 37 °C in a humid 5% CO, atmosphere.

2.3.2 Cell Viability Assay of S. epidermidis-induced HaCaT
cells

The viability of HaCaT cells was determined as described previously, with some modifications [10]. Cells
were treated with heat-killed S. epidermidis (wet weight 200 pg/mL) and different concentrations of BEO
(0,0.08, 0.16, or 0.4 mg/mL), for a 24 h incubation, and were analyzed with a CCK-8 kit (Beyotime,
Shanghai, China). HaCaT cells were seeded into a 96-well plate at 5000 cells/well. The absorbance of
wells was measured using a microplate reader (Epoch 2, Bio Tek Instruments, USA) at 450 nm.

2.3.3 Effects of BEO on Cell inflammation of S. epidermidis-
induced HaCaT cells

HaCaT cells were induced as described above (2.3.2), for a 24 h incubation. Cell-free supernatants were
collected and the concentrations of TNF-a and IL-13 were analyzed with the respective ELISA kits. Non-
induced cells were used as the controls.

2.4 Network pharmacology analysis

The chemical composition of BEO was determined previously by our research group [9] (Table S1).
Simplified Molecular Input Line Entry System (SMILES) strings of the components were obtained by
searching the Traditional Chinese Medicine Integrated Database (http://www.megabionet.org/tcmid/)
and imported into the Swiss Target Prediction database (STP; http://www.swisstargetprediction.ch/) to
identify potential targets of BEO components. The STP database can predict the targets of active
molecules based on the chemical structure of the molecules, ligand similarity and by cross validation and
arrangement analysis [11]. The predicted targets of all BEO components were obtained from limited
search species in humans. Next, the DisGeNET database
(http://www.disgenet.org/web/DisGeNET/menu/home) was used to screen potential targets for acne
treatment. Then, the targets of BEO components and the targets of acne treatment were intersected to
identify potential targets that could be used in the treatment of acne by BEO.

The KEGG Mapper tool of the KEGG database (http://www.kegg.jp/) was used to find enriched pathways
for the targets, and Cytoscape 3.2.1 was then used to construct an “active components-targets-signal
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pathways” network, in which nodes representing BEO active components, potential targets and
associated signal pathways were connected by lines [12]. The size of the nodes represents the degree of
influence of components, or the degree of effect on the targets and pathways. The larger the node, the
greater the degree. The thickness of the connecting grey lines represents the combined score; the thicker
the line, the greater the combined score.

2.5 In vivo studies
2.5.1 Experimental animals

All experimental animal procedures were approved by the Ethics Committee of the Experimental Animal
Center of Jiangnan University (Wuxi, Jiangsu Province, JN. No. 20190430R0420715[98]). Care and use of
laboratory animals were conducted in accordance with national and international guidelines (Directive
2010/63/EU). Adult New Zealand rabbits (1.5-2.5 kg) were bred in an environment kept at 22 + 2°C, with
55% t 15% relative humidity and 12-h light/dark cycles. They had free access to water and food. The
experiments were performed after the animals had adapted to the experimental environment for at least 5
d

2.5.2 Establishment of the rabbit ear ache model

The rabbit ear acne model was established as described previously [13] with slight modifications. New
Zealand rabbits (42 total; seven per group) were randomly divided into control, model control, negative
control (GTCC, 200 mg/kg), positive control (Clindamycin hydrochloride gel, 200 mg/kg, calculated for the
daily dose of a patient) and BEO treatment groups. Except for the control group, the inner ear-tube
opening of each rabbit’s right ear was evenly coated with 0.5 mL of oleic acid, covering an area of 2 cm x
2 cm, once a day for 14 consecutive days. On days 7-12, the right ear was injected intracutaneously with
S. epidermidis (30 pL,108 CFU/mL) every day and the left ear was left untreated as a control. After
successful establishment of the model, BEO (25, 50, 100 mg/kg, diluted with GTCC) and clindamycin
hydrochloride gel (200 mg/kg) were administered once a day for 14 consecutive d. Twenty minutes after
the last administration, the rabbits were anesthetized and blood was taken, which was centrifuged at
3,000 x g for 10 min, and the serum was isolated.

2.5.3 Hematoxylin and eosin (HE) staining

The rabbits were euthanized after anesthesia, and freshly excised rabbit auricle tissues were fixed with
4% paraformaldehyde for 24 h, then dehydrated, embedded in paraffin wax, sectioned, and stained with
HE. The tissue slides were observed with an inverted fluorescence microscope.

2.5.4 Western blotting

Rabbit auricle tissues were lysed in RIPA Lysis Buffer (Beyotime Biotechnology, Shanghai, China)
containing protease/phosphatase inhibitors. A total of 60 pg protein was loaded in each lane. Primary
antibodies, including Armenian hamster anti-TNF-a (1:1,000; SC-12744; Santa Cruz Biotechnology, Dallas,
TX, USA) and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:1,000; ab125247; Abcam,
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Cambridge, UK). Horseradish-peroxidase-conjugated secondary antibodies were also used. The protein
bands were visualized using a Chemiluminescence Kit (Bio-Rad, Hercules, CA, USA). Protein bands were
quantified by densitometry (Image Lab; Bio-Rad).

2.6 Data analysis

Prism 6 software (GraphPad, San Diego, CA) and OriginLab-9.0s (Origin Lab, Northampton, MA) were

used for data analysis and plotting. The results are expressed as the mean + standard deviation. The data
were analyzed using one-way analysis of variance with Dunnett’s multiple comparisons test; “p<0.05, “p
<0.01, " p<0.001,

*kkk

p<0.0001 were considered as statistically significant.

3. Results

3.1 The inhibitory effect of BEO on HaCaT cell proliferation
and inflammation

3.1.1 The effect of BEO on the proliferation of HaCaT cells
induced by heat-inactivated Staphylococcus epidermidis

Three non-cytotoxic concentrations of BEO (0.08, 0.16, 0.4 mg/mL), determined previously by our
research group [9], were selected to test its effect on the proliferation of HaCaT cells induced by heat-
inactivated S. epidermidis and the cell viability was tested by CCK-8. Compared with the control cells,
heat-inactivated S. epidermidis significantly increased the proliferation of HaCaT cells, to a survival rate
of 155.5+0.01% (Fig. 1A). The cell survival rates after BEO treatment at 0.08, 0.16, or 0.4 mg/mL were
150.7 £ 0.03%, 146.9 + 0.05% and 97.6 + 0.03%, respectively. Therefore 0.4 mg/mL BEO significantly
inhibited (by 40.96 + 1.77%) and essentially normalized the excessive proliferation of HaCaT cells (p<
0.01) (Fig. 1A), indicating that BEO has positive effects on excessive keratinocyte proliferation in acne.

3.1.2 The effect of BEO on inflammatory mediator
production by HaCaT cells induced by heat-inactivated
Staphylococcus epidermidis

BEO was applied to S. epidermidis-treated human keratinocyte (HaCaT) cells in a cell-based acne model.
The content of TNF-a and IL-1B in the cell supernatant was determined (Fig. 1B, C). Compared with
control, heat-inactivated S. epidermidis significantly increased the release of the inflammatory mediators
(p<0.0001). BEO (0.08, 0.16, or 0.4 mg/mL) significantly inhibited the release of TNF-a and IL-1B caused
by heat-inactivated S. epidermidis (p<0.05), in a dose-dependent manner (r = -0.9952, r = -0.9492,
respectively). These data indicate that BEO has an anti-inflammatory effect in the in vitro acne model.

3.2 Network pharmacology analysis
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3.2.1 Components and targets

BEO components with potential activity against acne were screened from the database, and a BEO
“active component-target-signaling pathway” network was constructed. (Fig. 2A). A total of 18 targets,
corresponding to 35 BEO ingredients was obtained and of these, limonene (10), B-caryophyllene (10) and
borneol (9) were associated with nine or more targets. Thus, these compounds can be considered as the
main components of BEO that are active against acne. The target genes Cytochrome P450 (CYP)19A1,
androgen receptors (AR), estrogen receptor (ESR)1 and CYP17A1 were associated with 35,31, 28 and 23
BEO components, respectively (Table S2).

3.2.2 Targets and pathways

Analysis of the KEGG signaling pathways revealed that the main pathways associated with the 18 BEO
targets identified by network pharmacology analysis (Fig. 2B) were: Pathways in cancer (involving seven
targets); Metabolic pathways, Human cytomegalovirus infection pathway (five targets); IL-17 signaling
pathway, Cytokine-cytokine receptor interaction and Toll-like receptor signaling pathway (three targets)
and nine other pathways, indicating that the targets of BEO active components are widely distributed and
each component interacts with multiple pathways (Table S2).

3.3 The effects of BEO in the rabbit ear ache model
3.3.1 Histopathology

Macroscopic observation of the treated rabbit ears (Fig. 3A) showed that the distribution of the hair
follicle openings in the control group was fine and flat, whereas those in the model control and negative
control groups were enlarged, the skin was rough and raised, and there were pimples and pustules. The
positive control group and the BEO treatment group had markedly fewer pimples.

Histopathological observations (Fig. 3B) showed that there were no visible abnormalities in rabbit ears
from the control group, i.e., no inflammatory cell infiltration and clear and complete boundaries between
each layer of the epidermis. In the model control group, there was visible thickening of the spinous cell
layer, large areas of tissue necrosis, a large number of cell necrotic fragments in the necrotic foci and
inflammatory cell infiltration. All of these manifestations are similar to human acne and consistent with a
previous report [14], indicating that the rabbit ear acne model is a valid representation of human acne.
The BEO treatment and positive control groups significantly reduced the severity of the acne. The
proliferation of the spinous cell layer and the degree of inflammatory infiltration were markedly improved,
and the overall appearance was similar to that of the control group.

3.3.2 Inflammatory mediator production in the rabbit ear
acne model

Based on network pharmacology analysis, the contents of TNF-a and IL-1p in rabbit auricle tissues and
serum were further determined, which is closely related to the occurrence of acne. The results are shown
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in Fig. 4. The contents of TNF-a and IL-1B in the serum and auricle tissues of the model control group
were significantly up-regulated (p< 0.0001), indicating that the model was working well (Fig. 4).
Compared with the model group, the levels of TNF-a and IL-18 in auricle and serum of the positive control
and BEO groups were significantly down-regulated (p<0.01) in a dose-dependent manner. The r values of
TNF-a and IL-13 were - 0.9689 and - 0.998 in auricle, respectively, and - 0.9998 and - 0.9824 in the
serum, respectively, and their effects were comparable to that of the positive control. Western blotting
was performed to assess the release of TNF-a in the control and treatment groups (Fig. 5A). The
expression of TNF-a protein in the model control group was significantly up-regulated, which was in
agreement with a previous report [15]. Compared with the model control group, the expression of TNF-a
protein was significantly down-regulated after BEO treatment (p< 0.0001, Fig. 5B), indicating that BEO
modulated TNF-a expression in acne lesions and would contribute to mitigating the progression of acne
lesions.

3.3.3 Key mediators of inflammation signaling pathways

Based on network pharmacology analysis, Toll-like receptor signaling pathway was further investigated in
vivo. The results are shown in Fig. 4. Compared with the control group, the levels of NF-kB, PI3K, AKT and
TLR2 in the auricle tissues of the model control group were significantly increased (p<0.0001). After BEO
treatment, the levels of NF-kB, PI3K, AKT and TLR2 in rabbit auricle tissues were significantly down-
regulated (p<0.05) in a dose-dependent manner (r =-0.9975, r =-0.9007, r =-0.976, r = -0.9323),
compared with the model control group. This suggests that the acne amelioration effect of BEO may be
mediated by regulation of the TLR2/PI3K-AKT/NF-kB signaling pathway (Figs. 4 and 6). Our findings
indicated that amelioration of acne by BEO may be achieved by regulating the TLR2/PI3K-AKT/NF-kB
signaling pathway.

4. Discussion

Curcuma longa L. essential oil (at 0.1%, 0.3%, or 1%) [16], had a similar composition to BEO, whereas BEO
(at 0.01%, 0.02%, or 0.05%) had similar anti-inflammatory activities at lower concentrations.

Further network pharmacological analysis results showed that CYP79A7 and CYPT77 were closely related
to the occurrence of acne; a deficit in the aromatase enzyme encoded by the CYP79A7 gene caused acne
[17], and the existence of increases in the CYP77 gene increased the risk of acne in humans [18]. ARs
mediate hyperkeratosis of keratinocytes, and increase the inflammatory response of macrophages and
neutrophils, resulting in the initiation and progression of acne [19]. There are polymorphisms in genes
such as ESR1 and matrix metallopeptidase (MMP)1, which are suspected to be the cause of acne scars
[20]. In addition, BEO components are related to the target genes, tumor necrosis factor (TNF), and
prostaglandin-endoperoxide synthase (PTGS) 2 (Fig. 2A). BEO significantly reduces expression of TNF-a
in serum and tissues with xylene-induced auricular inflammation in mice [9], and its main component,
borneol, can inhibit TNF-a and PTGS2 [21] production in tissues of mice with acute inflammations.
Limonene has been reported to have anti-inflammatory effects by reducing the content of serum TNF-a

and down-regulating the expression of NF-kB in inflammatory rats, and has been used in the treatment of
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acne [22]. The B-caryophyllene significantly reduces the mRNA expression levels of ESR1 in the
Alzheimer's disease cell injury model [23], indicating that the above target genes and components are of
great significance in BEO treatment of acne.

Acne is a metabolic disease of humans [24]. Combined with network pharmacology analysis, it was
found that the pathogenesis of acne was related to human cytomegalovirus infection [25], the cytokine-
cytokine receptor interaction pathway [26] and the NF-kB signaling pathway [27], In addition, the Toll-like
receptor signaling pathway is a potential therapeutic target for treatment acne [28], which is consistent
with findings from human clinical trials [29].

In the present study, the contents of TLR2, PI3K, AKT, NF-kB, IL-18 and TNF-a were measured in the rabbit
ear acne model. The results showed that BEO treatment of acne inhibited the activation of the
TLR2/P13K-AKT signaling pathway mediated by S. epidermidis, which is consistent with the results
reported by previous studies showing that upregulation of the TLR2/PI3K-AKT signaling pathway is an
important stage in the pathogenesis of acne [30]. In addition, when microorganisms are recognized by
Toll-like receptors on the surface of skin cells, they up-regulate the expression of TLRs in the cells, which
can also activate downstream signals, such as NF-kB and promote the expression of inflammatory
mediators, which stimulates sebum production by hair follicles [31]. Human studies have shown that NF-
kB and its downstream pro-inflammatory cytokines (TNF-q, IL-1B) are activated in inflammatory acne
lesions [29]. It indicates that BEO acne-treatment may be achieved by regulating the TLR2/PI3K-Akt/NF-
kB signaling pathway.

5. Conclusions

The inhibitory effects of BEO were determined on the proliferation of HaCaT cells induced by heat-
inactivated Staphylococcus epidermidis (inhibition by 41%) and release of the inflammatory mediators,
TNF-a and IL-1B (inhibition by 44% and 10.5%, respectively), demonstrating BEQ's potential as an acne
treatment. A component-target-signal pathway for BEO's effects on acne was constructed through
network pharmacology and the mechanism of BEO action was studied in vivo through the rabbit ear acne
model. The main mechanism of BEQ's action against acne appears to be through regulation of the
TLR2/PI3K-AKT/NFkB signaling pathway. BEO therefore, has clear potential for development into a
natural and safe anti-inflammatory skin preparation, which is an effective alternative to conventional
treatments containing antibiotics and synthetic anti-inflammatory agents.
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Antiproliferative effects of BEO on human keratinocyte cells (HaCaT) (A) and effects of BEO on the
production of TNF-a (B) and IL-1B (C) in heat-killed Staphylococcus epidermidis-treated HaCaT cells. Data
are expressed as the mean + Standard Error of Mean (SEM). n = 6. *p < 0.05, **p < 0.001, ****p < 0.0001
compared with Heat-killed S. epidermidis alone.

Fig.2 Shanshan Xiao et.al
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Figure 2

Acne pharmacology network of the “compounds-targets-pathways” regulated by BEO. Yellow rhomboidal
nodes represent compounds, orange round nodes represent targets, and pink hexagonal nodes represent
pathways. 1. Cytokine-cytokine receptor interaction; 2. Toll-like receptor signaling pathway; 3. MAPK
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signaling pathway; 4. Renin-angiotensin system; 5. Pathways in cancer; 6. Metabolic pathways; 7.
Ovarian steroidogenesis; 8. Salmonella infection; 9. Human cytomegalovirus infection; 10. IL-17 signaling
pathway; 11. NF-kB signaling pathway; 12. TNF signaling pathway; 13. Endocrine and other factor-
regulated calcium reabsorption; 14. Neuroactive ligand-receptor interaction
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Effects of BEO on histopathological changes in the rabbit ear acne model (hematoxylin and eosin

staining, original magnification 40x; scale bar 500um)
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Figure 4

Effects of BEO on the production of TNF-a and IL-1B in serum and TNF-q, IL-1B, NF-kB, PI3K, AKT and
TLR2 in auricle tissues in the rabbit auricle acne model Data are expressed as mean = SEM (n = 6), *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with the model control. “C": control group; “M":

model control group; “N”: negative control group; “P": positive control group.
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Fig.5 Shanshan Xiao et.al

A
Model Megative Postive __ Do (maka)
Control 5ntr0) control control 25 =0 0o
TNFa -
17kDa i oo R :
B
E_
W
=
=
=
| =
$ 4
=
&
a i
2 i
= 2 !
= i
o
=
x g
Control Model Negative Positve 25 50 100
control control  control BEOD (mofkg)
Figure 5

Western blotting analysis on the effect of BEO on the expression of TNF-a in the rabbit ear acne model.
The protein levels of TNF-a and GAPDH in the auricle tissues of the rabbits were assessed for each group.
The levels of TNF-a were normalized to the levels of GAPDH proteins, respectively. GAPDH was used as
the internal loading control for TNF-a. Data are expressed as mean + SEM from at least three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with the Model Control.
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Fig.6 Shanshan Xiao et al
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Figure 6

Possible mechanism of action of BEO treatment of rabbit ear acne — inhibition of the Toll-like
receptor/NF-kB signalling pathway
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