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Abstract: This study demonstrates that the fermentation of Tetragonia tetragonioides (T. tetragonioides)
by Bacillus subtilis (B. subtilis) subsp. spizizenii enhances its antioxidant, anti-inflammatory, and
skin-moisturizing activities. Fermented T. tetragonioides extracts (FTEs) showed a significant increase
(p < 0.05) of approximately 1.3 to 3.07 times in their total polyphenol content (TPC), total flavonoid
content (TFC), and vanillic acid content compared to pre-fermentation T. tetragonioides extracts (TEs).
Additionally, the 2,2-diphenyl-1-picrylhydrazyl (DPPH)- and 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) radical-scavenging activities were significantly higher (p < 0.05) in FTEs than
in TEs, showing an increase of about 1.25 to 1.64 times. The anti-inflammatory effects, evaluated
through the inhibition of nitric oxide (NO) in RAW 264.7 cells stimulated by lipopolysaccharide
(LPS), revealed that FTEs exhibited significant (p < 0.05) NO inhibition activity at less than half
the concentration of TEs. It is particularly noteworthy that the FTE at 200 ug/mL significantly
suppressed the expression of the cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS),
and tumor necrosis factor-alpha (TNF-«) proteins. In HaCaT cells, FTEs substantially (p < 0.001)
increased the mRNA expression of filaggrin (FLG), hyaluronan synthase (HAS)-1, and HAS-3,
indicating improved skin protection and moisturization. In conclusion, this study confirms that
T. tetragonioides’ antioxidant, anti-inflammatory, and skin-moisturizing activities are enhanced by
B. subtilis fermentation, suggesting the potential of FTEs as a cosmeceutical ingredient.
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1. Introduction

The skin is constantly exposed to various environmental factors, rendering it directly
vulnerable to oxidative stress. The primary factor contributing to oxidative stress is expo-
sure to solar ultraviolet (UV) radiation; other factors include pollution, chemical oxidants,
microorganisms, and respiratory or inflammatory reactions [1]. In particular, prolonged
exposure to ultraviolet radiation induces photodamage in the skin through reactive oxygen
species (ROS), which compromises the enzymatic and non-enzymatic antioxidant defense
systems [2]. ROS encompass highly reactive species, such as singlet oxygen (1O,) and
hydroxyl (-OH), as well as hydrogen peroxide (H;0O,), peroxyl (ROO-), alkoxyl radicals
(RO:s), organic hydroperoxides (ROOHSs), and hypochloride (HOCI) [3]. They can be gen-
erated within cells and tissues through various processes involving high-energy radiation,
photochemical reactions, and several enzyme reactions [4]. These ROS participate in skin-
aging processes by disrupting the skin’s antioxidant defense, initiating lipid peroxidation
reactions, oxidizing proteins, oxidizing DNA, promoting the degradation of collagen and
hyaluronic acid through abnormal cross-linking and cleavage, and influencing melanin
production [5,6].
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The skin tissue is composed of the epidermis, dermis, and subcutaneous fat layers.
The epidermis contains keratinocytes, melanocytes, and other cells, while the dermis con-
sists of fibrous and matrix components, with collagen accounting for 90% of the dermal
layer [7]. The epidermis, which plays a role in maintaining skin barrier function through
preventing water loss, can become damaged by ultraviolet radiation, leading to decreased
skin moisture, and the formation of dry, wrinkled, and rough skin. Therefore, adequate
hydration through sufficient moisturization is crucial to maintaining healthy skin [8,9].
In addition, the activity of hyaluronan synthase (HAS), an enzyme responsible for the
production of hyaluronic acid (HA) in the stratum corneum, should be maintained to
preserve the moisturizing effect of HA [10]. Furthermore, the action of ROS generated from
prolonged exposure to ultraviolet radiation stimulates the activity of matrix metallopro-
teinases (MMPs) known as collagenases, which impair collagen synthesis in the dermis
and promote skin elasticity loss and wrinkle formation [11,12]. Consequently, there is a
pressing need for the development of natural ingredients that can suppress the skin aging
and moisture loss caused by UV radiation.

Tetragonia tetragonioides (T. tetragonioides), also known as New Zealand spinach or
sea spinach, is a perennial plant belonging to the Aizoaceae family. It grows to a height
of 40-60 cm and has succulent stems with numerous branches that spread horizontally
or grow obliquely from the ground, eventually reaching a height of around 50 cm. The
plant forms rounded clusters of roots that attach to the ground and spread in all directions.
T. tetragonioides is found in New Zealand, China, Japan, South Asia, Australia, South
America, and other regions. It has a strong vitality and can thrive in harsh and arid
environments, such as gravel fields and rocky crevices with limited moisture. The plant is
commonly used in salads and can also be cooked as a vegetable. In traditional medicine,
T. tetragonioides has been used for its cooling, detoxifying, dispersing, and anti-inflammatory
properties in the treatment of dysentery, sepsis, edema, and fever. Various compounds
have been identified in this plant, including 3-carotene, diterpenes, flavones, cerebrosides,
oxalic acid, sterylglucoside, and polysaccharides. It has been reported to possess anti-
inflammatory and anti-ulcer activities [13-19]. Despite the diverse physiological activities
and associated effects of the various compounds in T. tetragonioides, studies substantiating
its potential as a cosmetic ingredient are limited.

Fermentation is a processing method that can influence the composition and flavor of
natural plants and enhance their storage stability. It involves enzymatic action, derived from
fermented microorganisms, which breaks down the nutrients of natural ingredients into
easily digestible and absorbable forms [20]. Various microorganisms, such as Bacillus sp.,
lactic acid bacteria, Aspergillus oryzae, and Saccharomyces sp., are used in the fermentation of
natural plants. Among them, Bacillus sp. is widely used in the production of traditional
Korean fermented plants and is recognized as a probiotic strain [21]. However, compared
to the research on the nutritional components of T. tetragonioides itself, the studies on the
changes in its composition and physiological activities before and after fermentation are
still limited. Therefore, it is necessary to explore effective and environmentally friendly
fermentation, as well related processing methods, in order to apply T. tetragonioides as a
cosmeceutical ingredient.

In the present study, it was demonstrated that the anti-inflammatory and skin-barrier-
improving activities of T. tetragonioides can be enhanced via fermentation by Bacillus subtilis
(B. subtilis). Based on this result, it is thought that the utilization of T. tefragonioides as a
therapy or cosmeceutical can be expanded.

2. Materials and Methods
2.1. Preparation of T. tetragonioides 70% EtOH Extracts

We purchased T. tetragonioides from Jeju san ya cho (SJDBL2581, Jeju, Republic of
Korea). For the experiment, T. tetragonioides was powdered and soaked in 70% ethanol at a
ratio of 10 times the weight of the sample. The soaking was performed at room temperature
(RT) for 24 h and repeated three times in preparation for extraction. The extract was
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filtered using No. 1 and 3 filter paper (Hyundai Micro Co., Ltd., Seoul, Republic of Korea),
concentrated, and then freeze-dried.

2.2. Preparation of TEs and FTEs

We utilized the Gram-positive bacterium B. subtilis subsp. spizizenii (KACC 17047)
obtained from the Korea Agricultural Culture Collection (KACC). The bacterium was
cultured in a broth medium (Kisanbio Co., Seoul, Republic of Korea) consisting of 0.5 g/L
yeast extract, 0.5 g/L proteose peptone, 0.5 g/L casamino acid, 0.5 g/L dextrose, 0.5 g/L
soluble starch, 0.3 g/L dipotassium phosphate, 0.05 g/L magnesium sulfate, and 0.3 g/L
sodium pyruvate, with a pH of 7.2. These microorganisms were cultured at 30 °C and used
for the experiment. The samples used in the experiment were divided into TEs and FTEs.
Firstly, to dissolve the extracts, distilled water (DW) was added at a ratio of 10 times the
weight of the T. tetragonioides 70% ethanol extracts. The T. tetragonioides extracts (TEs) were
supplemented with medium containing 0.6% glucose, 0.3% yeast extract, and 0.1% soytone.
In contrast, fermented T. tetragonioides extracts (FTE) were supplemented with medium
and inoculated with B. subtilis subsp. Spizizenii at a concentration of 1.5 x 10® CFU/mL.
The samples were then fermented for 3 days at 130 rpm and 37 °C. Subsequently, the
fermented solution was filtered using No. 1 and 3 filter paper (Hyundai Micro Co., Ltd.)
and freeze-dried for use in the experiment. The final yields for the TEs and FTEs were
measured at 7.50% (w/w) and 8.00% (w/w), respectively (Figure 1).

Tetragonia tetragonioides (1 kg) |

Homogenization for 72 h in 70% EtOH 10 L at RT
Filtrated and lyopilizated

70% EtOH extract (8.21%, w/w) I Production of culture media

(Bacillus subtilis subsp. spizizenii in Nutrient broth)

| 70% EtOH extract + Distilled water (ratio 1:10 w/v) |

Incubation
(for 24 h at 37°C)
Added in media Added in media — Bacillus subtilis subsp. Spizizenii
(0.6% glucose, 0.3% yeast extract, 0.1% soytone) (0.6% glucose, 0.3% yeast extract, 0.1% soytone) (1.5 x 106 CFU/mL)
| Incubation (for 3 days at 37°C) |
| Filtrated and lyophilizated |
Non-fermented Fermented
Tetragonia tetragonioides extracts (TE) Tetragonia tetragonioides extracts (FTE)
(7.50%, w/w) (8.00%, w/w)

Figure 1. The preparation process for TEs and FTEs from T. tetragonioides.

2.3. Determination of Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)

The total phenolic content (TPC) was determined via the addition of 60 pL of Folin—
Ciocalteu’s phenol reagent (Sigma-Aldrich Co., St. Louis, MO, USA) to a 60 pL aliquot of
the sample solution that had previously been diluted two-fold. The mixture was allowed
to react for 3 min at RT. Then, 60 pL of 10% NayCOs (Sigma Co.) was added, and the
reaction was allowed to proceed for 40 min at RT. The absorbance was measured at 700 nm.
Gallic acid (Sigma Co.) was used as the standard, and a standard curve was constructed
to quantify the total phenolic content. The total flavonoid content (TFC) was determined
via the addition of 20 uL each of 10% aluminum nitrate (Sigma Co.) and 1 M potassium
acetate (Sigma Co.) to a 100 pL aliquot of the sample solution. Then, 860 uL of 80% ethanol
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was added, and the mixture was allowed to react for 40 min at RT. The absorbance was
measured at 415 nm. Quercetin (Sigma Co.) was used as the standard, and a standard
curve was constructed to calculate the total flavonoid content.

2.4. High-Performance Liquid Chromatography (HPLC) Analysis

The analysis of vanillic acid content (Sigma-Aldrich Co., St Louis, MO, USA), as a
marker component of the TEs and FTEs, was performed via HPLC. For analysis, approxi-
mately 10 mg of TE and FTE was dissolved in 1 mL of DW. After the solution was cooled to
RT, it was filtered through a filter and used for the experiment. The instruments used in the
analysis comprised the Waters 2690 (Waters corporation, Milford, MA, USA) HPLC system
equipped with an autosampler; the analysis conditions are shown in Table 1.

Table 1. Conditions for the HPLC analysis of the vanillic acid content in the TEs and FTEs.

Instrument Conditions
Column Agilent ZORBAX SB-C18
(4.6 mm x 250 mm, 5.0 um, Agilent)
Column temp. 27 °C
Time (min) A B®
0 100 0
Mobile phase 45 100 0
(Gradient) 55 60 40
65 20 80
70 100 0
Detector Shimadzu, SPD-M20A Diode Array Detector (334 nm)
Flow rate 1.0 mL/min
Injection volume 10 uL
Run time 70 min

M 1% Acetic acid. @ Methanol.

2.5. Free Radical Inhibition Activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity of the TEs and
FTEs was determined following the method of Blois [22]. An aliquot of 200 pL of 0.15 mM
DPPH solution was added to 800 pL of the sample solution. The mixture was left at RT
for 30 min, and the absorbance was measured at 517 nm. The radical-scavenging activity
of each sample was calculated as the concentration of the sample required to reduce the
absorbance of the control group, which did not contain the sample, by one half. The
reduction concentration (RC)sg value was obtained and compared to the positive control
group, ascorbic acid. The 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)-
radical-scavenging activity of the TEs and FTEs was measured via a modified method
described by Re et al. [23]. A mixture of 7 mM ABTS and 2.45 mM potassium persulfate
(Sigma Co.) was prepared and left in a dark place at RT for 24 h. Then, it was diluted with
DW to obtain an absorbance value of 0.70 (£0.02) at 732 nm. A volume of 990 uL of this
diluted solution was taken, and 10 pL of the sample solution was added. After incubation
at RT for 1 min, the absorbance was measured at 732 nm. The ABTS radical-scavenging
activity was calculated as the RCsg value.

2.6. Cell Culture

The mouse-derived macrophage cell line RAW 264.7 and human keratinocyte cell
line HaCaT were obtained from the Korean Cell Line Bank (KCLB, Seoul, Republic of
Korea). The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco-
BRL, Rockville, MD, USA) supplemented with 10% fetal bovine serum (FBS, Gibco-BRL),
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100 pg/mL penicillin (Gibco-BRL), and 100 pg/mL streptomycin (Gibco-BRL). The cells
were maintained at 37 °C in a humidified atmosphere with 5% CO,. The subculturing of
the cells was performed every 2-3 days.

2.7. Cell Viability

The cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. RAW 264.7 and HaCaT cells were seeded
in 96-well plates at densities of 1 x 10° cells/well and 1 x 10* cells/well, respectively.
After incubation for 24 h, the medium was removed, and various concentrations of the
test samples were added to the wells in 200 pL. of DMEM. The cells were then incubated
for an additional 24 h at 37 °C in a 5% CO; incubator. Following this, MTT solution
(5.0 mg/mL) was added, and the cells were further incubated for 4 h under the same
culture conditions. The resulting formazan crystals were dissolved through the addition
of 100 uL of dimethyl sulfoxide (DMSO) to each well, followed by 10 min of shaking. The
absorbance was measured at the wavelength of 550 nm.

2.8. Measurement of Nitric Oxide (NO) Inhibition

The amount of nitric oxide (NO) generated by lipopolysaccharide (LPS, Sigma Co.)
was measured via a modified version of the method developed by Green et al. [24]. RAW
264.7 cells were seeded in 96-well plates at a density of 1 x 10° cells/well. After incubation
for 24 h, the medium was removed, and the cells were treated with LPS (100 ng/mL) in
the presence of various concentrations of the test samples (final concentrations: 0, 25, 50,
100, and 200 ng/mL) and a positive control, dexamethasone (20 pM). The cells were then
incubated for an additional 24 h at 37 °C in a 5% CO, incubator. After incubation, the
culture supernatant was mixed with an equal volume of Griess reagent (Sigma Co.) and
incubated for 10 min. The absorbance was measured at a wavelength of 540 nm. A standard
curve was prepared for sodium nitrate (Sigma Co.) and used to calculate the extent of NO
inhibition.

2.9. Western Blot Analysis

The RAW 264.7 cells were seeded in a 6-well plate at a density of 5 x 10° cells/mL,
and incubated for 24 h. After the removal of the medium, the cells were treated with LPS at
a concentration of 100 ng/mL in a serum-free medium. For the FTEs and dexamethasone
treatment, they were added to the LPS-containing medium and incubated for an additional
24 h. After the removal of the medium, the cells were washed with PBS and lysed with
a lysis buffer. The lysates were then incubated at 4 °C for 30 min and centrifuged at
13,000 rpm for 15 min, for the collection of the protein supernatant. The protein samples
were subjected to 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a nitrocellulose membrane. The membrane was blocked with
a 5% skim milk solution at RT for 1 h, followed by overnight incubation with the primary
antibody at 4 °C. The next day, the membrane was washed with Tris-buffered saline Tween
20 (TBST), incubated with the secondary antibody at RT for 2 h, washed again with TBST,
and subjected to an ECL reaction through the use of an ECL kit. Finally, the protein bands
were visualized on X-ray film.

2.10. RNA Isolation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

HaCaT cells were seeded in a 6-well plate, at a density of 5 x 10° cells/well, in a
medium containing 10% FBS, and incubated for 24 h. The medium was then replaced with
a serum-free medium, and the cells were treated with FTEs at different concentrations
(10, 50, and 100 pg/mL). After 24 h, the cells were harvested, and the RNA was isolated with
TRIzol reagent (Molecular Research Center, Inc., Cincinnati, OH, USA). The concentration
of the isolated RNA was determined using a NanoDrop spectrophotometer (Thermo
Scientific). For reverse transcription, 1 ug of the isolated RNA was mixed with 1 uL of
oligo dT (100 pM) and DEPC-treated water to a final volume of 12 uL. The mixture was
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then incubated at 70 °C for 10 min. Reverse transcription (RT) was performed according
to the instructions provided with the RT premix kit (Bioneer, Daejeon, Republic of Korea).
PCR amplification for the filaggrin (FLG), hyaluronan synthases (HAS)-1, HAS-3, and
GAPDH genes was carried out with the use of 2 uL of the cDNA product obtained from
each reverse transcription reaction, following the instructions provided with the PCR
premix kit (Bioneer). The primer sequences are provided in Table 2. PCR was performed
over 30 cycles, through the use of a PCR thermal cycler (Takara MP-300, Takara Bio Inc.,
Kusatsushi, Japan), with denaturation at 94 °C for 30 s, annealing at 56 °C for 30 s, and
extension at 72 °C for 45 s. The amplified cDNA products obtained from the RT-PCR were
analyzed via electrophoresis on a 1.2% agarose gel containing ethidium bromide.

Table 2. The sequences of primers used in this study.

Gene Sequences (5' to 3')
FLG F AGGGAAGATCCAAGAGCCCA
R ACTCTGGATCCCCTACGCTT
HAS-1 F CCACCCAGTACAGCGTCAAC
B R CATGGTGCTTCTGTCGCTCT
HAS-3 F TATACCGCGCGCTCCAA
: R GCCACTCCCGGAAGTAAGACT
GAPDH F GCACCGTCAAGGCTGAGAAC
R ATGGTGGTGAAGACGCCAGT

F: forward; R: reverse.

2.11. Statistical Analysis

The experimental results are presented as the mean + standard error of mean and were
analyzed using SPSS Statistics software (ver. 25, IBM Co., Armonk, NY, USA). ANOVA was
performed, and the statistical significance of the mean values was analyzed via Duncan’s
multiple range test at the p < 0.05 level.

3. Results
3.1. Total Phenolic, Flavonoid, and Vanillic Acid Contents of TEs and FTEs

The TPC of the non-fermented TEs and FTEs was determined to be 14.96 & 0.54 GAE
mg/g and 20.45 + 1.45 GAE mg/g, respectively. The TFC increased after fermentation, with a
value of 3.19 £ 1.57 QE mg/g for TEs and 9.09 &+ 0.56 QE mg/g for FTEs (Figure 2A,B). The
quantitative analysis of vanillic acid, a phenolic compound, showed an increase in its content
after fermentation, with values of 34.87 £ 1.57 pg/g for the TEs and 107.11 £ 1.45 ng/g for the
FTEs (Figure 2C).
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Figure 2. The total polyphenol, flavonoid, and vanillic acid contents in the TEs and FTEs.
(A) The TPC was analyzed as the mg gallic acid equivalent (GAE)/g of the TEs and FTEs.
(B) The TFC was analyzed as the mg quercetin equivalent (QE)/g of the TEs and FTEs. (C) The results
of the quantitative analysis of vanillic acid in the TEs and FTEs. Different letters indicate differences
significant at p < 0.05, according to Duncan’s multiple range test.
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3.2. Antioxidant Activity Analysis

It is essential to confirm the effect of fermentation on the changes in the TPC of
T. tetragonioides after fermentation, as TPC changes in plants are associated with antioxidant
activity. Therefore, the scavenging ability of the TEs and FTEs was evaluated against
two representative radicals: the DPPH radical and the ABTS radical (Figure 3). The RCsg
values for the DPPH radical-scavenging ability of the TEs and FTEs were determined
to be as 113.57 £+ 14.18 ug/mL and 69.24 + 11.21 pg/mL, respectively, indicating an
increased radical-scavenging ability after fermentation. The RCsy value for the ABTS
radical-scavenging ability was determined to be as 291.36 & 17.98 ug/mL for the TEs and
232.14 £+ 2.68 ug/mL for the FTEs, showing an enhanced radical-scavenging ability for
both radicals after fermentation. Ascorbic acid, used as the positive control, had RCsg
values of 0.81 £ 0.22 pg/mL and 4.98 + 0.22 pug/mL for the two radical-scavenging abilities,
respectively.
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Figure 3. The values for the RCs of (A) DPPH and (B) ABTS radical-scavenging ability of the TEs
and FTEs. The data are expressed as mean =+ standard deviation (n = 3). Different letters indicate
significant differences at p < 0.05, according to Duncan’s multiple range test.

3.3. Effect of TEs and FTEs on NO Production via LPS Stimulation

To investigate the anti-inflammatory effects of TEs and FTEs, their effects on NO
production induced by LPS were examined in RAW 264.7 cells. Firstly, the cytotoxicity of
TEs and FTEs was measured, and it was confirmed that the cell viability was above 90%
at all the concentrations tested (0, 6.25, 12.5, 25, 50, 100, and 200 pg/mL), indicating no
toxicity (Figure 4A). The cells were treated with LPS and various concentrations of TE or
FTE, and the NO production was measured. Dexamethasone at 20 uM, a commonly used
anti-inflammatory agent, was used as the positive control. As shown in Figure 4B, the TE
exhibited a significant (p < 0.05) inhibitory effect on NO production at a concentration of
200 png/mL, while the FTE showed a significant (p < 0.05) inhibition of NO production
starting from the lower concentration of 100 pg/mL.

®B) 40
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12,5 25 50 1
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Figure 4. The effect of the TEs and FTEs on cell viability and on LPS-induced nitric oxide production
in RAW 264.7 cells. (A) An MTT assay was performed to analyze cell viability after treatment with
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(A) Dexamethasone (uM)
FTE (pg/mL)
LPS (100 ng/mL)

TE or FTE (6.25, 12.5, 25, 50, 100, and 200 ug/mL) for 24 h. (B) RAW 264.7 cells were treated with
different concentrations of each sample and LPS (100 ng/mL) for 24 h, and the NO content in the
supernatant was measured with Griess reagent. All data are expressed as the mean £ SD of the
experiment. # p < 0.05 compared to the control group; * p < 0.05 and ** p < 0.01 compared to the LPS
control group.

3.4. The FTEs Inhibit LPS-Stimulated COX-2, iNOS, and TNF-x Expression

The anti-inflammatory effects of FTEs, and their association with the regulation of
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and tumor necrosis
factor-« (TNF-x) expression were investigated. Normally, in unstimulated cells, the pro-
teins COX-2, iNOS, and TNF-« are not detectable. However, in response to immune
stimulants, such as LPS, the genes for COX-2, iNOS, and TNF-« are strongly induced.
As observed in Figure 5, the FTE potently inhibited COX-2, iNOS, and TNF-« protein
expression at a concentration of 200 ug/mL. These results indicate that FTEs suppress the
production of NO by inhibiting the expression of COX-2, iNOS, and TNF-« at the protein
level.
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Figure 5. The effect of FTEs and dexamethasone on LPS-induced COX-2, iNOS, and TNF-« expression
in RAW 264.7 cells. (A) Western blotting using 3-actin as a loading control was performed for the
analysis of whole cell lysates. (B) The quantification of the band intensity ratios of COX-2, (C) iNOS,
and (D) TNF-« relative to 3-actin. The data are presented as the mean percentage compared to
DW-treated cells. All data are expressed as the mean =+ SD for the experiment. # p < 0.05 compared to
the control group; * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to the LPS control group. See also
Figure S1.

3.5. Effects of FTEs on Cell Viability and Skin Moisture Protection Activity

Before measuring the skin-protective activity of FTEs in HaCaT, MTT analysis was
conducted to evaluate the cell toxicity of FTEs. The results for the cell viability demonstrated
that FTEs did not induce cell death in HaCaT cells (Figure 6). To confirm the skin-protective
and skin-moisturizing effects of FTEs, the mRNA expression levels of FLG, HAS-1, and
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(A)

©)

HAS-3 were detected via RT-PCR. As shown in Figure 7, the mRNA expression levels of
FLG, HAS-1, and HAS-3 were significantly (p < 0.001) increased by the FTEs.
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Figure 6. The effect of FTEs on cell viability in HaCaT cells. An MTT assay was performed for
analysis of cell viability after treatment with FTEs (10, 50, 100, and 200 pg/mL) for 24 h. All data are
expressed as the mean =+ SD for the experiment.
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Figure 7. The effects of FTEs on the mRNA levels of FLG, HAS-1, and HAS-3. HaCaT cells were
treated with FTEs (10, 50, and 100 pg/mL) for 24 h. The RNA was isolated, and (A) RT-PCR analysis
was performed to determine the mRNA expression of FLG, HAS-1, and HAS-3. GAPDH was used
as an internal control. (B-D) The relative mRNA levels of FLG, HAS-1, and HAS-3 were quantified
using the Image J program. All data are expressed as the mean =+ SD for the experiment. *** p < 0.001
compared to the control group.

4. Discussion

To enhance the utilization of various biomasses, including plants, fermentation pro-
cesses using microorganisms have been frequently attempted. Seo et al. [25] examined the
potential utilization of fermented mulberry leaf extract by inoculating it with B. subtilis,
aiming to increase its protein content. Similarly, Kim et al. [26] investigated the changes
in antioxidant activity induced by inoculating green tea with B. subtilis, exploring the
potential application of the product as a microbial fermented tea. In this study, B. subtilis,
commonly used in plant fermentation, was used to inoculate T. tetragonioides, to allow us
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to observe the functional components, as well as the antioxidant, anti-inflammatory, and
skin-moisturizing activities, before and after fermentation.

Flavonoids, carotenoids, phenolic compounds, and vitamins A, C, and E are repre-
sentative antioxidant components found in plants. They exhibit strong radical-scavenging
effects and perform various physiological activities, such as anticancer and antioxidant
activities [27]. Polyphenols, which account for the highest content, are phenolic compounds
with two or more aromatic rings, including flavonoids and tannins. They are known as
substances produced by plants to protect themselves from extreme environmental condi-
tions during growth [28]. Phenolic compounds act as antioxidants and provide protection
against various diseases by regulating ROS, preventing oxidative damage, and inhibiting
pro-inflammatory activities. They are abundant in plant leaves and fruits [29]. The mea-
surement of the TPC and TFC in the TEs and FTEs revealed an increase in their content after
fermentation. The FTEs showed a significant increase (p < 0.05) of approximately 1.3 to
3.07 times in their TPC, TFC, and vanillic acid contents compared to the pre-fermentation
TEs (Figure 2). These changes between the contents before and the contents after fermenta-
tion are attributed to the hydrolytic enzymes produced by B. subtilis. During fermentation,
phenolic glycosides are hydrolyzed to aglycones by enzymes produced by B. subtilis,
leading to an increase in phenolic compounds, and enhanced antioxidant effects [30].
Adetuyi and Ibrahim [31] reported that the highest levels of total polyphenols and total
flavonoids were produced after 24 h of fermentation when okra (Abelmoschus esculentus)
seeds were soaked in hot water and fermented. VA, the oxidized form of vanillin, is a
phenolic acid derivative [32] commonly found in herbs, tea, and wine plants [33]. It has
various pharmacological effects, such as anti-carcinogenic, antioxidant, antihypertensive,
anti-inflammatory, and antimicrobial effects [34,35]. Recently, VA has been widely used as a
preservative, flavoring agent, or antioxidant with beneficial activities in cosmetic, food, and
pharmaceutical products [33]. The increase in VA achieved through fermentation suggests
its potential as a more functional material.

To assess the radical-scavenging activity of TEs and FTEs, considering the association
between the changes in TPC and antioxidant activity in plants, we conducted experiments.
The DPPH and ABTS radical-scavenging activities were significantly higher (p < 0.05) in the
FTEs than in the TEs, showing an increase of about 1.25 to 1.64 times (Figure 3). Consistent
with the results of our study, Ibrahim et al. [36] also investigated the antioxidant activity of
four types of Malaysian herbal teas (allspice, Scaphium, Gora, cinnamon) after fermentation and
observed an increase in both the TPC and antioxidant activity compared to before fermentation.
These findings align with our study, suggesting that the increased antioxidant activity in
fermented T. tetragonioides can be attributed to the increase in the TPC.

The excessive production of NO can be harmful and can contribute to various in-
flammatory and autoimmune diseases [37]. Therefore, the inhibition of NO production
represents a promising strategy for therapeutic intervention in inflammatory conditions.
In this study, we demonstrated that FTEs effectively suppress LPS-induced NO produc-
tion compared to TEs (Figure 4). The inhibitory effect of FTEs on NO production was
attributed to the suppression of COX-2, iNOS, and TNF-« protein expression induced
by inflammatory signals such as LPS (Figure 5). These findings suggest that FTEs, with
their anti-inflammatory and antioxidant activities, could potentially be applied in the
development of anti-aging cosmetics.

Fermented cosmetics, commonly produced through the fermentation of natural ingre-
dients, are generally more effective and have fewer side effects compared to non-fermented
cosmetics. They are suitable for sensitive and dry skin and support the functions of the
skin, without disrupting its natural processes [38]. Fermentation is not only applied for
its antioxidant and anti-inflammatory properties in cosmetic formulations, but also has
various applications in the cosmetic industry. Moisturization is essential in maintaining
skin hydration and the integrity of the skin barrier, which helps to prevent microbial or
chemical intrusion from the external environment, thus contributing to the skin’s homeosta-
sis. FLG, a structural protein in the uppermost layer of the skin, protects against moisture
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loss, prevents penetration from the external environment, and regulates epidermal dif-
ferentiation [39]. The skin maintains elasticity through the presence of moisture in the
stratum corneum (SC). To maintain the elasticity of the SC, a minimum of 10% moisture
is required [40]. One key molecule influencing skin hydration is hyaluronic acid (HA). In
the epidermis, HA is primarily located within the extracellular matrix (ECM) of the upper
stratum granulosum and intracellularly in the basal layer [41]. HA, a highly hydrophilic
glycosaminoglycan (GAG), captures a large amount of moisture, providing flexibility and
hydration in the skin [42]. HA is synthesized by the enzyme HAS, which has three types
(HAS-1, -2, and -3), each with different enzyme activities, and each capable of synthesizing
HA of different lengths [43]. The results of this study show that FTEs increase the expres-
sion of FLG, HAS-1, and HAS-3, thereby enhancing the skin barrier function and moisture
content (Figure 7). Therefore, FTEs, which can increase the expression of HAS-1, HAS-3,
and FLG, are expected to serve as effective moisturizers in skincare products.

5. Conclusions

In conclusion, the antioxidant, anti-inflammatory, and moisturizing effects of
T. tetragonioides were confirmed through in vitro testing. These potential benefits of
T. tetragonioides for the skin were significantly enhanced via fermentation with
B. subtilis subsp. spizizenii. In summary, through the utilization of advanced fermen-
tation technology with beneficial microorganisms such as Bacillus, the desirable skin-
modulating properties of T. tetragonioides can be further enhanced, thereby expanding
its potential applications in the field of skincare resources.
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