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Proteomic analyses reveal that ginsenoside Rg3(S) partially reverses
cellular senescence in human dermal fibroblasts by inducing
peroxiredoxin
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a b s t r a c t

Background: The cellular senescence of primary cultured cells is an irreversible process characterized by
growth arrest. Restoration of senescence by ginsenosides has not been explored so far. Rg3(S) treatment
markedly decreased senescence-associated b-galactosidase activity and intracellular reactive oxygen
species levels in senescent human dermal fibroblasts (HDFs). However, the underlying mechanism of this
effect of Rg3(S) on the senescent HDFs remains unknown.
Methods: We performed a label-free quantitative proteomics to identify the altered proteins in Rg3(S)-
treated senescent HDFs. Upregulated proteins induced by Rg3(S) were validated by real-time polymerase
chain reaction and immunoblot analyses.
Results: Finally, 157 human proteins were identified, and variable peroxiredoxin (PRDX) isotypes were
highly implicated by network analyses. Among them, the mitochondrial PRDX3 was transcriptionally and
translationally increased in response to Rg3(S) treatment in senescent HDFs in a time-dependent manner.
Conclusion: Our proteomic approach provides insights into the partial reversing effect of Rg3 on se-
nescent HDFs through induction of antioxidant enzymes, particularly PRDX3.
� 2018 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

Cellular senescence is one of the hallmarks of aging, which is
defined as the process of becoming old [1]. During senescence,
cells begin to lose their ability to grow and undergo cell division
because of the accumulative damage from reactive oxygen spe-
cies (ROS) that are generated in mitochondria. In response to ROS
over a particular threshold, cells pause their cell cycles, which
initiates signaling through replicative senescence pathways, such

as p16/Rb and p53/p21 [2]. There might be multiple factors that
regulate aging; however, the cellular senescence observed in
human dermal fibroblasts (HDFs) can be studied to determine
possible causes associated with free radical generation stemming
from mitochondrial dysfunction. These free radicals exert age-
associated aggravation of cellular damage; however, the age-
related senescence in cells and tissues can be prevented by
intracellular antioxidant systems, such as superoxide dismutase
and peroxiredoxins (PRDXs) [3e5]. To mitigate ROS-mediated
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oxidative damage involved in aging, resveratrol, a polyphenol
natural product, was introduced and has been extensively
applied to improve health by enhancing cellular redox capability
[6].

Likewise, ginseng saponins have been suggested to protect
against oxidative damage related to aging in senescent mice, tis-
sues, and human cultured cells [7e9]. Ginseng has been cultivated
in North America and eastern Asiadmostly in Korea, northeastern
China, Bhutan, and eastern Siberia. Ginseng is a species of perennial
plants which belong to the Panax genus in the family, Araliaceae.
Panax ginseng (Asian ginseng) and Panax quinquefolius (American
ginseng) ginsenosides were determined by liquid chromatog-
raphyecoupledmass spectrometry (MS) for assessingmorphology-
based variations [10]. Thus, ginseng is known to be an adaptogenic
herb. When American ginseng roots are steamed or heated, the
ginsenoside profiles are altered, and the content of ginsenosides,
Rh2, Rg2, and Rg3(S/R), is increased. In particular, Rg3, which ex-
hibits strong anticancer activity, was significantly increased [11].
Recently, Rg3-enriched red ginseng extract has been shown to have
antiplatelet activity, thus resulting in the alleviation of aging-
associated diseases [12]. Rg3 is an effective medicinal compound
and can be found as two stereoisomers at C-20: 20(S)-Rg3 and
20(R)-Rg3. Furthermore, a diglucosyl moiety at the C-3 hydroxyl of
Rg3 can be degraded into monoglucosyl Rh2 and aglyconic proto-
panaxadiol (PPD) by glycoside hydrolases expressed in human in-
testinal bacteria [13].

It was reported that Rg3 prevents oxidative stresseinduced
astrocytic senescence and inhibits senescence of prostate stromal
cells by modulating inflammatory cytokines [14,15]. In addition to
the positive effects on normal cells, Rg3 also promotes senescence
and apoptosis of gallbladder cancer cells by activating the p53
pathway [16]. In particular, the Rg3(S) and Rg3(R) stereoisomers
exerted different antiphotoaging effects on UV-Beirradiated kera-
tinocytes [17]. Although many positive effects of Rg3 have been
reported, the preventative effects of Rg3(S) on HDF cell senescence
has not been investigated yet. Herein, senescence-associated b-
galactosidase (SA-b-gal) activities and expression levels of senes-
cence marker proteins were compared between HDFs treated with
20(S)-stereotypic Rg3, Rh2, aglyconic PPD, and 20(R)-stereotypic
Rg3. In addition, we performed MS-based proteomics experiments
using a label-free shotgun approach to identify proteins whose
levels are significantly affected by treatment with Rg3(S) in se-
nescent HDFs. The functional ginsenoside proteomics experiments
provided several candidate proteins that might be involved in the
protective mechanisms associated with Rg3(S) treatment of se-
nescent HDFs. These data also suggest that Rg3(S) could be a po-
tential therapeutic for treating ROS-induced aging.

2. Materials and methods

2.1. Cell culture and chemicals

Primary HDFs were purchased from the American Type Culture
Collection (ATCC) (Manassas, VA, USA). Culturing of HDFs was
conducted according to the ATCC protocols. Cells were maintained
at 37�C in a humidified atmosphere with 5% CO2. The ginsenosides
Rg3(S), Rg3(R), Rh2(S), and PPD(S) for treating cells were purchased
from the Ambo Institute (Seoul, Korea). HDF cells were grown to
70-80% confluency, washed three times with phosphate-buffered
saline (PBS), and treated with 10 mM ginsenosides for 24 h.

2.2. Cell proliferation assays

HDF cells treated with different concentrations of ginsenoside
for 24 h were used to measure cell proliferation with a Cell

Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) according
to the manufacturer’s instructions as previously performed [18]. To
examine the toxicities of the ginsenosides, young (passage #6) and
senescent (passage #17-18) HDF cells were starved in media
without fetal bovine serum (FBS) for 4 h before ginsenoside treat-
ment. The concentrations of Rg3(R), Rh2(S), and PPD(S) were fixed
at 20 mM, and Rg3(S) was used in the range of 5-160 mMdissolved in
culture medium containing 0.1% dimethyl sulfoxide (DMSO),
whereas no ginsenoside with the same mediumwas considered as
the control.

2.3. SA-b-gal assays

SA-b-gal activity assay was conducted as previously described
[19]. Senescence Cells Histochemical Staining Kit (Sigma-Aldrich,
St. Louis, MO, USA) was used to assess senescence in HDFs following
the manufacturer’s instructions. Test plates were washed twice
with PBS, counterstained with Mayers Hematoxylin staining solu-
tion (Sigma-Aldrich, St, Louis, MO, USA) for 5 min at room tem-
perature, and washed twice with PBS. HDFs were imaged by phase
contrast on a Leica microscope (Leica Microsystems, Rijswijk, the
Netherlands) and recorded at a 100� magnification using a digital
color camera. Five hundred randomly selected fibroblasts per
sample plate were photographed, and the blue-stained fibroblasts
were counted and expressed as a percentage of SA-b-galestained
cells.

2.4. Measurement of ROS

Intracellular ROS levels were measured using the dye 20,70-
dichlorodihydrofluorescein diacetate (Abcam, Cambridge, MA,
USA) as described elsewhere [20]. HDFs were seeded on a 96-well
plate and incubated for 24 h. The cells were starved for 4 h and then
treated with a ginsenoside that was diluted in PBS at 37�C for 4 h.
Cells were then treated with 200 mM hydrogen peroxide (H2O2) at
37�C for 2 h, and the dye was added to a final concentration of 20
mM. ROS levels in each sample were measured in triplicate. The
absorbed and emitted oxidation products were measured at 485
(excitation) and 538 nm (emission), respectively, on a microplate
reader (SpectraMax M4 Microplate Reader; Molecular Devices,
Sunnyvale, CA, USA).

2.5. Immunoblot analyses

Total protein was isolated using radioimmunoprecipitation
assay buffer consisting of 1% (v/v) NP40, 0.1% (w/v) sodium dodecyl
sulfate (SDS), 100 mg/mL phenylmethylsulfonyl fluoride, 0.5% (w/v)
sodium deoxycholate, protease inhibitors, and phosphatase in-
hibitors in PBS. Protein concentrations were determined using a
BCA Protein Assay Kit (Thermo Fisher Scientific, USA) Proteins were
then separated on 10% SDS-polyacrylamide gels and transferred to
polyvinylidene fluoride (PVDF) membranes. Membranes were
incubated in 5% skimmilk with tris-buffered saline Tween (TBST) at
room temperature for 1 h and incubated overnight with primary
antibodies. The following proteins were probed with the primary
antibodies: p16, p21, p53, phospho-p53, caveolin-1, Hsp60, PRDX1-
3, and b-actin (Santa Cruz Biotechnology, Dallas, TX, USA). Mem-
branes were washed with TBST and incubated with horseradish
peroxidaseeconjugated antibody for 1 h. Protein signals were
detected using an ECL Detection Kit (BIOFACT, Daejeon, Korea). The
signal intensities for each protein band were quantified using the
densitometry program, Image J. v1.48. Statistical analyses were
performed using Student t test. A p values less than 0.05 were
considered statistically significant.
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2.6. Tube-gel digestion

A polyacrylamide in-gel digestion of tube gel pieces was per-
formed with slight modification as previously described [21]. In
brief, 100 mg of freeze-dried protein was completely solubilized
with 6 M urea and denatured at 90�C for 20 min. Proteins were
incubated with 10 mM EDTA, 4% SDS, 0.2 M ammonium bicar-
bonate, and 6 M urea at 37�C for 30 min with intermittent vor-
texing. The extract was reduced with 200 mM tris (2-carboxyethyl)
phosphine hydrochloride and alkylatedwith 55mM iodoacetamide
at room temperature in the dark for 30 min. The subsequent
polymerization, tryptic digestion, and extraction of peptides were
same conducted as previously described [21].

2.7. Nano-ultra performance liquid chromatography-MS/MS

The overall procedure was followed by using the previous
method with slight modification. Whole protein extracts from
HDFs that were treated with Rg3(S) for 2, 6, or 12 h were
digested as previously described [22]. The peptides were sepa-
rated using a nanoACQUITY UPLC Chromatography System (Wa-
ters Co., Milford, MA; 75 mm � 250 mm, 1.7 mm particle size,
BEH300 C18 RP analytical column, and a 180 mm � 20 mm
Symmetry C18 RP 5 mm precolumn). The column temperature was
maintained at 30�C. Peptides (5 mL) were injected into the col-
umn and eluted with a gradient of mobile phases A and B. Mobile
phase A contained 3% acetonitrile and 0.1% formic acid in water,
and mobile phase B was composed of 97% acetonitrile and 0.1%
formic acid in water. The gradient conditions were as follows: 3%
B for 25 min, 3-40% B for 95 min, 40-70% B for 20 min at a flow
rate of 300 nL/min and 80% B for 10 min as a rinsing step. For the
external calibration, [Glu1]-fibrinopeptide (100 fmol/mL) was
delivered as the lock mass compound from the auxiliary pump of
the UPLC system at 1 mL/min to the reference sprayer of the
NanoLockSpray source in the Synapt‘ HDMSE mass spectrometer
(Waters Co., Milford, MA).

2.8. Quantitative real-time polymerase chain reaction

Total RNA was extracted from cultured cells with an RNeasy kit
(Qiagen, Redwood City, CA, USA). For cDNA synthesis, replicate,
quantitative real-time polymerase chain reaction (PCR) was per-
formed with a QuantiTect SYBR Green PCR Kit (Qiagen, Redwood
City, CA, USA). All primers were purchased from Bioneer (Daejeon,
Korea). The PCR reactions and cycling protocol were performed
following the standard protocol provided by Qiagen. Data were

collected and analyzed with the 2�DDCt method for quantification
to determine relative mRNA expression levels. Oligonucleotide
sequences of the primer sets used in this study are listed in
Table S1.

2.9. Bioinformatics analyses

Data-independent analysis mode (LC-MSE) data were processed
using PLGS v2.31 (Waters Co., Milford, MA, USA). Peptides were
searched against the UniProt database to determine the identities
of the proteins (http://www.uniprot.org). The precursor mass
tolerance and the fragment tolerance were set to 100 ppm and 0.2
Da, respectively. One missed cleavage with trypsin was allowed
during protein identification. Cysteine carbamidomethylation (þ57
Da) and methionine oxidation (þ16 Da) were chosen as fixed and
variable modifications, respectively. The false discovery rates of the
peptides identified in PLGS were within 5%. The time-aligned LC-
MSE precursor ion masses and retention times were within �10
ppm and �30 s, respectively. Proteins were considered identified if
at least two peptides were assigned to them. The exact mass
retention time signature table was constructed using Expression v2
in PLGS to generate the peptide and protein information, including
peptide masses and retention times. MS/MS spectra from the data-
independent analysis mode were converted into raw files and pkl-
files using PLGS software. The combined .pkl files were interpreted
using PLGS v2.31 and MASCOT v2.2. For protein network analyses,
Ingenuity Pathway Analysis (Ingenuity Systems Inc., Redwood City,
CA, USA) was used to predict the functions and pathways associated
with the significantly identified proteins. Relative protein expres-
sion levels were described as the fold change at a given time point
between untreated cells and those treated with Rg3(S).

3. Results and discussion

3.1. Rg3(S) restores cellular senescence of HDFs

To determine the optimal concentration of Rg3(S) for treating
HDFs, we first examined cell viability rates of young and old cells by
MTTassays. Cell cytotoxicity of Rg3(S) was examined on passage #6
(young) and #17 (old) HDFs using 5-160 mMRg3(S) for 24 h. In both
young and old HDFs, no cytotoxicity was observed for concentra-
tions up to 80 mM. However, the high dose of 160 mM Rg3(S)
decreased the cell viabilities to 25% and 44% in young and old HDFs,
respectively (Fig.1). Contrary to the treatment of 160 mMRg3(S), the
treatment of 10 mM Rg3(S) in old HDFs showed the highest cell
viability. Thus, the concentration of Rg3(S) was fixed at 10 mM

Fig. 1. Cell cytotoxicity of Rg3(S) in HDFs. No cytotoxicity was observed in (A) young and (B) old HDFs treated with up to 80 mM of Rg3(S). Partial cytotoxicity was observed at 160
mM of Rg3(S). HDFs were pretreated with Rg3(S) at the given concentration for 24 h at 37�C. Rg3(S) was diluted in DMSO (0.1%, v/v), and DMSO alone was used as a control. Cell
viability was measured following the CCK-8 protocol.
HDFs, human dermal fibroblasts.
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Rg3(S). Next, to observe the possible replicative senescence, HDF
cells derived from ATCC were continuously cultured by changing
the culture medium from passage #6 to #18. In general, p16/RB and
p53/p21 are considered the classical replicative senescence path-
ways that are activated in response to external stressors [2]. In
addition, senescent cells can undergo caveolin-1emediated cell
cycle arrest through a p53/p21-dependent pathway [23]. The
immunoblot analyses revealed increased levels of p16, p21, and p53
in passage #17 and #18 cells (Fig. 2A). Quantification of the relative
intensities indicated that the expression level of p21 in passage #17
HDFswas approximately twofold higher than the levels observed in
passage #6 HDFs at p < 0.001 (Fig. 2A). In addition, the expression
levels of p53, and p-p53 in passage #18 cells were increased 1.3-
(p < 0.05) and 1.7-fold (p < 0.01), respectively, compared with the
levels observed for passage #6 cells. To clarify whether Rg3(S) af-
fects HDF cell senescence, the levels of senescence markers were
compared between untreated cells and those treated with Rg3(S)
for both young and old HDFs. The levels of all the senescence
proteins, such as caveolin-1, p16, and p53/p21, were decreased at
least at p< 0.01 in Rg3(S)-pretreated old HDFs, whereas the overall
expression levels of senescence proteins were not significantly
altered in Rg3(S)-pretreated young HDFs (Fig. 2B). Quantitation of
the immunoblots revealed significant decreases in p16, p21, and p-
p53 expression levels in old HDFs treated with Rg3(S). This result
suggests that Rg3(S) partially restores senescence through both
p53/p21- and p16-dependent pathways, similar to previous studies
showing inhibition of cellular senescence in vitro and in vivo by Rg1
[24,25].

We examined the possible roles of Rg3(S) and other Rg3-derived
ginsenosidesdRg3(R) (Rg3(S) enantiomer), Rh2(S) (monoglucosyl
form of PPD(S)), and PPD(S) (aglycone form of Rg3(S))din the se-
nescent HDFs by SA-b-gal staining. Rg3(S) exhibited the lowest
level of SA-b-gal staining among the tested compounds (Fig. 2C and
D). In particular, quantification of SA-b-galestained cells revealed
that young and old HDFs were 8% and 40% positive for b-galacto-
sidase, respectively. However, cell staining of old HDFs treated with
Rg3(S) was significantly decreased to 25%, at p < 0.05 which is
partway between the phenotypes observed for the young and old
senescent cells. However, 75% of old HDFs treated with Rh2(S) were
stained, which was a 1.9-fold increase compared with control old
HDFs. Thus, the structureefunction relationship of PPD-type gin-
senoside restoration against senescence suggests that the diglu-
cosyl moiety at the C-3 hydroxyl and the stereoisomer (S) type at C-
20 of Rg3 play key roles in restoring partially the senescence pro-
cess of HDFs. Stereospecific effects of Rg3were previously reported;
Rg3(R) was suggested to be a stronger antioxidant and illicit a
stronger immune response [26]. In contrast to Rg3(R), the 20(S)
form of Rg3 has a greater solubility, is much less toxic, and has
antidiabetic activity [27,28]. These results are in good agreement
with the observation that 20(S)-Rg3, not 20(R)-Rg3, decreased UV-
Beinduced intracellular ROS levels in keratinocytes [17].

3.2. Specific decrease of ROS production in HDFs by Rg3(S)

As ROS can induce oxidative stress and promote the cellular
senescence, we evaluated whether Rg3(S) affects the production of

Fig. 2. Immunoblotting of senescence proteins and SA-b-gal staining of Rg3(S)-treated senescent HDFs. (A) Immunoblot images of senescence marker expression in succes-
sively passaged HDFs. (B) Rg3(S)-treated young (passage #6) and old (passage #17) HDFs. HDFs were pretreated with 10 mM Rg3(S) for 24 h at 37�C. Rg3(S) was diluted in DMSO
(0.1%, v/v), and DMSO alone was used as a control. b-Actin was used as a loading control. (C) SA-b-gal staining of senescent HDFs pretreated with Rg3(S). (D) Quantification of SA-b-
gal staining of Rg3(S)-treated old HDFs. Young (passage #6) and old (passage #17) HDFs were incubated with 10 mM of the PPD-type ginsenosides, Rg3(S), Rg3(R), Rh2(S) and PPD(S),
for 24 h. A representative image of SA-b-gal stained cells is shown. The percentages of SA-b-galepositive cells were calculated by SABIA (ebiogen, Seoul, Korea) using optical
microscopy images. Data represent the mean � SD of three independent experiments. **Statistical significant of p < 0.01.
HDFs, human dermal fibroblasts; PPD, protopanaxadiol; SA-b-gal, senescence-associated b-galactosidase; SD, standard deviation.
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ROS in HDFs. ROS levels in HDFs were measured by dichloro-
fluorescein to compare the effects of the PPD-type ginsenosides.
Rg3(S) significantly decreased intact ROS levels of young and old
HDFs by up to 45% and 55% at p < 0.001, respectively, compared
with the control HDFs (Fig. 3A and B). Rh2(S) decreased ROS levels
to approximately 30% in both young and old HDFs. However,
neither Rg3(R) nor PPD(S) affected ROS levels. Thus, Rg3(S) was the
most effective ROS suppressor. These results corroborated our SA-
b-gal staining results (Fig. 2C and D). Next, we examined whether
Rg3(S) could attenuate H2O2-induced ROS production externally by
measuring the scavenging activity of Rg3(S) in young and old HDFs
cotreated with H2O2 and Rg3(S). H2O2 significantly increased the
ROS signal to 40% in young HDFs, whereas the signal was slightly
increased to 10% in old HDFs (Fig. 3C and D). Thus, young HDFs
appears to be more sensitive to H2O2 than old HDFs. Interestingly,
co-treatment of Rg3(S) and H2O2 decreased ROS signal dramatically
to 60% and 50% in young and old cells, respectively, compared with
singly H2O2-treated cells. These data suggest that Rg3(S) lowers
ROS levels and could be a possible therapeutic for treating oxidative
stress-induced senescence. These results closely agree with a pre-
vious report suggesting that the ginsenosides, Rh2 and Rg3, inhibit
cell proliferation and induce cell apoptosis by increasing mito-
chondrial ROS levels in human leukemia Jurkat cells [29]. Thus, the
decreased SA-b-gal staining and ROS levels by Rg3(S) are consistent
with the conclusion that Rg3(S) attenuates H2O2-induced ROS
production in HDFs in a stereo-specific manner. Recently, the
attenuation of H2O2-mediated oxidative stress by treatment with
Rg3 was reported for HepG2 human hepatocarcinoma cells and in
an in vitro sepsis model [30,31].

3.3. Proteomic alteration of old HDFs by Rg3(S)

To investigate protein expression levels during an Rg3(S)-treat-
ment time course, senescent HDFs were analyzed by nano-UPLC-

QTOF tandem MS using data-independent MSE technology as pre-
viously described [32]. Of the original 1327 peptides and 599 pro-
teins observed in the first identification step, 157 human proteins
were identified from assignment of two more peptides among the
triplicate experiments. The average ratios of 2-h, 6-h, and 12-h
treatment of Rg3(S) versus the untreated group were 1.1-, 2.3-, and
1.8-fold, respectively. Thus, the 6-h treatment of Rg3(S) in senescent
HDFs revealed the most dramatic differences in the expression of
individual proteins. A list of the identified whole proteins is pre-
sented in Table S1. Significantly different levels of proteins at p-
value< 0.05were identified: 78 (2 h vs. 0 h),100 (6 h vs. 0 h), and 60
(12 h vs. 0 h). After 6 h of Rg3(S) treatment, 40 significantly upre-
gulated and 16 significantly downregulated proteins with more
than a 1.5-fold difference in level were identified. The whole pro-
teins that were different at each time point were subjected to
protein network analyses using Ingenuity Pathway Analysis. The
main subnetwork 1 containing PRDX3 belonged to subnetwork 7
was displayed in a time-course pattern of Rg3(S) treatment (Fig. 4).
As shown in the protein networks, keratin cluster proteins (Krt-1,
-2, -4, -5, -6B, -9, -10, -13, -15, -33B) within subnetwork 1 appeared
to fluctuate in expression but were mostly downregulated at 6 h of
Rg3(S) treatment. These findings are in good agreement with a
previous study suggesting that the ginsenoside, F2, downregulates
keratins, such as Krt2, Krt10, Krt16, in human gastric carcinoma cells
[33]. It was suggested that de novo synthesis of Rg3(S)-responsive
regulatory proteins was triggered and caused the downregulation
of structural proteins, such as keratins, in senescent HDFs.

The relative abundancies of Rg3(S)-induced core proteins with
significantly different expressions are listed in Table 1. PPP2R1A
(serine/threonine protein phosphatase 2A) levels were the most
affected by Rg3(S), which was increased by 2.7-, 26.3-, and 11.9-fold
at 2, 6, and 12 h, respectively. PPP2R1A interacts with VIM, CAPN2,
and EIF4A1 and is also suggested to connect with the core of the
NF-kB complex. Upregulation of PPP2R1A by Rg3(S) was consistent

Fig. 3. Native and H2O2-induced ROS production in human dermal fibroblasts (HDFs) treated with the indicated PPD-type ginsenosides. (A) Young (passage #6) and (B) old
(passage #17) HDFs were pre-incubated with 10 mM of the PPD-type ginsenosides, Rg3(S), Rg3(R), Rh2(S) and PPD(S), for 24 h. (C) Young (passage #6) and (D) old (passage #17)
HDFs were incubated with 10 mM of Rg3(S) for 12 h. 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 significant of p < 0.01.
H2O2, hydrogen peroxide; PPD, protopanaxadiol; ROS, reactive oxygen species; SD, standard deviation.
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with the previous observation that protein phosphatase A2 inac-
tivation promotes the accumulation of NF-kBedependent oxidative
stress and upregulation of inflammatory processes during aging
[34]. We focused on the marginal network proteins containing
PRDX isotypes and PPIA (peptidyl-prolyl cis-trans isomerase
A) because the mitochondrial peroxiredoxin, PRDX3, was dramat-
ically increased by 26.3-fold and PPIA was increased by 2.3-fold
after 6 h of treatment with Rg3(S). Interestingly, our finding is
quite consistent with a previous report suggesting that down-
regulation of PRDX3 induces cellular senescence of human tro-
phoblasts [35]. Thus, it is notable that Rg3(S) can induce expression
of ROS-scavenging antioxidant enzymes inmitochondria to prevent
the progression of senescence in old HDFs.

3.4. Validation of aging-related proteins in HDF cells treated with
Rg3(S)

From the label-free, comparative proteomic analyses, PRDXs,
such as PRDX1, PRDX3, PRDX4, and PRDX6, were identified
throughout 2e12 h treatment of Rg3(S) in senescent HDFs. The

expression level of mitochondrial PRDX3 was dramatically
increased by 22.5-fold after 6 h of treatment with Rg3(S), whereas
that of the other PRDXs only fluctuated or were slightly down-
regulated (Table S1). As the protein network in Fig. 4 shows, cyto-
solic PRDX1 was a highly abundant antioxidant enzyme, which can
interact with the secretory form of PRDX4 [36]. PRDX3 is located in
the mitochondrial matrix where it regulates H2O2 levels and sub-
sequent signaling processes [37]. PRDXs are ROS-scavenging anti-
oxidant enzymes that are considered to protect against aging.
However, few proteomic analyses of the effect of mitochondrial-
type PRDX3 on aging in HDFs have been studied.

To validate the Rg3(S)-dependent alterations in PRDX isoform
and PPIA levels identified by the proteomic analyses, quantitative
real-time PCR was performed using a gene-specific primer set.
Overall, mRNA expression patterns were similar to those observed
in the proteomic analyses, except for PRDX4 (Table S3). PRDX1 and
PRDX3 manifested very similar expression patterns, and the
changes were statistically significant. These discrepancies between
mRNA levels and protein abundances can be attributed to different
transcriptional and translational regulations [38]. The abundances

Fig. 4. Protein networks of Rg3(S)-treated senescent human dermal fibroblasts (HDFs). The directly interacting networks of proteins from old HDFs treated with 10 mM of Rg3(S)
for (A) 2 h, (B) 6 h, and (C) 12 h were determined by Ingenuity Pathway Analysis. At each time point, networks 1 (main subnetwork) and 7 (peroxyredoxin-3econtaining sub-
network) were merged to determine the molecular functional group. Red and green symbols indicate the proteins that are upregulated and downregulated, respectively, after
Rg3(S) treatment.

Table 1
Relative abundance of core proteins with the significantly differential protein expression in Rg3(S)-pretreated senescent HDFs

Protein name Symbol UnitProt Peptide count Ratioa p Valueb

2 h/0 h 6 h/0 h 12 h/0 h 2 h/0 h 6 h/0 h 12 h/0 h

Serine/threonine protein phosphatase 2A PPP2R1A P30153 2 þ5.73 þ26.25 þ11.9 0.15 0.00 0.06
Peroxiredoxin-3, mitochondrial PRDX3 P30048 3 þ1.88 þ22.52 þ11.59 0.59 0.02 0.10
Peptidyl-prolyl cis-trans isomerase A PPIA P62937 5 þ1.41 þ2.26 þ1.83 0.09 0.00 0.01
Heat shock protein b-1 (Hsp27) HSPB1 P04792 4 þ1.02 þ1.85 þ1.55 0.72 0.00 0.00
Heterogeneous nuclear ribonucleoproteins A2/B1 HNRNPA2B1 P22626 6 �1.10 þ1.82 þ1.45 0.61 0.00 0.38
Peroxiredoxin-1 PRDX1 Q06830 6 þ1.38 þ1.71 �1.06 0.12 0.01 0.88
Receptor of activated protein C kinase 1 RACK1 P63244 6 þ1.13 þ1.69 þ1.26 0.05 0.01 0.18
Peroxiredoxin-6 PRDX6 P30041 7 �1.16 þ1.63 þ1.33 0.05 0.03 0.11
Casein kinase II subunit a0 CSNK2A2 P19784 5 þ1.73 �1.69 �1.75 0.00 0.00 0.04
Collagen a-1(VI) chain COL6A1 P12109 11 �2.33 �1.75 �1.72 0.00 0.00 0.01
Keratin type II, cytoskeletal 6B KRT6B P48669 10 þ1.55 �2.27 þ1.04 0.01 0.00 0.40
Keratin type II, cytoskeletal 1 KRT1 P04264 33 þ1.20 �2.38 þ1.04 0.01 0.00 0.40
Keratin type I, cytoskeletal 10 KRT10 P13645 29 þ1.64 �2.94 þ1.05 0.00 0.00 0.57
Keratin type II, cytoskeletal 4 KRT4 P19013 6 þ1.10 �3.33 �1.37 0.30 0.00 0.00
Keratin type I, cytoskeletal 9 KRT9 P35527 19 þ1.26 �3.33 �1.33 0.02 0.00 0.30
Keratin type I, cytoskeletal 13 KRT13 P13646 5 �1.03 �3.70 þ1.03 0.90 0.00 0.93

a Ratio measured by MSE methods. Sign (þ) and (�) represent the fold change of upregulation and downregulation, respectively.
b P-value calculated from individual peak intensities from all tryptic peptides detected per protein.
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of PRDX isoforms were measured by immunoblotting whole cell
lysates of senescent HDFs treated with Rg3(S) between 24 h and 9
days. As shown in Fig. 5A, differences in expression levels of PRDXs
between young and old HDFs were observed only for PRDX2 and
PRDX3. In particular, the protein expression levels of PRDX3 in
HDFs treated with 80 mM Rg3(S) for 9 days increased by 40%, as
shown in Fig. 5B. The expression levels of PRDX1 also increased by
80% in that the same condition, but the overall abundance of PRDX1
was lower than that of PRDX3. PRDX2dthe supplementary for-
mddecreased after 9 days of treatment with 80 mM Rg3(S).
Therefore, it seems to be regulated differently by Rg3(S) during the
cellular senescence of HDFs. No differenceswere observed in Hsp60
abundance but were observed between untreated senescent HDFs
and those treated with Rg3(S). However, when HDFs were treated
with the cell-tolerant concentration of 80 mM Rg3(S) for 9 days, a
dramatic increase in Hsp60 level was observed. This result is similar
to previous studies that showed mitochondrial Hsp60 increased
with age in mollusks and serum Hsp60 increased in aged in-
dividuals [39,40]. It is notable that oxidative stress induced a
decrease in mitochondrial Hsp60 levels and a concomitant increase
in cytosolic Hsp60 in young HDFs but not in old cells [41]. It remains
to be clarified the possible translocation of Hsp60 and the protec-
tive mechanism of Rg3(S) in senescent HDFs later. We have also
observed that Caenorhabditis elegans that fed on Rg3(S) had longer
life spans (data not shown). Similarly, there were several reports
that suggested PRDXs are involved in life span extension. Knockout
mice with PRDX1 showed shortened life spans, and PRDX2
silencing decreased the life span of C. elegans [42,43]. In addition,
protein levels of mitochondrial PRDX3 were shown to be reduced
during aging process [44]. Thus, Rg3(S) appears to induce mito-
chondrial PRDX expression to prevent further aging in HDFs and
partly restores their functions to those observed in younger HDFs.
Taken together, PRDX3 could be a key player in Rg3(S)-induced

partial restoration of cellular senescence in HDFs. This systematic
study of ginsenoside biochemistry combined with functional pro-
teomics will provide valuable insights into understanding senes-
cence with respect to prevention and the possible therapeutic
application of ginseng saponins.
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