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Background: Red ginseng contains components, including microelements, vitamins, essential oils, and
fatty acids, that can be used in skincare to delay the aging process. We investigated the effects of red
ginseng treatment on skin elasticity by assessing cellular stiffness and measuring collagen protein
synthesis.

Methods: Human dermal fibroblasts were treated with red ginseng, and the resulting changes in stiffness
were investigated using atomic force microscopy. Cytoskeletal changes and mRNA expression of bio-
markers of aging, including that of procollagens I and VI, elastin, and fibrillin-1, were investigated.
Collagen in a human skin equivalent treated with red ginseng was visualized via hematoxylin and eosin
staining, scanning electron microscopy, and atomic force microscopy.

Results and conclusion: The stiffness of fibroblasts was significantly reduced by treatment with red
ginseng concentrations of > 0.8 mg/mL. The ratio of F-actin to G-actin decreased after treatment, which
corresponded to a change in fibroblast stiffness. The storage modulus (G') and loss modulus (G”) of the
skin equivalent were both lowered by red ginseng treatment. This result indicates that the viscoelasticity
of the skin equivalent can be restored by red ginseng treatment.

© 2019 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Skin aging results from a combination of endogenous and
exogenous factors [1]. Endogenous factors include genes, hor-
mones, and metabolic processes, while exposure to sunlight,
pollution, ionizing radiation, chemicals, and toxins is among the
exogenous factors. Skin aging is associated with complex changes
in the biological, chemical, and mechanical properties of the skin.
With aging, pigment-containing cells, called melanocytes, decrease
in number and increase in size [2], and the blood vessels of the
dermis become more fragile [3]. In addition, the skin becomes dry
and uneven and has reduced strength and elasticity [4,5].

The overall skin condition can be evaluated by measuring its
elasticity or viscoelasticity. Elasticity is the resistance of a material
to deformation by stress, and viscoelastic materials act as both
elastic solids and viscous fluids when stressed. Although several
methods for objectively measuring the elastic properties of skin
have been developed [6,7], it is difficult to measure the mechanical

properties of skin, and the methods described to date have not been
standardized for use in research or clinical settings.

The elastic properties of skin are linked to cellular stiffness and
extracellular matrix components that can be used as aging bio-
markers, including collagen, elastin, and fibrillin-1. Cellular elas-
ticity can be measured via atomic force microscopy (AFM), a type of
high-resolution scanning microscopy that uses a sharp probe to
analyze the surfaces of materials. This method is widely used in
biological studies because it enables nanoscale imaging without
special sample preparation or deformation and allows for imaging
of submerged materials as well as measurement of the elasticity of
cells and tissues. Collagen is a major component of the dermis and
plays a key role in maintaining the tensile strength of skin [8].
Elastin provides elasticity, but only small quantities of elastin are
present in the dermis [9]. Fibrillin-1 is a microfibrillar protein
important for the assembly of elastic fibers from elastin [10].

Red ginseng is known to have antiaging effects. Ginseng can
protect the epidermal and dermal layers of the skin from strong
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UV-B radiation [11], while maltol, one of the phenolic compounds
present in red ginseng, reduces fatigue and exhibits antioxidant
properties [12]. In addition, ginseng extracts, including ginseno-
sides Re, Rc, and Rb1, induce procollagen type I—related gene
expression and decrease that of matrix metalloproteinase 1 and
tumor necrosis factor [13]. The potential benefits of treating the
skin with red ginseng have been investigated in in vivo studies. Lee
et al. [14] reported the antiphotoaging effects of red ginseng on
hairless SKH-1 mice. In a group of mice treated with red ginseng,
epidermal thickness increased and wrinkle formation was inhibi-
ted; moreover, there was a decrease in the immunohistochemical
density of myeloperoxidase, which is related to inflammation in
photoaged skin. Capella and Dietler [15] investigated the effects of
ginseng intake on facial skin in women and showed that several
parameters improved dose dependently by ginseng intake,
including the sebum and moisture content and melanin and ery-
thema indexes.

In this study, we investigated the effects of red ginseng on
cellular stiffness and biomarkers of aging by treating human
dermal fibroblasts (HDFs) with various red ginseng concentrations
and treatment durations. Then, changes in elasticity were analyzed,
fibroblast stiffness was measured using AFM, and the mRNA
expression levels of procollagen, elastin, and fibrillin-1 were
determined. The effects of red ginseng on collagen protein syn-
thesis were investigated in cells and a human skin equivalent, and
changes in the red ginseng—induced viscoelasticity of the skin
equivalent were also determined.

2. Materials and methods
2.1. Preparation of red ginseng

Korean Red Ginseng (KRG) was derived from 6-year-old Panax
ginseng Meyer roots. KRG was extracted in distilled water at 86 °C
for 12 h. The extracts were collected and evaporated in a rotary
evaporator (Biichi, St. Gallen, Switzerland) at 45 °C to remove the
solvent. The KRG water extract was diluted 5-fold with distilled
water and freeze-dried to obtain a dry powder.

2.2. Analyses of KRG components by ultraperformance liquid
chromatography

The ginsenoside content of KRG was analyzed via ultra-
performance liquid chromatography (UPLC). Deionized water (25
mL) was added to 1 g of ginseng powder in a beaker, and the diluted
ginseng was left at room temperature for 1 h. Next, methanol was
added to a total volume of 50 mL, and this was extracted for 30 min
at 60 Hz in an ultrasonic cleaner (Wiseclean, Seoul, South Korea).
The solution was filtered (0.2-pm filter; Acrodisk, Port Washington,
NY, USA) and injected into the UPLC system. UPLC analyses were
performed using water (Waters Corporation, Milford, MA, USA), a
sample manager module, and a column heater. Data were collected
and processed using Empower chromatography software (Waters
Corporation). A UPLC BEH C18 column (2.1 mm x 50 mm; 1.7-pm
particles) (Waters Corporation, Seoul, Korea) was used for separa-
tion. The column temperature was 40 °C, the flow rate was 0.6 mL/
min, and the injection volume was 2 pL. The mobile phase consisted
of deionized water (A) and acetonitrile (B). The UPLC gradient
conditions were as follows: 0.5—14.5 min (15—30% B), 14.5—15.5
min (15—30% B), 15.5—16.5 min (32—40% B), 16.5—17.5 min (40—30%
B), 17.0—21.0 min (55—30% B), 21—25 min (90—15% B), and 25—27
min (15% B). The detection wavelength was set at 203 nm. The total
ginsenoside content of KRG was measured using UPLC and a
standard ginsenoside sample.

2.3. Cell culture and viability

HDFs were purchased from the Korean Cell Line Bank (Seoul,
South Korea). The fibroblasts were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 2 mM
glutamine, and 1% penicillin—streptomycin—amphotericin B
(10,000 U/mL, 10 g/mL, and 25 mg/mL, respectively; Gibco, Wal-
tham, MA, USA) at 37 °C in a humidified incubator containing 5%
CO,. Cell viability was analyzed as a function of ginseng concen-
tration and treatment time using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (Sigma-Aldrich, St. Louis, MO,
USA) assay. The cells were plated into wells at a density of 2 x 10
cells/well. KRG was added to the wells at various concentrations (0,
0.2, 0.4, 0.8, 1.0, and 2.0 mg/mL) and incubated for increasing du-
rations (0, 6, 12, and 24 h). After incubation, EZ-Cytox solution
(DoGen Bio, Seoul, Kores) was added to each well at 10 uL/well, and
the plates were incubated at 37 °C for 1 h. The absorbance was
measured at 450 nm using a Multiskan EX ELISA microplate reader
(Thermo Fisher Scientific, Rockford, IL, USA).

2.4. Human skin equivalent

The Neoderm®-D human skin equivalent was purchased from
TEGO Science (Seoul, South Korea). Neoderm®-D is a three-
dimensional skin culture model that can be used instead of exper-
imental animals. The HDFs were cultured in a collagen matrix for 1
day, and keratinocytes were used to seed the matrix. The HDFs and
keratinocytes were cocultured in the collagen matrix for 4 days.
Next, the collagen matrix embedded with the HDFs and keratino-
cytes was exposed to air. The human skin equivalent was treated
with 0.8 mg/mL KRG for increasing durations (0, 6, 12, and 24 h).

2.5. G-actin and F-actin protein levels

The G-actin and F-actin protein levels were measured using the
G-/F-actin Biochem in vivo assay kit (Cytoskeleton, Inc., Denver, CO,
USA). After ultracentrifugation of 100 pL of cell lysates at
100,000 x g and 37 °C for 1 h using a 90 Ti rotor (Beckman In-
struments, Palo Alto, CA, USA), supernatants containing G-actin
were transferred to fresh tubes, and the pellets containing F-actin
were resuspended in 100 pL of F-actin depolymerization buffer. For
sodium dodecyl sulfate—polyacrylamide gel electrophoresis, 8 pL
each of the pellet and supernatant samples were loaded onto 12%
polyacrylamide gels. After separation, the protein samples were
transferred to polyvinylidene difluoride membranes (Amersham
Biosciences, Piscataway, NJ, USA), which were then blocked with 5%
nonfat dry milk at room temperature for 1 h. The membranes were
incubated with an anti—actin primary antibody (1:500 dilution),
washed, and incubated for 1 h with a horseradish peroxidase—
conjugated secondary antibody (Cell Signaling Technology, Bev-
erly, MA, USA), diluted 1:2500 in Tris-buffered saline with Tween
20. After a second wash with Tris-buffered saline with Tween 20,
the target protein bands were visualized using an enhanced
chemiluminescence kit (Thermo Fisher Scientific, MA, USA) and
imaged using a Davinch-Chemi Chemiluminescence Imaging Sys-
tem (Davinch-K Co., Seoul, South Korea). To quantify the protein
levels, the band densities were measured using Image] software
(NIH Image, MA, USA).

2.6. RNA isolation and real-time polymerase chain reaction

The cells were plated at a density of 3 x 10° cells/well and
incubated for 24 h at 5% CO,. The cells were treated with different
concentrations of KRG, and total RNA was isolated from the treated
cells using the TRIzol reagent (Thermo Fisher Scientific). First-
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Table 1

Content of ginsenosides in red ginseng.
Ginsenosides Rb1 Rb2 Rc Rd Rg3s Rg3r Re Rf Rgl Rg2s Rh1
Content (mg/g) 34.93 13.17 13.67 403 3.53 1.93 9.47 433 9.27 3.77 2.57

strand cDNA was synthesized using a reverse transcription system
containing 1 mM dNTPs, 1 ug of RNA, 1 x reaction buffer, and 5 pM
random primers (Promega, Madison, WI, USA). The primer se-
quences were as follows: procollagen type 1 forward, 5'-
CTCGAGGTGGACACCACCCT-3"; procollagen type 1 reverse, 5'-
CAGCTGGATGGCCACATCGG-3' (372 bp); procollagen type VII for-
ward, 5-GCGAGAGGGGCTTCCCTGGA-3’; procollagen type VII
reverse, 5'-CAATGCCACCTTCACCTGGT-3' (369 bp); elastin forward,
5'-GTTGGTGTCGGCGTCCCTGG-3'; elastin reverse, 5-AGCGGCTG-
CAGCTGGAGGTA-3' (354 bp); fibrillin 1 forward, 5-CTTGAAGG-
GAGAAGGCTGG-3; fibrillin 1 reverse, 5'-
AGGGACACTCGCAGCGATA-3' (206 bp); B-actin forward, 5'-GCGA-
GAAGATGACCCAGATC-3'; B-actin reverse, 5'-GGATAGCA-
CAGCCTGGATAG-3' (77 bp). Real-time polymerase chain reaction
(PCR) was performed using the StepOnePlus real-time PCR system
(Applied Biosystems, Foster City, CA, USA) with 1 uL of cDNA in a
20-puL reaction mixture containing 10 pL of the Power SYBR Green
PCR Master Mix, 1 pL of each primer, and 7 pL of PCR-grade water
(Thermo Fisher Scientific, Rockford, IL, USA). The reaction condi-
tions were 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s
and 60 °C for 1 min. The crossing points for the target genes were
calculated, and the relative amounts were quantified.

2.7. Hematoxylin and eosin staining

The human skin equivalent treated with KRG was stained using
hematoxylin and eosin (H&E) following standard procedures. The
tissue was deparaffinized, rehydrated using ethanol, stained for 3
min using a hematoxylin solution (Sigma-Aldrich), and rinsed for
30 s using tap water. Next, the tissue was stained for 3 min using an
eosin B solution (Sigma-Aldrich) and mounted by dehydration. The
stained images were edited using an iScan HT digital pathology
image scanner (Ventana Medical Systems, Tucson, AZ, USA).

2.8. Scanning electron microscopy

A paraffin block prepared for tissue staining was sliced into 5-
um thick sections and attached to a slide. Xylene and ethanol were
each dripped onto the slide for 3 min to remove the paraffin. After
removing all the paraffin, the slide was rinsed for 30 s using tap
water. A platinum coating was applied around the tissue, according
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to the standard procedure for preparing biomaterial for electron
microscopy. The nanostructure of the collagen fibers was visualized
using scanning electron microscopy (SEM; Hitachi S-4700, Tokyo,

Japan).

2.9. Atomic force microscopy

Nanoscale images of fibroblasts and collagen were obtained by
AFM using a NANOStation II (Surface Imaging Systems, Herzo-
genrath, Germany). The force—distance (FD) curve was measured in
contact mode. The contact probe consisted of a reflex-coated gold
cantilever and tip (BudgetSensors, Sofia, Bulgaria). The specifica-
tions of the probe used in this study were as follows: cantilever
dimensions, 450 x 50 x 2 pm° (length x width x thickness); force
constant, 0.2 N/m; resonance frequency, 13 kHz; tip height, 17 um;
tip radius, <10 nm; and half cone angles at the tip, 20—25° along
the cantilever axis, 25—30° from the side, and 10° at the apex. The
probe loading rate and traveling distance were fixed at 1 um/s and
2.3 um, respectively.

2.10. Rheological measurements

Rheological properties of the human skin equivalent were
measured using a discovery HR-2 rheometer (TA Instruments,
Newcastle, PA, USA). Viscoelastic storage modulus (G’) and loss
modulus (G”) were measured by strain sweeps. Samples were
loaded onto the stage, and the spacing between the stage and the
probe disk was constantly adjusted for all measurements. The
strain swept from 0.01% to 1000.0% at an angular frequency of 10.0
rad/s. All experiments were carried out at a constant temperature
of 23 °C.

2.11. Statistical analyses

All data were expressed as means + standard deviations. Sta-
tistical analyses were performed using the two-tailed Student ¢ test
(version 13; SPSS, Chicago, IL, USA). A p-value <0.05 was considered
significant.
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Fig. 1. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was used to evaluate the cytotoxicity of (A) various concentrations of red ginseng and (B)

different treatment durations.
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3. Results

3.1. Fibroblast viability as a function of KRG concentration and
treatment time

Ginsenosides are the major pharmacological components of
KRG. The KRG ginsenoside content was analyzed using UPLC and is
summarized in Table 1. Changes in fibroblast viability induced by
ginseng were evaluated using an 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide cell proliferation assay (Fig. 1A). Cell
viability was assessed in triplicate for various ginseng concentra-
tions and treatment durations, and the results were similar for each
experiment. Compared with the controls, fibroblasts treated with
ginseng had lower survival rates with all treatments. However,
survival rates were not significantly different at concentrations up
to 1.0 mg/mL, showing values > 85% of those of controls. When the
ginseng concentration was increased to 2.0 mg/mL, the fibroblast
survival rate decreased to 70%, suggesting an increase in toxicity.
Changes in cell viability induced by ginseng were also examined by
varying treatment duration (0, 8, 16, and 24 h) with 0.8 mg/mL
ginseng (Fig. 1B). Cell viability was slightly decreased with
increasing treatment duration; however, this change was not
significant.

3.2. Effect of KRG on cellular stiffness

Nanoscale fibroblast images were generated using AFM. A three-
dimensional AFM image of a fibroblast is shown in Fig. 2A. The
nucleus region is the thickest, and the cell becomes progressively
thinner toward the outer edge. Elasticity was measured around the
nucleus because this region contains most of the F-actin proteins,
which is associated with cell stiffness. Because the stiffness of the
basal surface (i.e., the culture dish) may be reflected in the FD curve
if the cell membrane is too thin, the FD curve was measured in a
peripheral region with a height of at least 1,000 nm, as indicated by
the white arrows (Fig. 2A). Fig. 2B shows a typical FD curve, with
the load force plotted as a function of the indentation depth. The
curve with black rectangles corresponds to the approaching

process, and the curve with red rectangles corresponds to the
retracting process. Young’s modulus for the fibroblasts was deter-
mined from the approaching curve based on the Sneddon model
(Fig. 2C) [15]. A large Young’'s modulus corresponds to a stiff cell,
whereas a small Young’s modulus corresponds to a softer cell.
Fig. 2D shows the distribution of Young’s modulus as a function of
ginseng concentration. There was a large variation in cellular
stiffness, as indicated by the broad within-group distribution. At
low ginseng concentrations (<0.4 mg/mL), there was no significant
change in cellular stiffness (Fig. 2E). However, at high concentra-
tions (>0.8 mg/mL), cellular stiffness decreased significantly.
Cellular stiffness was reduced by 28% at 0.8 mg/mL and by 50% at
2.0 mg/mL KRG compared with the controls. This reduced stiffness
indicates that the cells were more susceptible to deformation by
external forces. Because the stiffness of the fibroblasts showed a
significant change at 0.8 mg/mL, this concentration was used to
investigate the effects of varying the duration of treatment. Fig. 2F
shows cellular stiffness as a function of treatment duration at 0.8
mg/mL KRG. Cellular stiffness decreased only after 6 and 12 h of
treatment and then recovered with further 18 and 24 h of treat-
ments. However, the stiffness remained lower than in control cells.

3.3. KRG-induced changes in F-actin content

Actin is an abundant structural protein found in all eukaryotic
cells and is associated with cellular stiffness. The monomeric form,
known as G-actin, is the basic unit of actin filaments, known as F-
actin, that are generated by the polymerization of G-actin mono-
mers. We investigated the effects of KRG on the transition from G-
actin to F-actin. Changes in the expression of G-actin and F-actin as
a function of ginseng concentration are shown in Fig. 3A. The
expression of both G-actin and F-actin decreased with increasing
ginseng concentrations. The ratio of F-actin to G-actin in the control
cells was 1.5 £ 0.5. This decreased to < 1.0 at high ginseng con-
centrations (1.0 and 2.0 mg/mL) owing to a rapid reduction in F-
actin content (Fig. 3B). The ratio of F-actin to G-actin also decreased
with increasing treatment duration (Fig. 3C). When the cells were
treated with 0.8 mg/mL KRG, the ratio of F-actin to G-actin
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Fig. 2. (A) Representative topographical atomic force microscopy (AFM) image of a fibroblast. (B) The force—distance curve plotted as a function of load force and indentation depth
and (C) the approach curve fitted to the Sneddon model. (D) Distribution of Young’s modulus values for control fibroblasts. (E) Changes in Young’s modulus for fibroblasts as a

function of the red ginseng concentration and (F) treatment duration at 0.8 mg/mL.



742 J Ginseng Res 2020;44:738—746

A 0 02 04 08 10 20 mg/ml
G-actin| T — " —— |
F-actin | — D D W — I

B aos—r—rrr

20f .
£15¢ * * *
o
CIB *

o 10} -
w
05F ‘ .
00 1 1 1 1 1 1 1 1 1 1 1
0 02 04 08 10 20

Concentration (mg/mL)

C 0 6 12 18 24 h
G'aC'(inl e o — T |
F-actin | — = c—— |

D s— . . . .

4l |
£
B 3r 1
o
O]
T 2f % 1
% *
1z
o 1 1 1 Al 1
0 6 12 18 24

Treatment time (h)

Fig. 3. (A) G-actin and F-actin protein expression according to red ginseng concentration. (B) Changes in the F-actin:G-actin ratio according to red ginseng concentration. (C) G-actin
and F-actin protein expression according to treatment duration at 0.8 mg/mL red ginseng. (D) Changes in the F-actin:G-actin ratio according to treatment duration at 0.8 mg/mL red

ginseng. *p < 0.05 and **p < 0.01 compared with the control.

decreased significantly after 6 h of treatment. This ratio had
decreased to half the control value 6 h after the onset of treatment
and continued decreasing thereafter (Fig. 3D). We measured the F-
actin content twice at 0.8 mg/mL KRG and after 24 h of treatment.
Compared with the control value, the F-actin content decreased
0.78-fold at the first measurement (Fig. 3A) and 0.2-fold at the
second measurement (Fig. 3B). Each measurement was recorded
three times, with similar results. The large difference between
these two measurements may have been due to a lack of homo-
geneity among the cells or differences in the experimental
conditions.

3.4. Effects of KRG on the expression of aging-related biomarker
genes

The mRNA expression of aging-related biomarkers, including
that of procollagen types I and VII, elastin, and fibrillin-1, was
investigated at various ginseng concentrations. Compared with the
controls, the expression of procollagen type I increased with 0.8
and 2.0 mg/mL KRG treatment; however, the mRNA expression
level was unchanged with the other treatment concentrations
(Fig. 4A). The expression of procollagen type VII was increased in
response to KRG treatment, reaching significance at 2.0 mg/mL,
where it was 8.8-fold higher than the control (Fig. 4B). The elastin
expression level was decreased at 0.4 mg/mL KRG, and this
decreased elastin level was maintained with 2.0 mg/mL KRG
treatment (Fig. 4C). The mRNA expression of fibrillin-1 was
increased by KRG concentrations higher than 0.8 mg/mL, reaching
significance at 0.8 and 2.0 mg/mL (Fig. 4D). Overall, KRG treatment
increased the procollagen type VII and fibrillin-1 expression level in
fibroblasts, whereas that of elastin was decreased. In cells treated
with 0.8 mg/mL KRG, mRNA expression levels of procollagen types
and VII were unchanged by short-term treatment (<12 h), but
increased after 18 h of treatment (Fig. 4E and F). The mRNA
expression levels of elastin and fibrillin-1 showed a similar pattern
in response to treatment duration, gradually increasing to 18 h of
treatment, but then stopped increasing or decreased slightly after
24 h (Fig. 4G and H).

3.5. Effects of KRG on collagen protein synthesis in fibroblasts and
the skin equivalent

Living cells use mRNA to create their functioning protein mol-
ecules. During protein synthesis, mRNA transfers the information

encoded in the DNA to the cytoplasm [16]. Therefore, we investi-
gated whether changes in procollagen mRNA expression induced
by KRG affect protein synthesis at the cell level and in the human
skin equivalent by treating both fibroblasts and the human skin
equivalent with varying KRG concentrations and treatment
durations and then analyzing the expression levels of collagen
proteins by Western blotting.

Overall, collagen type I protein synthesis was inhibited by KRG
treatment. Although the expression of collagen type I protein
increased at 0.2 mg/mL compared with the controls, the expression
level decreased with increasing treatment concentrations (Fig. 5A,
C). With a fixed KRG concentration of 0.8 mg/mL, the synthesis of
collagen type I protein decreased in all the groups, regardless of
treatment duration, and the decreasing rate showed no correlation
with treatment duration (Fig. 5B and C). The expression of collagen
type VII protein was increased with all KRG treatments, except at
the 0.8 mg/mL concentration (Fig. 5D, F). This increase was signif-
icant at low concentrations (0.2 and 0.4 mg/mL). Compared with
the control, collagen protein type VII synthesis was decreased after
6 h of treatment at 0.8 mg/mL; however, no additional significant
changes were observed with increased treatment duration (Fig. 5E
and F).

The tendency of collagen protein expression in the human skin
equivalent was similar to that in fibroblasts. The expression of
collagen type I protein was decreased at KRG treatment concen-
trations of up to 1.0 mg/mL (Fig. 5G, I), but increased slightly at 2.0
mg/mL. At 0.8 mg/mL KRG, collagen type I protein synthesis
increased after 6 h of treatment, but decreased with longer treat-
ment durations (Fig. 5H and I). Collagen type VII protein synthesis
was increased by KRG treatment, and the increase was significant at
concentrations of 0.2, 0.4, and 2.0 mg/mL (Fig. 5], L). The effects of
treatment duration were not significant for collagen type VII pro-
tein synthesis (Fig. 6K and L). This result indicates that the effect of
KRG on collagen protein synthesis is transmitted to the skin
equivalent.

3.6. Collagen fiber in the skin equivalent

To analyze changes in collagen fibers induced by KRG, the hu-
man skin equivalent was treated with varying KRG concentrations
and treatment times and then analyzed by H&E staining. Increasing
treatment duration resulted in a slight and insignificant change in
collagen fiber staining (red staining), and we analyzed this change
using Image] software (Fig. 6A). A darker red color indicates more
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collagen or thicker collagen fibers. However, owing to the limited
resolution, H&E staining did not show a change in collagen fiber
thickness, suggesting that the color change may reflect a change in
collagen density. The collagen density did not change with
increasing KRG concentrations (Fig. 6B). Although the collagen
density was decreased in the skin equivalent treated with 0.8 mg/
mL KRG for 6 and 12 h (Fig. 6C), collagen density returned to the
level observed in the control after 24 h of treatment.

To analyze changes in the structure, the collagen fibers were
visualized using SEM and AFM (Fig. 6D and E). Collagen was visible
as long fibers that formed partial bundles. The collagen fiber indi-
cated by the arrow was selected, and its thickness was measured by
SEM (Fig. 6D). No changes in thickness were recorded with KRG
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treatment concentration of up to 0.8 mg/mL, but marginal increases
were observed at 1.0 and 2.0 mg/mL (Fig. 6F). When the skin
equivalent was treated with 0.8 mg/mL KRG, the collagen fiber
thickness increased with increasing treatment duration. At O h, the
collagen fiber was 44.5-nm thick, which increased to 55, 59.5, and
60 nm at 6, 12, and 24 h, respectively. The three-dimensional
collagen fiber structure was confirmed in the human skin equiva-
lent image generated using AFM (Fig. 6E), where the nanostructure
and organization of the collagen fiber are clearly visible. The
collagen shows periodic banding at intervals of approximately 67
nm, known as D-banding. The changes in the thickness of the
collagen fiber according to the duration of KRG treatment were also
confirmed via the AFM images.
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3.7. Changes in viscoelasticity of the skin equivalent

To investigate the effects of KRG on the viscoelastic properties of
the skin equivalent, the strain modulus was determined by dy-
namic strain sweep. The skin equivalent was treated with varying
KRG concentrations and treatment durations at 0.8 mg/mL KRG,
and the effects of concentration and treatment duration on the
viscoelastic properties were analyzed separately. When the strain
amplitude value was less than 1%, the G’ and G” curves of the KRG-
treated skin equivalent were independent of strain and exhibited
linear viscoelastic behavior (Fig. 7A and B). With an increase in
strain amplitude, the G’ and G” curves of all the skin equivalents
decreased gradually, and the samples exhibited nonlinear behavior.
In all samples, G’ was higher than G” in the linear viscoelastic re-
gion, indicating a solid- or gel-like elastic behavior for all KRG-
treated skin equivalents. Compared with the control, skin equiva-
lents treated with 0.2—1.0 mg/mL KRG had lower G’ and G” within
the linear viscoelastic region. The skin equivalent treated with 2.0
mg/mL KRG had the highest G’ and G” in the region, indicating that
deformation resistance of the skin equivalent was reduced at KRG
concentrations of up to 1.0 mg/mL. The enhanced deformation
resistance with 2.0 mg/mL KRG treatment may be related to
increased expression of collagen type I and VII proteins, although
no clear changes in collagen fiber density were observed with mi-
croscopy analyses. The viscoelastic behavior of the skin equivalent
did not change with treatment duration (Fig. 7C and D). The G’ and
G” curves were both lower with increasing treatment duration;
however, the reduction was not significant.

4. Discussion

The structure, morphology, and mechanical properties of hu-
man skin change constantly with age. The outer epidermis becomes
thinner, the number of wrinkles increases, and the skin loses its
strength and elasticity owing to reduced production of collagen and
elastin, as well as decreases in the density of the extracellular
matrix [17,18]. Skin elasticity has been evaluated using several
noninvasive methods based on different principles. Magnetic

resonance and ultrasound elastography are used to measure elastic
properties using shear wave dispersion inside the skin [19—-21],
while acoustic shockwave emission and suction applied to the skin
are often used to evaluate skin elasticity [22,23]. However, these
in vivo methods offer limited resolution for detecting small lesions
and may be significantly affected by external factors, including the
body mass index and degree of hydration [24]. Individual fibro-
blasts within the skin also exhibit significant changes in stiffness
with age. Schulze et al. [25] examined the viscoelasticity of fibro-
blasts isolated from 14 human donors aged 27—80 years and re-
ported that fibroblasts from older donors were more rigid than
those from younger donors. In addition, Young’s modulus for fi-
broblasts has been shown to increase with cell age [26]. Fibroblasts
isolated from a 30-year-old donor exhibited the lowest Young's
modulus value (12.68 kPa), whereas the largest Young’s modulus
value (16.59 kPa) was found in cells from a donor older than 60
years. The increased stiffness of older fibroblasts is associated with
changes in actin polymerization. The elastic properties of fibro-
blasts are regulated by the cytoskeleton, which provides the cell
with rigidity, shape, and integrity. The cytoskeleton consists of
microtubules, actin filaments, and intermediate filaments, and
these components have different functional and mechanical
properties [27]. Enhanced actin polymerization can modulate the
stiffness of cells, whereas dense, highly cross-linked F-actin net-
works increase cellular stiffness, resulting in cells that are less
susceptible to deformation [28]. Actin polymerization is regulated
by numerous actin-binding proteins and different signaling path-
ways [29], and G-actin concentration, ATP binding, and actin hy-
drolysis can all promote actin polymerization [30]. Aging results in
changes to the cytoskeleton, leading to an increase in the poly-
merized F-actin:monomeric G-actin ratio. Compared with fibro-
blasts isolated from donors aged 20—27 years, the quantity of F-
actin isolated from cells of donors aged 61—72 years increased by
31% [25]. To counteract aging, actin polymerization in cells can be
inhibited by ginseng. The F-actin content of RAW 264.7 cells was
decreased by treatment with the ginsenoside Rg3, a saponin
extracted from ginseng [31]. Moreover, the F-actin:G-actin ratio
was decreased in leptin-treated cardiomyocytes compared with the
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controls, indicating an increase in the quantity of F-actin [32]. In
this study, we found that KRG induces changes in actin polymeri-
zation and cellular stiffness in fibroblasts. The F-actin level in fi-
broblasts decreased in response to KRG treatment, as shown in
Fig. 3. Actin polymerization decreased significantly with increasing
ginseng concentrations. This reduction in F-actin was reflected in
the stiffness of the fibroblasts, as shown in Fig. 2E. As the quantity of
F-actin decreased, the stiffness of the fibroblasts also decreased,
resulting in cells that were more susceptible to deformation. These
results suggest that cellular elasticity can be improved by KRG
treatment and that this improvement can be quantitatively
analyzed using AFM.

Collagen is the most abundant protein in human skin, main-
taining its structure, smoothness, and elasticity [33]. The levels of
collagen naturally decrease in aging skin [34]. There are 28 types of
collagen, which can be subdivided into several groups based on the
structure and supramolecular organization [34]. The collagen
groups include fibril-forming, fibril-associated, network-forming,
anchoring fibril, transmembrane, and basement membrane colla-
gens. The fibril-forming collagen group is the most abundant, ac-
counting for > 90% of total collagen, and includes collagen types I,
II, III, V, and XI. Collagen type VII belongs to the anchoring fibril
group. The density, orientation, and thickness of collagen can all
affect the elastic properties of skin. Procollagen is secreted by fi-
broblasts, and collagen is synthesized from procollagen by a com-
plex sequence of intracellular and extracellular events. Many
regulatory factors are involved in collagen synthesis, including
ascorbic acid, glucocorticoids, amino-terminal propeptide, and
membrane receptor systems [35]. We observed that the mRNA
expression level of procollagen increased in response to KRG
treatment, and the increase was significant for collagen type VIL
Collagen synthesis showed a similar KRG dependency in both the
cells and skin equivalent. Overall, the synthesis of collagen type I
protein was inhibited by KRG treatment in both the cells and skin
equivalent, except specifically for 0.2 mg/mL KRG in cells and 2.0
mg/mL in the skin equivalent. In contrast, the expression of
collagen type VII increased with KRG treatment in both the cells
and skin equivalent.

Changes in F-actin and collagen in the skin due to aging lead
to changes in skin elasticity. According to Yoko et al. [36], skin
deformation by suction using a Cutometer was less for elderly
people than for young people, and the difference was more than
two-fold. This result indicates that the elastic modulus of skin
increases with aging. In this work, we demonstrated that the
strain modulus of the skin equivalent decreased with KRG
treatment, indicating that ginseng can restore skin elasticity.
Although our results may not be quantitatively reproducible in
human skin owing to the limitations of the skin equivalent
model, the restoration of viscoelasticity by KRG treatment was
clear. Therefore, we concluded that KRG can restore elasticity in
human skin.

5. Conclusions

We investigated the effect of KRG on the elasticity of human
skin. The stiffness of fibroblasts decreased in a concentration- and
treatment duration—dependent manner in response to KRG treat-
ment, and this decrease correlated with a decrease in F-actin con-
tent. Moreover, the viscoelasticity of the skin equivalent was
rescued by KRG treatment, which was likely related to changes in
both collagen protein synthesis and cellular stiffness.
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