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Abstract
Although mitochondrial functions are essential for cell survival, their critical roles in stem cell fate,
including proliferation, differentiation, and senescence, remain elusive. Ginsenoside Rg3 exhibits various
biological activities and reportedly increases mitochondrial biogenesis and respiration. Herein, we
observed that Rg3 increased proliferation and suppressed senescence of human bone marrow-derived
mesenchymal stem cells. Osteogenic, but not adipogenic, differentiation was facilitated by Rg3
treatment. Rg3 suppressed reactive oxygen species production and upregulated mitochondrial biogenesis
and antioxidant enzymes, including superoxide dismutase. Consistently, Rg3 strongly augmented basal
and ATP synthesis-linked respiration with high spare respiratory capacity. Rg3 treatment elevated
cytosolic Ca2+ concentration contributing to mitochondrial activation. Reduction of intracellular or
extracellular Ca2+ levels strongly inhibited Rg3-induced activation of mitochondrial respiration and
biogenesis. Taken together, Rg3 enhances capabilities of mitochondrial and antioxidant functions mainly
through a Ca2+-dependent pathway, which improves the proliferation and differentiation potentials and
prevents the senescence of human mesenchymal stem cells.

Introduction
Mitochondria are essential for energy metabolism, calcium homeostasis, cell survival, and apoptosis;
however, their role in stem cell proliferation, differentiation, and senescence have not been fully
elucidated. In a stem cell niche, quiescent cells have a low mitochondrial mass in a low oxygen
environment [1]. These cells have less bioenergetic reliance on oxidative phosphorylation and more
glycolytic activity. Furthermore, superoxide production from mitochondrial activities inhibits stemness,
negatively affecting stem cell fate [2]. Nevertheless, counteracting evidences demonstrate mitochondrial
metabolism exhibits an essential role in stem cell fate and defense against senescence [3]. Active
mitochondrial respiration is required to maintain quiescence and the differentiation ability of stem cells
[4]. After mitochondria transfer, recipient bone marrow-derived mesenchymal stem cells (BMSCs)
displayed increased oxidative phosphorylation, which enhanced proliferation and osteogenic
differentiation [5]. Conversely, mitochondrial DNA mutations, lower mitochondrial content, and impaired
mitochondrial metabolism leads to stem cell senescence [6].

Rg3 isolated from Panax ginseng has various pharmacological actions, including anti-oxidant [7], anti-
in�ammatory [8], anti-cancer [9], neuroprotective [10], and anti-aging activities [11]. Rg3 increases insulin
sensitivity and inhibits adipogenic differentiation associated with AMP-activated protein kinase (AMPK)
activation and peroxisome proliferator-activated receptor γ (PPARγ) inhibition, respectively [12, 13]. Rg3
inhibits oxidative stress by elevating catalase and superoxide dismutase (SOD) activities and decreasing
xanthine oxidase activity [7]. Additionally, Rg3-related increases in mitochondrial biogenesis and
respiration have been reported [14]. However, most of investigation about Rg3 actions had been
performed in cancer cells, and little is known about its role in stem cells. In this study, we aimed to resolve
the effect of Rg3-induced mitochondrial activation on the fate of human BMSCs.
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Methods
Cell culture and reagents

Human BMSCs were purchased from American Type Culture Collection. Mononuclear cells were cultured
with low glucose-Dulbecco’s modi�ed Eagle’s medium (Gibco) containing 10% fetal bovine serum and 1%
penicillin/streptomycin at 37℃ in a 5% CO2. Cells with passages 3 or 4 were used for the experiments
treated with ginsenoside Rg3 (Cayman Chemical) or 0.25% ethanol as a vehicle. The detailed information
is described in Supplemental Methods.

Quantitative polymerase chain reaction (qPCR)

Total RNA was isolated from BMSCs and used to synthesizing cDNA. Transcript levels were measured by
QuantStudio™ 6 Real‐Time PCR System (Applied Biosystems) using sequence-speci�c primers listed in
supplementary �gure 1. The cycle threshold (Ct) values of the target genes were normalized to control
(Peptidylprolyl isomerase A), and the relative amount was calculated by using the equation, 2-ΔΔCt.

Western blot analysis

The cells were lysed using RIPA lysis buffer and lysates were separated by 10-15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene �uoride membranes. The
membranes were incubated overnight with primary antibodies, the detailed information of which is
described in Supplemental Methods. After washing, the membranes were incubated for 1 h in horseradish
peroxidase-conjugated secondary antibodies. The membranes were incubated in a developing solution
(GE Healthcare) and signal was detected using Chemi-Doc System (Bio-rad)..

Senescence-associated β-galactosidase (SA-β-gal) staining

SA-β-gal activity was assessed with a senescence β-gal staining kit (Cell Signaling Technologies)
according to the manufacturer’s instructions.

Adipogenic and Osteogenic Differentiation

BMSCs were maintained for two or three weeks in either osteogenic or adipogenic medium. The
osteogenic medium contains 10 mM β-glycerophosphate (Sigma), 0.2 mM Ascorbic acid-2-phosphate
(Sigma) and 100 nM dexamethasone (Sigma). After 14 days, Alizarin Red staining was performed and
the absorbance at 540 nm were detected by spectrophotometer. The adipogenic medium contains 1 mM
dexamethasone, 0.5 mM 1-methyl-3-isobutylxanthine (Sigma), 100 µM indomethacin (Sigma), and 10
µg/mL insulin (Sigma). After 21 days, Oil Red-O staining was performed and the absorbance at 520 nm
were detected.

Oxygen Consumption Rate (OCR) and ExtraCellular Acidi�cation Rate (ECAR) measurement
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OCR and ECAR were measured in BMSCs using the Seahorse XFe96 Analyzer (Agilent Technologies) in
response to XF Cell Mito Stress Test Kit or Glycolysis Stress Test Kit (Agilent Technologies).
Supplemental Experimental Procedures provides detailed information about OCR and ECAR
measurement from BMSCs.

Cytosolic ROS measurement

BMSCs were loaded with 5 µM DCFH2DA (Invitrogen) for 20 min at 37℃ and �uorescence intensity
re�ecting ROS production was measured at the excitation and emission wavelengths of 485 and 538 nm
using a �uorescence-activated cell sorting (FACSAria III, BD Biosciences, USA).

Live-cell Ca2+ imaging

BMSCs seeded on 12 mm coverslip were loaded with 5 µM Fura-2/AM (Thermo Fisher Scienti�c) for 30
min at 37°C. Then, cells were transferred to a perfusion chamber on an inverted microscope (IX73,
Olympus). Fluorescence images with an illuminator (pe-340Fura; CoolLED) were captured at 510 nm with
a CCD camera (Prime-BSI; Teledyne Photometrics) and the ratio of �uorescence intensities (F340/F380)

re�ecting intracellular Ca2+ was analyzed by MetaFluor 6.1 (Molecular Devices).

Statistical analysis

Student’s t-test was used to compare means of two data groups. One-way ANOVA was used to compare
means of two or more data groups. All graphs and statistical analysis were performed using software
(Prism version 6.0, GraphPad Software). Data are presented as mean ± SD and P < 0.05 was considered
signi�cant.

Results
Rg3 augments proliferation and reduces senescence in human BMSCs

Human BMSCs exposed to Rg3 for 5 days showed increased proliferation in a dose-dependent manner,
with a shortened population doubling time (Fig. 1A). The expression of stemness genes, including Oct4,
NANOG, and SOX2 tends to be increased by Rg3 treatment (Fig. 1B). As an indicator of senescence, β-
galactosidase staining showed less positive (senescent) cells in the Rg3-treated cells than in the control
cells (Fig. 1C). Rg3 treatment downregulated the transcriptional levels of p21 and p53, which are
important molecules involved in cell cycle arrest and senescence (Fig. 1D). To investigate differentiation
potency, BMSCs were cultured in osteogenic and adipogenic differentiation media for 14 and 21 days,
respectively. Rg3 increased Ca2+ deposition, as measured by Alizarin Red S staining (Fig. 1E). Osteogenic
genes such as runt-related transcription factor 2 (Runx2) and alkaline phosphatase (ALP) were
upregulated by Rg3 (Fig. 1F). Conversely, adipogenic differentiation, detected via Oil Red O staining, was
attenuated by Rg3 (Fig. 1G). The expression of the adipogenic genes, PPARγ and CCAAT-enhancer-
binding protein α (C/EBPα), was lower in Rg3-treated cells (Fig. 1H).
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Rg3 reduces oxidative stress and increases mitochondrial biogenesis and metabolism

Reactive oxygen species (ROS) production, known to cause stem cell senescence, was reduced by 5 days
of Rg3 treatment, both under basal and increased oxidative stress conditions (Fig. 2A). The expression of
antioxidant enzymes, including mitochondrial SOD (SOD2) and catalase, was increased by Rg3 (Fig. 2B
and Fig. S1A). As upstream regulators of mitochondrial biogenesis, PPARγ coactivator 1α (PGC1α) and
mitochondrial transcription factor A (Tfam) were also signi�cantly upregulated upon Rg3 exposure. The
p70S6 kinase (S6K), a downstream mammalian target of rapamycin (mTOR), was activated by Rg3.
Components of the respiratory chain, including succinate dehydrogenase B (SDHB) and ubiquinol-
cytochrome c reductase complex 2 (UQCRC2), were upregulated by Rg3 (Fig. 2C). Mitochondrial oxygen
consumption by BMSCs was markedly increased following 5 days of Rg3 treatment, as was basal and
maximal respiration, ATP-linked consumption, spare capacity, and proton leak (Fig. 2D). Glycolytic
activity was also augmented, and the glycolysis reserve was diminished by Rg3 (Fig. 2E). Activation of
mitochondrial respiration and glycolysis by Rg3 shifted the metabolic phenotype of BMSCs from a
quiescent to an energetic state (Fig. 2F).

Rg3 induces mitochondrial biogenesis and activation mediated by Ca2+ increase

To identify the molecular mechanism underlying mitochondrial biogenesis and functional activation, we
performed a real-time measurement of intracellular Ca2+ concentration ([Ca2+]i) in BMSCs loaded with

Fura-2 (Fig. 3A). Acute exposure to Rg3 increased [Ca2+]i under either 1.5 mM extracellular Ca2+ (Fig. 3B)

or Ca2+ free (Fig. S2A) condition. Mitochondrial respiration was dose-dependently increased by Rg3 over
1 h treatment (Figs. 3C). Rg3 activated AMPK and cAMP response element-binding protein (CREB), which
are involved in Ca2+ activated signaling (Fig. S1B and S1C). Mitochondrial biogenesis and activation by
acute (1 h) and chronic (5 days) Rg3 incubation were abrogated by intracellular Ca2+ chelation (Fig. S2B)
or by reducing extracellular Ca2+ with 0.4 mM EGTA (Fig. 3D), respectively. Upregulation of mitochondrial
proteins, including Tfam and SDHB, by Rg3 was abolished by extracellular EGTA addition (Fig. 3E and F).

Discussion
Mitochondria are important bioenergetic organelles, but functional consequences of mitochondrial
activation in stem cells have been underestimated. Recent advances have shown that adequate
mitochondrial function in stem cells is essential to maintain proliferation and differentiation abilities [2,
3]. Inhibition of mitochondrial fatty acid oxidation or impaired clearance of dysfunctional mitochondria
deteriorates stem cell function and fate [15, 16]. Here, we demonstrated that upregulated mitochondrial
biogenesis and respiratory capacity by ginsenosides Rg3 are related to improved stem cell fates,
including increased proliferation, reduced senescence, and facilitated osteogenic differentiation of
human BMSCs. Mitochondrial activation via increased [Ca2+]i by Rg3 leads to energetic and healthy

mitochondria with reduced oxidative stress. Overall, [Ca2+]i-mediated activation of mitochondrial
metabolism and the antioxidant system improves stem cell fate in human BMSCs.



Page 6/12

Previous reports on mitochondrial actions of Rg3 or ginseng extracts in myoblast cells are consistent
with our �ndings in stem cells [14, 17]. Furthermore, Rg3 treatment protected lipopolysaccharide-induced
mitochondrial dysfunction in hepatocytes by increasing mitochondrial biogenesis and functions via
AMPK signaling [18]. We observed that Rg3 increased [Ca2+]i by intracellular Ca2+ release and

extracellular Ca2+ in�ux. This [Ca2+]i rise was responsible for early and late increases in basal, maximal,
and ATP synthesis-linked respiration. Rg3 activated AMPK and CREB at different time points, both of
which are involved in Ca2+-activated upregulation of PGC1α and mitochondrial biogenesis. Additionally,
mitochondrial Ca2+ uptake increases activities of matrix dehydrogenases, oxygen consumption, and ATP
synthesis [19]. Therefore, it is conceivable that increased mitochondrial respiration could be attributed to
cytosolic and mitochondrial Ca2+ rises and their consequences on mitochondrial biogenesis.

Accumulating evidence suggests that oxidative stress in stem cells accelerates senescence, inhibits
proliferation, and enhances adipogenic but reduces osteogenic differentiation [20, 21]. We demonstrated
that Rg3 suppressed cytosolic ROS levels under both basal and H2O2-treated conditions. Antioxidant
defense mechanisms were reinforced by Rg3 incubation, as observed by increased SOD2 and catalase,
which is compatible with the result of ROS measurement. While Rg3-induced increases in SOD activity
have been previously reported, the molecular mechanisms underlying this response have not been fully
elucidated [22]. It has been shown that PGC1α activated antioxidant genes, including SOD and catalase
[23, 24]. We suggest that Rg3 increases antioxidant enzyme expression with mitochondrial biogenesis,
thereby attenuating senescence by suppressing oxidative stress.

In conclusion, Rg3 increases mitochondrial biogenesis and activities along with antioxidant effects,
which are associated with improved stem cell functions in BMSCs. Of note, Rg3 induced intracellular
Ca2+ elevation, mediating Rg3-induced mitochondrial upregulation. We observed that Rg3 increases
mitochondrial �tness, as estimated by a bioenergetic health index (Fig. S2C), which indicates e�cient
ATP synthesis and ample reserve capacity [25]. While further investigations are necessary to demonstrate
the molecular mechanisms underlying the causal relationship between mitochondrial metabolism and
stemness maintenance in BMSCs, we nonetheless suggest that mitochondrial activation via appropriate
Ca2+ elevation could be an effective strategy for stem cell maintenance and differentiation, aimed at
increasing the number of healthy mitochondria and inducing a stronger defense against oxidative stress.
The therapeutic preservation of well-functioning mitochondria and a robust antioxidant defense could
bene�t stem cell transplantation, as well as slow the aging process of endogenous stem cells.

List Of Abbreviations
ALP
alkaline phosphatase; AMPK:AMP-activated protein kinase; BMSCs:bone marrow-derived mesenchymal
stem cells; [Ca2+]i:intracellular Ca2+ concentration; C/EBPα:CCAAT-enhancer-binding protein α;
CREB:cAMP response element-binding protein; PGC1α:PPARγ coactivator 1α; PPARγ:peroxisome
proliferator-activated receptor γ; ROS:reactive oxygen species (ROS); Runx2:runt-related transcription
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factor 2; SDHB:succinate dehydrogenase B; SOD:superoxide dismutase; S6K:p70S6 kinase;
Tfam:mitochondrial transcription factor A; UQCRC2:ubiquinol-cytochrome c reductase complex 2

Declarations
Acknowledgement

This work was supported by the Medical Research Center Program (2017R1A5A2015369) and Bio &
Medical Technology Development Program (NRF-2020M3A9D8039920) from the Ministry of Science, ICT,
and the Yonsei University Wonju Campus Future-Leading Research Initiative of 2018 (2018-62-0055).

Author contributions:

Conceptualization by T.H., M.Y.K., K.P. and S.K.B.; Performed experiments by T.H., D.D.L. and S.J.P.; Data
analysis by T.H., M.Y.K., D.D.L., S.J.P., Y.W.E. and K.P.; Writing by T.H., M.Y.K., D.D.L., K.P. and S.K.B; Funding
Acquisition by K.P. and M.Y.K. All authors read and approved the �nal manuscript.

Con�ict of interest:

The authors declare that there are no con�icts of interest related to this work.

Ethics approval and consent to participate: Not applicable

Consent for publication: Not applicable

Data availability: The authors agree to share data and materials related to this manuscript.

Funding:

The research grants of Medical Research Center Program (2017R1A5A2015369) and Bio & Medical
Technology Development Program (NRF-2020M3A9D8039920) from the Ministry of Science, ICT,
Republic of Korea and the Yonsei University Wonju Campus Future-Leading Research Initiative of 2018
(2018-62-0055) were used in performing experiments, data analysis, and writing the manuscript.

References
1. Takubo K, Nagamatsu G, Kobayashi CI, Nakamura-Ishizu A, Kobayashi H, Ikeda E, Goda N, Rahimi Y,

Johnson RS, Soga T, et al. Regulation of glycolysis by Pdk functions as a metabolic checkpoint for
cell cycle quiescence in hematopoietic stem cells. Cell Stem Cell. 2013;12(1):49–61.

2. Papa L, Djedaini M, Hoffman R. Mitochondrial role in stemness and differentiation of hematopoietic
stem cells. Stem Cells Int 2019;4067162.

3. Zhang H, Menzies KJ, Auwerx J. The role of mitochondria in stem cell fate and aging. Development.
2018;145(8).



Page 8/12

4. Ansó E, Weinberg SE, Diebold LP, Thompson BJ, Malinge S, Schumacker PT, Liu X, Zhang Y, Shao Z,
Steadman M, et al. The mitochondrial respiratory chain is essential for haematopoietic stem cell
function. Nat Cell Biol. 2017;19(6):614–25.

5. Guo Y, Chi X, Wang Y, Heng BC, Wei Y, Zhang X, Zhao H, Yin Y, Deng X. Mitochondria transfer
enhances proliferation, migration, and osteogenic differentiation of bone marrow mesenchymal stem
cell and promotes bone defect healing. Stem Cell Res Ther. 2020;11(1):245.

�. Stoll EA, Cheung W, Mikheev AM, Sweet IR, Bielas JH, Zhang J, Rostomily RC, Horner PJ. Aging neural
progenitor cells have decreased mitochondrial content and lower oxidative metabolism. J Biol Chem.
2011;286(44):38592–601.

7. Wei X, Su F, Su X, Hu T, Hu S. Stereospeci�c antioxidant effects of ginsenoside Rg3 on oxidative
stress induced by cyclophosphamide in mice. Fitoterapia. 2012;83(4):636–42.

�. Yoon S-J, Park J-Y, Choi S, Lee J-B, Jung H, Kim T-D, Yoon SR, Choi I, Shim S, Park Y-J. Ginsenoside
Rg3 regulates S-nitrosylation of the NLRP3 in�ammasome via suppression of iNOS. Biochem
Biophys Res Commun. 2015;463(4):1184–9.

9. Kim D-G, Jung KH, Lee D-G, Yoon J-H, Choi KS, Kwon SW, Shen H-M, Morgan MJ, Hong S-S, Kim Y-S.
20 (S)-Ginsenoside Rg3 is a novel inhibitor of autophagy and sensitizes hepatocellular carcinoma to
doxorubicin. Oncotarget. 2014;5(12):4438.

10. Tian J, Fu F, Geng M, Jiang Y, Yang J, Jiang W, Wang C, Liu K. Neuroprotective effect of 20 (S)-
ginsenoside Rg3 on cerebral ischemia in rats. Neurosci Lett. 2005;374(2):92–7.

11. Lee H, Hong Y, Tran Q, Cho H, Kim M, Kim C, Kwon SH, Park S, Park J, Park J. A new role for the
ginsenoside RG3 in antiaging via mitochondria function in ultraviolet-irradiated human dermal
�broblasts. J Ginseng Res. 2019;43(3):431–41.

12. Hwang JT, Lee MS, Kim HJ, Sung MJ, Kim HY, Kim MS, Kwon DY. Antiobesity effect of ginsenoside
Rg3 involves the AMPK and PPAR-γ signal pathways. Phytother Res. 2009;23(2):262–6.

13. Ginsberg HN, Maccallum PR. The obesity, metabolic syndrome, and type 2 diabetes mellitus
pandemic: II. Therapeutic management of atherogenic dyslipidemia. J Clin Hypertens.
2009;11(9):520–7.

14. Kim MJ, Koo YD, Kim M, Lim S, Park YJ, Chung SS, Jang HC, Park KS. Rg3 Improves Mitochondrial
Function and the Expression of Key Genes Involved in Mitochondrial Biogenesis in C2C12 Myotubes.
Diabetes Metab J. 2016;40(5):406–13.

15. Ito K, Carracedo A, Weiss D, Arai F, Ala U, Avigan DE, Schafer ZT, Evans RM, Suda T, Lee C-H, et al. A
PML–PPAR-δ pathway for fatty acid oxidation regulates hematopoietic stem cell maintenance. Nat
Med. 2012;18(9):1350–8.

1�. Vannini N, Campos V, Girotra M, Trachsel V, Rojas-Sutterlin S, Tratwal J, Ragusa S, Stefanidis E, Ryu
D, Rainer PY, et al. The NAD-booster nicotinamide riboside potently stimulates hematopoiesis
through increased mitochondrial clearance. Cell Stem Cell. 2019;24(3):405–18.

17. Huang Y, Kwan KKL, Leung KW, Yao P, Wang H, Dong TT, Tsim KWK. Ginseng extracts modulate
mitochondrial bioenergetics of live cardiomyoblasts: a functional comparison of different extraction



Page 9/12

solvents. J Ginseng Res. 2019;43(4):517–26.

1�. Xing W, Yang L, Peng Y, Wang Q, Gao M, Yang M, Xiao X. Ginsenoside Rg3 attenuates sepsis-induced
injury and mitochondrial dysfunction in liver via AMPK-mediated autophagy �ux. Biosci Rep.
2017;37(4):BSR20170934.

19. Quan X, Nguyen TT, Choi S-K, Xu S, Das R, Cha S-K, Kim N, Han J, Wiederkehr A, Wollheim CB, et al.
Essential role of mitochondrial Ca2 + uniporter in the generation of mitochondrial pH gradient and
metabolism-secretion coupling in insulin-releasing cells. J Biol Chem. 2015;290(7):4086–96.

20. Denu RA, Hematti P. Effects of oxidative stress on mesenchymal stem cell biology. Oxid Med Cell
Longev. 2016;2016:2989076.

21. García-Prat L, Martínez-Vicente M, Perdiguero E, Ortet L, Rodríguez-Ubreva J, Rebollo E, Ruiz-Bonilla V,
Gutarra S, Ballestar E, Serrano AL, et al. Autophagy maintains stemness by preventing senescence.
Nature. 2016;529(7584):37–42.

22. Sun M, Huang C, Wang C, Zheng J, Zhang P, Xu Y, Chen H, Shen W. Ginsenoside Rg3 improves
cardiac mitochondrial population quality: Mimetic exercise training. Biochem Biophys Res Commun.
2013;441(1):169–74.

23. St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jäger S, Handschin C, Zheng K, Lin J, Yang W, et al.
Suppression of reactive oxygen species and neurodegeneration by the PGC-1 transcriptional
coactivators. Cell. 2006;127(2):397–408.

24. Iacovelli J, Rowe GC, Khadka A, Diaz-Aguilar D, Spencer C, Arany Z, Saint-Geniez M. PGC-1α induces
human RPE oxidative metabolism and antioxidant capacity. Invest Ophthalmol Vis Sci.
2016;57(3):1038–51.

25. Chacko BK, Kramer PA, Ravi S, Benavides GA, Mitchell T, Dranka BP, Ferrick D, Singal AK, Ballinger
SW, Bailey SM, et al. The Bioenergetic Health Index: a new concept in mitochondrial translational
research. Clin Sci (Lond). 2014;127(6):367–73.

Figures



Page 10/12

Figure 1

Rg3 augments proliferation and reduces senescence in human BMSCs. (A) Increased proliferation of
human BMSCs by Rg3 were estimated via the MTT absorbance and proliferation doubling time (PDT).
(B) Transcriptional levels of stemness genes, Oct4, NANOG, and SOX2, were evaluated using quantitative
real-time PCR. Attenuation of cellular senescence was estimated by the (C) percentage of β-galactosidase
staining positive cells and (D) expression of senescence markers, p21, p53, and p16. Osteogenic
differentiation was quanti�ed via (E) the absorbance (optical density) of Alizarin Red S staining and (F)
expression of osteogenic genes, Runx2 and ALP. Adipogenic differentiation was quanti�ed via (G) the
absorbance of Oil Red O staining and (H) expression of lipogenic genes, PPAR  and C/EBPα. Data are
presented as the means ± SDs; * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001.
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Figure 2

Rg3 reduces oxidative stress and increases mitochondrial biogenesis and metabolism. (A) Reactive
oxygen species (ROS) production under basal and H2O2-treated conditions was measured using �ow
cytometry with DCF-DA staining. (B & C) Alterations in protein levels of mitochondrial transcription factor
(Tfam), superoxide dismutase 2 (SOD2), phosphorylated p70S6 kinase (S6K), and electron transport
chain proteins (NDUFB8, SDHB, UQCRC2, MTCO1, ATP5A). (D–F) Mitochondrial oxygen consumption rate
(OCR; D) and extracellular acidi�cation rate (ECAR; E) were measured using the Seahorse XFe96
metabolic �ux analyzer and (F) the energy map of ECAR and OCR values was constructed. Data are
presented as the means ± SDs; * P<0.05, ** P<0.01, *** P<0.001 and **** P<0.0001.
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Figure 3

Rg3 induces mitochondrial biogenesis and activation mediated by Ca2+ increase. (A) [Ca2+]i
measurement using a �uorescence imaging system after Fura-2-AM dye loading. (B) Rg3 induced
sustained [Ca2+]i elevation, as estimated by the area under the curve (AUC) above the baseline. (C)
Mitochondrial oxygen consumption rate (OCR) was dose-dependently increased by 1 h incubation of Rg3.
(D–F) Effects of extracellular Ca2+ reduction by the addition of 0.4 mM EGTA on OCR (D), and protein
levels of mitochondrial transcription factor (Tfam), phosphorylated p70S6 kinase (S6K), and electron
transport chain complex II (SDHB) (E & F) following 5 days of Rg3 incubation. Data are presented as the
means ± SDs; * P<0.05, ** P<0.01, *** P<0.001 and **** P<0.0001.
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