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ABSTRACT 
The skin is a complex multilayered organ that performs essential functions such 
as barrier protection, immune and chemical defense, sensory perception, and 
metabolic regulation. Physiological homeostasis can be influenced by psychosocial 
stress, aging, and immune cell activity in the tissue microenvironment. Among 
resident cells, fibroblasts synthesize extracellular matrix components, while 
melanocytes generate melanin, the pigment responsible for freckles and age spots. 
 
Cutaneous homeostasis is continuously maintained through immune surveillance. 
Macrophages play a crucial role by phagocytosing foreign materials and senescent 
cells, as well as producing nitric oxide, cytokines, and chemokines that regulate 
inflammation. Recent studies have suggested that skin macrophages recognize 
aged cells via stabilin-1 (STAB1), remove them through phagocytosis, and release 
fibroblast growth factor-2 (FGF2) to signal neighboring stem cells, thus promoting 
regeneration. Polyoxometalates (PMs) exhibit a remarkable diversity of structural 
motifs, comprising clusters formed through hydrogen bonding between basic 
units. These basic units are composed of transition metal atoms coordinated by 
six or eight oxygen atoms. These compounds exhibit antibacterial and antiviral 
properties, and have attracted attention for their potential use in dermatological 
and anti-aging applications. Three PMs VB1 (VOSO₄), VB2 (K₁₁H[(VO)₃ 

(SbW₉O₃₃)₂]·27H₂O), and VB3 (Na₂[SbW₉O₃₄]·19H₂O) have been reported to 
demonstrate antioxidant and anti-aging effects in skin fibroblasts and mesenchymal 
stem cells, mediated in part by enhanced cystine uptake and, possibly, the 
subsequent enhancement of glutathione synthesis. In this study, we employed 
a three-dimensional human epidermal model comprising keratinocytes and 
melanocytes to demonstrate that VBs influence melanin synthesis and penetrate 
the epidermal layer. The potential effects of VBs on macrophage-mediated regulation 
of senescence and tissue regeneration were also investigated using the human 
monocytic U937 cell line. Taken together, these results indicate that VBs inhibit 
melanin synthesis by suppressing tyrosinase activity. Furthermore, VBs can penetrate 
the epidermal layer and act on macrophages localized in the dermis, where they 
upregulate STAB1 and FGF2 expression. These findings suggest that VBs modulate 
macrophage functions through enhanced recognition of senescent cells and 
regenerative signaling. Indeed, VBs were experimentally confirmed to upregulate 
STAB1 and FGF2 expression in macrophages using the U937 cell line. It is likely 
that they act as bioactive compounds that modulate pigment metabolism and 
immune homeostasis, as well as contribute to skin renewal and anti-aging-related 
processes. 
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Introduction 
Dermatology has potential applications in 
regenerative medicine and anti-aging research.1-4 
The skin serves as a protective barrier, contributing 
to immune and chemical defense, sensory perception, 
and metabolic regulation. Stress and emotions can 
also affect skin disorders.5 
 
The skin has a three-layered structure consisting of 
the epidermis, dermis, and subcutaneous tissue. 
Various cells exist in each layer and perform diverse 
roles.6 Fibroblasts secrete many components that 
build the extracellular matrix.7 Melanin, which causes 
spots and freckles, is produced by melanocytes. The 
generated melanin is transferred to keratinocytes 
due to aging or skin issues. Melanin lingers in the skin 
for extended periods due to factors such as delayed 
keratinocyte turnover, leading to the formation of 
spots.8-9 Melanogenesis begins with the oxidation 
of L-tyrosine to L-DOPA, catalyzed by tyrosinase, 
and then to dopaquinone. The pathway proceeds 
to yellow pheomelanin in the presence of cysteine 
or to black eumelanin when cysteine is absent.10 
Both are collectively referred to as melanin. 
 
Immune cells constantly monitor the skin tissue to 
defend against external invasion and maintain skin 
homeostasis. Macrophages play a crucial role by 
phagocytosing foreign bodies and senescent cells.11 
Activated macrophages produce nitric oxide, tumor 
necrosis factor alpha (TNF-α), several cytokines, and 
chemokines, which play a central role in inflammatory 
responses.12 In recent years, a mechanism has been 
proposed in which skin macrophages recognize 
aged skin cells via stabilin-1 (STAB1), eliminate them 
through phagocytosis, and then signal nearby skin 
stem cells to regenerate skin cells by secreting 
fibroblast growth factor-2 (FGF2), thereby indicating 
that elimination has occurred.13 

 

Polyoxometalates (PMs) possess diverse structures 
that include clusters are formed through hydrogen 
bonding between basic units. These units are 
composed of transition metal atoms coordinated 
by six or eight oxygen atoms.14 The biological activities 

related to the anti-aging effects of PMs with proven 
antibacterial and antiviral activity (VB1: VOSO₄, 
VB2: K₁₁H[(VO)₃(SbW₉O₃₃)₂]·27H₂O, and VB3: 
Na₂[SbW₉O₃₄]·19H₂O ) are being researched. 
Although these are currently used in products such 
as hand towels and hand soap, their cosmetic 
formulations are being developed to allow use not 
only for hand hygiene but also for whole-body care.15  
 
The mechanism of action of VBs on skin cells is 
being investigated. Treatment with VBs enhance 
the expression of advanced glycation end-product 
(AGE) receptors that protect cells against glycation 
stress and suppress the accumulation of reactive 
oxygen species (ROS) induced by oxidative (H₂O₂) 
stress.16 This effect appears stronger in VB2 and 
VB1. However, VB3 is thought to promote stress 
resistance by stimulating mesenchymal stem cells 
(MSCs) and inducing functional changes in exosomes 
secreted by these cells. One proposed mechanism 
involves increased cystine uptake, which in turn 
promotes the synthesis of glutathione, an intracellular 
antioxidant.17 
 
Previous studies have primarily used cultured 
fibroblasts, but a three-dimensional (3D) skin model 
was used here to investigate responses more closely 
resembling those observed in vivo. The 3D human 
skin model (MEL-300-B) uses an epidermal model 
containing keratinocytes and melanocytes. This 
facilitates continuous application of test samples to 
the epidermis and can be maintained in culture for 
approximately 3 w by periodically replacing the 
culture medium in the lower chamber.18 During the 
experiment, it is possible to acquire images of the 
skin surface (changes in color tone over time). After 
completing the experiment, tissue can be collected 
to prepare pathological specimens or to extract 
proteins and nucleic acids from the tissue, allowing 
measurement of melanin content, tyrosinase activity, 
and levels of various mRNAs.19 By collecting the 
culture medium from the lower chamber and detecting 
the elements contained in VBs (VB1: V, S; VB2, VB3: 
W, Sb), the transmittance rate to the dermis can also 
be determined. Using this experimental system, the 
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objectives of this study were to verify the effects of 
VB1, VB2, and VB3 on melanin synthesis in a skin 
model, to examine their rate of penetration into the 
dermis, and to investigate the effects of VBs on 
macrophages that contribute to maintaining skin 
homeostasis. 
 

Materials and Methods 
 

POLYOXOMETALATES 
Vanadyl sulfate (VB1) was purchased from Fujifilm 
Wako Pure Chemical Industries Ltd. (Osaka, Japan). 
Bulk powders of VB2: K₁₁H[(VO)₃(SbW₉O₃₃)₂]·27H₂O 
and VB3: Na₂[SbW₉O₃₄]·19H₂O were synthesized 
using a patented method (International Patent 
Publication Number: WO2019/230210). Each bulk 
powder was ground in a mortar, dissolved in ultrapure 

water, and the solution was filtered through a 0.45-
µm filter before use in the experiment.17 The VB 
concentration was set at 100 µg/mL, as this level 
showed no cytotoxic effects and maintained stable 
efficacy throughout the experiments. 
 

HUMAN SKIN 3D MODEL 
The skin model (MEL-300-B; PermeGear Inc., 
Riegelsville, PA, USA) was purchased from Clabow 
Co. (Osaka, Japan). After a 1-d preculture in the 
dedicated medium (EPI-100-NMM-113) at 37°C in 
5% CO₂ and 95% humidified air, experiments were 
initiated. Cultures were maintained for 22 d, with 
medium replacement and reagent application every 
other day. Each well of the 12-well plate contained 
one skin tissue insert placed in a chamber (Fig. 1). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Structure of the 3D skin model and culture chamber system. Schematic illustration 
of the multilayered structure of a reconstructed 3D skin model. 
 

CELL CULTURE 
The human monocyte line U937 cells (provided by Dr. 
Keita Takanashi, Yokohama University of Pharmacy) 
were differentiated into macrophage-like cells. U937 
cells were cultured in RPMI-1640 medium containing 
L-glutamine and phenol red (Fujifilm Wako Pure 
Chemical Corporation, Osaka, Japan), supplemented 
with 10% fetal bovine serum (Moregate Biotech, 
Queensland, Australia), penicillin (100 U/mL), and 
streptomycin (100 µg/mL) at 37°C in 5% CO2, and 95% 
humidified air. Differentiation into macrophage-like 
cells was induced by treatment with 25 ng/mL phorbol 
12-myristate 13-acetate (PMA; Sigma-Aldrich, St. Louis, 
MO, USA) for 72 h, followed by 48 h incubation in 

PMA-free medium to promote cell adherence. The 
procedures followed previously published methods.20,21 
 
PREPARATION OF MESENCHYMAL STEM CELL-
DERIVED EXOSOMES 
Mesenchymal stem cells (MSCs) were purchased 
from PromoCell (Heidelberg, Germany). Cells were 
seeded at 5 mL in a T25 flask at a density of 5 x 104 
cells/mL and cultured in serum-free opti-MEM 
(Thermo Fisher Scientific, Waltham, MA, USA). After 
18 h of culture, the culture supernatants were 
subjected to the miRCURY exosome isolation kit 
(product#: 300102; Exiqon, Hovedstaden, Denmark), 
and purified exosomes were used. 
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EXPERIMENTS USING THE HUMAN SKIN 3D 
MODEL 
Two 12-well plates (24 chambers in total) were divided 
into eight groups (n = 3 per group): (1) Control 
(water), (2) 1% kojic acid (positive control), (3) VB1, 
(4) VB2, (5) VB3, (6) VB2+VB3, (7) VB2+VB3+MSCs-
exosomes, (8) VB1+VB2+VB3. Test materials (100 
µL) were applied to the epidermal surface every 
other day for 3 w. The culture medium in the lower 
chamber was replaced simultaneously. Images of 
the skin surface were acquired on days 16 and 22 
to monitor the color changes. On day 22, a portion 
of the skin tissue was fixed in 10% neutral-buffered 
formalin (Muto Kagaku Co., Tokyo, Japan) for 
histopathological specimen preparation. Tissue 
specimens were stained with Hematoxylin and Eosin 
(H&E) to assess tissue damage and with the Fontana
Masson stain (FM) to detect melanin. The remaining 
tissue was used for melanin extraction and tyrosinase 
activity assays. Culture medium from the lower 
chamber was collected for elemental analysis of metal 
components in VBs to evaluate their skin permeability. 
 
MEASUREMENT OF MELANIN CONTENT 
Melanin content was measured according to the 
method of Seo et al.22 On day 22, skin tissue was 
treated with radio-immunoprecipitation assay (RIPA) 
buffer to remove proteins, and the residual pellet 
was incubated with 1 M NaOH at 80 °C for 30 min. 
Absorbance was measured at 405 nm using the 
microplate reader and melanin content was calculated 
from a calibration curve prepared using synthetic 
melanin (MP Biomedicals, Santa Ana, CA, USA). 
 
TYROSINASE ACTIVITY ASSAY 
The tyrosinase activity assay was conducted according 
to the method described by Di Petrillo et al.23 Skin 
tissue harvested on day 22 of culture was solubilized 
in 0.1 M phosphate buffer (pH 6.8) containing 0.1% 
Nonidet P-40, and proteins were extracted and 
quantified using a bicinchoninic acid (BCA) protein 
assay kit (Takara Bio Inc., Shiga, Japan). Samples 
were mixed with 2.5 x 103 U/mL tyrosinase from 
mushrooms (Sigma-Aldrich, St. Louis, MO, USA) in 
0.1 M phosphate buffer (pH 6.8) and incubated for 

15 min at room temperature. Next, 10 mM 3-(3,4-
Dihydroxyphenyl)-L-alanine (L-DOPA; Tokyo Chemical 
Industry Co., Ltd., Tokyo, Japan) was added and 
incubated at room temperature for 15 min. The 
absorbance at 475 nm was then measured using a 
microplate reader to quantify the generated 
dopaquinone. 
 

DETECTION OF METAL ELEMENTS CONTAINED 
IN VBS FOR VERIFYING SKIN PERMEABILITY 
The metal elements contained in the VBs (W: 
tungsten, Sb: antimony, V: vanadium, and S: sulfur) 
were quantified using an energy-dispersive X-ray 
fluorescence analyzer (EDX-7000, SHIMADZU, Kyoto). 
For the purpose of evaluating skin permeability, 
the amount of metal elements in the 100 µl of liquid 
applied to the epidermis was designated as 100%. 
Skin permeability was quantified as the percentage 
of each metal element that permeated through the 
skin tissue and accumulated in the culture medium 
of the lower chamber. 
 

MODULATORY EFFECTS OF VBS ON 
MACROPHAGE ACTIVITY  
mRNA expression. Total RNA was extracted using 
TRIzol reagent (Ambion, Austin, TX, USA) according 
to the manufacturer's instructions. The mRNA 
expression levels of inducible nitric oxide synthase 
(iNOS), STAB124, and FGF225 were determined using 
one-step quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) with specific primers (Table 
1). Specifically, a one-step PCR was performed in the 
same tube using the Luna Universal One-Step qRT-
PCR Kit (New England Biolabs, Ipswich, MA, USA) 
and Thermal Cycler Dice Real Time System II (Takara 
Bio, Shiga, Japan). Reactions were performed 
according to the manufacturer's instructions for the 
reagent kit. Delta Ct was calculated with an internal 
standard using the constantly expressed gene, 
glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH).26 Differences from experimental controls 
were determined using the delta-delta Ct method27 
and expressed as fold changes in mRNA expression. 
 

NO production. Nitrite in the culture supernatant 
was measured colorimetrically using the Nitrate/ 
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Nitrite Colorimetric Assay Kit (Cayman Chemical, 
Ann Arbor, MI, USA). Lipopolysaccharide (LPS; 0.1 
or 1 µg/mL; Macrophi Inc., Kagawa, Japan) was used 
as a positive control.  
 

Phagocytic capacity. To assess phagocytic activity, 
macrophages were co-incubated with fluorescent 
latex beads and VBs for 24 h. Subsequently, cells 
were washed with phosphate-buffered saline (PBS) 

to eliminate free-floating beads. The beads 
phagocytosed by macrophages were visualized 
using a fluorescence microscope (BZ-X710, Keyence, 
Osaka, Japan). Phagocytic activity was quantified 
by comparing the fluorescence intensity of each 
experimental group to that of the untreated control, 
which was defined as 100%. LPS (0.1 or 1 µg/mL) was 
used as a positive control.28 

 
Table 1 Specific primers used for the detection of mRNA expression of iNOS, STAB1, and FGF2 
with one-step quantitative reverse transcription polymerase chain reaction 

 

Gene Primer References 

iNOS 
Forward: GGACATCACCACACCCCCAACAC R&D system 

Cat# RDP-101 Reverse: GCCCTTCCGCAGTTTCTGGCAGCA 

STAB1 
Forward: GAACCATGTGCCACTGGAAGGC 

[24] 
Reverse: AGCGGAATCTCCTGGTGCAGTT 

FGF2 
Forward: ACTTGGAGGCTTATCTACCTGT 

[25] 
Reverse: CCAGCATTTCGGTGTTGAAGA 

GAPDH 
Forward: GACATGCCGCCTGGAGAAAC 

[26] 
Reverse: AGCCCAGGATGCCCTTTAGT 

 
Results 
 
ANALYSIS OF EPIDERMAL IMAGES USING A 3D 
SKIN MODEL 
Skin surface images were captured on days 16 and 
22 following the repeated application of each sample 
to the epidermal surface (Fig. 2). In all groups, 
pigmentation appeared to progress between days 
16 and 22. The group treated with 1% kojic acid 
exhibited a visibly lighter color compared to the 
control group on both observation days, whereas 
no clear visual changes were observed in any of the 
VB-treated groups. The acquired images were 
converted to grayscale (0 255) for quantitative 
analysis (Fig. 2). Quantification confirmed that only 
the kojic acid group exhibited a marked decrease 
in pigmentation relative to the control on both days 
16 and 22, whereas no marked differences were 
detected in the other groups. 

HISTOLOGICAL ANALYSIS OF THE 3D SKIN 
MODEL  
On day 22, skin tissues were fixed in 10% neutral 
buffered formalin, sectioned, and subjected to H&E 
and FM stains (Fig. 3a). Hematoxylin and Eosin 
staining showed that the nuclei remained intact, 
but the 1% kojic acid group exhibited alterations in 
epidermal architecture, such as loss of the spinous 
layer and thinning of the stratum corneum. Although 
the VB1 group generally exhibited weak staining, the 
VB2 group maintained a distinct layered structure 
with pronounced thickening and folding of the 
spinous layer. Image analysis of melanin-positive 
regions visualized using FM staining demonstrated 
a marked reduction in melanin content in the 1% 
kojic acid group (Fig. 3b). A comparable reduction in 
melanin synthesis was observed in the VB2 single-
treatment group and the combination treatment 
group with VB1, VB2 and VB3. 
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Fig. 2 Evaluation of pigmentation in 3D skin model. Representative images of 3D skin model 
plates at 16 and 22 days of culture. Grayscale conversion (0 255) was applied to the images, and 
pigmentation intensity was quantified based on grayscale values. Data are expressed as mean 
± SD (n = 3). The statistical significance is indicated as **p <0.01 vs. control 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Fig. 3 Histological staining of the 3D skin model and quantitative analysis of melanin content. 
(a) H&E and FM stains of the skin tissue sections obtained on day 22. (b) Image analysis of melanin-
positive regions visualized using FM staining. 
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MEASUREMENT OF MELANIN AND TYROSINASE 
ACTIVITY IN THE 3D SKIN MODEL 
Melanin content and tyrosinase activity were 
measured in tissues collected from diffusion 
chambers. Melanin content was markedly reduced 
in the 1% kojic acid group, as well as in groups 
treated with VB1, VB2, and VB3 individually, and in 
combination (Fig. 4a). Among the groups treated with 

VBs, VB2 alone exhibited the strongest inhibitory 
effect on melanin production. Although no statistically 
significant differences in tyrosinase activity were 
observed among the groups, both the VB2 group 
and the VB1+VB2+VB3 combination group―both 
of which showed lower melanin levels―tended to 
suppress tyrosinase activity to a degree comparable 
to those of 1% kojic acid (Fig. 4b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Measurement of melanin content and tyrosinase activity in the 3D skin model  
(a) Melanin content in skin tissue measured on day 22. (b) Tyrosinase activity was measured using 
a colorimetric assay. Protein extracts were prepared from skin tissue collected on day 22. Data: 
mean ± SD (n = 3). *p <0.05, **p <0.01, ***p <0.001 vs. control 

 

DETECTION OF CONSTITUENT ELEMENTS FOR 
EVALUATING SKIN PERMEABILITY OF VBS 
Skin permeability was assessed by quantifying the 
elemental components (V, S, W, and Sb) of the VBs in 
the culture medium collected from the lower chamber. 
In all the VB-treated groups, the presence of these 
elements was detected as early as 1 h after reagent 

application (Fig. 5a). No marked change in their 
concentrations was observed after 24 or 48 h, 
suggesting that the permeation process had reached 
a steady state. The highest permeability at 24 h was 
observed in the VB1 alone group (49.6%), followed by 
the VB1, VB2, and VB3 combination groups (33.3%) 
(Fig. 5b). 
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Fig. 5 Evaluation of skin permeability of VBs in the 3D skin model 
The amount of VBs that penetrated the lower chamber was quantified by detecting VB constituent 
elements. (a) Time course of VB permeability at 1, 24, and 48 h. (b) Permeation of VBs measured at 
24 h of culture. 

 
REGULATORY EFFECTS OF VBS ON 
MACROPHAGE FUNCTION 
Since VBs were found to permeate the epidermis, 
they may also affect macrophage function in the 
dermis. Therefore, we conducted an analysis of the 
effects of VBs on macrophage activity (Fig. 6). 
Quantitative reverse transcription polymerase chain 
reaction analysis showed slight increases in iNOS 
expression, with a statistically significant elevation 
in the VB3 group (delta-delta Ct 2). Stabilin-1 
(STAB1), a molecule that recognizes senescent 
cells, exhibited an increasing trend in VB1 and VB3 
groups. Fibroblast growth factor-2 (FGF2), a factor 

that promotes regenerative signaling to nearby 
stem cells following macrophage phagocytosis, also 
exhibited an increase, especially in the VB1 and 
VB3 groups. 
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Fig. 6 Analysis of macrophage activation using quantitative real-time polymerase chain reaction 
(PCR) The mRNA expression levels of iNOS (a), STAB1 (b), FGF2 (c) were quantified in macrophages 
treated with VBs. A significant difference is evident when the delta-delta Ct value differs by more 
than two-fold over the control. 

 
Because VB3 markedly increased iNOS mRNA 
expression, the nitrite levels produced by the 
macrophages were quantified (Fig. 7). 
Lipopolysaccharide, used as a positive control, 
elicited a dose-dependent response, with stimulation 
at 1 µg/mL resulting in significantly enhanced NO 
production (Fig. 7). Nitrite production was markedly 
increased upon stimulation with all groups except 
VB1. The degree of increase corresponded well 
with the tendencies observed in the iNOS mRNA 
levels. Treatment with VB3 alone exhibited the 
strongest effect, whereas an additive effect was not 
observed when VB2 and VB3 were combined. 
 

Phagocytic activity of macrophages was subsequently 
evaluated using fluorescent bead uptake (Fig. 8). 
Representative fluorescent images (upper panel) 
indicate that phagocytic activity was increased upon 

stimulation with 0.1 and 1 µg/mL LPS. The relative 
fluorescence intensity of each group (lower panel) 
was calculated using the control set as 100%. Using 
this system, VB treatment substantially enhanced 
the phagocytic activity in all groups. Notably, VB3 
exhibited strong activity, which remained unaffected 
by co-treatment with either VB2 or VB1. 
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Fig. 7 Measurement of NO production in macrophages 
Nitrite in the culture supernatants were measured using the Nitrate/Nitrite Colorimetric assay 
kit. The statistical significance is indicated as*p <0.05, ***p <0.001 vs. control 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Evaluation of phagocytic activity in macrophages using latex beads 
(a) Representative fluorescence images of macrophages after stimulation with or without LPS 
(0.1 and 1 µg/mL). (b) Quantitative analysis of phagocytic activity based on the fluorescence 
intensity after incubation with latex beads. *p <0.05, **p <0.01, ***p <0.001 vs. control 
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Discussion 
Based on their previously reported antibacterial and 
antiviral activities, VB1, VB2, and VB3, which were 
selected from polyoxometalates (PM), were evaluated 
for potential application to the skin. These compounds 
were previously shown to reduce ROS accumulation 
in fibroblasts subjected to oxidative stress induced 
by hydrogen peroxide.16 In this study, skin permeability 
and the effects of repeated VB treatment on melanin 
synthesis were evaluated using the 3D skin model, 
which more closely mimics the in vivo skin environment 
than conventional monolayer cultures. An additional 
analysis was conducted to investigate the potential 
effects of VBs on macrophages, as part of a broader 
assessment of their impact on the dermal layer. 
 
Hematoxylin and Eosin staining indicated structural 
alterations and thinning of the stratum corneum in 
the 1% kojic acid group (Fig. 3a), suggesting 
suppression of keratinocyte proliferation and 
differentiation. Kojic acid is widely used as a skin-
whitening ingredient in cosmetics and quasi-drugs 
in Japan. According to the Cosmetics Ingredient 
Review (CIR), kojic acid is considered safe for use in 
cosmetics at concentrations below 1%.29 The present 
study used a reconstructed skin tissue model 
composed of both melanocytes and keratinocytes, 
suggesting that the observed effects may be more 
pronounced than in actual human application. 
Given that 1% kojic acid exhibited mild cytotoxicity, 
a lower concentration might have been more 
appropriate for this experiment.19 

 
Following stimulation with VBs, mild suppression of 
differentiation was observed in the VB1-alone group, 
various VB combination groups, and the VB―exosome 
combination group, suggesting a potential reduction 
in cellular activity. In contrast, VB2- and VB3-alone 
preserved or enhanced epidermal architecture, 
indicating the promotion of active keratinocyte 
differentiation.  
 
The cells used in this 3D skin model were derived 
from individuals of African descent and can be 
maintained in culture for approximately 3 w. The 

control gradually darkened and reached a stable 
tone after approximately 2 w (Fig. 2). The positive 
control, 1% kojic acid, which is a tyrosinase inhibitor, 
showed a consistent and sustained inhibitory 
effect. In contrast, the VB-treated groups showed 
no obvious suppression of pigmentation either 
visually or using the grayscale image analysis (Fig. 
2). However, A more detailed analysis using the 
histological specimens by FM staining indicated a 
reduction in melanin in the VB2 single-treatment 
group and in the combination of VB1, VB2, and VB3 
(Fig. 3).  
 
To more thoroughly examine the effects of VBs on 
melanin synthesis, melanin was extracted and 
quantified, and tyrosinase activity in the skin tissue 
was measured on day 22 (Fig. 4a, b). When Compared 
with the control group, marked reductions in melanin 
content were observed in all single-treatment groups 
(VB1, VB2, and VB3) throughout the skin tissue in the 
chamber, with VB2 showing the strongest inhibitory 
effect. When VB2 was combined with VB3 or VB1, 
the values tended to return toward the mean. This 
suggests that these combinations did not enhance 
the inhibitory effect beyond that of VB2 alone. In 
addition, the combination of VB2 and VB3 with stem 
cell-derived exosomes did not further enhance the 
inhibitory effect. This finding alone does not rule out 
the involvement of exosomes in melanin synthesis, 
and further investigation is warranted.  
 
Although no statistically significant difference was 
observed in tyrosinase activity, likely due to the high 
variability in the control group, melanin content 
was correlated with tyrosinase activity. Tyrosinase 
catalyzes the initial steps of melanin biosynthesis, 
converting tyrosine to L-DOPA and subsequently to 
dopaquinone, and the observed reduction suggest 
that VBs may specifically inhibit this early stage of 
the pathway.30 On the other hand, according to 
previous studies, kojic acid inhibits tyrosinase by 
chelating copper ions and also suppress the 
maturation of melanosomes and their transfer to 
keratinocytes, indicating that kojic acid inhibits not 
only tyrosinase activity but also the subsequent 
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process of melanin accumulation, thereby markedly 
suppressing skin pigmentation.31 Further detailed 
investigation is required to determine whether the 
suppression of pigmentation by VBs results solely 
from the inhibition of tyrosinase activity, or if it also 
involves interference with melanosome maturation 
or melanosome keratinocyte transfer. 
 
VBs have been reported to enhance cysteine uptake 
in human skin fibroblasts, thereby promoting the 
elimination of ROS.17 In particular, VB2 has been 
shown to strongly enhance the uptake of cystine. 
In the melanin biosynthesis pathway, the reaction 
of cysteine with dopaquinone redirects melanin 
production from black melanin (eumelanin) to yellow 
melanin (pheomelanin).10 In the current study, FM 
staining indicated that all VBs markedly inhibited 
melanin production. In particular, VB2 exhibited a 
strong inhibitory effect on melanin synthesis. While 
the precise mechanism remains unclear, it is 
plausible that the suppression of total melanin 
content may result from a metabolic shift from the 
eumelanin to the pheomelanin pathway, possibly 
through activation of the cysteine-dependent branch. 
Future studies will focus on analyzing the effects of 
VBs on cystine uptake in melanocytes, with the 
goal of elucidating the comprehensive mechanism 
underlying VB-mediated suppression of melanin 
synthesis. 
 
The penetration of VBs added to the skin surface 
into the epidermis and its subsequent passage into 
the dermis was evaluated by detecting the VB-
associated elements in the culture medium. All VBs 
were detected in the lower chamber within 1 h of 
their addition, indicating that they exhibit epidermal 
permeability. The penetration rate was the highest 
for VB1 (approximately 60%), whereas VB2 and VB3 
showed rates below 20% (Fig. 5). This difference is 
likely attributable to the molecular weight of each 
compound. The approximate molecular weights 
were: VB1, 79 Da; VB2, 2,535 Da; and VB3, 1,201 Da. 
Therefore, the high permeability of VB1 is consistent 
with its smaller molecular weight. In general, 
molecules with a molecular weight below ~500 Da 

are considered capable of penetrating the skin 
barrier.32 VB2 and VB3, whose molecular weights far 
exceeded this threshold, still permeated to nearly 
20%. Although the molecular weight of VB2 was 
approximately twice that of VB3, the permeation 
rates were comparable. This may be influenced by 
factors such as differences in molecular polarity, or 
charge distribution. In addition, the involvement of 
mechanisms other than passive diffusion on the 
epidermal side cannot be excluded. For example, the 
behavior of VBs after cellular entry may be regulated 
by active transport processes mediated by transporters 
expressed in the epidermis. ATP-binding cassette 
(ABC) transporters expressed in the skin are known 
to regulate the efflux and intracellular distribution 
of compounds using adenosine triphosphate (ATP), 
and these transporters may influence intracellular 
retention and efflux directionality of VBs, thereby 
contributing to the final permeation amount and the 
extent of delivery to the dermal compartment.33 
However, the precise mechanism remains unclear. 
Notably, all VBs permeated rapidly and showed 
consistent permeation rates even after repeated 
application, and no cytotoxic effects were observed. 
Further pharmacokinetic investigations are required 
to determine the retention time of VB within the 
epidermis after a single application, and to clarify 
the extent and kinetics of its long-term permeation. 
 

Since it was found that VBs can permeate through the 
epidermis, we investigated whether VBs influenced 
macrophage activity (Figs 6 8). VB3 markedly 
increased iNOS mRNA expression, an indicator of 
macrophage activation, whereas VB1 and VB2 showed 
less pronounced increases. Nitrite production was 
consistently elevated in groups treated with VB2, 
and VB3. Macrophages are broadly classified into 
inflammatory macrophages (M1) and macrophages 
involved in tissue repair and regeneration (M2), 
based on their functional properties.34 In this study, 
VB3 treatment markedly increased the expression 
of iNOS, a commonly used marker of inflammatory 
(M1-like) macrophage activation.35 This result suggests 
that VBs may promote M1-like inflammatory responses 
in macrophages. 
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A mechanism has been identified in skin tissue in 
which macrophages recognize and phagocytose 
senescent cells, subsequently sending signals to 
surrounding skin stem cells to promote regeneration. 
The molecules involved in this process include 
STAB1, which facilitates the recognition and 
clearance of senescent cells, and FGF2, which 
promotes the activation of skin stem cells following 
their phagocytosis.13 VB1 and VB3 appeared to 
upregulate the mRNA levels of these molecules. 
Furthermore, assessment of phagocytic activity 
using fluorescent beads revealed that VB3 showed 
the highest activity, followed by VB2 and VB1. These 
results suggest that VBs not only enhance the 
inflammatory response of macrophages but may 
also stimulate their regenerative signaling pathways. 
Specifically, when senescent cells emerge in the 
dermis, VBs may facilitate macrophage-mediated 
recognition and clearance, while concurrently 
promoting the regeneration of adjacent skin stem 
cells. Further detailed studies examining the 
concentration dependence of VBs and their time-
course effects are warranted to more precisely 
elucidate the underlying mechanisms. 
 

Conclusions 
Using the 3D skin model, VBs inhibited melanin 
synthesis by blocking tyrosinase activity. It is likely that 
VBs that penetrate the dermis are able to activate 
macrophages located in the skin. This activation 
may influence the expression of STAB1, an adhesion 
molecule involved in the recognition of senescent 
cells. It may also affect FGF2, a growth factor that 
promotes regeneration. These findings suggest 
that VBs participate in both pigmentation control 
and novel mechanisms of skin regeneration. 
 

As the effects on melanin synthesis varied slightly 
among VB1, VB2, and VB3, their combined use may 
enhance efficacy by producing additive or synergistic 
effects. These VBs exhibited no cytotoxicity even after 
repeated skin applications, indicating their potential 
as safe cosmetic ingredients with dual functions, 
namely regulation of skin pigmentation and activation 
of dermal immune responses. 
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