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ABSTRACT: Ruegeria atlantica and Pseudoalteromonas neustonica are fish
gut bacteria that have been isolated from the guts of Pagrus major and
Acanthopagrus schlegelii, respectively. A total of 22 compounds (1−22) were
isolated from these two bacteria; 16 compounds (1−16) from R. atalantica
and 6 compounds (17−22) from P. neustonica. Their chemical structures
were elucidated by spectroscopic and spectrometric data analysis and
chemical synthesis. Compounds 11 and 13 showed strong collagenase
inhibitory activity, with 31.91% and 36.43% at 20 μM, respectively,
comparable to or surpassing that of the positive control epigallocatechin
gallate (EGCG, 34.66%). Also, compounds 11 and 14 exhibited a mild tyrosinase inhibitory effect of 6.73% and 13.68%, respectively.
All of the tested compounds displayed no significant antibacterial activity against Escherichia coli and Bacillus subtilis up to 100 μM.
The collagenase- and tyrosinase-inhibitory compound 11, cyclo(L-Pro-D-Leu), was found to be stable under heat (50 °C) and UV
light (254 and 365 nm) for up to 6 days. These results indicate that compound 11 could be developed into a cosmeceutical with
antiaging effects.

1. INTRODUCTION
Natural products have long served as important sources of new
drugs. Out of the 1,881 drugs approved by the FDA between
1981 and 2019, 930 are either natural products themselves or
natural product-related drugs, accounting for 49.2%.1 Given
that approximately 98% of metabolites produced by living
organisms remain unknown,2 there are ample opportunities for
discovering new drug candidates from various sources,
including plants, fungi, and bacteria. In particular, the
anticancer compound salinosporamide A, also known as
Marizomib, derived from the marine bacterium Salinispora
tropica, is currently undergoing Phase III clinical trials for the
treatment of brain cancer.3 Beyond their anticancer effects,
numerous metabolites from marine bacteria have demon-
strated pharmaceutical potential, including antibacterial,
antifungal, and antiviral activities,4 as well as cosmetic
applications such as skin whitening and wrinkle improvement.5

The enzymes tyrosinase, tyrosinase-related protein-1 and 2
(TRP-1 and 2), collectively known as the tyrosinase gene
family, play a crucial role in melanin synthesis.6 Tyrosinase
mediates the transformation of L-tyrosine into 3,4-dihydroxy-L-
phenylalanine (L-DOPA) through hydroxylation, followed by
the conversion of L-DOPA to L-dopaquinone via oxidation.7,8

The resultant L-dopaquinone subsequently undergoes a
sequence of nonenzymatic processes to ultimately yield
eumelanin.9 Genetically, a high rate of melanin production is
primarily associated with the upregulation of the micro-
phthalmia-associated transcription factor (MITF), which

controls the transcription of the tyrosinase gene family.10

Given the indispensable role of tyrosinase in melanin synthesis,
various inhibitory compounds targeting tyrosinase have been
suggested as potential remedies for skin disorders linked to
melanin and/or skin whitening.11,12 Among these, kojic acid
and arbutin have been used in cosmetic applications and have
shown robust therapeutic outcomes. Hydroquinone, on the
other hand, has been banned as a cosmetic ingredient since
2001 due to its severe side effects, despite its excellent
whitening properties.13−15 Collagen plays a vital role in
maintaining the health of human skin as it contributes to its
structural integrity, elasticity, firmness, and flexibility. Collage-
nases are enzymes responsible for breaking down collagen
within the skin, leading to the development of wrinkles as we
grow older. Thus, substances with the capability to hinder the
activity of these enzymes hold promise in retarding the
formation of wrinkles and, consequently, the aging proc-
ess.16−18

Ruegeria atlantica KEMB 21431 and Pseudoalteromonas
neustonica KEMB 21433 were isolated from the guts of Pagrus
major and Acanthopagrus schlegelii, respectively. No research
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has been undertaken on the metabolites produced by R.
atlantica and P. neustonica since their first isolation in 1992 and
2016, respectively.19−21 Therefore, we conducted an inves-
tigation on their metabolites. In this study, we discuss the
isolation of 22 compounds (Figure 1) from these two marine
bacterial culture extracts and the identification of their
chemical structures using conventional NMR and MS data
analysis as well as chemical synthesis. Furthermore, we
investigated the collagenase- and tyrosinase-inhibitory activities
of these compounds to propose them as potential functional
cosmetic ingredients, along with antibacterial tests.

2. RESULTS AND DISCUSSION
2.1. Isolation and Structure Elucidation of 1−22.

Compound 1 was isolated from R. atlantica KEMB 21431 and
its molecular formula was established as C10H13NO2,
displaying a positive-ion peak [M + H]+ at m/z 180.1 (calcd
for C10H14NO2

+, 180.1). The 1H NMR spectrum of 1
displayed the presence of a 1,2-disubtituted benzene ring [δH
7.14 (1H, td, J = 7.71, 1.72 Hz, H-4), 7.04 (1H, dd, J = 7.45,
1.70 Hz, H-6), 6.89 (1H, dd, J = 8.07, 1.19 Hz, H-3) and 6.82
(1H, td, J = 7.35, 1.20 Hz, H-5)], two methylenes [δH 3.37
(2H, m, H-8) and 2.86 (2H, m, H-7)] and a methyl group [δH
1.90 (3H, s, H-11)]. The 13C NMR spectrum of 1 showed ten
carbon signals, including a carbonyl carbon [δC 171.6 (C-10)],
six aromatic carbons [δC 155.4 (C-2), 130.4 (C-6), 128.4 (C-
4), 124.5 (C-1), 120.2 (C-5) and 116.5 (C-3)], two methylene
carbons [δC 40.7 (C-8) and 30.7 (C-7)], and a methyl carbon
[δC 23.2 (C-11)] (Table 1). Further spectroscopic data
analysis of two-dimensional (2D) NMR [correlation spectros-
copy (COSY), heteronuclear single quantum correlation
(HSQC), and heteronuclear multiple bond correlation
(HMBC)] showed three partial structures (units A−C)
(Figure 2). The COSY correlations of H-3(δH 6.89)/H-4(δH
7.14), H-4(δH 7.14)/H-5(δH 6.82) and H-5(δH 6.82)/H-6(δH
7.04) and the HMBC correlations of H-4(δH 7.14)/C-2(δC
155.4), H-5(δH 6.82)/C-1(δC 124.5) and H-3(δH 6.89)/C-

1(δC 124.5) supported the presence of the 1,2-disubtituted
benzene ring, the unit A. The structure of unit B, the
ethylamino group, was proposed by the COSY correlations of
H-7(δH 2.86)/H-8(δH 3.37) and the HMBC cross-peaks of H-
7(δH 2.86)/C-8(δC 40.7) and H-8(δH 3.37)/C-7(δC 30.7).
Finally, the acetyl group, unit C, was suggested by the HMBC
correlation of H-11(δH 2.02)/C-10(δC 171.6). The linkage of
unit A and unit B was identified based on the HMBC
correlations of H-7(δH 2.86)/C-2(δC 155.4) and C-6(δC

Figure 1. Chemical structures of compounds isolated from R. atlantica (1−16) and P. neustonica (17−22).

Table 1. 1H and 13C NMR Data of Compound 1 in
Chloroform-d

12

Position δH [mult. (J in Hz)] δC
1 − 124.5
2 − 155.3
3 6.89, dd (7.7, 1.2) 116.5
4 7.14, td (7.7, 1.7) 128.4
5 6.82, td (7.7, 1.2) 120.2
6 7.04, dd, (7.7, 1.7) 130.4
7 2.86, m, 2H 30.7
8 3.37, m, 2H 40.7
9-NH 5.95, brs −
10 − 171.6
11 2.02, s, 3H 23.2
2-OH 7.32, s −

Figure 2. Key COSY (blue bold) and HMBC (red arrow)
correlations of 1.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09585
ACS Omega 2024, 9, 34259−34267

34260

https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


130.4). The HMBC correlation of H-8(δH 3.37)/C-10(δC
171.6) showed the connection between unit B and unit C.
Thus, the structure of 1 was defined as N-(2-(2-hydroxy-
phenyl)ethyl)acetamide and further supported by comparing
the NMR data of 1 with those previously reported.22

Compound 1 has been previously reported only once
regarding its isolation from the endophytic fungus Rosellinia
sp.22 Our work presents the first isolation of 1 from
prokaryotes.
Compounds 2−16 and 17−22 were isolated from R.

atlantica KEMB 21431 and P. neustonica KEMB 21433,
respectively. They were identified by comparing their observed
spectroscopic data with those reported in the literatures as N-
acetyltyramine (2),23 anthranilic acid (3),24 β-carboline (4),25
cyclo(L-Phe-L-Ile) (5),26 cyclo(L-Phe-L-Leu) (6),27 cyclo(L-
Phe-L-Val) (7),28 cyclo(D-Phe-Gly) (8),29 cyclo(L-Pro-L-Phe)
(9),30 cyclo(L-Pro-D-Phe) (10),31 cyclo(L-Pro-D-Leu) (11),31

cyclo(L-Pro-L-Ile) (12),30 cyclo(L-Pro-L-Val) (13),32 cyclo(L-
(4-OH)-Pro-L-Leu) (14),33 cyclo(L-Ile-L-Ala) (15),33 cyclo(L-
Ala-L-Leu) (16),34 2-phenylethylamine (17),35 N-(2-
phenylethyl)formamide (18),36 N-(2-phenylethyl)acetamide
(19),37 cyclo(Gly-L-Leu) (20),38 cyclo(L-Pro-L-Tyr) (21),39

and cyclo(D-Pro-L-Tyr) (22).39 To the best of our knowledge,
this is the first metabolite investigation on R. atlantica and P.
neustonica.
2.2. Biomimetic Synthesis of 18. Based on the

characterized structures of 17−19, which share the core
structure of 2-phenethylamine (17), we assumed that 18 and
19 could be biosynthesized by formylation and acetylation,
respectively, from 17. Moreover, our group recently confirmed
that formaldehyde is produced from a bacterial species, Bacillus
licheniformis.40 To test this proposal, we performed biomimetic
synthesis of 18 from 2-phenethylamine (17) and form-
aldehyde, two potential biosynthetic precursors of 18. We
incubated 2-phenethylamine (17) and formaldehyde without
bacteria in distilled water at 37 °C for 24 h (Figure 3). As

anticipated, compound 18 (0.12 mg, 4.6% w/w) was produced
from the reaction mixture. We propose that hemiaminal
intermediate would be produced by coupling a phenethyl-
amine and a formaldehyde molecule, which would then oxidize
to form 18 (Figure S49).41 The structure of synthesized 18
was identified to be the same as that of the bacteria-derived
metabolite by comparing its 1H NMR data (Figure S37).
2.3. Effect of Compounds 1−22 on Cell Viability. The

impact of compounds 1−22 on cell viability in mouse B16F10
melanocytes was assessed using the 3-(4,5-dimethyl-thiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay, as dem-
onstrated in Figure 4. Cell viability of most compounds
remained over 90% within the concentration range of 3.125 to
50 μM, except for compound 15, which displayed approx-
imately 85% cell viability at 50 μM. Based on the results in
Figure 4, it can be concluded that these compounds do not
exhibit cytotoxicity toward mouse melanocyte cells in the
concentration range of 3.125 to 50 μM.

2.4. Effect of Compounds 1−22 on Tyrosinase Family
Gene Expression. Considering that microphthalmia-associ-
ated transcription factor (MITF) plays a pivotal role in
governing pigmentation processes as a key transcription
factor,42 we examined how the compounds impact the
expression of MITF and its target genes, including tyrosinase,
TRP-1 and 2, using real-time RT-PCR. When B16F10 cells
were cotreated with α-melanocyte-stimulating hormone (α-
MSH) and 20 μM of the compounds, as shown in Figure 5,
compounds 1−5, 8, 10−12, 14, 15, 17, 19, 21, and 22
exhibited more than a 20% reduction in the expression of at
least two of the aforementioned target genes. Moreover,
compounds 1−5, 10−12, 14, 15, 19, and 22 displayed a
substantial decrease of over 40% in the expression of more
than one target gene. Among these, compounds 3, 11, and 14
exhibited remarkable inhibition by suppressing the expression
of more than two target genes at rates exceeding 40% and 60%,
respectively.
2.5. Effect of Compounds 3, 11, and 14 on

Antityrosinase Activity In Vitro. To evaluate the whitening
potential of compounds 3, 11, and 14, we measured the
activity of tyrosinase, an enzyme involved in melanin
production. As a positive control, kojic acid (5-hydroxy-2-
hydroxymethyl-1,4-pyrone) was used, which is a well-known
whitening agent in cosmetics. The inhibition percentages of
these compounds at a concentration of 20 μM are depicted in
Figure 6. Compound 14 exhibited a 13.68% inhibition rate of
tyrosinase activity, whereas compounds 3 and 11 displayed
weaker inhibitory effects compared to compound 14 (1.84%
and 6.73%, respectively).
2.6. Effect of Compounds 1−22 on Collagenase

Activity. The compounds were examined for their inhibitory
effects on collagenase, and the results are illustrated in Figure
7. As a positive control, EGCG exhibited about 34.66%
inhibition of collagenase activity. Notably, at a concentration of
20 μM, compounds 11 and 13 demonstrated inhibition rates of
31.91% and 36.43%, respectively, which are comparable to that
of EGCG. Furthermore, compounds 2, 3, 4, 5, 7, 8, 9, 10, 12,
14, 15, and 18 displayed collagenase inhibitory rates exceeding
15%, suggesting that these compounds have the potential to
produce antiwrinkle effects through the inhibition of
collagenase activity.
2.7. Antibacterial Activity of 1−22. The isolated

compounds 1−22 were evaluated for their antibacterial
activities against two representative Gram-positive and Gram-
negative bacteria, Bacillus subtilis and Escherichia coli. However,
no antibacterial activity was observed in the range 0.39−100
μM of these compounds.
2.8. Stability Test of 11 against Light and Heat. To

survey cosmeceutical usage of collagenase- and tyrosinase-
inhibitory compound 11, a stability test against light (UV 254
and 365 nm) and heat (50 °C) was carried out using a 700
MHz NMR spectrometer. The stability percentages were
determined by comparing the calculated integration ratio of
the H-6 peak to the solvent peak of initial NMR spectrum. As a
result, after 6 days, compound 11 showed 96.30−99.53%
stability in UV 254 and 365 nm light in DMSO-d6 and
methanol-d4 solvents and 96.62−97.63% stability at 50 °C in
the same condition as described above (Table 2, Figures S46−
S63).

Figure 3. Chemical synthesis of 18 from phenethylamine (PEA) and
formaldehyde.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09585
ACS Omega 2024, 9, 34259−34267

34261

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09585/suppl_file/ao3c09585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09585/suppl_file/ao3c09585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09585/suppl_file/ao3c09585_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09585/suppl_file/ao3c09585_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09585?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3. EXPERIMENTAL SECTION
3.1. General Experimental Procedures. Nuclear mag-

netic resonance (NMR) spectra were recorded with a Bruker
AVANCE III 700 NMR spectrometer with chemical shifts
given in parts per million (δ) (Bruker, Karlsruhe, Germany).
All HRESIMS spectra were obtained using an Agilent G6545B
quadrupole time-of-flight mass spectrometer (Agilent Tech-
nologies) coupled to an Agilent 1260 Infinity II series
furnished 6545 LC-Q-TOF mass spectrometer (Agilent
Technologies) with an Agilent EclipsePlus C18 column (50 ×
2.1 mm i.d., 1.8 μm; flow rate: 0.3 mL/min). The LC-MS

analysis was performed on an Agilent 1260 series HPLC
system with a diode array detector and a 6130 Series ESI mass
spectrometer equipped with an analytical Kinetex C18 100 Å
column (250 mm × 4.6 mm inner diameter, 5 μm; flow rate:
0.7 mL/min). Semipreparative HPLC was conducted using an
Agilent 1260 pump, which was equipped with a Luna C18 100
Å column (250 mm × 10 mm i.d., 5 μm; flow rate: 4.0 mL/
min) and a Luna 5 μ Phenyl-Hexyl column (250 mm × 10 mm
i.d., 5 μm; flow rate: 4.0 mL/min).
3.2. Bacterial Sources. The marine bacteria R. atlantica

KEMB 21431 and P. neustonica KEMB 21433 were isolated
from gut of fish, P. major and A. schlegelii, respectively. These

Figure 4. Assessment of in vitro toxicity of compounds 1−22. Toxicity studies were performed in B16F10 cells. MTT assays were conducted after
cultures were treated with the indicated concentrations of each compound for 24 h. All experiments were conducted at least three times. The bars
represent the mean ± SD.
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two bacterial strains were provided by the Korea Environ-
mental Microorganisms Bank (KEMB) in Sungkyunkwan
University, Korea. Bacillus subtilis HB1000 was obtained
from Deepika Awasthi (Lawrence Berkeley National Labo-
ratory, University California Berkeley, CA, USA). Escherichia
coli MG1655 was provided from Dr. Wonsik Lee (Sungkyunk-

wan University, Suwon, Korea). The frozen stocks of the
bacteria used in this study were deposited in the −80 °C
freezer of the School of Pharmacy, Sungkyunkwan University,
Suwon, Korea.
3.3. Cultivation, Extraction, and Isolation. The strain R.

atlantica KEMB 21431 was cultured in nine 5 mL tubes with
marine broth (MB) media at 30 °C and 250 rpm for 1 day.
Subsequently, the cultures were used to inoculate nine 2 L
Erlenmeyer flasks containing 9 L of MB media and incubated
at 30 °C, 250 rpm. After 5 days, the entire culture was
extracted twice with 9 L of ethyl acetate, and the ethyl acetate-
soluble layer was concentrated under reduced pressure to yield
a crude extract. This procedure was repeated six times to
obtain 2.6 g of dried extract.
The dried extract of R. atlantica KEMB 21431 was

fractionated using a semipreparative HPLC system [Phenom-
enex, Luna 10 μm C18(2) 250 mm × 10 mm i.d.] with a
gradient elution ranging from 10% to 100% aqueous MeCN
containing 0.01% trifluoroacetic acid (TFA) over 30 min (flow
rate: 4 mL/min), resulting in the collection of 30 fractions, R1
to R30. Compound 13 (tR 9.3 min, 0.17 mg) was isolated from
the fraction R3 through HPLC purification [Phenomenex,
Luna 10 μm C18(2) 250 mm × 10 mm i.d.]. The gradient
system was optimized as follows: 0−7 min 1% MeCN with
0.01% TFA; 7−13 min 1−3.5% MeCN with 0.01% TFA; 13−
18 min 3.5% MeCN with 0.01% TFA; 18−35 min 3.5−15%
MeCN with 0.01% TFA (flow rate 4 mL/min for 35 min).
Fraction R8 was separated using HPLC system [Phenomenex,
Luna 10 μm C18(2) 250 mm × 10 mm i.d.]. A gradient elution
method was applied, starting with 8% aqueous MeCN with
0.01% TFA (flow rate 4 mL/min for 5 min), followed by a
gradient from 8−11.5% aqueous MeCN with 0.01% TFA (flow
rate 4 mL/min for 30 min). This process resulted in the
collection of three subfractions: R8-1 (tR 14−16 min), R8-2 (tR
16.2−18.2 min) and R8-3 (tR 19.2−20.7 min). Three
subfractions were further purified by an HPLC system
[Phenomenex, Luna Phenyl-hexyl, 10 μm, 250 mm × 10
mm i.d.]. A gradient elution method was applied, starting with
8% aqueous MeCN with 0.01% TFA (flow rate 4 mL/min for
5 min), followed by a gradient from 8−11.5% aqueous MeCN
with 0.01% TFA (flow rate 4 mL/min for 30 min). From
subfraction R8-1, compound 8 (tR 17.4 min, 1.83 mg) was
isolated. From subfraction R8-2, compounds 2 (tR 15.2 min,
1.99 mg), 14 (tR 18 min, 1.17 mg) and 15 (tR 18.9 min, 1.10
mg) were isolated. From subfraction R8-3, compound 16 (tR
21.9 min, 0.15 mg) was isolated. Fraction R10 was separated
by an HPLC system [Phenomenex, Luna 10 μm C18(2) 250
mm × 10 mm i.d.] using a gradient with 15−15.5% aqueous
MeCN with 0.01% TFA (flow rate 4 mL/min for 30 min) to
give compounds 4 (tR 17.2 min, 0.19 mg), 9 (tR 16.9 min, 6.52

Figure 5. Inhibition of melanogenesis-related gene expression by compounds 1−22 in B16F10 melanoma cells. Cells treated with α-MSH alone
were used as the control group. Inhibition rate (%) was measured compared to the mRNA level of the control group. All experiments were
conducted at least three times.

Figure 6. Inhibitory effects of compounds 3, 11, and 14 on tyrosinase
activity. The results are presented as meta-analysis. Statistical
significance was determined using one-way ANOVA followed by a
multiple comparisons test. Significance levels are denoted as ***p <
0.001.

Figure 7. Anticollagenase activity of compounds 1−22. All experi-
ments were conducted at least three times. The bars represent the
mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001, as determined
by one-way ANOVA followed by multiple comparisons test.

Table 2. Stability Test Results of Compound 11

light/heat Solvent Duration (day) Stability (%)

UV 254 nm DMSO-d6 3 99.70
6 99.53

methanol-d4 3 96.40
6 96.30

UV 365 nm DMSO-d6 3 99.11
6 99.08

methanol-d4 3 99.84
6 97.35

50 °C DMSO-d6 3 99.32
6 97.63

methanol-d4 3 98.71
6 96.62
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mg), 11 (tR 14.9 min. 6.44 mg), 12 (tR 13.1 min, 6.74 mg) and
subfraction R10-1(tR 15.4−16.2 min). Subfraction R10-1 was
further purified using an HPLC system [Phenomenex, Luna 10
μm C18(2) 250 mm × 10 mm i.d.]. A gradient elution method
was applied, starting with 8% aqueous MeCN with 0.01% TFA
(flow rate 4 mL/min for 5 min), followed by a gradient from
8−11.5% aqueous MeCN with 0.01% TFA (flow rate 4 mL/
min for 30 min). This purification step resulted in the isolation
of compounds 1 (tR 23.2 min, 0.56 mg) and 10 (tR 25.4 min,
0.37 mg). Fraction R14 was isolated via HPLC [Phenomenex,
Luna 10 μm C18(2) 250 mm × 10 mm i.d.] to afford
compounds 3 (tR 13.8 min, 0.15 mg), 5 (tR 25.3 min, 0.56 mg),
6 (tR 24.6 min, 0.17 mg) and 7 (tR 16.8 min, 0.29 mg). The
gradient system used in this process was optimized as follows:
0−15 min 20−22.5% aqueous MeCN with 0.01% TFA; 15−25
min 22.5% aqueous MeCN with 0.01% TFA; 25−35 min
22.5−23% aqueous MeCN with 0.01% TFA (flow rate 4 mL/
min for 35 min).
The strain P. neustonica KEMB 21433 was cultured in nine 5

mL tubes with MB media at 30 °C and 250 rpm for 1 day.
Subsequently, the cultures were used to inoculate nine 2 L
Erlenmeyer flasks containing 9 L of MB media and incubated
at 30 °C, 250 rpm. After 7 days, the entire culture was
extracted twice with 9 L of ethyl acetate, and the ethyl acetate-
soluble layer was concentrated under reduced pressure to yield
a crude extract. This procedure was repeated four times to
obtain 2.7 g of dried extract.
The dried extract of P. neustonica KEMB 21433 was

fractionated using a semipreparative HPLC system [Phenom-
enex, Luna 10 μm C18(2) 250 mm × 10 mm i.d.] with a
gradient elution ranging from 10% to 100% aqueous MeCN
containing 0.01% trifluoroacetic acid (TFA) over 40 min (flow
rate: 4 mL/min), resulting in the collection of 40 fractions, P1
to P40. Compounds 17 (tR 13.7 min, 17.2 mg), 20 (tR 33.0
min, 1.4 mg), 21 (tR 25.8 min, 0.2 mg) and 22 (tR 24.4 min,
0.1 mg) were isolated from the fractions P7 and P8 using
semiprep HPLC [Phenomenex, Luna 10 μm C18(2) 250 mm ×
10 mm i.d.] with a gradient system of 5−6% MeCN with
0.01% TFA (flow rate 4 mL/min for 45 min). Fraction P13
was purified by semiprep HPLC [Phenomenex, Luna Phenyl-
hexyl, 10 μm, 250 mm × 10 mm i.d.] with a gradient system of
15−18% MeCN with 0.01% TFA (flow rate 4 mL/min for 50
min) to afford compounds 18 (tR 31.5 min, 0.7 mg) and 19 (tR
33.8 min, 2.3 mg).
3.4. Biomimetic Synthesis of 18. Phenylethylamine (10

mM, Sigma-Aldrich) and formaldehyde (20 mM, Chemone)
were reacted in deionized water (20 mL) at 37 °C for 24 h. It
was dried with an evaporator and resuspended in 1 mL of
methanol to perform LC-MS analysis. Formation of synthetic
18 was confirmed by LC-MS analysis using EICs of
corresponding m/z values of natural 18. Finally, it was purified
by semipreparative HPLC [Phenomenex, Luna 10 μm C18(2)
250 mm × 10 mm i.d.], and the 1H NMR of the synthetic 18
was compared with that of natural 18.
3.5. Cell Viability Assay. Cell viability of B16F10 mouse

melanocytes was assessed using an MTT colorimetric assay
(Sigma Chemical Co., St. Louis, MO, USA). These cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM;
Invitrogen-Gibco BRL, Gaithersberg, MD) at 37 °C in a 5%
CO2 atmosphere. For the in vitro cell viability assay, we
followed a previously documented procedure.43 In brief, 5 ×
103 cells were exposed to varying concentrations of
compounds ranging from 3.125 to 50 μM. These cells were

allowed to grow to confluence in a 96-well plate over a 24-h
period. After the treatment, the supernatants were removed,
and a 100 μL aliquot of a 0.5 mg/mL MTT solution was added
to each well. The plate was then incubated for 3 h, allowing
formazan crystals to precipitate. Subsequently, these crystals
were dissolved in DMSO (Sigma Chemical Co., St. Louis, MO,
USA). Cell viability was determined by measuring the
absorbance at 570 nm using the Tecan Sunrise microplate
reader (Tecan Group Ltd., Switzerland).
3.6. RNA Isolation and Real-Time Reverse Tran-

scription-Polymerase Chain Reaction (RT-PCR). Cellular
total RNA was extracted, and real-time RT-PCR was carried
out according to the previously reported method43 utilizing the
following primer sequences. PCR primers were ordered from
Bioneer (Daejeon, Korea): forward β-Actin 5′-AGAGGG-
AAATCGTGCGTGAC-3′ and reverse β-Actin 5′-
GGCCGTCAGGCAGCTCATAG-3′; forward MITF 5′-
ATCCCATCCACCGGTCTCTG-3′ and reverse MITF 5′-
CCGTCCGTGAGATCCAGAGT-3′; forward tyrosinase 5′-
CTCTGGGCTTAGCAGTAGGC-3′ and reverse tyrosinase
5′- GCAAGCTGTGGTAGTCGTCT-3′; forward TRP-1 5′-
CAGTGCAGCGTCTTCCTGAG-3′ and reverse TRP-1 5′-
TTCCCGTGGGAGCACTGTAA-3′; forward TRP-2 5′-
TTCTGCTGGGTTGTCTGGG-3′ and reverse TRP-2 5′-
CACAGATGTTGGTTGCCTCG-3′.
3.7. Tyrosinase Inhibition Assay. Tyrosinase inhibitory

assay was performed in 96-well plate using enzyme solution,
which was prepared by the reconstitution of 4.4 U/μL
mushroom tyrosinase (Sigma, St. Louis, MO, USA) in 50
mM potassium phosphate buffer (pH 6.5).44 A mixture was
prepared to achieve the desired final concentrations by
combining the following: either 20 μM kojic acid or 1.4 mM
kojic acid with L-tyrosine solution, which was then diluted with
50 mM sodium phosphate buffer. The volume of the buffer
was adjusted to ensure that the final concentration of L-
tyrosine in the reaction mixture was 1.5 mM. Then, 10 μL of
mushroom tyrosinase was added, and the enzyme reaction was
allowed to proceed for 30 min at 37 °C. After incubation, the
amount of dopachrome formed in the reaction mixture was
determined by measuring the absorbance at 450 nm.
3.8. Collagenase Inhibition Assay. In the experiment, a

fixed weight of 1 mg of Azo dye-impregnated collagen was
placed in test tubes. Subsequently, 250 μL of phosphate-
buffered saline, along with 200 μL of compounds at a
concentration of 20 μM (or EGCG at 2.19 mM as a positive
control), and 50 μL of collagenase at a concentration of 200
units/mL were added. After incubating the mixture for 1 h at
43 °C, the test tubes were centrifuged at 3000 rpm for 10 min.
The resulting supernatant from each test tube was then
transferred to individual 96-well plates, and the absorbance of
each supernatant was measured at 540 nm.
3.9. Antibacterial Test. The antibacterial test was

performed similarly to our previous research.45 The two
bacterial strains, E. coli and B. subtilis, were individually
streaked on LB agar and incubated for 2 days at 37 °C. A single
colony was collected from each LB agar plate and used to
inoculate 5 mL of LB broth in a 14 mL polypropylene tube. It
was incubated overnight in a shaking incubator at 37 °C, 250
rpm. Then, the OD600 value of the bacterial culture was
adjusted to 0.001. 196 μL of fresh LB medium and 4 μL of
each compound stock solution (10 mM) dissolved in DMSO
were added to the first column of a 96-well plate. Using a
multichannel pipet, the solution was serially diluted from the
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second to the last column of the 96-well plate. Then, 100 μL of
the bacterial culture mentioned above (OD600 = 0.001) were
added to each well. Each experiment was performed three
times. The plate was incubated at 37 °C in a standing
incubator overnight, and the minimum inhibitory concen-
tration (MIC) value of each compound was obtained from the
well where the bacteria were not alive, as determined visually.
3.10. Stability Test. Compound 11 was divided into 6

samples (each 0.3 mg). Half of the samples were dissolved in
methanol-d4, and the others were dissolved in DMSO-d6. Each
sample in methanol-d4 or DMSO-d6 was exposed to UV light
at 254 or 365 nm or 50 °C for 6 days, respectively. The UV
irradiation system was placed in a light-blocking enclosure,
with UV light at either 254 or 365 nm as the sole light source.
The UV lamp (Spectroline ENF-260C/FE) was used for the
UV light source, and the drying oven (Daewon science DS-
520S) was used to keep the temperature at 50 °C. 1H NMR
spectra of the samples were obtained at days 0, 3, and 6. In
various conditions, the maintenance of compound 11 was
assessed by measuring the area ratio of the H-6 peak to the
solvent peak in the NMR spectrum (rounded to four decimal
places). Subsequently, this measurement was utilized to
determine the percentage of stability by comparing it with
the initial calculated value.

4. CONCLUSIONS
To find skin antiaging metabolites from marine bacteria, we
isolated and structurally characterized 22 compounds (1−22)
from the two fish gut-derived bacteria, R. atlantica KEMB
21431 and P. neustonica KEMB 21433. We further investigated
the inhibitory effects of the isolated compounds on enzymes
associated with wrinkle formation. Elevated activity of skin
enzymes, such as collagenase, can lead to degradation of the
extracellular matrix. Collagen breakdown is a major factor in
the loss of skin elasticity and reduced skin thickness, which are
primary contributors to skin aging and wrinkle formation.46

Our findings indicate that the compounds 11 and 13 effectively
inhibit collagenase activity, the enzyme responsible for collagen
degradation, by showing an inhibition rate of more than 30%,
without causing any cytotoxic effects. Therefore, these
compounds may be considered safe for applications on
human skin. In addition, compounds 3, 11, and 14 showed
significant skin brightening properties. Hyperpigmentation, a
contributing factor to human skin aging, results from a
combination of internal and external factors, including
hormonal shifts, exposure to UV radiation, medications, and
contact with various chemicals.47 Melanin production is a
biochemical process that occurs within melanocytes with the
enzyme tyrosinase playing a pivotal role in regulating this
process. Tyrosinase is essential in two critical stages of melanin
synthesis: the conversion of tyrosine to L-DOPA and the
subsequent oxidation of L-DOPA to L-dopaquinone.47 Our
findings suggest that these compounds effectively diminish
tyrosinase activity, indicating their potential to alleviate
hyperpigmentation in human skin.
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