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Abstract: Streptomyces species are widely studied and used in different fields, including antibiotics
and pesticides, and are spread in several places as soil-derived microorganisms. However, research
on anti-aging, including antioxidants obtained from Streptomyces, has not been performed as much.
Skin aging due to bacterial infection, especially methicillin-resistant Staphylococcus aureus (MRSA),
is challenging to recover, so it is essential to prevent aging by preventing or inhibiting infection.
Therefore, this study was conducted to isolate Streptomyces species from Rosa davurica rhizome soil
and to determine the effect of the ethyl acetate extract of the isolated strain Streptomyces chattanoogensis
THA-663 (THA-663S) on the inhibition of MRSA and UVB-irradiated human skin keratinocytes, to
determine whether it could be a treatment for skin aging. The MRSA inhibition and antioxidant
activities were evaluated using disc diffusion, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-
bis-(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS), and a reactive oxygen species (ROS) assay. The
expression of aging-related markers, including mitogen-activated protein kinases/activator protein 1
(MAPK)/AP-1) and transforming growth factor-3 /suppressor of mothers against decapentaplegic
(TGF-f/Smad) was assessed using Western blotting. The antibacterial effect on four MRSA strains,
CCARM 0204, CCARM 0205, CCARM 3855, and CCARM 3089, showed that THA-663S could greatly
inhibit MRSA growth. Moreover, the findings showed that THA-663S is efficient in scavenging
free radicals and dose-dependently reducing ROS generation. Furthermore, THA-663S notably
reduced UVB-induced matrix metalloproteinase-1 (MMP-1) expression by inhibiting the MAPK/AP-
1 signaling pathways and blocking extracellular matrix (ECM) degradation in UVB-irradiated HaCaT
cells. Additionally, THA-663S improved and enhanced transforming growth factor-beta (TGF-3)
signaling activation to promote procollagen type I synthesis, relieving UVB-induced skin cell damage.
In conclusion, THA-663S has a high potential to protect skin cells from aging, and, simultaneously, it
can prevent or treat aging caused by infection due to pathogen inhibition.

Keywords: Streptomyces chattanoogensis THA-663 extract (THA-663S); anti-aging; antibacterial;
methicillin-resistant Staphylococcus aureus (MRSA)

1. Introduction

Skin aging is divided into endogenous and exogenous, and, unlike inevitable en-
dogenous aging, there are different factors in exogenous aging [1]. Among them, skin
infections caused by microorganisms and skin aging caused by UVB exposure account for
the largest proportion [2]. UVB exposure evokes complex and multifaceted signal networks
that promote intracellular ROS formation, which in turn damages the lipids, proteins, and
nucleic acids in keratinocytes [2]. Additionally, UV exposure increases epidermal thickness,
decreases collagen synthesis, and facilitates collagenolysis by upregulating the expression
of matrix metalloproteases (MMPs) [3]. UVB-induced ROS activates mitogen-activated
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protein kinase (MAPK) signaling, which further induces MMPs and eventually promotes
collagen degradation [4,5].

In the skin, the impairment of type I procollagen by inducing collagen fibrils depends
on the expression of MMP-1 (matrix metalloproteinasel), a zinc-dependent endopepti-
dase that degrades type I collagen specifically [5]. It is regulated mainly by the upper
signaling cascades, including MAPKSs, extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), and p38 [6]. After activation of the MAPKSs by UV, transcription
factor (AP-1) expression increases, causing fragmentation, inflammatory response, and
cell death [7,8]. Additionally, NF-«B, another critical transcription factor of MMP in the
dermis, is translocated under photodamaged conditions into the nucleus by degradation
of IkB and elevates MMP and pro-inflammatory cytokines, including TNF-«, IL-1f3, and
IL-6 [9,10]. Interestingly, UVB not only changes the collagen-degradation pathway but
also the synthesis pathway, transforming growth factor-3 /suppressor of mothers against
decapentaplegic (TGF-f/Smad). The TGF-f/Smad pathway involves a reduction in TBRII
level and the phosphorylation of Smad3; the downstream signaling is significantly reduced
in photoaged human skin [11,12]. Impairment of the TGF-f3/Smad pathway is also a
mechanism causing collagen loss. Due to complicated changes in different pathways, the
ECM collapses, causing wrinkle formation.

Streptomyces is a genus of Gram-positive bacteria that grows in different environments,
with a filamentous form similar to fungi. The most interesting quality of Streptomyces is
its ability to produce bioactive secondary metabolites, including antifungals, antivirals,
antitumoral, antihypertensives, and mainly antibiotics and immunosuppressives [13].
Moreover, recent reports suggest that Streptomyces species produce metabolites with strong
antioxidant activity that can be developed as different therapeutic agents; most Streptomyces
species have antibacterial effects [14]. MRSA is a major causative pathogen that causes
skin infection, and, even if infected, the amount and time of use are limited by considering
antibiotic resistance and sensitization. MRSA exhibits resistance to more diverse antibiotics
over generations and is becoming harder to treat [15]. The skin infection caused by an
MRSA infection seems to be more vital in prevention and suppression than treatment.

Rosa davurica has long been used as a traditional Chinese herbal therapy for diseases
because of its high antioxidant, antiviral, and anti-inflammation characteristics. In addition,
according to a recent study, it has been reported to have a very excellent effect on anti-
aging [16]. Therefore, this study conducted experiments using Streptomyces chattanoogensis
separated from R. davurica rhizome soil, focusing on the prevention and recovery of skin
aging caused by UV and bacterial infection to check the value as a treatment.

2. Materials and Methods
2.1. Chemicals and Reagents

Human keratinocytes (HaCaT cells) were purchased from the Republic of Korea cell
line bank (Seoul, Republic of Korea). Dulbecco’s Modified Eagle’s Medium (DMEM),
fetal bovine serum (FBS), antibiotics, and the antimycotic were supplied by Hyclone
Laboratories Inc. (Marlborough, MA, USA) and Gibco RBL (Grand Island, NY, USA),
respectively. Ascorbic acid, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), ampicillin, gentamycin, norfloxacin, natamycin, and
Mueller Hinton Agar (MHA) media were purchased from Sigma-Aldrich (St. Louis, MO,
USA). ELISA kits for detecting human MMP-1 and MMP-3 were purchased from R&D
Systems (Minneapolis, MN, USA). The primary and secondary antibodies were obtained
from Cell Signaling Technology (Beverly, MA, USA), Santa Cruz Biotechnology (Santa Cruz,
CA, USA), and Bio-Rad Laboratories, Inc. (Hercules, CA, USA). International Streptomyces
project (ISP) media 2 and Starch Casein Agar (SCA) were purchased from KisanBio (Seoul,
Republic of Korea). All other materials were obtained from normal commercial sources
and were of the highest grades available.
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2.2. Identification of Strain THA-663

One gram of soil samples was dissolved in 9 mL of distilled water and diluted serially
by 10-fold dilution up to 10~° dilution and spread onto SCA. The plates were incubated
at 30 °C for 7 days then the single colony was picked up to repeat again for purifica-
tion. Identification of strain THA-663 is by 16S rRNA sequencing results provided by
Biofact co., Ltd (Daejeon, Republic of Korea). Based on the sequencing result, the phylo-
genetic tree was drawn by MEGA X program, and the highest similarity of two strains,
Streptomyces chattanoogensis NRRL ISP-5002 (KACC 14678) and Streptomyces lydicus ATCC
25470 (KACC 21074), were received from Korean Agricultural Culture Collection (KACC)
for the taxonomy experiments. Three strains were inoculated at the same time with the
same conditions and checked for growth in different pH, temperature, NaCl concentration
and for susceptibility to different antibiotics with antibiotics strips.

2.3. Liquid-Liquid Extraction (LLE)

This study was conducted by modifying the methods of Flardh, K. et al. [17] and
Davoodbasha, M. et al. [18]. S. chattanoogensis THA-663 was isolated from Rosa davurica
rhizome soil; the strain was inoculated into 50-mL ISP 2 medium and incubated in a shaking
incubator with 160 rpm, 30 °C conditions for seven days as a seed culture. Then, it was
inoculated into 5-L ISP 2 medium (1%, v/v) for another seven days in the same conditions
and centrifuged at 19,000x g at 4 °C for 20 min. Then, it was filtered with a 0.22-um
bottle-top vacuum filter. An equal volume of ethyl acetate was added and repeated thrice
(more than three hours each time) and evaporated using a vacuum rotary evaporator in
40 °C, and crude extract THA-663S was collected.

2.4. Identification of Components by UPLC-Qtof-MS

UPLC-Qtof-MS was performed with a reversed-phase UPLC gradient (Waters Acquity®
FTN, Acquity BSM) coupled with a waters VionTM IMS-Qtof mass spectrometer, operated
in positive-ion electrospray mode with mobility-enabled non-targeted HDMSE scan meth-
ods, with the range of 50-2000 Da using 0.1 sec scan time. The chromatographic separation
was achieved with gradient elution at a flow rate of 0.35 mL/min using 0.1% formic acid in
methanol/water (10: 90, v/v) as mobile phase A and 0.1% formic acid in methanol/water
(90: 10, v/v) as mobile phase B. The elution conditions were as follows: 0-1 min, 5% B;
1-14 min, 5-50% B; 14-18 min, 50-98% B; 18-22 min, 98% B; 22.5-25 min, 98-5% B. The
detection wavelength was 254 and 320 nm. MS low and high collision energies were 6 and
2040 eV, respectively. Nitrogen was used as the drying gas. Desolvation gas flow was
800 L/h, and the cone gas flow was maintained at 50 L/h. Desolvation temperature was
400 °C, and source temperature was 150 °C. Observed capillary and sampling cones were
3.5 KV and 30V, respectively. Reference capillary was set at 2.0 KV. Data acquisition and
processing were conducted by UNIFI v1.8.1.

2.5. DPPH and ABTS Radical Scavenging Activity

The antioxidant actions of THA-663S were examined. The 2,2-diphenyl-1-picrylhydrazyl
(DPPH, PubChem CID: 2375032) and 2,2’-azino-bis-(3-ethylbenzothiazoline)-6-sulfonic acid
(ABTS, PubChem CID: 5464076) assays were used for scavenging activity against free
radicals. The absorbance of 0.1 mM DPPH solution in 80% (v/v) methanol was set at
0.650 £ 0.02 at 517 nm. The reaction of the mixture of solution and diluted sample with
various concentrations (satisfied the standard curve) was processed at 37 °C for 30 min
for DPPH and 10 min for ABTS. The absorbance descent resulted from radical scavenging
capacity and was read using a microplate reader at 595 nm and 405 nm. The radical
scavenging activity of the sample was evaluated using the following formula:

(OD, — ODy)

DPPH and ABTS radical inhibition (%) =—op. % 100
o
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with ODy being the optical density measured for the negative control and ODx measuring
for the different THA-663S or ascorbic acid concentrations.

Inhibitory concentration (IC)s59 was calculated by applying GraphPad Prism (version
7.0, LaJolla, CA, USA).

2.6. Antibacterial Activity

The cell-free supernatant extract was dissolved in MeOH. The standard disc diffusion
method was conducted [19]. Sterilized Petri dishes were prepared using Mueller Hinton
Agar (Oxoid, UK) [20]. Pathogen indicator bacteria MRSA strains (1 x 10° CFU/mL) were
inoculated into MHA plates. Exactly 100 uL of dissolved extract was loaded onto Whatman
No. 1 sterile filter paper disk (8 mm diameter) and allowed to dry for 30 min. The negative
control was MeOH. Dried paper disks are placed on the plate. Afterward, the plates were
cultured at 30 °C for 24 h. Antimicrobial activity was assessed by measuring the zone of
inhibition against the tested bacteria [21].

Methicillin-resistant Staphylococcus aureus (MRSA) was received from Seoul Women's
University for anti-MRSA activity (Supplementary Table S1). The inhibition zone was
measured using the same technique for screening pathogenic bacteria to check the effect of
S. chattanoogensis THA-663 on MRSA. Positive controls are Ampicillin (Amp), Gentamycin
(GM), Norfloxacin (Nor), and Natamycin (Nat).

2.7. MIC and MBC

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) of the crude extract of S. chattanoogensis THA-663 used the dilution method described
by Kirby-Bauer. One milliliter of each Nutrient Broth (0.5% peptone, 0.3% beef extract, 0.5%
yeast extract, and 0.5% NaCl) was added to the prepared tube, and 20 mL crude extract
was prepared by dissolving in methanol and was added only to the first tube, followed by
two-fold dilution. Then, 100-uL indicators, including S. aureus, were added to each tube, so
that the final concentration is 1 x 10°® CFU/mL, and were incubated at 37 °C for 24 h. The
MBC was determined to be the concentration in test samples, where it exhibited no visual
growth of the indicators. The MIC was determined to be the concentration in test samples,
which decreased the visual growth of the indicators.

2.8. Cell Culture and Treatment

HaCaT cells were grown in an incubator at 37°C under a humidified atmosphere
containing 5% CO,. DMEM supplemented with 10% heat-inactivated FBS and 1% antibi-
otics and antimycotic solution was used for cell culture. To mimic the photoaging process,
after HaCaT cells reached 80% cell confluence, cell plates with closed lids were exposed
to UVB (125 mJ/cm?) radiation using UVB irradiation machine (Bio-Link BLX-312; Vilber
Lourmat GmbH, France). Then, fresh serum-free medium containing 10 uM ascorbic acid
(positive control) or three doses of THA-663S (0.1, 1, and 10 pg/mL) was added to each
plate for incubation.

2.9. Cell Viability

Cell viability was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA) assay. The effects of THA-663S on the
viability of HaCaT cells were evaluated by MTT assay. After UVB (125 m]/cm?) radiation,
HaCaT cells were treated with THA-663S (0.1, 1, and 10 pg/mL) in serum-free medium.
After 24 h, the medium was removed and replaced with 30 uL of MTT (1 mg/mL) for 4 h,
and DMSO was added to dissolve the formazan crystals.

2.10. Reactive Oxygen Species (ROS) Scavenging Activity
HaCaT cells were exposed to UVB irradiation (125 mJ/cm?) and then treated with the

indicated concentrations of THA-6635 (0.1, 1, and 10 ng/mL) and ascorbic acid (10 pM)
for 24 h. The cells were then rinsed twice with PBS and stained with 30 uM 2'7’-dichloro-
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fluorescein diacetate (DCFH-DA; Sigma-Aldrich) for 30 min at 37 °C in a CO; incubator.
The ROS production was analyzed by flow cytometry (BD Accuri C6; Becton-Dickinson,
San Jose, CA, USA).

2.11. Enzyme-Linked Immunosorbent Assay (ELISA)

The secretion of cytokines was quantified with commercial ELISA kits. HaCaT cells
were exposed to UVB irradiation (125 m]/ cm?) and then treated with the indicated concen-
trations of THA-663S (0.1, 1, and 10 ug/mL) and ascorbic acid (10 uM) for 24 h. The cell
medium was collected from each well to detect the levels of MMP-1 and MMP-3 by using
ELISA Kkits.

2.12. Reverse Transcription Polymerase Chain Reaction (RT-PCR) Analysis

HaCaT cells were exposed to UVB irradiation (125 m]J/ cm?) and then treated with the
indicated concentrations of THA-663S (0.1, 1, and 10 pg/mL) and ascorbic acid (10 uM) for
24 h. The total RNA was isolated from HaCaT cells, in accordance with the instructions of
the manufacturer, by TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). The
RNA (3 ng) was reverse-transcribed with 200 units of reverse transcriptase and 0.5 pug/pL
oligo-(dT)15 primer (Bioneer Co., Daejeon, Republic of Korea). This reaction was performed
at 70 °C for 5 min and at 42 °C for 60 min and was terminated at 94 °C for 5 min. The
PCR amplification was performed with a PCR premix (Bioneer Co., Daejeon, Republic of
Korea), and the primers used in this reaction were described in PCR amplification that was
performed using a PCR premix (Bioneer) and designated as primer pairs in Supplementary
Table S2. PCR products were separated by gel electrophoresis on 2% agarose gels and
visualized with nucleic acid staining (Noble Bio Inc., Hwaseong-si, Republic of Korea)
under UV illumination. GAPDH was used for normalization.

2.13. Western Blot Analysis

To investigate the effects of THA-663S on MAPK/AP-1 and TGF-f3/Smad signaling
pathway expression in the HaCaT cells, it was exposed to UVB irradiation (125 mJ/cm?)
and then treated with the indicated concentrations of THA-663S (0.1, 1, and 10 pg/mL)
and ascorbic acid (10 uM). The total protein was lysed, and equivalet protein concentra-
tions were performed with Pierce ™ BCA Protein Assay Kit (Thermo Scientific, Waltham,
MA, USA). Then, the proteins were subjected to SDS-PAGE (10-15% gel) under reducing
conditions. Proteins were transferred to polyvinylidene fluoride (PVDF) membranes, and
the membranes were blocked in PBS with 0.01% Tween 20 (PBST) containing 5% non-fat
dried milk for 1 h at room temperature. Then, incubated primary antibodies and secondary
antibodies were. After that, the film was developed by enhanced chemiluminescence
(ECL). Film densitometry was performed using an imaging system (Fujifilm, LAS-4000,
Tokyo, Japan).

2.14. Statistical Analysis

The data were analyzed using Statistical Analysis System (GraphPad Prism 7.0). All
the quantitative data are expressed as means + SDs. The significance of differences was
determined using a one-way analysis of variance (ANOVA) with the Student-Newman-—
Keuls test for multiple comparisons. Statistical significance was considered for p < 0.05. All
experiments were performed independently three times.

3. Results
3.1. Molecular Phylogenetic Identification

The 16S rRNA sequencing results provided by Biofact co., Ltd. showed the strain
S. chattanoogensis THA-663 was closely related to Streptomyces lydicus ATCC 25470 (99.85%
sequence similarity), Streptomyces chattanoogensis NRRL ISP-5002 (99.85%), and Streptomyces
sioyaensis NRRL B-5408 (99.34%).
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The results of the optimum growing conditions show that strain THA-663 is close to S.
chattanoogensis (Table 1). The following results show the susceptibility of S. chattanoogensis
THA-663 and two types of the most-related strains to antibiotics. Nine antibiotic strips,
kanamycin, ampicillin, erythromycin, streptomycin, vancomycin, clindamycin, gentamycin,
tetracycline, and chloramphenicol, were used for checking. The results of study showed a
relatively large difference in MIC in erythromycin, clindamycin, and tetracycline (Table 2).

Table 1. Differences in pH, temperature and NaCl concentration.

Characteristic THA-663 KACC 14678 2 KACC 21704 3
pH range 5-9 5-9 5-9
Optimum pH 67 6-7 6-8
10 °C - w1l -
30°C + + +
37°C + + +
Optimum temperature 30 30 37
Maximum NaCl con. (%, w/v) 4% 6% 4%

1 weak growth, 2 S. chattanoogensis KACC 14678, 3 S. lydicus KACC 21074.

Table 2. Minimum inhibitory concentration (MIC) for antibiotics.

Antibiotics THA-663 KACC 14678 ! KACC 21074 2
Kanamycin 1.0 1.0 15

Ampicillin >256 >256 D
Erythromycin 1.5 0.38 0.38
Streptomycin 0.5 0.5 0.75
Vancomycin 0.38 0.38 0.38
Clindamycin 48 1.5 0.25
Gentamycin 0.38 0.25 0.38
Tetracycline 48 8 32

Chloramphenicol - >256 -

Concentration: pug/mL, number mean: the concentration of antibiotics, -: no clear zone; 1s. chattanoogensis KACC
14678, 2 S. lydicus KACC 21074.

A neighbor-joining tree indicated that the phylogenetic relationships between the
representative actinobacteria and the type strains of the related genus Streptomyces are
based on 165 rRNA gene sequences (Figure 1).

Streptomyces noursei ATCC 11455
Streptomyces albulusI1SP 5492
Streptomyces yunnanensis YIM 41004
Streptomyces diastatochromogenes NRRL B-1698
Streptomyces staurosporininus BK179
Streptomyces piniterraejys28

Streptomyces atbospimis NBRC 13846
‘ ’7 Streptomyces kronopolitis NEAU-ML8

Streptonty I gensis THA-663
Streptomyces lydicus ATCC 25470

Streptomyces chattanoogensis NRRL ISP-5002
Streptomyces sclerotialus NRRL ISP-5269
77 Streptomyces albofaciens ICM 4342
92 Streptomyces chrestomyceticus NBRC 13444
91 Streptomyces paromomycinus NBRC 15454
’7 Streptomyces decoyicus NRRL 2666
Streptomyces mononiycini NRRL B-24309
%‘_’7 Streptomyces purpurogeneiscleroticus DSM 43156
96 \_|: Streptomyces ochraceiscleroticus NRRL ISP-5594
Streptomyces violens NRRL ISP-5597
Streptomyces auratius NRRL 8097
Streptomyces sioyaensis NRRL B-5408
Streptomyces catenulaeNRRL B-2342
[ Streptomyces lydicamycinicus NBRC 110027
77— Streptomyces angustmyceticus NRRL B-2347
Streptomyces caniferus NBRC 15389
97— Streptomyces platensis JICM 4662
Streptomyces nigrescens NBRC 12894
97 Streptomyces libani subsp. libaniNBRC 13452
84 Streptomyces tubercidicus DSM 40261
Bacillus subtilisNRRL B-4219

Figure 1. Phylogenetic tree of S. chattanoogensis THA-663. Bootstrap percentages (1000 replicates)
above 70% are shown at the nodes and toggle-scaled the tree.
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3.2. Antimicrobial Activity of THA-663S on Methicillin-Resistant Staphylococcus aureus (MRSA)

First, 5 L of liquid media with a 2.0 McFarland standard was extracted by ethyl
acetate and finally 200 mg of crude extract THA-663S was obtained, which was tested for
antibacterial activity compared to antibiotics such as ampicillin, norfloxacin, gentamicin,
and natamycin by the modified disc diffusion technique. As a result, THA-663S indicated a
large clear zone against MRSA bacteria such as S. aureus 285 CCARM 0204, S. aureus 503
CCARM 0205, S. aureus CCARM 3855, and S. aureus CCARM 3089 more than antibiotics.
The results of antibacterial activity are expressed in Table 3. Norfloxacin cannot but
ampicillin and gentamycin can less against MRSA. The concentration of THA-663S is
10 mg/mL, and the antibiotics concentrations are 2 pug/mL of ampicillin, 1 pg/mL of
norfloxacin, 0.25 pg/mL of gentamicin, and 2 pg/mL of natamycin.

Table 3. Antibacterial effect of THA-663S on MRSA.

Collection

Microorganisms THA-663S AMP! NOR 2 GEN3 NAT *
Code No.
S. aureus 285 CCARM 0204 1.31 + 0.4% - - 1.1401% -
S. aureus 503 CCARM 0205 1.36 £ 0.3% - - 1.02 £ 0.2% -
S. aureus CCARM 3855 1.02 £ 0.4% 1.39 £ 0.1% - - -
S. aureus CCARM 3089 1.01 £ 0.2% - - - -
Diameter unit: cm, -: negative, 1 Ampicillin, 2 Norfloxacin, 3 Gentamycin, 4 Natamyecin.
3.3. Identification of Components in THA-663S by UPLC-Qtof-MS
The identification of THA-663S was performed on the basis of the analytical ion chro-
matogram from the measurement of tea samples using UPLC-Qtof-MS. To achieve the
consistency of the retention times of different compounds in different analytical samples,
the tea extract was analyzed under the same separation conditions as used for the in
situ measurements. The identification of the compounds was compared with the mass
spectra from the UNIFI traditional medicine library. As shown in Table 4, seven com-
ponents were identified. The mass error for each compound was below 2 ppm of 3,6,9-
Trimethyl-benzo[de]chromene (CHEMBL184245), 2-(4-Methoxybenzylidene)malonic acid
(CHEMBL2148184), (55)-5-Acetylaminomethyl-3-[4-acetyloxyacetylphenyl]oxazolidin-2-
one (CHEMBLS83512), 1H-Indole,3-(1E)-1-propen-1-yl- (CHEMBL1812532), kenganthranol
A, [(2-Methoxyphenyl)carbamoyl]methyl 3-chloroadamantane-1-carboxylate (CHEMBL1484171),
and 7-[(2S,3R 4S,5R 6R)-3,5-dihydroxy-6-(hydroxymethyl)-4-[(2S,3R 4R 5R,6S)-3 4, 5-trihy droxy-
6-methyloxan-2-yl]oxyoxan-2-ylJoxy-5-hydroxy-3,6-dimethoxy-2-(4-methoxyphenyl)chromen-4-
one (CHEMBL2299266).
Table 4. List of components in THA-663S identified by UPLC-Qtof-MS.
No. Component Name Obser\‘/ed RT Formula Observed m/z Mass Error Adducts
(min) (mDa)
1 3,6,9-Trimethyl-benzo[de]chromene 1.29 C15H140 233.0940 0.3 +Na
2 2-(4-ethoxybenzylidene)malonic acid 2.25 C11H1005 223.0598 -0.3 +H
N-[[3-[3-fluoro-4-(3-methyl-1,2,4-oxadiazol-
3 5-yl)phenyl]-2-oxo-1,3-oxazolidin-5- 3.58 C16H18N7O¢ 335.1226 —-1.2 +H
yllmethyl]acetamide
4 1H-Indole, 3-(1E)-1-propen-1-yl- 3.80 Cy1HiN 158.0964 0.0 +H
5 Kenganthranol A 4.17 CpsHpgO5 431.1810 -19 +Na
[(2-Methoxyphenyl)
6 carbamoyl]methyl 6.56 CpoHy4CINOy 378.1452 -15 +H
3-chloroadamantane-1-carboxylate
7-[(25,3R 4S,5R,6R)-3,5-dihydroxy-6-
(hydroxymethyl)-4-[(25,3R 4R 5R,65)-3,4,5-
7 trihydroxy-6-methyloxan-2-yl]oxyoxan-2- 9.88 C39H3z6016 653.2083 0.7 +H

ylloxy-5-hydroxy-3,6-dimethoxy-2-(4-
methoxyphenyl)chromen-4-one
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3.4. DPPH and ABTS Radical Scavenging Activity

The antioxidant capacity of THA-663S was evaluated through DPPH and ABTS assay,
and a positive control, such as ascorbic acid, was measured into ICs( values. Ascorbic acid
is a well-known antioxidant compound used as a reference standard and has strong DPPH
and ABTS radical scavenging activities. As indicated in Figure 2, the ICs values of ascorbic
acid needed for exerting its scavenging activity on DPPH and ABTS radicals were 653.1
and 356.4 ppm, respectively. THA-663S also significantly inhibited DPPH radicals, with an
ICsg value of 521.2 ppm, and ABTS radicals, with an ICs, value of 160.5 ppm, proposing
that THA-663S possesses potent antioxidant qualities.
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Figure 2. DPPH and ABTS radical scavenging activity of THA-663S. DPPH radical (A) and ABTS+
cation (B) scavenging activity of THA-663S. The radical scavenging effect was presented as a percent-
age measured in the control group. Ascorbic acid serves as a positive control. ICsg values measured
for ascorbic acid scavenging activity on DPPH and ABTS radicals were 521.2 and 160.5 ppm, respec-
tively. The results are shown as the mean + SD of three independent experiments.

3.5. MIC and MBC

The antimicrobial activity of THA-663S was examined using a broth dilution assay. The
cell growth of inhibitors was evaluated by visually verifying and measuring absorbance
at 600 nm using a UV detector. As a result, THA-663S can inhibit MRSA growth at
concentrations of 1.25-5 mg/mL (Table 5).

Table 5. MIC and MBC of THA-663S to multi-drug-resistant bacteria.

Gram Microorganisms Collection Code No. MIC MBC
S. aureus 285 CCARM 0204 2.5 5
Gram-positive S. aureus 503 CCARM 0205 2.5 5
P S. aureus CCARM 3855 1.25 5
S. aureus CCARM 3089 5 5

Concentration unit: mg/mL.

3.6. Effect of THA-663S on Cell Viability and Cytoprotective

The cell viability effects of THA-663S (0.1, 1, and 10 pg/mL) on UVB-irradiated cells
were examined. As shown in Figure 3C, the protective was greater than 90% for all THA-
6635 concentrations, verifying that none of the tested concentrations of THA-663S were
cytotoxic. Therefore, THA-663S concentrations ranging from 0.1-10 pg/mL were used for
further experiments.

Flow cytometry analysis demonstrated that intracellular ROS generation increased
significantly in UVB-irradiated HaCaT cells, whereas this trend was decreased by THA-
663S (Figure 3A,B). Compared with UVB-irradiated HaCaT cells, THA-663S was at 1, and
10 pg/mL decreased ROS production by 20.6% and 21.4%, respectively.
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Figure 3. Cell viability and intracellular reactive oxygen species (ROS) generations in UVB-exposed
HaCaT cells treated with THA-663S. Following UVB irradiation (125 m]J/ cmz), HaCaT cells were
THA-663. S (0.1, 1, and 10 pug/mL) for 24 h. ROS levels were determined using flow cytometry (A).
The relative intensity of ROS generation is shown in the bar graph (B). Cell viability was measured
using an MTT assay (C). The results were shown as the mean + SD of three independent experiments.
### p < 0.001 compared with non-irradiated group, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with
only UVB-irradiated group.

3.7. Effect of THA-663S on MMP-1 and MMP-3 Secretion in UV B-Irradiated HaCaT Cells

To assess the effects of THA-663S on UVB-irradiated MMP-1 and MMP-3 in HaCaT
cells, the MMP-1 and MMP-3 secretions in the supernatant were measured using an ELISA
kit. As indicated in Figure 4, the levels of MMP-1 and MMP-3 in the cells treated using
UVB irradiation were higher than those of the normal group. However, at 10 ug/mL THA-
6635 MMP-1 and MMP-3 secretion reduced by 16.2% and 25.4%, respectively. Especially,
THA-663S 10 pg/mL verified that the secretion amount of MMP-3 was further decreased
by 7.5% compared with ascorbic acid, a positive control.
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Figure 4. THA-663S inhibited the secretion of MMP-1 and MMP-3 in UVB-irradiated HaCaT cells.
Following UVB irradiation (125 mJ/cm?), HaCaT cells were treated with or without the indicated
concentration of THA-6635S (0.1, 1, and 10 ug/mL) for 24 h. MMP-1 (A) and MMP-3 (B) levels
were determined using ELISA kits. The results are shown as the mean & SD of three independent
experiments. # p < 0.05, ### p < 0.001 compared with non-irradiated group, * p < 0.05 compared with
only UVB-irradiated group.

3.8. Effect of THA-663S on MMP-1, TGF-B1, and Procollagen Type I mRNA Expression in
UVB-Irradiated HaCaT Cells

To make the skin photoaging effects of THA-663S explicit, the mRNA levels of MMP-1,
TGF-$1, and procollagen type I were further measured using RT-PCR. The mRNA level
of MMP-1 in UVB-irradiated HaCaT cells was also markedly moved up, compared with
that of non-irradiated cells, whereas 1-pg/mL THA-663S reduced UVB-induced MMP-1 by
64.7%, compared with the UVB-irradiated group (Figure 5). In contrast, UVB irradiation
inhibited TGF-31 mRNA expression, compared with the normal group. Interestingly,
1-ug/mL THA-663S increased UVB-irradiated TGF-31 by 62.7%. However, in the case of
procollagen type I, there was no tendency to grow. Based on the above results, THA-663S
affects aging because of the photodamage caused by UVB. Therefore, further research on
the biological mechanism of THA-663S was conducted.

R N pe—
10 44 B3 TGF-B1
i i ) Il Procollagen type I
- - - 0.1 1

[

=3

S
1

MMP-1 |

(% of Normal)

—
=
S

1

*

*

*

TGE-p1 |

mRNA/GAPDH ratio

Procollagen type I ‘

+ + + + UVB (125 mJ/cm?)

GAPDH |

10 - - Ascorbic acid (uM)

0.1 1 THA-663S (ug/mL)

Figure 5. MMP-1, TGF-31, and procollagen type l mRNA expression on HaCaT cells of THA-663S.
Following UVB irradiation (125 mJ/ cm?), HaCaT cells were treated with or without the shown
concentrations of THA-663S (0.1 and 1 pg/mL) for 24 h. The MMP-1, TGF-f31, and procollagen type
I mRNA levels were measured using RT-PCR analysis (A). The band intensities were quantified
by densitometry, normalized to the level of GAPDH, and calculated as the percentage of the non-
irradiated group (B). The results are shown as the mean + SD of three independent experiments.
#p <0.05, # p < 0.01 compared with non-irradiated group, * p < 0.05, ** p < 0.01, ** p < 0.001
compared with only UVB-irradiated group.

3.9. Effect of THA-663S on Protein Expression of MAPK/AP-1 Signaling Pathway

When ROS triggers the activation of MAPK signaling plays an essential role in regu-
lating MMP expression [22]. To investigate the molecular mechanisms by which THA-663S
decreases MMP-1 and -3 levels, the phosphorylation of p38, ERK, and JNK was assessed.
The results show that the UVB-induced phosphorylation of p38, ERK, and JNK was lower in
THA-663S5-treated cells compared with the UVB-irradiated control (Figure 6A,B). Especially,
it was confirmed that the phosphorylation of p38, ERK, and JNK decreased by 57.5%, 96.6%,
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and 74%, respectively, at 10 ng/mL concentrations. These results suggest that THA-663S
decreases MMP-1 expression by inhibiting the p38, ERK, and JNK pathways.
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Figure 6. MAPK and AP-1 signaling protein expression in HaCaT cells of THA-663S. Following UVB
irradiation (125 mJ/cm?), HaCaT cells were treated with or without the indicated concentration of
THA-663S (0.1, 1, and 10 pg/mL) for 1.5 h and 4 h. The p-p38, p-ERK, and p-JNK protein levels
were measured using Western blotting (A). The band intensities were quantified by densitometry,
normalized to the level of 3-actin, and calculated as the percentage of the non-irradiated group (B).
The p-c-jun and p-c-fos protein levels were measured using Western blot (C). The band intensities
were quantified by densitometry, normalized to the level of 3-actin, and calculated as the percentage
of the non-irradiated group (D). The results are shown as the mean + SD of three independent
experiments. # p < 0.05, ## p < 0.01, ### p < 0.001 compared with non-irradiated group, * p < 0.05,
**p <0.01, *** p < 0.001 compared with only UVB-irradiated group.

The transcription factor AP-1 comprises the c-jun and c-fos proteins. MAPK activation
leads to the expression and phosphorylation of c-jun and c-fos and transcriptional activation
of MMP promoters. Therefore, levels of c-jun, c-fos, and phosphorylated c-jun and c-fos
were determined after UVB irradiation and THA-663S treatment using Western blotting.
Treatment with THA-663S at 10 pg/mL supplied the most inhibition on phosphorylated
AP-1. Particularly, treatment with THA-663S decreased p-c-jun and p-c-fos expression by
86.8% and 78.3%, respectively (Figure 6C,D).

3.10. Effect of THA-663S on Protein Expression of TGF-B/Smad Signaling Pathway

Smad proteins and TGF-f3 play a crucial role in the TGF-f-dependent regulation of
collagen and the control of other ECM components [23]. Especially, Smad 7 (as a negative
feedback inhibitor) can work against Smad 2 and Smad 3 for binding to activated TGFR1
and, thus, decrease TGF-f3/Smad signaling. The regulation of TGF-f3/Smad? signaling
pathway proteins by THA-663S was measured using Western blotting. The protein level
of TGF-31 was increased by 303.4% at 10 ug/mL, whereas Smad?7 level was decreased by
91.6% at 10 pg/mL in THA-663S-treated cells compared with the UV-irradiated control,
suggesting that THA-6635 downregulates Smad7 expression and upregulates TGF-31
expression (Figure 7).
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Figure 7. TGF-f3/Smad signaling protein expression in HaCaT cells of THA-663S. Following UVB
irradiation (125 mJ/cm?), HaCaT cells were treated with or without the indicated concentration of
THA-663S (0.1, 1, and 10 ug/mL) for 1.5 h. The TGF-f31 and Smad? protein levels were measured
using Western blotting (A). The band intensities were quantified using densitometry, normalized
to the level of 3-actin, and calculated as the percentage of the non-irradiated group (B). The results
are shown as the mean + SD of three independent experiments. ### p < 0.001 compared with
non-irradiated group, * p < 0.05, ** p < 0.01, ** p < 0.001 compared with only UVB-irradiated group.

4. Discussion

Streptomyces is a valuable industrial microorganism group recognized for its applica-
tion and importance in developing modern drugs [24]. This study focused on anti-aging
and antibacterial activities, and the primary purpose was to select bacteria with effective
protection and treatment potential for human skin.

The 16S rRNA sequencing results showed that the strain S. chattanoogensis THA-
663 was closely related to Streptomyces lydicus ATCC 25470 (99.85% sequence similarity),
Streptomyces chattanoogensis NRRL ISP-5002 (99.85%), and Streptomyces sioyaensis NRRL
B-5408 (99.34%), and its extract can inhibit MRSA strains with great antibacterial effect at
the concentration of 10 mg/mL (Figure 1).

Most scientific reports suggest the role of compounds such as antioxidants, vitamins,
and enzymes in keeping the skin rejuvenating for a longer period. Therefore, treating the
skin with antioxidant ingredients obtained from microbes may be a useful strategy for
preventing UVB-irradiated cutaneous damage. Our results show that the inhibitory activity
of DPPH- and ABTS-free scavenging radicals was detectable at ICsy values of 521.2 and
160.5 ppm, respectively (Figure 2). After treatment using THA-663S, the level of ROS was
significantly dose-dependently reduced (Figure 3A,B). The ability of THA-663S to scavenge
DPPH and ABTS radicals was superior to that of ascorbic acid. This well-known skin
brightener was used as a positive control.

In addition, UV radiation-induced ROS trigger an increase in MMPs, degrade ECM
proteins, such as collagen and elastin, and lead to skin photoaging and wrinkle forma-
tion [25]. To assess the effect of pre-and post-enzyme-treated THA-663S on UVB-induced
photoaging, the mRNA expression of MMP-1 and procollagen type I in UVB-irradiated
HaCaT cells was investigated using RT-PCR. Our results showed that THA-663S recovered
the expression of procollagen type I (Figure 5) and significantly reduced MMP-1 expression
in UVB-irradiated HaCaT cells. These findings suggest that THA-663S prevents colla-
gen loss by inhibiting UVB-induced MMP-1 expression and enhancing procollagen type
I expression.

Keratinocytes, the predominant cell type in the epidermis, absorb most UVB irra-
diation, leading to dryness, loosening, and inflammation [26]. The UVB irradiation of
the epidermis causes ROS generation, which increases MMP-1 and MMP-3 secretion. In
this study, THA-663S treatment in HaCaT cells undergoing UVB irradiation resulted in
decreases in MMP-1 and MMP-3 secretion. Compared with UVB-irradiated HaCaT cells, at
10 pg/mL THA-663S, MMP-1 and MMP-3 secretion reduced by 16.2% and 25.4%, respec-
tively (Figure 4). These results of THA-663S indicate a similar pattern with the experimental
results of Sambucus nigra L. extract by Pei Lin et al. [27]. Therefore, we can confirm that
THA-663 has potential anti-aging qualities.
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The MAPK signaling pathway plays a crucial role in regulating MMP expression,
cell proliferation, differentiation, and death [28]. AP-1, as a MAPK downstream activator,
is a well-known transcription factor that stimulates the gene transcription of MMPs [29].
THA-663S indicated that the deglycosylated products showed stronger activity than their
respective counterparts in inhibiting UVB radiation-induced phosphorylation of ERK,
JNK, p-38, and p-c-fos, and p-c-jun expression in HaCaT cells (Figure 6). Lu Li et al. [30]
and Choi HJ et al. [31] reported UVB-induced MAPK/AP-1 expression in HaCaT cells.
Similarly, our results showed that THA-663S regulated the MAPK and AP-1 signaling
pathways. Components of the TGF-f3 pathway itself are reduced in aged human skin.
Alternatively, Smad? proteins have a significant negative regulation of the TGF-3 /SMAD
pathway. Specifically, the levels of TGF-1 reduced by 79.9% following UVB irradiation,
which was recovered with 10 ug/mL THA-663S treatment by 303.4%. Smad? expression
was reduced by 11.5% following UVB irradiation, and this decrease was reduced to 91.6%
in the presence of 10 ng/mL THA-663S (Figure 7) These results also support that THA-663
is an effective substance in protecting skin barrier and anti-aging.

Antibacterial preservatives are added to cosmetics to maintain a microbe-free status
throughout the use period, and natural antibacterial compounds with various functions are
better and more beneficial for human health. Particularly, secondary metabolites obtained
from bacteria are more easily accessible because of their ease of production and production
cost. As this study aimed to evaluate the cosmetic potential of antioxidants, anti-aging, and
bacterial strains THA-663S, the main goal was to develop final cosmetics or treatments for
local applications using bioactive materials extracted from soil microorganisms.

MRSA spread mainly in hospitals in the early days, but now MRSA is found even in
unrelated places, emerging as a big problem. Death from MRSA is on the rise every year,
and new antibiotics are being urgently developed. MRSA is a frequently identified strain
in infected wounds and is an important skin elasticity factor. Woo YK et al. [32] suggested
that if there is an antibacterial activity against MRSA, the possibility of application as an
antibacterial cosmetic material is excellent. It was verified that THA-663S showed excellent
antibacterial activity against MRSA and had significant anti-aging effects on the skin with
no cytotoxicity (Tables 3 and 5 and Figure 3C). Therefore, its positive effects on infection
prevention and treatment could be shown when applied to skin diseases and wounds
specifically caused by MRSA.

Identification of secondary metabolites was performed on the basis of the analysis of
THA-663S using UPLC-QTOF/MS. As a result of conducting a component analysis of THA-
663S with UPLC-Qtof-MS, seven confirmed compounds are listed in Table 4. Compounds
CHEMBL184245 [33] and CHEMBL83512 [34] are reported to have antibacterial activity for
MRSA, CHEMBL2148184 has an anti-inflammatory effect [35], and CHEMBL.2299266 [36]
has antioxidant activity.

In conclusion, this paper provides many lines of scientific evidence regarding the
anti-photoaging effects of THA-663S on UVB-exposed skin. Our results showed that THA-
663S metabolite extraction modulates many signaling pathways related to skin photoaging
by downregulating collagen degradation and stimulating collagen synthesis. Therefore,
THA-663S is expected be applicable to functional foods, cosmetic products, and medicines
as a dual-functional material for improving human skin disorders, due to its anti-bacterial
and anti-photoaging effects.

5. Conclusions

This study aimed to identify Streptomyces species isolated from the soil and to study
the anti-aging effects and mechanism in vitro. The result of the taxonomic study identified
that the isolated strain THA-663 was S. chattanoogensis. THA-663S was confirmed as
including methyl palmitate, mevalonolactone, oleamide, and sulfurol by GC-MS, and
CHEMBL184245, CHEMBL2148184, CHEMBLS83512, kenganthranol A, CHEMBL1484171,
and CHEMBL2299266 were detected by UPLC-Qtof-MS.
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The results showed that THA-663S blocked the upregulated production of the ROS
induced in UVB-irradiated HaCaT cells. Treatment with THA-663S also significantly
ameliorated the mRNA expression of MMPs and procollagen type 1. The phosphorylation
level of cjun and c-fos was also decreased through the attenuated expression of p-38,
p-ERK, and p-JNK after treatment with THA-663S. In addition, the treatment of THA-6635
resulted in the inhibition of Smad?7 expression in the TGF-3 /Smad pathway. Hence, the
synthesis of procollagen type I, a precursor of collagen I, was promoted. Those results
meant that the isolated strain S. chattanoogensis THA-663’s metabolite had great anti-aging
activity on the skin. In addition, THA-663S showed an anti-bacterial effect on Gram-positive
coccus bacteria, S. aureus. Moreover, it showed anti-bacterial activity on MRSA, which
is expected to play an important role in skin infection and recovery after infection. In
conclusion, the isolated strain S. chattanoogensis THA-663’s metabolites extraction showed
a great possibility as an anti-aging and skin-related drug candidate.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cosmetics9060126/s1. Table S1: List of methicillin-resistant
Staphylococcus aureus; Table S2: Oligonucleotide primers used for RT-PCR.
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