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ABSTRACT

The accumulation of senescent cells has attracted attention as a cause of
aging. Various environmental factors have a harmful effect on the skin,
causing aging stress in skin cells, which in turn promotes cellular aging
through the accumulation of reactive oxygen species. Stem cell-secreted
exosomes also play important roles in skin regeneration and stress relief.
Among the polyoxometalates with various biological activities, VB1:

vanadyl sulfate (VOSOu4), VB2: Ki1H[(VO)3(SbW9Oss)2] * 27H20 and

VB3: Na2[SbW9Oz4] * 19H20 have been developed as cosmetic

ingredients that can be applied to the skin. We evaluated whether these
VBs could enhance the resistance of cells to skin aging stress and examined
the underlying mechanisms. In this experiment, skin fibroblasts were
subjected to glycation (advanced glycosylated end products), oxidation
(hydrogen peroxide), and photoaging (ultraviolet irradiation for 5 or 25
min), and VBs were applied before or after treatment. Whether VBs
enhance the cellular stress response was determined by changes in the
mRNA levels of three parameters (collagen, elastin, and hyaluronic acid
synthase). We also investigated whether treating stem cells with VBs results
in the secretion of exosomes with properties different from those normally
secreted. In addition, because intracellular reactive oxygen species
accumulation was suppressed in human dermal fibroblasts treated with
VBs, as shown here and in our previous study, the mitochondrial oxygen
consumption rate and uptake of cystine, a raw material for the synthesis
of the intracellular antioxidant glutathione, were also examined. According
to the results of those experiments, we concluded that VBs could enhance
stress responses to all the aging stress examined. Vanadyl sulfate likely
showed direct effects on dermal fibroblasts, while VB3 was supposed to
exhibit the effect via modification of exosomes secreted from mesenchymal
stem cells. In addition, VB2 might be involved in the stress response through
both direct action on the cells and by inducing the production of exosomes
suitable for the stress response. It has been suggested that a combination
of several types of VB may exert multifaceted anti-aging effects.
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Abbreviations

PMs: polyoxometalates

VB1: vanadyl sulfate (VOSOu)

VB2: K11H[(VO)3(SbW9O33)2] 27H20

VB3: Na2[SbWeO34] 19H20

SASP: senescence-associated secretory phenomenon

BSA: bovine serum albumin

AGEs: advanced glycation end products

ROS: reactive oxygen species

UV: ultraviolet

MSCs-Exo: mesenchymal stem cells-derived exosomes

H202: hydrogen peroxide

OCR: oxygen consumption rate

HDFs: human dermal fibroblasts

qRT-PCR: quantitative reverse transcription polymerase

chain reaction

DCF-DA: dichlorofluorescein diacetate

FCCP: carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone

DAPI: 4’,6-diamidino-2-phenylindole.

Introduction

Various hypotheses have been proposed as to the cause
of aging. In recent years, it has been revealed that
telomere shortening due to cell division is the main cause
of aging in human fibroblasts!, while oxidative stress is
the main cause in mice2. It has also been suggested in
recent years that the accumulation of senescent cells in the
body causes various age-related diseases.

Cellular senescence is a phenomenon in which somatic
cells stop dividing in response to stress3. For many years,
it has been considered a cancer-suppression mechanism.
Senescent cells are accompanied by a senescence-
associated secretory phenomenon (SASP), and it is
assumed that SASP has various effects on the surrounding
cells4. Furthermore, the elimination of senescent cells has
been reported to extend a healthy lifespan.
Consequently, senolysis, which targets and removes these
cells, has garnered significant attention5:6.

The main causes of skin aging include glycation
(accumulation of advanced glycation end products
[AGEs]), oxidation (irritation by ROS), and photoaging
(exposure to UV rays), among many other environmental
factors. These stressors put cells in a state of aging stress,
which results in the accumulation of intracellular ROS,
leading to cellular aging. Therefore, increasing the
resistance to such stress that negatively affects cells is one
way to fight skin aging, since suppressing the
accumulation of intracellular ROS is important”8. It is
believed that increasing mitochondrial energy
metabolism and oxygen consumption, or producing
antioxidants within cells, are effective in suppressing the
accumulation of ROS?-11. Cystine is the raw material for
the synthesis of the intracellular antioxidant glutathione,
which is taken up from outside the cell by the cystine

transporter xCT and plays an important role in controlling
the intracellular redox balance'?13, Recently, in
regenerative medicine, in vitro cultured stem cells have
been incorporated into skin anti-aging research, and the
skin anti-aging effects of extracellular vesicles, such as
human mesenchymal stem cells-derived exosomes (MSCs-
Exo), have been examined'415. Stem cells have been
recognized as having a homing effect. When one
receives rescue signals from damaged tissues or cells, it
rushes to the affected area and regenerates the cells.
Stem cell-derived exosomes transmit these signals and
contribute o wound healing in the skin'¢17. However, it
takes 3—4 months for stem cells to regenerate into tissues.
Therefore, to apply this process to skin anti-aging, it is
important to enhance the role of stem cell-derived
exosomes so that they can act earlier.

We have been studying the biological activities related
to the anti-aging effects of polyoxometalates (PMs)18. In
particular, we investigated the effect of PMs VBI1:
VOSOy4, VB2: Ki1H[(VO)3(SbWsQ33)2] 27H20, and VB3:

Na2[SbWeOaz4] * 19H20, which have proven the

antibacterial and antiviral activities. These have been
incorporated into hand towels and other products, but we
are incorporating them into cosmetics so that they can be
used not only for hand hygiene, but also on the whole
body'920, We are currently investigating the mechanism
of action of PMs on skin cells, and have already found
that PMs increase the expression of AGE receptors
(present on the surface of skin fibroblasts), which
participate in cytoprotection against glycation (AGE)
stress, and suppress ROS that accumulate in cells due to
oxidative (H202) stress?!.

In this study, we examined whether three types of VB
(VB1, VB2, and VB3) enhanced the resistance of cultured
human dermal fibroblasts (HDFs) to aging stress, including
glycation (AGE loading), oxidation (H202 stimulation),
and photoaging (UV irradiation) by measuring the
expression levels of collagen, elastin and hyaluronic acid
synthase, which were used as indicators of stress response
in skin cells?2223, We also examined the effect of
exosomes secreted by human mesenchymal stem cells
(MSCs) treated with VBs (VBs-MSCs-Exo). Furthermore, to
verify the suppression mechanism of intracellular ROS
levels by VBs and the exosomes, we measured their
effects on mitochondrial oxygen consumption rate (OCR)
and cystine uptake, which is involved in glutathione
synthesis.

The purpose of this study was to clarify whether VBs can
enhance the initial resistance of human skin to aging
stress. Furthermore, we aimed to demonstrate whether the
addition of VBs to MSCs would induce the secretion of
exosomes with different properties compared to those
normally secreted, and whether the effects of
preconditioning would enhance resistance to aging-
related stresses (Fig. 1).
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Fig. 1 Conceptual diagram of the experiments investigating cellular responses to aging stresses. Human dermal fibroblasts
(HDFs) were subjected to AGE treatment (glycation) H202 exposure (oxidation), and UV irradiation. Several VBs and
various types of exosomes were applied before or after these treatments. The cellular stress response was determined
by changes in the expression of three parameters (collagen, elastin and hyaluronic acid synthase).

Materials and methods

POLYOXOMETALATES

Vanadyl sulfate (VB1) was purchased from Fujifilm Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Bulk
powders of VB2: Ki1H[(VO)3(SbW9Oss)2] 27H.0O and
VB3: Naz[SbW9Os34] 19H20 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 um filter before use
in the experiment.The concentration of VB added was
examined in the range of 10 to 300 pg/ml, but here only
the results obtained from stimulation with 100 pg/ml
were shown.

REAGENTS

DL-Glyceraldehyde and H202 were purchased from
FujiFilm Wako Pure Chemical Industries, Ltd. Bovine serum
albumin (BSA) (fraction V) was purchased from SIGMA
(St. Louis, MO, USA).

GLYCATION OF BOVINE SERUM ALUBMIN

Glycation of BSA was performed according to the
method of Maeda et al?4. Briefly, BSA (25 mg/mL) was
dissolved in 0.2 M phosphate buffer (pH 7.4) and
reacted with 0.1 M DL-glyceraldehyde for seven days.
The glyceraldehyde that did not bind to BSA was
removed using a PD-10 gel filtration column equilibrated

with phosphate-buffered saline. Glycosylated BSA in the
obtained samples was  quantified using a
glyceraldehyde-derived AGE ELISA kit.

OXIDATIVE STRESS REAGENT

Hydrogen peroxide (FUJIFILM Wako Pure Chemical
Corporation) was added to the culture medium by
diluting the stock solution with purified water to a final
concentration of 0.2 mM25,

CELL CULTURE

Human dermal fibroblasts (HDFs) derived from juvenile
foreskin (C-12300; PromoCell, Heidelberg, Germany)
were cultured in a dedicated fibroblast growth medium
(C-23010, PromoCell). Mesenchymal stem cells were
purchased from PromoCell and cultured in a serum-free
medium (opti-MEM). In the experiment in which exosomes
were added, HDFs were cultured in advance in the same
serum-free medium (opti-MEM) as MSCs and then used in
the experiment.

PREPARATION OF MESENCHYMAL STEM CELLS-DERIVED
EXOSOMES

Mesenchymal stem cells were cultured with or without 100
pug/ml VBs for 18 h in a serum-free medium (opti-
MEM).The culture supernatants were collected and used
as  MSCs-derived exosomes (MSCs-Exo) in the
experiments shown in Fig. 7 and 8. In the experiment
investigating the effect of exosomes on mitochondrial
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OCR (Fig. 9), the culture supernatants were subjected to
the miRCURY exosome isolation kit (product#: 300102;
Exiqon, Hovedstaden, Denmark), and the purified
exosomes were used.

MEASUREMENT OF STRESS-RESPONSIVE MESSENGER
RNA LEVELS IN HUMAN DERMAL FIBROBLASTS
SUBJECTED TO GLYCATION, OXIDATION, AND UV
IRRADIATION (FIG. 2)

(1) Glycation stress

Human dermal fibroblasts were exposed to 100 mg/ml
AGE for 2 h. The cells were treated with VBs for 4 h
before or after stress loading, and total RNA was
extracted.

(2) Oxidative stress

Human dermal fibroblasts were exposed to 0.2 mM H20:
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for 2 h. The cells were treated with VBs for 4 h before or
after stress loading, and total RNA was extracted.

(3) Photoaging (UV) stress

Human dermal fibroblast culture plates were irradiated
from the UV lamp for 5 or 25 min, and the plates were
then quickly returned to a 37°C COz incubator to continue
culturing. The UV irradiation dose was set to 2 J/em? (for
5 min) or 10 J/cm2 (for 25 min) using a UV intensity meter.
The cells were treated with VBs for 4 h before or after
UV irradiation, and total RNA was extracted.

Total RNA samples obtained from the three types of
experiments were used as templates to measure the
mRNA levels of three stress response parameters
(collagen, elastin, and hyaluronic acid synthase) using
qRT-PCR.
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Fig. 2 Basic experimental protocols: HDFs were treated for 4 h with VBs or exosomes derived from mesenchymal stem
cells treated with or without VBs before or after aging stresses, including a 2 h treatment with advanced glycation end
products, or hydrogen peroxide, or ultraviolet irradiation (5 min or 25 min). Then, total RNA was extracted, and the
expression of stress parameters (collagen, elastin, and hyaluronic acid synthase) was quantified by qRT-PCR.

TOTAL RNA EXTRACTION

Total RNA was extracted using TRIzol reagent (Ambion,
Austin, TX, USA) according to the manufacturer's
instructions.

QUANTITATIVE REVERSE TRANSCRIPTION POLYMERASE
CHAIN REACTION

The mRNA expression levels of collagen?s, elastin?’, and
hyaluronic acid synthase2¢ were determined using one-
step quantitative reverse transcription polymerase chain

reaction (qRT-PCR) with specific primers (Table 1).
Specifically, 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 Il (Takara Bio, Shiga,
Japan). Reactions were performed according to the
manufacturer's instructions for the reagent kit. Delta Ct28
was calculated with an internal standard using the
constantly expressed gene glyceraldehyde-3-phosphate
dehydrogenase?¢.  Differences from experimental
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controls were determined using the delta delta Ct method
and expressed as fold changes in mRNA expression.

Table.1. Primers for qRT-PCR.

Gene Primer References

Collagen1A2 Forward: CTGGACCTCCAGGTGTAAGC [26]
Reverse: TGGCTGAGTCTCAAGTCACG

Elastin Forward: GGCCATTCCTGGTGGAGTTCC [27]
Reverse: AACTGGCTTAAGAGGTTTGCCTCCA

Hyaluronic acid synthase Forward: CACGTAACGCAATTGGTCTTGTCC [26]
Reverse: CCAGTGCTCTGAAGGCTGTGTAC
Forward: GACATGCCGCCTGGAGAAAC

GAPDH Reverse: AGCCCAGGATGCCCTTTAGT [26]

EVALUATION OF INTRACELLULAR REACTIVE OXYGEN
SPECIES LEVELS

Human dermal fibroblasts were cultured for 4 h with 100
pg/ml VB2, MSCs-Exo or VB2-MSCs-Exo, followed by
treatment with 0.2 mM H202 for 2 h. The intracellular
ROS levels were measured using the fluorometric method
with dichlorofluorescein diacetate (DCF-DA; Invitrogen,
Carlsbad, CA, USA). After labeling the cells of the
experimental groups with 10 mM DCF-DA for 20 min at
37°C, we visudlized the fluorescence emission of the cells
using a fluorescence microscope and the levels of
intracellular ROS were evaluated by measuring the
fluorescence intensity at the excitation wavelength (525
nm) using an Agilent microplate reader (Agilent
Technologies, Santa Clara, CA, USA). Furthermore, the
positions of individual cells were identified by staining the
nuclei with 4’,6-diamidino-2-phenylindole (DAPI).

EVALUATION OF MITOCHONDRIAL OXYGEN
CONSUMPTION RATE

After stimulating with VB2 or VB3, with or without
exosomes, before and after treating HDFs with H20»>,
HDFs were suspended in phenol red-free XF RPMI
medium (Agilent Technologies) containing 10 mM glucose,
1 mM pyruvate, and 2 mM glutamine and seeded at 1.2
X 104 cells/well in 8-well plastic plates (Agilent
Technologies). The cells were incubated for 1 h at 37°C
without CO2. Then, the oxygen consumption rate (OCR)
was measured with an XF HS mini analyzer (Agilent
Technologies) over time while sequentially adding 20 pM
oligomycin (final concentration 2 pM), 20 pM Carbonyl
Cyanide 4-(Trifluvoromethoxy) phenylhydrazone (FCCP)
(final concentration 2 pM), and 10 pM antimycin
A/rotenone (final concentration 1 WM) according to the
standard protocol of the Mito Stress Test kit.

CYSTINE UPTAKE INTO CELLS

After treating HDFs with VBs or exosomes for 4 h, the
relative amount of intracellular cystine was measured
using a cystine uptake assay kit (Dojindo Chemical
Industries, Ltd., Mashiki, Japan), according to the
manufacturer’s instructions. Like cystine, the cystine
analog (CA) is taken up into cells via xCT, a cystine
transporter. After cell lysis, a reducing agent was added
to reduce CA, which reacted specifically with the
detection dye fluorescein O, O’-diacrylate (FOdA),

generating a green fluorescent emission proportional to
the amount of CA taken up by the cells. The fluorescence
intensity was measured (Ex=485 nm, Em=535 nm) using
a microplate reader (SYNERGY/HT; BioTek, Tokyo,
Japan). Additionally, to clarify that the results obtained
from this experiment depend on the cystine transporter,
the effect of erastin, a transporter inhibitor, was also
analyzed.

STATISTICAL ANALYSIS

In the gRT-PCR analysis, the difference from the control
or stress stimulation alone was shown as delta delta Ct,
and a difference of 2 or more (a difference of 4-fold or
more at the mRNA level) was considered significant. All
experiments, except for gRT-PCR analysis, were
performed in triplicate. The data are presented as mean
+ SD. Student's t-test was performed, and statistical
significance was set at p < 0.05.

Results

CHANGES IN MESSENGER RNA EXPRESSION OF THREE
STRESS PARAMETERS IN HUMAN DERMAL FIBROBLASTS
STIMULATED WITH VBS OR EXOSOMES DERIVED FROM
MESENCHYMAL STEM CELLS THAT WERE TREATED WITH
OR WITHOUT VBS

Four hours after VB1, 2, 3 and MSCs-Exo were added to
HDFs, the mRNA expression levels of collagen, elastin,
and hyaluronic acid synthase were all within X1
compared to the untreated control level set to zero.
Neither VBs nor MSCs-Exo, regardless of treatment of
MSCs with VBs, affected the expression of stress
parameters in HDFs (Fig. 3a).

REACTION OF HUMAN DERMAL FIBROBLASTS TO FOUR
TYPES OF AGING STRESS (advanced glycation end
products, hydrogen peroxide, or ultraviolet irradiation)
Human dermal fibroblasts were subjected to four types
of aging stress, and the mRNA expression levels of the
three stress parameters were evaluated. With AGE
loading, elastin levels increased; however, no other
significant changes were observed. After H2O2 treatment,
all three parameters decreased. Upon UV irradiation, the
expression of collagen mRNA decreased at both 5 and
25 min, while the expression of elastin and hyaluronic
acid synthase tended to increase. The range of fluctuation
was greater at 25 min (Fig. 3b).

© 2025 European Society of Medicine 5
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Fig. 3 Changes in the expression of three stress response parameters (collagen, elastin, and hyaluronic acid synthase) in
human dermal fibroblasts. (a) Human dermal fibroblasts were cultured with VBs or various types of exosomes for 4 h,
and the expression of stress response parameters were measured. (b) Human dermal fibroblasts were treated for 2 h
with 100 mg/ml AGE, 0.2 mM H202, or UV irradiation at 2 J/em?2 (5 min) or 10 J/ecm?2 (25 min). Total RNA was extracted,

and the expression of parameters was quantified.

RESPONSE OF HUMAN DERMAL FIBROBLASTS
SUBJECTED TO GLYCATION STRESS (ADVANCED
GLYCATION END PRODUCTS)

The levels of the three parameters in HDFs treated with
the three types of VB for 4 h before or after the
treatment with AGE for 2 h were compared with those in
the group treated with AGE alone. Collagen levels were
significantly increased by VB1 and VB2, both pre- and
post-treatment. The strongest enhancement in expression
of collagen mRNA was observed when stimulated with
VB2, and this activity was similarly observed whether

applied before or after AGE treatment (Fig. 4a). On the
other hand, treatment with AGE alone increased elastin
level as shown in Fig. 3b. Both VB1 and VB2 had an
ability to further enhance their expression before and
after AGE treatment (Fig. 4b). The activity of VB3 was
weaker compared to VB1 and VB2. Furthermore, it
seemed that the expression of hyaluronic acid synthase
was slightly increased by VB1 and VB2 than by VB3;
however, the difference was considered not significant
because the delta delta Ct value did not exceed 2 (Fig.
4c).

© 2025 European Society of Medicine 6
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Fig. 4 Effects of pre- or post-treatment with VBs on the expression of collagen (a), elastin (b), and hyaluronic acid synthase
(c) in human dermal fibroblasts cultured in advanced glycation end products-causing stress conditions. A significant
difference is considered when the delta delta Ct value differs by more than two-fold compared to the control.

RESPONSE OF HUMAN DERMAL FIBROBLASTS
SUBJECTED TO OXIDATIVE STRESS (HYDROGEN
PEROXIDE)

The levels of these three parameters were compared to
those in the group treated with H2O2 alone. Both VB1 and
VB2 nearly restored the reduced expressions of collagen

© 2025 European Society of Medicine

and elastin mRNAs in HDFs under H2O2-induced stress
conditions. Similarly, VB1 and VB2 increased the
expression of hyaluronic acid synthase more strongly than
VB3, but it seems that the expression level could not be
restored to the original level (Fig. 5a-c).
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Fig. 5 Effects of pre- or post-treatment with VBs on the expression of collagen (a), elastin (b), and hyaluronic acid synthase
(c) in human dermal fibroblasts cultured in H2O2-causing stress conditions. A significant difference is considered when the
delta delta Ct value differs by more than two-fold compared to the control.

RESPONSE OF HUMAN DERMAL FIBROBLASTS
SUBJECTED TO PHOTOAGING STRESS (ULTRAVIOLET
IRRADIATION)

The levels of these three parameters were compared with
those of the UV irradiation-only group at 5 and 25 min.
In the stress condition of 5 min of UV irradiation, pre- and
post-treatment with VB1 and VB2 tended to increase the
expression of three parameters, with significant
differences observed in the elastin and hyaluronic acid

© 2025 European Society of Medicine

synthase (Fig. 6a-c). It appeared that all VBs had the
ability to increase collagen mRNA expression levels,
albeit weakly, but they were not able to restore the
reduced expression caused by UV irradiation (Fig. 6a, d).
In 25 min of UV irradiation, VB3 tended to increase the
expression of these parameters, regardless of the timing
of VB treatment, and elastin and hyaluronic acid synthase
showed significant increases (Fig. 6e, f).
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Furthermore, before and after 5 or 25 min of UV
exposure, the levels of the three parameters were
measured when HDFs were treated with exosomes —
obtained by stimulating MSCs with VBs, and the results
were compared with those of the UV stress alone group,
5 min, or 25 min. Compared to exosomes derived from
unstimulated MSCs (MSCs-Exo), exosomes obtained
through stimulation with VB1-3 tended to mitigate the
decrease in collagen expression induced by 25 min UV
irradiation, as opposed to 5 min (Fig. 7a). Especially,

© 2025 European Society of Medicine

stronger activity was observed in the exosomes obtained
by VB3 stimulation, regardless of whether it was pre-
treatment or post-treatment. As shown in Fig. 3b, UV
irradiation alone increased the expression of elastin and
hyaluronic acid synthase, but VBs appear to further
enhance these expressions. Slight increases in the
expression of elastin and hyaluronic acid synthase were
observed in 5 min UV irradiation when pre-treating HDFs
with exosomes obtained from VB1-3 stimulation whereas
post-treatment with VB3-MSCs-Exo showed a rather
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strong increase in these transcriptions. On the other hand, exosomes obtained from VB3 stimulation similarly
in 25 min UV irradiation, pre-treatment with exosomes showed an enhancement in their expressions. Post-
obtained from VB1-3 stimulation strongly enhanced the treatment with untreated MSCs-derived exosomes
expression of elastin and hyaluronic acid synthase, (MSCs-Exo) showed a strong increase in elastin and
whereas the activities of VB1 and VB2 were not detected hyaluronic acid synthase in 5 min UV irradiation, but the
in the post-treatment (Fig. 7b, c). Post-treatment with effect disappeared in 25 min UV irradiation.
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Fig.7. Effects of pre- or post-treatment with four types of exosomes on the expression of collagen (a), elastin (b), and
hyaluronic acid synthase (c) in HDFs treated with UV irradiation for 5 min or 25 min. The numbers shown in the figures
indicate the types of exosomes used for stimulation as follows. 1: MSCs-Exo, 2: VB1-MSCs-Exo, 3: VB2-MSCs-Exo, 4:
VB3-MSCs-Exo. A significant difference is considered when the delta delta Ct value differs by more than two-fold
compared to the control.
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INHIBITORY EFFECT OF VB2 AND EXOSOMES ON
INTRACELLULAR REACTIVE OXYGEN SPECIES
ACCUMULATION IN HUMAN DERMAL FIBROBLASTS
SUBJECTED TO OXIDATIVE STRESS

It is important to examine the regulation of collagen,
elastin and hyaluronic acid synthase expressions when
analyzing the anti-aging effects of VBs on the skin.
Therefore, in this experiment, we investigated the impact
of VB2 pre-treatment on intracellular ROS levels, which
are considered crucial for regulating the expression of
those three-parameters. Indeed, it has been shown that
under stress conditions, ROS accumulation in cells
increased by up to 370% compared to the control, which
was set at 100%?2'. In addition, VB2 was used in this

experiment because, as shown in Fig. 5, it has strong
activity in mitigating the decrease in the expression of
three types of parameters. In oxidative stress condition
caused by H202, a relative increase in intracellular ROS
levels was observed. However, VB2 suppressed this
increase (Fig. 8a-c, f). In addition, we also found that the
exosomes derived from unstimulated MSCs (MSCs-Exo)
did not have an inhibitory effect on the accumulation of
intracellular ROS; however, strong inhibition was
observed when HDFs were treated with VB2-MSCs-Exo
(Fig. 8d-f). Results indicate that VB2 is involved in the
stress response of HDFs through direct action on the cells
and via exosomes produced by stimulating MSCs.
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Fig.8. Inhibitory effects of VB2 and VB2-MSCs-Exo on intracellular reactive oxygen species levels in human dermal
fibroblasts cultured in hydrogen peroxide-causing stress conditions. (a) shows a fluorescence microscopy image of
untreated control cells. The graph at the bottom of the image represents the fluorescence intensity per cell (y-axis: relative
fluorescence intensity, x-axis: cell frequency). The other images and graphs show the fluorescence intensity of cells treated
with H2O2 after being unstimulated (b), stimulated with VB2 (c), stimulated with MSCs-Exo (d), and stimulated with VB2-
MSCs-Exo (e). (f) compares the relative intracellular ROS levels of each experimental group to the untreated control.

EFFECTS ON MITOCHONDRIA OXYGEN
CONSUMPTION RATE

The results shown in Fig. 8 indicate that intracellular ROS
levels increase in oxidative stress conditions, and that VB2
has the ability to suppress this increase. Therefore, to
investigate whether this inhibitory effect was due to the
suppression of ROS production by VB2, we first measured
mitochondrial OCR in cells pre-treated or post-treated
with VB2 alone, or with VB2 plus MSCs-Exo, in oxidative
stress condition using a flux analyzer. In this experiment,
we also examined the activity of VB3, which showed
lower inducing ability for the expression of three types
of parameters in the stress condition, as shown in Fig. 5.
By following the experimental protocol and adding FCCP
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reagent, the maximum OCR of mitochondria was induced.
The patterns of OCR changes in cells stimulated with VBs
and MSCs-Exo in oxidative stress conditions were similar
to those of the control group (Fig. 9a-d). There were no
distinctive differences that explained the variations in
intracellular ROS levels observed when stimulated with
VBs or MSCs-Exo. Furthermore, the data observed before
the addition of oligomycin, up to 20 minutes after the
start of the experiment, reflects the OCR values induced
by stimulation with VBs and MSCs-Exo. A slight increase
in data was observed in the pre-treatment group with
VB2 and MSCs-Exo, but otherwise, there were almost no
differences. Based on these results, it was considered that
VBs have little direct impact on mitochondrial OCR.
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Fig.9. Effects of treatment with VB2 or VB3, with or without purified MSCs-Exo, on mitochondrial oxygen consumption
rate in human dermal fibroblasts cultured in hydrogen peroxide-causing stress conditions. HDFs were pre- or post-
treated with VB2 (a, c) or VB3 (b, d) with or without purified MSCs-Exo. The line graph (‘) shows the pattern of the
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untreated control. The other graphs show the OCR patterns of HDFs cultured in the oxidative stress environment when
stimulated with none (@), VB2 (@), VB3 (@), VB2 + MSCs-Exo ([ll]), and VB3 + MSCs-Exo ([ll]), respectively. The
statistical significance is as follows. (a), (b); *p < 0.05 for VB2 compared to H202 alone, 1p < 0.05 for VB2-MSCs-Exo
compared to H202 alone, (c), (d); *p < 0.05 for VB3 compared to H202 alone, tp < 0.05 for VB3-MSCs-Exo

compared to H202 alone.

EFFECTS ON CYSTINE UPTAKE IN HUMAN DERMAL
FIBROBLASTS

To further examine the mechanism of antioxidant action
of VBs, which suppressed accumulation of intracellular
ROS, we measured the amount of cystine taken up by the
cells in non-stress conditions as a raw material for
glutathione, an intracellular antioxidant. The amount of
cystine was significantly decreased by treatment with
erastin, an inhibitor of cystine transporter xCT. In contrast,

VB2 and exosomes derived from MSCs stimulated with
both VB2 and VB3 (VB2-MSCs-Exo and VB3-MSCs-Exo)
exhibited a significant ability to increase intracellular
cystine levels, whereas VB1 or VB1-MSCs-Exo did not
exhibit such activity (Fig. 10). These results suggest that
the reduction of intracellular ROS by VB2 or exosomes
may be due to the antioxidant effect of increased
glutathione production, which results from the enhanced
uptake of cystine.
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Fig.10. Quantitative analysis of cystine taken up into human dermal fibroblasts. After treatment of HDFs with VBs or VBs-
MSCs-Exo for 4 h, Cells were labeled with a fluorescent cystine analog and the amount of Cystine analog (CA) was
evaluated by measuring the fluorescence intensity. The effect of erastin, a cystine transporter (xCT) was also analyzed.
The statistical significance is shown below. **p<0.01, ***p<0.001

Discussion

We investigated the effect of VBs on the cellular
responses of HDFs exposed to aging-inducing stress, and
the effectiveness of adding VBs to human MSCs. We
hypothesized that the resulting exosomes (VBs-MSCs-Exo)
would have different and more beneficial properties
than those normally secreted. Glycation (AGE), oxidation
(H202), and UV irradiation (5 or 25 min) were
administered to HDFs to induce aging-related stress
responses. Several types of VB or exosomes were added
before and after treatment. The resulting effects were
verified by measuring the mRNA levels of extracellular
matrix components (collagen, elastin, and hyaluronic acid
synthase), which are important for maintaining skin
homeostasis.

When VBs and various types of VBs-MSCs-Exo were
added to HDFs that had not been subjected to stress, the
number of parameters did not change, indicating that VBs
and VBs-MSCs-Exo did not affect normal cellular
functions (Fig. 3a). On the other hand, depending on the
parameter, the damage caused by various stresses may
increase with a decrease in mRNA levels. Conversely, in

other cases, resistance may be enhanced by an increase
in mRNA levels. Therefore, changes in these three
parameters in various aging-inducing stresses were
examined (Fig. 3b). Collagen mRNA levels decreased in
response to these stressors. Additionally, since all three
parameters showed a decrease in response to H202, it is
thought that the damage caused by the 0.2 mM H20:2
used in this study was strong or caused rapid damage?s.
Furthermore, the increases in certain parameters in
response to stress (elastin vs. AGE, elastin and hyaluronic
acid synthase vs. UV irradiation) are thought to be due
to a defense response or repair action. Therefore, using
the changes in the expression levels of these extracellular
matrix components as an indicator, we examined whether
VB and exosomes have the ability to enhance the stress
response involving skin fibroblasts.

Compared with the expression of their parameters in
HDFs in AGE-induced stress condition, pre- and post-
treatment with VB1 and VB2 increased the expression of
collagen and elastin and slightly increased the expression
of hyaluronic acid synthase. It seemed that VB3’s
performance was slightly inferior compared to VB1 and
VB2. In addition, in stress conditions induced by H202, the
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expression levels of collagen and elastin were largely
suppressed, as shown in Fig.3b. However, VB1 and VB2
mostly restored these mRNA levels in both pre- and post-
treatment, whereas the expression level of hyaluronic
acid synthase was not fully restored. The expression of
elastin and hyaluronic acid synthase increased only with
UV irradiation in HDFs (Fig.3b). These expressions were
also enhanced by treatment with VBs; however, the
degree of increase differed depending on the irradiation
time (5 and 25 min). At 5 min, VB1 and VB2 significantly
increased the expression of elastin and hyaluronic acid
synthase, but at 25 min, VB3, but not VB1 or VB2,
increased the expression of those parameters. On the
other hand, VB1-3 could induce but not fully recover the
expression of collagen in UV-exposed HDFs. Furthermore,
the expression of elastin and hyaluronic acid synthase
was especially increased in HDFs treated with VBs-MSCs
derived exosomes in 25 min UV irradiation. Particularly,
VB1- and VB2-MSCs derived exosomes exhibited their
activities only when HDFs were pre-treated. On the other
hand, VB3-MSCs derived exosomes showed a significant
increase regardless of pre-treatment or post-treatment.

As a mechanism of aging, it has been reported that cells
are stressed by exposure to stressors such as glycation,
oxidation, UV irradiation, and chemicals. These stressors
cause ROS to accumulate in the cells, leading to the aging
phenomenon’8. On the other hand, we have already
found that VB2 and VB3 have the ability to inhibit ROS
accumulation that was induced by H202.21 In this study,
we also demonstrated that pretreating cells with VB2 or
exosomes derived from mesenchymal stem cells
stimulated with VB2 reduced the accumulation of
intracellular ROS in HDFs cultured in H202-induced stress
conditions (Fig. 8). Since the ROS detection kit allows for
the identification of relative cell numbers within the
measurement area through DAPI staining, it is possible to
accurately evaluate the increase and decrease of ROS
levels per cell, The DAPI staining images of each
experimental group  showed similar  patterns,
demonstrating that there were comparable numbers of
cells within the measurement area. Based on these
findings, it is suggested that VB2 and the exosomes
obtained after VB2 stimulation have the ability to inhibit
the accumulation of ROS and exert anti-aging effects on
cells. To investigate whether VBs and MSCs derived
exosomes confer resistance to the aging process by
suppressing the production of ROS, we measured the
effect of VBs and exosomes on mitochondrial OCR. As a
result, no clear inhibitory effect on mitochondrial OCR
was observed, suggesting that VBs and exosomes do not
exhibit stress responses by suppressing ROS production.

There are several reports indicating that H20: treatment
and UV irradiation lead to the accumulation of ROS29-35,
with  stress-induced damage being repaired by
antioxidants32. As a mechanism for VB-induced resistance
to aging stress and suppression of ROS, we focused on
the production of intracellular antioxidants. We showed
that VB2 itself, as well as exosomes obtained by VB2 or
VB3 stimulation, increase cystine uptake and may
suppress the accumulation of ROS through glutathione
synthesis.

Bannai et al. first reported a cystine transport system in
cultured cells'2. This transport system, called the xc-

system, is strongly induced by various stimuli, including
ROS, and has been shown to increase intracellular
glutathione levels. Glutathione is a major endogenous
antioxidant composed of glutamate, cysteine, and
glycine. If the activity of the xc-system is inhibited or
extracellular cystine is removed, intracellular glutathione
levels drop rapidly, and cells die. In this study, to
demonstrate that the increased uptake of cystine by VBs
and exosomes is due to their action on the cystine
transporter, we aimed to analyze cystine analogues
taken up into cells via the cystine transporter. As the
results indicate, the increase in cystine uptake via the xCT
transporter by VB2 alone or exosomes derived from
VB2- and VB3-treated MSCs is strongly related to their
antioxidant effects and the suppression of ROS (Fig. 10).
Some cancer cells exhibit strong xCT expression, resulting
in high intracellular glutathione levels. It is expected that
this will become one of the treatments for brain tumors in
the future29.30,

Results indicated that VB1 and VB2 showed direct effects
on HDFs to resist aging stresses. Furthermore, VB2, in
addition to VB3, might exert its effect through the
production of exosomes from MSCs. On the other hand,
VBs-MSCs-exosomes are contained in the culture
supernatant obtained by stimulating MSCs with VBs.
However, it is not clear whether the VBs used for cell
stimulation have been removed from the preparations
containing exosomes. Therefore, further analysis is
needed to determine whether the activity observed in VB-
MSCs-Exo is due to changes in the content of exosomes
induced by VB stimulation, or simply the result of
simultaneous stimulation by VB and normally produced
exosomes.

This study revealed that VB enhances the ability of cells
to resist various early aging stresses and may have a
preventive effect. In the future, we plan to investigate the
ability to improve or eliminate established aging cells,
which is a desirable effect. In recent years, it has been
suggested that senescent cells in skin tissues may be
eliminated by signals (JAG1) sent from surrounding cells,
after which a request (epidermal growth factor) is sent to
surrounding stem cells to regenerate and replenish skin
cells. Phagocytic ability is increased by activating
macrophages, which leads to an increase in the
expression of the scavenger receptor STAB1. As a result,
senescent skin cells may be phagocytosed, and activated
macrophages may secrete fibroblast growth factor 23637,
To clarify the overall picture of the anti-aging effects,
further molecular biological analysis is necessary.

Conclusions

VB was shown to have no specific effect on normal HDFs,
but it enhanced the resistance of cells subjected to aging
stress. It is likely that this effect was stronger in VB2 and
VB1; however, VB3 appeared to act on MSCs to promote
stress resistance through the exosomes secreted.
Therefore, it has been suggested that a combination of
these VB types may exert a multifaceted anti-aging
effect. It is probable that one of the mechanisms involves
enhancing the synthesis of the antioxidant glutathione in
cells by increasing cystine uptake.
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