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a b s t r a c t

Background: The replicative senescence of human dermal fibroblasts (HDFs) is accompanied by growth
arrest. In our previous study, the treatment of senescent HDFs with Rg3(S) lowered the intrinsic reactive
oxygen species (ROS) levels and reversed cellular senescence by inducing peroxiredoxin-3, an antioxi-
dant enzyme. However, the signaling pathways involved in Rg3(S)-induced senescence reversal in HDFs
and the relatedness of the stereoisomer Rg3(R) in corresponding signaling pathways are not known yet.
Methods: We performed senescence-associated b-galactosidase and cell cycle assays in Rg3(S)-treated
senescent HDFs. The levels of ROS, adenosine triphosphate (ATP), and cyclic adenosine monophosphate
(cAMP) as well as the mitochondrial DNA copy number, nicotinamide adenine dinucleotide (NAD)þ/1,4-
dihydronicotinamide adenine dinucleotide (NADH) ratio, and NAD-dependent sirtuins expression were
measured and compared among young, old, and Rg3(S)-pretreated old HDFs. Major signaling pathways
of phosphatidylinositol 3-kinase/Akt, 5' adenosine monophosphate-activated protein kinase (AMPK), and
sirtuin 1/3, including cell cycle regulatory proteins, were examined by immunoblot analysis.
Results: Ginsenoside Rg3(S) reversed the replicative senescence of HDFs by restoring the ATP level and
NADþ/NADH ratio in downregulated senescent HDFs. Rg3(S) recovered directly the cellular levels of ROS
and the NADþ/NADH ratio in young HDFs inactivated by rotenone. Rg3(S) mainly downregulated
phosphatidylinositol 3-kinase/Akt through the inhibition of mTOR by cell cycle regulators like p53/p21 in
senescent HDFs, whereas Rg3(R) did not alter the corresponding signaling pathways. Rg3(S)-activated
sirtuin 3/PGC1a to stimulate mitochondrial biogenesis.
Conclusion: Cellular molecular analysis suggests that Rg3(S) specifically reverses the replicative senes-
cence of HDFs by modulating Akt-mTOR-sirtuin signaling to promote the biogenesis of mitochondria.
� 2019 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

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

1. Introduction

Cellular senescence has been known as an irreversible process
of cell-cycle arrest, which demonstrates the cessation of cellular
division, accompanied by altered cellular morphology, senescence-
associated heterochromatin foci, and tumor-suppressor activation

[1]. In general, somatic cells such as fibroblasts, melanocytes, and
endothelial cells experience the process of definite division termed
the “Hayflick limit” as a characteristic of replicative senescence [2].
The main cause of induction of replicative senescence was
considered oxidative stressors such as reactive oxygen species
(ROS), in which intracellular antioxidant systems can prevent
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cellular damage from ROS attack [3]. Thus, the balance between the
external ROS level and the internal scavenging system is critical to
determine whether replicative senescence acts as accelerating or
mitigating the aging progress further. For the attenuation of ROS-
mediated aging processes in skin and brain, there are many at-
tempts of dietary polyphenols or flavonoids to improve health by
enhancing cellular redox capability [4,5]. Likewise, ginseng sapo-
nins of Panax ginseng Meyer decrease intracellular ROS levels to
alleviate oxidative stress, resulting in protection from cellular
damage [6,7].

Ginsenoside Rg3, enriched from steamed or heated ginseng
roots, exerts multiple pharmacological effects through anti-
angiogenic, antitumor, and antidiabetic activities [8]. Rg3 displays
two stereoisomeric forms: Rg3(S) and Rg3(R) based on a chiral
center at position C-20. Although the working mechanism of ste-
reoisomeric Rg3 remains clarified, it has been suggested that the
stereoisomeric structures of the protopanaxadiol backbone
attached to hydroxyl groups on C-20 of Rg3 exert different binding
affinities to peroxisome proliferator-activated receptor gamma [9].
Ginsenoside Rg3(S) has stronger antidiabetic activity, whereas
Rg3(R) has more powerful antioxidant activity to promote the im-
mune response in vascular smooth muscle cells [10,11]. However,
the stereoisomer Rg3(S) decreases the UV-Beinduced ROS levels in
human dermal fibroblasts (HDFs), but Rg3(R) does not exert scav-
enging activity [12]. Thus, it is notable that the stereospecificity of
Rg3 demonstrates antioxidant activity in specific cell types.

The production of intracellular free radicals linked to mito-
chondrial ROS generation concerns the deteriorated mitochondrial
dysfunction and biogenesis, leading to global cellular damage.
Mitochondrial dysfunction caused by free radical production di-
rects the perturbation of intracellular signaling or intercellular
crosstalk [13]. Thus, the reduced mitochondrial biogenesis may
result from the cell cycle regulator p53-mediated suppression of
transcriptional coactivator peroxisome proliferator activated re-
ceptor gamma coactivator 1 alpha (PGC1a) [14]. Mitochondrial
biogenesis induction by PGC1a may be regulated by Sirt1 and
mitochondrial-type Sirt3 [15]. Sirt3 is known to be a major mito-
chondrial regulatory enzyme, which controls the production rate of
ROS [16]. In addition, sirtuins control the organic processes via
activation of the upstream phosphatidylinositol 3-kinase (PI3K)-
Akt signaling pathway during the aging process, accompanied by
oxidative stress [17]. Recently, it was reported that antibiotic-
induced mitochondrial dysfunction is involved in the suppression
of the 5' adenosine monophosphate-activated protein kinase
(AMPK)/mTOR/p70S6K pathway and autophagy in fibroblasts [18].
Thus, the cellular senescence induced by ROS is possibly linked to
aging-related signaling pathways in HDFs.

In our previous study, the ginsenoside Rg3(S) increased the
expression of the antioxidant enzyme peroxiredoxin 3 in senescent
HDF cells by proteomic analysis [19]. However, the mechanism of
Rg3(S) action in signaling pathways remains to be elucidated. In the
present study, the changes in senescent HDFs during the treatment
with Rg3(S) or Rg3(R) were monitored with the signaling pathways
of the Akt-mTOR-sirtuin axis by immunoblot analysis. Together
with senescence-associated b-galactosidase (SA-b-gal) activity and
flow cytometric cell cycle analysis, biochemical properties such as
ROS, adenosine triphosphate (ATP), cyclic adenosine mono-
phosphate (cAMP), nicotinamide adenine dinucleotide (NAD)þ/1,4-
dihydronicotinamide adenine dinucleotide (NADH) ratio, and
mitochondrial copy number will be examined in Rg3(S)-pretreated
senescent HDFs. These cellular molecular analyses will be helpful in
understanding the mechanism of which Rg3(S) reverses replicative
senescence due to aging.

2. Materials and methods

2.1. Reagents and chemicals

Dulbecco's Modified Eagles Medium (DMEM) was purchased
from Sigma Chemical (St. Louis, MO). Chemicals such as fetal bovine
serum, penicillin-streptomycin, and phosphate-buffered saline
(PBS) were obtained from Gibco (Paisley, Scotland). Stereoisomers
ginsenoside 20(S) and 20(R)-Rg3 (purity >98%) were purchased
from the Ambo Institute (Daejeon, Korea). Cell Counting Kit-8 and
Senescence Cells Histochemical Staining kit were supplied by
Dojindo (Dojindo, Japan) and Sigma Chemical, respectively. Cell
culture dishes were purchased from NUNC (Roskilde, Denmark).
The whole cell lysis buffer used was PRO-PREP protein extraction
solution (iNtRON Biotechnology, Korea).

2.2. Cell culture and treatment

HDFs were obtained from Seoul National University (SNU) and
cultured in DMEM-supplemented with 10% (v/v) fetal bovine
serum and 1% (w/v) penicillin-streptomycin at 37�C in a 5% (v/v)
CO2 humidified atmosphere. HDFs were maintained until different
passages: passage #8-12 (young cells) and passage #34-36 (se-
nescent cells). Senescent HDFs were starved with serum-free
DMEM overnight and then incubated in DMEM containing 10 or
30 mM Rg3(S) or (R) for 48 h.

2.3. Senescence-associated b-galactosidase assay

Expression of SA-b-gal was detected by Senescence Cells His-
tochemical Staining kit (Sigma) according to the previous study
[20]. Briefly, cells were seeded at a density of 2.5 � 104 cells/well in
12-well plates. Rg3(S)-treated senescent HDFs were first fixed for
6e7 min at room temperature in fixation buffer. Cells were then
washed with PBS and stained with b-gal staining solution for 9 h at
37�C without CO2. Stained cells were viewed under a microscope
at� 100magnification, and at least three independent experiments
were performed. The degree of SA-b-gal positive cells was calcu-
lated as a percentage of the total number of cells from five
randomly chosen fields.

2.4. Cell cycle analysis with flow cytometry

Cell cycle assay was performed to determine the cell cycle stage
with a NucleoCounter NC-3000TM kit (Chemometec, France), ac-
cording to the manufacturer's instruction. Briefly, senescent cells
were incubated with Rg3(S) for 48 h, and cells were harvested by
trypsinization. Cells were washed once with PBS, fixed with 70%
ethyl alcohol for at least 2 h, and centrifuged at 1,400 rpm for 5min.
Cells were then incubated with 40,6-diamidino-2-phenylindole
(DAPI) solution for 5min at 37�C. DAPI-stained cells weremeasured
in NucleoCounter NC-3000TM at 365 nm, and datawere analyzed by
NucleoView NC-3000 software.

2.5. Measurement of reactive oxygen species

Intracellular ROS were detected using the fluorescent probe 5-
(and 6)-carboxy-20,70-dichloro dihydrofluorescein diacetate (DCF-
DA) (Sigma) as described previously [21]. HDFs were seeded in 96-
well plates, and senescent HDFs were treated with Rg3(S) for 48 hr.
Subsequently, cells were incubated with 10 mMDCF-DA in darkness
for 30 min. After cells were washed with PBS, DCF-DA green fluo-
rescence was measured at 490 nm excitation wavelength and at
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535 nm emission wavelength using SpectraMax-M4 (Molecular
Devices, Sunnyvale, CA).

2.6. Measurement of ATP, cAMP, and NADþ/NADH ratio

Detection of cellular ATP levels was performed using ATP
Colorimetric/Fluorometric Assay kit (BioVision, Milpitas, CA) ac-
cording to the manufacturer's instructions. Briefly, 1 � 106 Rg3(S)-
treated senescent HDFs were lysed with ATP assay buffer. The ly-
sates were centrifuged at 13,000 rpm for 2 min at 4�C. After this,
supernatants were collected, and 50 mL samples were transferred to
a 96-well plate. A reaction mixture of 50 mL was added to each well,
and each sample was mixed thoroughly. The plate was incubated in
darkness at room temperature for 30 min, and the absorbance was
measured at 570 nm using TriStar2 LB 942 (Berthold, Bad Wilbad,
Germany). The levels of cAMPwere determined using HTRF� cAMP
dynamic 2 assay kit (Cisbio, Bedford, MA). Senescent HDFs were
stimulated with Rg3(S) for 30 min at 37�C. Subsequently, cells were
incubated with anti-cAMP cryptate and cAMP-d2 in lysis buffer for
1 h at 37�C. The fluorescence signals were measured at 665 nm and
620 nm using TriStar2 LB 942 (Berthold, Bad Wilbad, Germany).
NADþ and NADH levels were measured with NADþ/NADH Quanti-
tation Colorimetric Kit (BioVision, Milpitas, CA) according to the
manufacturer's instructions. Briefly, senescent HDFs were incu-
bated with Rg3(S) for 48 h, and cells were harvested by trypsini-
zation. Pellets of 2 � 105 cells were extracted with 400 mL NADH/
NAD extraction buffer by two freeze/thaw cycles of 20 min on dry
ice and kept for 10 min at room temperature. The extract was
centrifuged at 14,000 rpm for 5 min, and the supernatants were
collected. For the determination of NADH, NADþ was degraded by
heating at 60�C for 30 min. Samples were incubated with Reaction
Mix for 5 min, 10 mL of NADH developer was added, and then were
allowed to cycle for 4 hr. Absorbance was measured every hour at
450 nm. NADþ level was inferred to be the difference between
NADT (total NADH and NADþ) and NADH.

2.7. Measurement of mitochondrial DNA copy number

The mitochondrial DNA (mtDNA) copy number of HDFs was
measured by real-time polymerase chain reaction with Human
Mitochondrial DNA Monitoring Primer Set (Takara, Seoul, Korea).
Total mtDNA from HDFs (young, senescent, and Rg3(S)-pretreated
senescent cells) was extracted with Mitochondrial DNA Isolation
Kit (BioVision, Milpitas, CA), as described previously [22]. Then,
mtDNA was enriched with Agencourt AMPure XP system (Beck-
man Coulter, Brea, CA) and subjected to polymerase chain reaction
quantification using MightyAmp� for Real Time (TB GreenTM
Plus, Takara, Seoul, Korea). The relative quantification of either
senescent HDFs or Rg3(S)-pretreated senescent HDFs divided by
young HDFs was calculated using the formula relative
quantification ¼ 2(�DDCt) and finally expressed as copy numbers of
mtDNA.

2.8. Immunoblot analysis

After pretreatment with stereoisomeric Rg3(S) or (R), cells were
harvested by scrapping, collected by centrifugation at 1,200 rpm for
5 min at 4�C, and washed twice with PBS. The resulting cell pellets
were resuspended with PRO-PREP protein extraction solution
(iNtRON Biotechnology, Sungnam, Korea) and placed on ice for 20
min. The lysates were centrifuged at 13,000 rpm for 20 min at 4�C,
and protein concentration of the supernatants was determined
using a Pierce BCA protein assay kit (Thermo Scientific, Rockford,
IL). Equal amounts of protein from each sample were resolved on
sodium dodecyl sulfate (SDS)-Polyacrylamide gel electrophoresis

(PAGE) gel and transferred onto nitrocellulose membrane (Pall,
Pensacola, FL). Membranes were blocked with 5% (w/v) skimmed
milk or Bovine serum albumin (BSA) in Tris buffered saline (TBS)-
Tween 20 for 1 h at room temperature, then probed with primary
antibodies in blocking buffer overnight at 4�C. In the present study,
the primary antibodies were listed in Supplementary Table 1.
Membranes were washed three times for 10 min with TBS-Tween
20. Membranes were then incubated with HRP-conjugated goat
anti-mouse IgG or HRP-conjugated goat anti-Rabbit IgG in 5%
skimmed milk in TBS-Tween 20 at room temperature for 1 h. After
three washes with TBS-Tween 20, the immunoreactive proteins
were visualized by ECL system (BioFact, Daejeon, Korea), before
protein band detectionwith ImageQuant LAS 4000mini system (GE
Healthcare Life Sciences, Glattbrugg, Switzerland). Protein bands
were quantified by densitometry using Image J software, version
1.42 (National Institutes of Health, Bethesda, MD, USA) and
normalized with b-actin band density as a loading control.

2.9. Statistical analysis

Each experiment was repeated at least three times. Statistical
analysis was performed using a Student t test with Graph-Pad
Prism (GraphPad, San Diego, CA). Data were expressed as
means � standard deviation. Statistical P values of less than 0.05 or
0.01 were considered as significant.

3. Results and discussion

3.1. Rg3(S) reverses the replicative senescence of HDFs

We examined the senescent state of old HDFs at passage #35
and compared the results with those of young HDFs at passage
#10 using SA-b-gal staining. Less than 5% of young HDFs were
positive for b-galactosidase activity, whereas 80% of old HDFs
revealed b-galactosidase-positive cells (Fig. 1A and B). The per-
centage of SA-b-gal-stained cells in old HDFs given by SNU was
double to that in cells purchased from ATCC. However, the per-
centages of cells of SA-b-gal staining in old HDFs pretreated with
Rg3(S) of 10 mMand 30 mM for 48 h were significantly decreased to
48% and 38%, respectively. The partial reversion of senescent HDFs
by Rg3(S) was very similar to our previous observation except for
the different origins of HDFs: the cells used in this study were a
gift from SNU, and the ones used in the previous study were
purchased from ATCC. The stereoisomer Rg3(R) showed little ef-
fect on the reversal of replicative senescence in the same SA-b-gal
staining experiment (data not shown). The phenotypes observed
in the SA-b-gal staining were very well matched with those in our
previous work.

Next, we examined the alterations to the cell cycle by staining
cells with propidium iodide and analyzing cell states using flow
cytometry. Propidium iodideestained old HDFs were compared
with Rg3(S)-pretreated old HDFs as well as young HDFs. Per-
centage gating for each fraction was compared among HDF
groups. The percentages of natural senescence (the number of
cells in sub-G1 fraction) increased from 22% in young HDFs to
36.9% in old HDFs. Contrarily, the percentage of G1 phase cells
decreased from 55.1% in young HDFs to 36.9% in old HDFs. Addi-
tionally, the percentage fractions of S state were kept constant
from 7.7% in young HDFs to 7.8% in old HDFs. These data imply that
the senescent old HDFs were arrested at the stage of sub-G1 (G0
and early G1) after the cell division (Fig. 2. Young vs. Old). These
data agree with previous study that the senescent fibroblasts were
arrested at G1 phase of cell cycle with the increased expression of
p16 in G0 and p21 in early G1 phase [23]. However, the senescent
old HDFs with Rg3(S) dramatically decreased sub-G1 phase from
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37% to 18% and S-phase from 7.8% to 10~14% (Fig. 2. Old vs.
Old þ Rg3(S)). This suggests that Rg3(S) protects old HDFs from
cell death and cell cycle arrest at sub-G1 phase after cell division
and enhances the rate of cell cycle progression for DNA synthesis
at S-phase. Likewise, ginsenoside Rg1 enhanced the resistance of
hematopoietic stem and progenitor cells to radiation-induced
senescence in mice by regulating the cell cycle [24]. It has been
known that the total proteins extracted from P. ginseng can pro-
mote cell cycle progression in NIH/3T3 cells [25].

3.2. Rg3(S) increases ATP, NADþ/NADH ratio, and sirtuin expression
in senescent HDFs

To confirm whether Rg3(S) regulates the ROS, ATP, and cAMP
content in old HDFs, we measured the intracellular ROS levels and
the amounts of ATP and cAMP in HDFs. In agreement with our
previous experiment, Rg3(S) significantly decreased the levels of
ROS in old HDFs provided from SNU (Fig. 3A). Similarly, it was re-
ported that P. ginseng calyx ethanol extract had skin-protective

Fig. 2. Flow cytometric analysis of cell cycle. Old HDF cells were pretreated with either vehicle or Rg3(S) (10 mM or 30 mM) for 48 h. Old HDFs were stained with PI and then
compared with young HDFs. Percentages of cells in sub-G1, G1, S, and G2/M phases are given in each graph. HDF, human dermal fibroblast; PI, propidium iodide.

Fig. 1. Senescence-b-galactosidase activity assay of Rg3(S)-treated senescent HDFs. (A) Light microscopic images of young HDFs (passage #10) and old HDFs (passage #35) pre-
treated with 10 mM and 30 mM Rg3(S) for 48 h at 37�C. (B) Quantification of SA-b-gal-% positive cells of young and Rg3(S)-treated old HDFs. The percentages of SA-b gal-positive cells
were calculated by SABIA (eBiogen, Seoul, Korea) using optical microscopy images. Data represent the mean � SD of three independent experiments. ***Statistical significance
p < 0.001 . HDF, human dermal fibroblast; SA-b-gal, senescence-associated b-galactosidase; SD, standard deviation.
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properties through protection against H2O2-induced damage [26].
In addition, Rg3(S) induced ATP level in old HDFs at p < 0.05;
however, Rg3(S) did not alter the level of cAMP (Fig. 3B and C).
Collectively, these data indicate that Rg3(S) decreases the level of
intracellular ROS, irrespective of the origins of HDFs, and Rg3(S)
increases the levels of ATP level, not cAMP, through the activation of
mitochondrial functions. These data are well matched with the
recent study that the senescent statewas linked to a decrease in the

ratio of ATP to ADP and AMP, suggesting a metabolic shift as a
preferential use of glycolytic metabolism [27e29]. As to the re-
covery of ATP content in old HDFs by Rg3(S) in our study, it was
similarly reported that the ginsenoside Rg1 pretreatment signifi-
cantly attenuated the decline of ATP in induced senescent fibro-
blasts [30].

Mitochondria play key roles of ATP generation, NA*D/NADH
metabolism, and cellular processes such as signaling pathways, cell

Fig. 3. Levels of ROS, ATP, cAMP in Rg3(S)-treated senescent HDFs. (A) ROS, (B) ATP, (C) cAMP levels were measured in young and Rg3(S)-treated old HDFs as described in Materials
and Methods. Cells were stained with dichlorofluorescein diacetate, fixed, and immediately analyzed using a multi-analytic validation system (SpectraMax M4). The data represent
the mean � SD of three independent experiments. *Statistical significance p < 0.05, ** p < 0.01, NS : No Significance ROS, reactive oxygen species; SD, standard deviation; HDF,
human dermal fibroblast.

Fig. 4. Measurement of mitochondrial DNA copy number and NADþ/NADH ratio in Rg3(S)-treated senescent HDFs. (A) Mitochondrial copy numbers and (B) NADþ/NADH ratios were
measured as described in Materials and Methods. (C) Immunoblot of sirtuins and PGCa levels in Rg3(S)-treated old HDFs. To compare relative expression levels, b-actin was used as
loading control. (D) Quantification of protein expression levels was performed using Image J. Statistical significance: ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001. HDF,
human dermal fibroblast.
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growth/differentiation, cell cycle, and cell death [31]. Thus, to
assess the activities of mitochondria in HDFs, we measured the
mtDNA copy number as an indicator of mitochondrial biogenesis.
As shown in Fig. 4A, the mitochondrial copy number in old HDFs
was decreased to 45% in young HDFs. However, Rg3(S) increased
the mitochondrial content to approximately two-fold upon the
dose of 10 or 30 mM in old HDFs. Moreover, the intracellular NADþ/
NADH ratios in old HDFs decreased by up to 50% compared with
that of young HDFs. Interestingly, Rg3(S) stimulated the NADþ/
NADH ratio to recover to 40~60% levels in old HDFs when Rg3(S) of
10 or 30 mMwas pretreated in old HDFs (Fig. 4B). Subsequently, we
demonstrated whether sirtuins and PGC1a are activated to induce
mitochondrial biogenesis in old HDFs treated with Rg3(S). As

shown in Fig. 4C, the levels of sirtuins such as Sirt1, Sirt3, and Sirt6
and PGC1a as a transcriptional regulator of mitochondria were
increased in Rg3(S)-stimulated old HDFs. In particular, the increases
of Sirt1 and PGC1a were observed in a dose-dependent manner. In
addition, the expression of Sirt3 and Sirt6 was saturated in 10 mM
Rg3(S) pretreated in old HDFs (Fig. 4D). Likewise, Rg3(S) was known
as a potential Sirt1 activator and to increase the NADþ/NADH ratio
in HEK293 cells [32]. Rb1 was known to stimulate Sirt1 to protect
Human umbilical vein endothelial cells (HUVECs) from senescence
[33]. In addition, it is known that Rg3 improves mitochondrial
function and biogenesis by restoring ATP and PGC1a levels in C2C12
cells [34]. In context with related studies, our finding that Rg3(S)
stimulates sirtuin-1, sirtuin-3, and sirtuin-6 and AMPK to

Fig. 5. Rotenone-induced ROS levels and NADþ/NADH ratios in Rg3(S)-treated young HDFs. (A) ROS levels and (B) NADþ/NADH ratios in rotenone-pretreated young HDFs. Cells
were stained with dichlorofluorescein diacetate, fixed, and immediately analyzed using a multianalytic validation system (SpectraMax M4). The data represent the mean � SD of
three independent experiments. *Statistical significance: p < 0.05, ** p < 0.01. ROS, reactive oxygen species; SD, standard deviation; HDF, human dermal fibroblast.

Fig. 6. Immunoblot analysis of Akt, mTOR, and cell cycle regulators in Rg3(S)-treated senescent HDFs. (A) The expression levels of mTOR, AMPK, regulators of MiTF expression, and
cell cycle arrest proteins were measured using immunoblot. PI3K, Akt, and cell cycle regulators like p53 and p21 in (B) Rg3(S)-treated old HDFs and (C) Rg3(R)-treated old HDFs. To
compare relative expression levels, b-actin was used as loading control. HDF, human dermal fibroblast; PI3K, phosphatidylinositol 3-kinase.
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ameliorate the senescence of human fibroblasts is highly notable.
Thus, it is postulated that the mitochondrial biogenesis in old HDFs
was augmented by the treatment with Rg3(S), leading to the
restoration of mitochondrial function.

3.3. Rg3(S) decreases ROS level and increases NADþ/NADH ratio in
rotenone-stressed young HDFs

Generally, the redox status of NADþ and NADH plays key roles in
regulation of catabolic processes, which is deeply linked to oxida-
tive stress and antioxidant defense [35]. Further, we investigated
whether Rg3(S) decreases the level of ROS and increases NAD/
NADH ratio under artificial oxidative stress in young HDFs.We used
rotenone, a naturally occurring plant-derived pesticide, to inhibit
the activity of mitochondrial complex I and generate ROS in large
quantities [36]. When 1 mM rotenone was applied to young HDFs,
the amount of ROS increased to approximately 30%; however,
Rg3(S) decreased the levels of ROS in rotenone-treated young HDFs
in a dose-dependent manner (Fig. 5A). The intracellular NADþ/
NADH ratio in young HDFs stressedwith rotenonewas decreased to
less than 1% of control cells. However, the NADþ/NADH ratios in
almost completely rotenone-reduced status of young HDFs were
dramatically recovered to 2.7 (77% of control) and 3.0 (86% of

control) upon treatment with 10 and 30 mM Rg3(S), respectively
(Fig. 5B). These data indicate that Rg3(S) decreases the level of
intracellular ROS and increases NADþ/NADH ratios in rotenone-
stressed young HDFs like senescent HDFs.

3.4. Rg3(S) specifically modulates AKT/mTOR signaling pathway in
senescent HDFs

Based on the biochemical and molecular evidence of reversal
effects of Rg3(S) on senescent HDFs, we investigated the signaling
pathways regulated by Rg3(S) in senescent cells. Levels of key
aging-related proteins such as AMPK, mTOR, p53/p21, and GSK3b in
senescent HDFs were quantified and compared with those in
Rg3(S)-treated old HDFs by immunoblot analysis. As shown in Fig. 6
and Supplementary Fig. 1, the protein levels of p-mTOR, p-GSK3b,
cyclin D1, p16, p-p53, and p21 in old HDFs were significantly
increased (p < 0.001) in comparison to those in young HDFs.
However, the Rg3(S) treatment significantly downregulated the
levels of aging-related proteins, as mentioned above. Contrary to
these data, the protein levels of p-AMPK and Sirt1 (p< 0.001), Sirt3
(not significant), and Sirt6 (p < 0.01) in old HDFs were decreased in
comparison to young HDFs (Figs. 4 and 6A). However, the Rg3(S)
treatment significantly upregulated the protein levels of active

Fig. 7. Working model for the reversal effect of Rg3(S) on senescent HDFs. Green symbol represents the inactivation or decreasing expression of proteins and red symbol represents
the activation or increasing expression of proteins, respectively, following treatment with Rg3(S) according to the above biochemical and immunoblot assays. White symbols were
not checked in the present study. HDF, human dermal fibroblast; ROS, reactive oxygen species; PI3K, phosphatidylinositol 3-kinase.
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AMPK and sirtuins. In our previous study, modified P. ginseng,
including both R and S form of Rg3, increased pAkt and decreased
mTOR-4EBP1 in lung cancer cells [37]. Furthermore, we investi-
gated the stereoisomer-specific effects of Rg3 on the reversal of
senescent cells. The levels of PI3K and p-Akt were significantly
decreased by Rg3(S) in senescent HDFs, whereas Rg3(R) signifi-
cantly increased the levels of these survival signaling-related pro-
teins (Fig. 6B and C). Many literatures report the differential effects
of stereoisomers of Rg3 in human keratinocyte and dermal fibro-
blasts [12]. Additionally, it was reported that total saponin from
Korean Red Ginseng inhibits the binding of adhesive proteins to
glycoprotein IIb/IIIa via phosphorylation of VASP at Ser-157 and
dephosphorylation of PI3K and Akt [38]. It was also reported that
ethanolic extract of P. ginseng calyx may exert NF-kB-targeting
antiinflammatory properties through suppression of AKT [39]. It is
suggested that the stereosiomeric ginsenosides Rg3(S) and Rg3(R)
stimulate different signaling molecules in survival signaling in se-
nescent HDFs.

Using data based on the immunoblot analyses (Figs. 3, 4 and 6,
Suppl. Fig. 1), we present the working model of Rg3(S) on the se-
nescent HDF cells (Fig. 7). Rg3(S) may function in multiple ways to
activate Sirt1, Sirt3, and AMPK but suppress ROS, GSK3b, and PI3K.
Cell cycle regulators like p21 and cyclin D1 affect the reversal of cell
cycle arrest in senescent HDFs. In mitochondrial function, activated
Sirt1 and, in particular, Sirt3 activates PGC1a to promote the
biogenesis of mitochondria. Our observations match well with the
previous report that PGCa and Sirtuin-3 play pivotal roles in
mitochondrial function, such asmitochondrial DNA content, energy
levels, and oxidative stresselike ROS [40]. Similarly, to the reversal
effect of Rg3(S), it is well known that calorie restriction and
resveratrol also increase mitochondrial biogenesis by the activation
of PGC1a [41]. AMPK activated by Rg3(S) suppresses mTORC1,
which upregulates Raptor and downregulates mTOR, thereby
regulating downstream signaling molecules such as p70S6K and
4E-BP1. Downregulated survival signals such as PI3K and Akt
inhibit TCS2 to presumably activate mTORC1. Downregulated
Glycogen Synthase Kinase 3 Beta (GSK3b) regulates downstream
signaling molecules (b-catenin, MiTF) differently, leading to the
reversal of cell cycle arrest.

More detailed evidence of Rg3-mediated signaling pathways
remains to be elucidated. These cellular molecular analyses will
provide fruitful insight into the possibility of a therapeutic potential
of Rg3(S) against replicative senescence of the aging process.
Recently, it was summarized that several active ginsenosides,
including Rg3(S), modulate neurodegenerative diseases by
emerging signals in complicated signaling pathways. Therefore,
further study of more systematic and in-depth efficacies and
working mechanisms of active ginsenosides is required.
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