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A B S T R A C T   

Melanogenesis is responsible for skin pigmentation and the enzymatic browning of foods. Tyrosinases play a major role in melanin synthesis, and many attempts have 
been made to identify new natural tyrosinase inhibitors, but few have sought to do in microbes. Postbiotics are bioactive compounds produced by the metabolism of 
probiotics and have been reported to be safe and effective. In this study, we evaluated the tyrosinase inhibitory effects of culture supernatants of probiotics and 
discovered novel bacterial metabolites that can be used as a potent tyrosinase inhibitor based on metabolomics. Cultures of Bifidobacterium bifidum IDCC 4201 and 
Lactiplantibacillus plantarum IDCC 3501 showed effective anti-tyrosinase, reduced melanin synthesis, and altered protein expression associated with the melano-
genesis pathway. Comparative metabolomics analyses conducted by GC-MS identified metabolites commonly produced by B. bifidum and L. plantarum. Of eight 
selected metabolites, phenyllactic acid exhibited significant tyrosinase-inhibitory activity. Our findings suggest that applications of probiotic culture supernatants 
containing high amounts of phenyllactic acid have potential use as anti-melanogenesis agents in food and medicines.   

1. Introduction 

Melanogenesis is a multistage biochemical process of melanin 
biosynthesis that involves the oxidation and subsequent polymerization 
of tyrosine in melanocytes. Skin pigmentation is an important pheno-
typic trait that plays a critical role in photoprotection by absorbing ul-
traviolet radiation and thus preventing skin damage from sun exposure 
and skin photocarcinogenesis (Brenner and Hearing, 2008). Defective 
melanogenesis can result in hypo or hyperpigmentation, which nega-
tively impact quality of life and cosmesis. Therefore, the food and 
cosmetic industries have invested heavily in means of regulating skin 
pigmentation (Ebanks et al., 2009). 

Of the enzymatic reactions involved in melanin biosynthesis, tyros-
inases (multifunctional copper-containing metalloenzymes) play central 
roles as rate-limiting enzymes (Zolghadri et al., 2019). Tyrosinases 
catalyze the oxidation of L-tyrosine to DOPA-quinone using bifunctional 

monophenolase-diphenolase activities via the production of L-3, 
4-dihydroxyphenylalanine (L-DOPA) (referred to as the Raper Mason 
pathway), which results in the synthesis of eumelanin (Mason, 1948; 
Raper, 1928). 

Tyrosinase inhibitors produced by plants, fungi, and bacteria are 
viewed as attractive potential skin-whitening agents due to their low 
toxicities and bioavailabilities, especially for food and cosmetic appli-
cations (El-Nashar et al., 2021), and the tyrosinase inhibitory activities 
of many indigenous plant extracts have been reported in Korea, Brazil, 
Japan, and Bangladesh (Hun Son and Young Heo, 2013; Souza et al., 
2012). However, although several tyrosinase inhibitors have been 
identified in plants, including phenolics, steroids, and alkaloids, rela-
tively little research has been undertaken on candidate inhibitors of 
microbial origin. Thus, only a small number of bacterial metabolites, e. 
g., alkaloids and macrolides, that inhibit tyrosinase have been identified 
(Ishihara et al., 1991). 
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Probiotics are live bacteria that benefit the host by producing useful 
physiologically bioactive compounds. These compounds have been re-
ported to have immunomodulatory, anti-carcinogenic, anti-aging, and 
anti-microbial effects, but their utilities are currently limited by a lack of 
knowledge of their molecular mechanisms, strain-specific behaviors, 
and safeties (Bourebaba et al., 2022; Rodríguez-Pastén et al., 2022). To 
address these limitations, studies have recently focused on postbiotic 
molecules, which are defined as metabolic products secreted by pro-
biotics in cell-free supernatants (Nataraj et al., 2020). A number of 
studies have revealed various effects of postbiotic molecules on human 
diseases including anti-microbial, anti-inflammatory, anti-oxidative, 
and anti-cancer activities (Nataraj et al., 2020). These molecules 
involve bacteriocins, short chain fatty acids, vitamins, and phenolic 
compounds. Several studies reported that Lactobacillus helveticus, 
Lactobacillus acidophilus, and Lactobacillus gasseri suppressed melanin 
production by inhibiting tyrosinase (Ikarashi et al., 2020; S. Lee et al., 
2022; Lim et al., 2020, p. 12625). However, specific postbiotic metab-
olites associated with anti-melanogenesis have not been identified yet. 
In this study, we identified specific probiotic strains that produce su-
pernatants with promising melanogenic inhibitory activities. Using 
GC-MS-based metabolomics analyses, metabolites with tyrosinase 
inhibitory activities were identified and investigated. 

2. Materials and methods 

2.1. Bacterial culture 

Probiotic strains used in this study were kindly gifted from Ildong 
Bioscience. Bacterial cultures were prepared as previously reported in 
(Shin et al., 2021). Specifically, probiotic strains (Lacticaseibacillus 
rhamnosus IDCC 3201, Lactobacillus acidophilus IDCC 3302, Lacticasei-
bacillus paracasei IDCC 3401, Lactiplantibacillus plantarum IDCC 3501, 
Bifidobacterium bifidum IDCC 4201, and Bifidobacterium breve IDCC 
4401) were anaerobically cultured at a cell density at 109 CFU/mL in De 
Man, Rogosa and Sharpe medium (MRS; BD Difco, Franklin Lakes, NJ, 
USA) for 18 h at 37 ◦C. Cells were collected by centrifugation at 2600 
rpm for 10 min and filtered through a 0.22 μm syringe filter. 

2.2. Tyrosinase inhibition assay 

Tyrosinase inhibition assays were performed using L-tyrosine 
(Sigma, St. Louis, MO, USA) and L-DOPA (Sigma) as substrates for 
monophenolase and diphenolase, respectively, as previously reported 
(Noh et al., 2020) with slight modifications. The reaction mixture (140 
μL) contained 110 μL of phosphate buffer (0.1 M, pH 6.5), 1 μL of 
mushroom tyrosinase (25,000 U mL− 1, Sigma) and 20 μL of 5 
mM L-tyrosine or L-DOPA with probiotic culture supernatant (final 10 
and 20%, v/v). Reaction mixtures were monitored at 475 and 490 nm 
for dopachrome formation. All measurements were made in triplicate. 
To assay the tyrosinase inhibitory effects of individual metabolic com-
pounds, candidate inhibitors (alanine, leucine, methionine, phenylala-
nine, threonine, valine, pipecolic acid, or phenyllactic acid; Sigma) were 
added to reaction mixtures at concentrations of 10 or 20 mM. Tyrosinase 
activities (%) were calculated by expressing supernatant absorbance as a 
percentage of the absorbance of vehicle controls. 

2.3. Melanocytes culture and quantification of melanin contents 

Murine melanoma cell line B16F10 was purchased from the Type 
Culture Collection and cultured in Dulbecco’s modified Eagle’s medium 
(Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin at 37 ◦C in a humidified 5% CO2 
incubator. Murine melan-a cell line, an immortal line of pigmented 
melanocyte, was kindly gifted from Prof. Nam-Joo Kang (Kyungpook 
University, Daegu, Republic of Korea) and maintained in Roswell Park 
Memorial Institute 1640 medium (Gibco, Waltham, MA, USA) 

supplemented with 10% FBS and 1% penicillin/streptomycin at 37 ◦C in 
a humidified atmosphere with 5% CO2. 

For melanin quantification, the cells were treated with alpha- 
melanocyte-stimulating hormone (α-MSH, 200 nM; Sigma) in the pres-
ence or absence of 2% probiotic culture supernatants of L. rhamnosus, 
L. plantarum, or B. bifidum for 3 days. Arbutin (100 μg/mL; Sigma) was 
used as a positive control (Jin et al., 2012). Through the extensive 
screening studies on the parameters for melanin quantification 
including several absorbance wavelengths (405, 475, and 490 nm), 
measurement of melanin absorbance at 405 nm was selected. After 
treatment, treated cells were collected and cell pellets were dissolved in 
1 N NaOH containing 80% DMSO at 80 ◦C for 1 h, and melanin contents 
were estimated at 405 nm using a microplate reader (BioTek, Winooski, 
VT, USA). To assess the extra cellular level of melanin, 200 μL of cell 
culture media was transferred to a 96-well plate and the absorbance was 
measured at 405 nm using a microplate reader (BioTek). 

2.4. Western blotting 

Treated cells were homogenized in RIPA buffer (Cell Signaling 
Technology, Beverly, MA, USA) for 1 h on ice. Protein concentration was 
measured using a BCA protein assay kit (Pierce Biotechnology, Wal-
tham, MA, USA). Equal amounts of proteins were separated on SDS- 
PAGE gels and then transferred to Immobilon-P membranes (Milli-
pore, Billerica, MA, USA) using a semi-dry transfer system (Bio-Rad, 
Hercules, CA, USA). After blocking with 5% non-fat milk for 2 h in room 
temperature, the membranes were hybridized with specific primary 
antibodies at 4 ◦C overnight and subsequently incubated with proper 
horseradish peroxidase-conjugated secondary antibodies at 4 ◦C for 3 h. 
Finally, protein bands were visualized using a Western blotting luminol 
reagent (Santa Cruz Biotechnology, Santa Cruz, CA, USA). 

2.5. Metabolite profiling 

Metabolite profiling was performed as previously reported in (Park 
et al., 2018). Probiotic culture supernatant (750 μL) were diluted in 
2.25 mL of ice-cold methanol and vortexed for 1 min, followed by 
centrifugation at 13,000 g for 10 min at 4 ◦C (Labogene, Seoul, Korea). 
One-hundred microliter of supernatants were collected, concentrated to 
dryness in a vacuum concentrator, and stored at − 80 ◦C until required. 
Samples were derivatized by adding 30 μL of a solution of 20 mg/mL 
methoxyamine hydrochloride in pyridine (Sigma) for 90 min at 30 ◦C, 
and then adding 50 μL of N, O-bis(trimethylsilyl)trifluoroacetamide 
(BSTFA; Sigma) and heating for 30 min at 60 ◦C. A mixture of alkane 
standards (Sigma) and fluoranthene (Sigma) was used as retention inices 
and an internal standard, respectively. GC-MS analysis was conducted 
using a Thermo Trace 1310 GC (Thermo, Waltham, MA, USA) coupled to 
a Thermo ISQ LT single quadrupole mass spectrometer (Thermo). GC 
was performed using a DB-5MS column (60-m length, 0.2- mm i.d., and 
0.25-μm film thickness) (Agilent, Santa Clara, CA, USA). Derivatized 
samples were injected at 300 ◦C using a split ratio of 1:5, and metabo-
lites were separated using a helium flow of 1.5 mL using the following 
oven program; 2 min at 50 ◦C, 50 ◦C–180 ◦C at 5 ◦C/min, 8 min at 
180 ◦C, 180 ◦C–210 ◦C at 2.5 ◦C/min, 210 ◦C–325 ◦C at 5 ◦C/min, and 
10 min at 325 ◦C. Mass spectra were acquired in the scan range 35–650 
m/z at 5 spectra per sec in electron impact ionization mode and an ion 
source temperature of 270 ◦C. Spectra were processed using Thermo 
Xcalibur software (Thermo) with automated peak detection, and me-
tabolites were identified by matching mass spectra and retention indices 
using the NIST Mass spectral search program (version 2.0, Gaithersburg, 
MD, USA). Metabolite intensities were normalized with respect to the 
fluoranthene internal standard. 

2.6. Molecular docking simulation 

The docking simulation was performed using AutoDock Vina, an 
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open-source tool for molecular docking and virtual screening (Trott and 
Olson, 2010). Simulation results were visualized using UCSF Chimera 
ViewDock extension, and energy scores were compared for each ligand 
using the Vina algorithm (Trott and Olson, 2010). 

2.7. Statistical analysis 

For univariate analysis, one-way ANOVA and Student’s t-test were 
conducted using GraphPad Prism 8 (San Diego, CA, USA). For metab-
olomics analysis, resulting data sets were analyzed by multivariate 
analysis using Prism and ClustVis (https://biit.cs.ut.ee/clustvis) used for 
visualizing the clustering of multivariate data (Metsalu and Vilo, 2015). 
Metabolites were mapped into a molecular network using the ChemViz 
application in Cytoscape (http://www.rbvi.ucsf.edu/cytoscape/chemVi 
z2/index.html). Nodes represent structurally identified metabolites 
indicated by different colors. 

3. Results and discussion 

3.1. Screening of probiotic culture supernatants for tyrosinase inhibition 

Probiotics have been reported to help prevent and treat skin diseases, 
such as pigmentary disorders and melanoma, and to suppress enzymatic 
browning of fruits and vegetables by inhibiting tyrosinase (Tsai et al., 
2021; Yu et al., 2020). Tyrosinase is a multifunctional oxidase that 
catalyzes the hydroxylation of monophenols, such as tyrosine, to 
o-diphenols (DOPA) and subsequently oxidizes o-diphenols to o-qui-
nones (DOPA quinone) (Muñoz-Muñoz et al., 2010; Slominski et al., 
1989). Recent studies have focused on the bioactive compounds with 
beneficial effects on human health produced by probiotics, but specific 
probiotic small molecules for tyrosinase inhibition have not been re-
ported yet. 

To identify probiotic strains with anti-tyrosinase activity, we evalu-
ated the tyrosinase activities of the culture supernatants from seven 
commercial Lactobacillus and Bifidobacterium strains that are widely used 
as probiotic supplements (Shin et al., 2021). Most of the strains inhibited 
the monophenolase activity of tyrosinase, except L. rhamnosus (Fig. 1A). 
The supernatant of L. plantarum and B. bifidum inhibited tyrosinase ac-
tivity compared to other strains. To test the effects of postbiotics on 
diphenolase activity, we analyzed the oxidation of DOPA by tyrosinase 
in the presence of bacterial culture supernatants (Fig. 1B). As was 
observed for tyrosine hydroxylation, DOPA-tyrosinase was inhibited by 
the supernatants of L. plantarum least even at 10% of concentration. 
Based on these screening results, L. plantarum and B. bifidum were 
selected as probiotic and anti-melanogenesis candidates. 

3.2. Effects of the selected probiotic culture supernatants on melanocyte 
melanin contents 

B16F10 and Melan-a cell lines induced with α-melanocyte stimu-
lating hormone (α-MSH) were used to examine the effects of culture 
supernatants on melanin synthesis (Fig. 2). The cells were incubated in 
media containing 2% of probiotic culture supernatants for 3 days. In-
duction of B16F10 cells with α-MSH increased melanin content 1.3-fold, 
and arbutin (a positive control) significantly inhibited the melanogen-
esis of these cells (Fig. 2A). Culture supernatants of B. bifidum signifi-
cantly inhibited melanogenesis, as determined by extracellular, 
intracellular, and total melanin contents, to 0.6–0.8-fold as compared 
with α-MSH induced controls, and had a greater inhibitory effect than 
other probiotic cultures. Furthermore, B. bifidum culture supernatant 
and arbutin had similar inhibitory effects. 

In Melan-a cells, culture supernatants of L. plantarum, B. bifidum, and 
L. rhamnosus (a negative-control strain) inhibited melanin synthesis as 
compared with α-MSH induced controls (Fig. 2B). L. plantarum and 
B. bifidum significantly inhibited total melanin contents to 0.7- and 0.8- 
fold, respectively, compared with α-MSH induced controls. 

L. plantarum inhabits various ecological niches such as plants, 
mammalian intestines, and fermented foods (Fidanza et al., 2021). A 
number of studies have reported that L. plantarum has beneficial effects 
on gastrointestinal health, for example, that it improved intestinal bar-
rier function (Wang et al., 2018) and ameliorated the symptoms of ir-
ritable bowel syndrome (Ducrotté et al., 2012) and gastritis (Zhou et al., 
2021). B. bifidum is frequently found in the fecal samples of breast-fed 
infants (Turroni et al., 2012), and is considered to have remarkable 
physiological features, for example, to adhere to gut epithelia and to 
utilize host-derived glycans in the human gut (Turroni et al., 2014). 
Huang et al. reported a culture filtrate of B. bifidum exhibited 
dose-dependent anti-melanogenic and anti-oxidative effects (Huang 
et al., 2011), and Kim et al. reported that lipoteichoic acid, a cell-wall 
component of Gram-positive bacteria isolated from L. plantarum, 
inhibited melanogenesis (Kim et al., 2015). These reports support our 
findings regarding the anti-melanogenesis effects of L. plantarum and 
B. bifidum culture supernatants. 

3.3. Western blot analyses of melanocytes treated with probiotic culture 
supernatants 

Melanin is synthesized in the melanosomes of epidermal melano-
cytes and then transferred to keratinocytes (Pavan and Sturm, 2019). 
α-MSH stimulates melanin production by binding to G protein-coupled 
melanocortin type I receptor (MC1R) and thus activating adenylate 
cyclase. Activation of kinase cascades results in the upregulation of 
microphthalamia-associated transcription factor (MITF), a basic 
helix-loop-helix protein crucial for melanocyte differentiation and 

Fig. 1. Inhibitions of tyrosinase activity by probiotics culture supernatants. Monophenolase (A) and diphenolase (B) activities were determined using L-tyrosine and 
L-DOPA, respectively, as substrates. Probiotic culture supernatants were added for the final concentration of 10% and 20% (v/v) to reaction mixtures. Data are 
expressed as the means ± SDs of three independent experiments. 
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pigmentation. Tyrosinase, a target gene of MITF, is essential for mela-
nogenesis and with tyrosinase-related protein (TRP)-1/2 catalyzes the 
rate-limiting steps in the melanin synthetic pathway. 

Based on our observations that probiotic culture supernatants 
reduced melanogenesis in melanocytes, we examined how the expres-
sions of specific proteins (MC1R, MITF, TRP1/2 and tyrosinase) 
involved in melanogenesis were affected by these culture supernatants. 
In B16F10 cells, α-MSH induction induced the expressions of MITF, 
TRP1/2, tyrosinase, and MC1R (Fig. 3A). When we compared protein 
expressions in B16F10 cells treated with probiotic culture supernatants, 
all three strains significantly suppressed the expressions of MITF and 
TRP1/2, which possibly explains why the culture supernatant of 
L. rhamnosus reduced melanin synthesis like B. bifidum and L. plantarum 
in B16F10 cells. The culture supernatants of B. bifidum and L. plantarum 
both showed significantly reduced the expressions of MITF, TRP1/2, and 
tyrosinase in B16F10 cells. 

As was observed in B16F10 cells, probiotic culture supernatants 
reduced the expressions of MC1R, TRP1, and tyrosinase in Melan-a cells 

(Fig. 3B). The expression of MC1R was significantly inhibited by 
L. rhamnosus and B. bifidum supernatants, and both had greater inhibi-
tory effects on the expressions of TRP1 and tyrosinase than the culture 
supernatant of L. rhamnosus. The findings indicate B. bifidum and 
L. plantarum supernatants specifically inhibit the expression of tyrosi-
nase in α-MSH-induced melanocytes. 

3.4. Global metabolite profiling of selected probiotic culture supernatants 

Based on the observed tyrosinase inhibitory effects of L. plantarum 
and B. bifidum culture supernatants, we analyzed metabolite profiles of 
these supernatants using L. rhamnosus supernatant as a negative control 
(Fig. 4A). A total of 80 metabolites were identified, which included 
amino acids, polyamines, organic acids, sugars, and free fatty acids. 
Principal component analysis of the identified metabolites showed a 
metabolic difference between the three strains (Fig. 4B; R2X, 0.57 and 
Q2, 0.71). Loading plots of the metabolome indicated specific metabo-
lites representative for the metabolic separation (Fig. 4C). 

Fig. 2. Inhibition of melanin synthesis in skin mela-
nocytes by probiotics culture supernatants. Melanin 
contents were measured in α-MSH-induced B16F10 
(A) and Melan-a (B) cell lines. Arbutin and L. rham-
nosus supernatant were used as positive and negative 
controls for inhibiting melanin synthesis, respec-
tively. Melanin content is represented by fold changes 
compared to the melanin contents in the control cells 
without α-MSH induction. Data are expressed as the 
means ± SDs of > three independent experiments. 
The analysis was conducted by one-way ANOVA fol-
lowed by Dunnett’s test for post-hoc analysis. Signif-
icant differences are indicated as * (P < 0.05) and ** 
(P < 0.01).   

Fig. 3. Effects of probiotic culture supernatants on the expressions of melanogenesis-associated proteins. MC1R, MITF, TRP1, TRP2, and tyrosinase levels were 
determined in α-MSH-induced B16F10 (A) and Melan-a (B) cells. Arbutin and L. rhamnosus supernatant were used as positive and negative inhibitor controls, 
respectively. Data are expressed as the means ± SDs of > three independent experiments. The analysis was conducted by one-way ANOVA followed by Dunnett’s test 
for post-hoc analysis. Significant differences are indicated as * (P < 0.05) and ** (P < 0.01). Lp, L. plantarum; Lr, L. rhamnosus; Bb, B. bifidum; and Ar, arbutin. 
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Fig. 4. Metabolic profiling of probiotics culture supernatants by GC-MS. (A) Representative ion chromatograms of B. bifidum, L. plantarum, and L. rhamnosus 
(negative control). (B–C) Principal component analysis identified metabolites present in bacterial culture supernatants. Score plots (B) and loading plots (C). (D) 
Network analysis of metabolites of B. bifidum, L. plantarum, and L. rhamnosus by ChemViz. Nodes represent structurally identified metabolites as indicated by different 
colors. Red and blue indicate increases and decreases in metabolite levels, respectively, when subtracted by the abundance of the uncultured medium components. 
Metabolites were clustered into amino acids, organic acids, sugars, and nucleotides. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 4D represent the molecular networks of metabolite abundances 
of each probiotic culture supernatant subtracted by its uncultured me-
dium components. Molecular network indicating similarity in the 
chemical structure between the discriminatory metabolites compared to 
the medium components revealed that each strain produced distinct 
profiles of metabolites in their culture supernatants. In particular, pro-
duction of amino acids and sugars increased and decreased, respectively, 
in B. bifidum than the medium, while several of the metabolites were 
more consumed compared to the uncultured medium components in 
L. plantarum. In L. rhamnosus, the abundance of only a few metabolites 
was changed. These results indicate that the metabolite consumption 
and production profile of each probiotic strain was significantly distinct. 

3.5. Key metabolites in the selected probiotic culture supernatants 

To select candidate metabolites produced by L. plantarum and 
B. bifidum, a Venn diagram was generated using metabolites with levels 
altered versus L. rhamnosus (Fig. 5A). The abundance of 19 and 22 
metabolites increased during the growth of B. bifidum and L. plantarum 
compared with the abundance of L. rhamnosus, and we chose eight 
metabolites that commonly increased in the both strains: alanine, 
leucine, methionine, phenylalanine, threonine, valine, pipecolic acid, 
and phenyllactic acid. 

As shown in Fig. 5B, metabolites specifically classified into nonpolar 
amino acids had increased abundance in both strains. When compared 
the metabolite production of other polar amino acids such as aspartic 
acid, lysine, serine and tyrosine, the abundance of these molecules in the 
supernatant were not significantly different or even decreased from the 
abundance of uncultured medium components. Interestingly, two amino 
acids-derived metabolites, pipecolic acid and phenyllactic acid, were 
identified as candidate molecules as a tyrosinase inhibitor. Pipecolic 
acid is an important precursor of many microbial secondary metabolites 
derived from lysine and significantly produced more by L. plantarum 
than B. bifidum (He, 2006). We also found that phenyllactic acid was 

significantly produced during the growth of B. bifidum and L. plantarum 
and, therefore, only present in the culture supernatants but not in their 
unculrued media. We also found that phenyllactic acid was exclusively 
produced during the growth of B. bifidum and L. plantarum and that it 
was not produced by L. rhamnosus, which suggested phenyllactic acid 
may have been responsible for observed tyrosinase inhibitions. 

In the present study, we selected eight metabolites produced by 
L. plantarum and B. bifidum, viz. alanine, leucine, methionine, phenyl-
alanine, threonine, valine, pipecolic acid, and phenyllactic acid. Previ-
ously, several studies have reported these metabolites have anti- 
melanogenic effects. For example, alanine and leucine have been re-
ported to have hypopigmentary effects in B16F10 melanoma cells un-
associated with tyrosinase inhibition (Ishikawa et al., 2007). In Mel-Ab 
cell line, valine-serine dipeptide inhibited melanin synthesis by inhib-
iting ERK (extracellular signal regulated kinase) phosphorylation and 
subsequently down-regulating the protein levels of MITF and tyrosinase 
(H.-E. Lee et al., 2012). In neonatal human epidermal melanocyte, 
threonine inhibited hyperpigmentation by activating FoxO-mediated 
autophagy signaling and modulating melanogenesis and tyrosinase ac-
tivity. Although methionine is not directly associated with tyrosinase, 
glutathione, a derivative of methionine, inhibited tyrosinase activity in 
human melanoma cells (del Marmol et al., 1993). However, with the 
exception of threonine, no direct association has been reported between 
these metabolites and tyrosinase inhibition. In addition, no previous 
study has examined the effect of phenylalanine, pipecolic acid, or phe-
nyllactic acid on tyrosinase activity. Thus, the present study suggests 
these metabolites as novel potent tyrosinase inhibitors, which are pro-
duced by probiotics. 

3.6. Effects of the selected metabolites on tyrosinase activity 

We analyzed the tyrosinase inhibitory activities of the selected me-
tabolites, alanine, leucine, methionine, phenylalanine, threonine, 
valine, pipecolic acid, and phenyllactic acid, at concentrations of 10 or 

Fig. 5. Selected metabolites produced by L. plantarum and B. bifidum. (A) Venn diagram of metabolites significantly produced by L. plantarum and B. bifidum 
compared with L. rhamnosus. Eight metabolites that commonly increased in the both strains are indicated. (B) Abundances of eight metabolites produced by 
B. bifidum, L. plantarum, and L. rhamnosus and present in the uncultured media components. B_medium, P_medium, and R_medium represent the uncultured media 
components of B. bifidum, L. plantarum, and L. rhamnosus, respectively. Metabolite abundances are presented in arbitrary units (AU). Data are expressed as violin plots 
of six determinations. The analysis was conducted by one-way ANOVA followed by Šidák test for post-hoc analysis. Significant differences are indicated as * (P <
0.05) and ** (P < 0.01). 
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20 mM (Fig. 6A and B). Strikingly, phenyllactic acid potently and dose- 
dependently inhibited the tyrosinase activity. Other metabolites slightly 
reduced (<50%) tyrosinase activity (generally, diphenolase was more 
effectively inhibited than monophenolase). Further quantification of 
phenyllactic acid present in L. rhamnosus, L. plantarum, and B. bifidum 
confirmed higher concentration of phenyllactic acid in the culture su-
pernatant (Fig. 6C). To investigate the interaction between phenyllactic 

acid and tyrosinase, we performed an in silico docking simulation of the 
interaction between phenyllactic acid and tyrosinase (Fig. 6D). For 
molecular docking prediction studies, AlphaFold (ID: AF-P14679-F1- 
model) (Jumper et al., 2021) was used to predict the structure of 
human tyrosinase, which was prepared for docking using the dock prep 
tool in UCSF Chimera (Lang et al., 2009). Phenyllactic acid was found to 
bind with the active site of tyrosinase with a predicted binding energy of 

Fig. 5. (continued). 
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− 8.5 kcal/mol, and arbutin (the positive control) bound with a pre-
dicted value of − 8.0 kcal/mol. Referring the catalytic sites of human 
tyrosinase that have been explored in other reports, phenyllactic acid 
would interact with His211 in the active site (Fig. 6E) (Noh et al., 2020). 
Taken together, in silico docking and experimental tyrosinase inhibition 
results indicated that phenyllactic acid is a candidate tyrosinase inhib-
itor with therapeutic potential. 

Phenyllactic acid (2-hydroxy-3-phenylpropanoic acid) is composed 
of a benzene ring conjugated with propanoic acid and is a known broad- 
spectrum antimicrobial with antibacterial, antibiofilm, and antifungal 
activities (Liu et al., 2020). Recent studies have revealed its 
immune-modulatory effects are elicited via the HCA3 (hydroxycarbox-
ylic acid receptor 3) signaling cascade (Peters et al., 2019). Phenyllactic 
acid can be synthesized, but due to the limitations associated with im-
purities, reaction conditions, and environmental pollution, microbial 
production has emerged as a more attractive means (Wu et al., 2020). 
Interestingly, the microbial production of phenyllactic acid has been 
verified in lactic acid bacteria, including lactobacilli, bacilli, and clos-
tridia, and recently in bifidobacteria (Dickert et al., 2000; Laursen et al., 
2021). Chatterjee et al. reported phenyllactic acid was not cytotoxic to 
fish or human cell lines (Chatterjee et al., 2017). Thus, based on its 
safety and functionality, phenyllactic acid appears to be a promising 
melanogenesis inhibitor. 

4. Conclusions 

Tyrosinase is essential for melanogenesis, and natural tyrosinase 
inhibitors are required to prevent food discoloration and skin pigmen-
tation. Most of the tyrosinase inhibitors found to date were identified in 
plants and herbs, but recent studies have focused on the bioactive 
compounds with beneficial effects on human health produced by pro-
biotics. The present study shows that culture supernatants of 
L. plantarum and B. bifidum inhibited melanin synthesis by targeting 
tyrosinase in melanin-producing cell lines. Comparative metabolomics 
analysis identified several metabolites produced by L. plantarum and 
B. bifidum, and further enzymatic studies revealed that phenyllactic acid 
effectively inhibited tyrosinase activity, which suggested that phenyl-
lactic acid is a candidate tyrosinase inhibitor. 

Postbiotics are beneficial bioactive compounds released by or pro-
duced during the metabolism of probiotics not containing live micro-
organisms. Application of postbiotics have provided safer use and higher 
effectiveness than administrating live microorganisms known as pro-
biotics. This study identifies the microbial metabolite phenyllactic acid 
as a candidate inhibitor of tyrosinase and melanogenesis. We would 
expect that the presence of other functional molecules produced by 
L. plantarum and B. bifidum in probiotic culture supernatants are likely to 
act synergistically and enhance the anti-melanogenic effect of phenyl-
lactic acid. 

Fig. 6. Inhibition of tyrosinase activity by the eight candidate metabolites produced by B. bifidum and L. plantarum. Monophenolase (A) and diphenolase (B) activities 
were assessed using L-tyrosine and L-DOPA, respectively, as substrates. Compounds were added at concentrations of 10 or 20 mM. 50% inhibition was used as the 
inhibitory cutoff. Data are expressed as the means ± SDs of three independent experiments. Significant differences are indicated by * (P < 0.05) or ** (P < 0.01) as 
determined by one-way ANOVA followed by post hoc Dunnett’s multiple analysis versus non-treated controls. (C) Quantification of phenyllactic acid using GC-MS. 
Data are expressed as the means ± SDs. Significant differences are indicated by **** (P < 0.0001) as determined by one-way ANOVA followed by post hoc Tukey’s 
multiple analysis. (D) Molecular docking of phenyllactic acid (shown as a combination of spheres) to the substrate binding site of human tyrosinase (ribbons). (E) 
Closed view of the predicted binding of phenyllactic acid to the catalytic site of tyrosinase showing possible hydrogen bonds. 
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