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Abstract Nardostachys chinensis (N. chinensis) has been used

in traditional medicine as a sedative and analgesic. It has been

reported that N. chinensis extract has an antioxidant activity.

However, the mechanism has not been elucidated. In this study,

we showed that FOXO3a was activated by N. chinensis extract.

FOXO3a is a transcriptional factor that involved in cell cycle

arrest, DNA repair, apoptosis, and detoxification of reactive

oxygen spices (ROS). Protein level of FOXO3a was increased by

N. chinensis extract whereas phospho-FOXO3a (Thr 32) was not

changed. Promoter activities of target genes of FOXO3a such as

MnSOD, p27, and GADD45 were increased by N. chinensis extract.

Among target genes, protein level of MnSOD was increased by N.

chinensis extract, and this leads to removal of ROS level in human

embryonic fibroblast (HEF) cells. These results suggested that N.

chinensis extract has an antioxidant activity by upregulation of

MnSOD through FOXO3a activation.
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Introduction

Reactive oxygen species (ROS) are generated as a side product

during mitochondrial respiration and by NADPH oxidase. ROS

was also produced by environmental stress such as UV and

ionizing radiation. While ROS plays an important role in various

cellular processes, it also causes damage of nucleic acids, proteins,

and lipid. This is referred to as oxidative stress which has been

known to be a major cause of cancer and aging (Circu and Aw,

2010; Ray et al., 2012). Antioxidant is one of the defense

mechanisms against oxidative stress. Superoxide dismutase,

glutathione peroxidase, and catalase are enzymatic antioxidant.

Non-enzymatic antioxidant include ascorbic acid (Vitamin C), α-

tocopherol (Vitamin E), glutathione, carotenoids, and flavonoids

(Valko et al., 2007).

Nardostachys chinensis (N. chinensis) belongs to family

Valerianaceae and has been used as a sedative and analgesic. N.

chinensis contains ursolic acid, nardosinone, pinoresinol, desoxo-

narchinol A, kanshone B, epoxyconiferyl alcohol, debilon, 4a,5-

dimethyl-1,3-dioxo-1,2,3,4,4a,5,6,7-octahydronaphthalene, p-coumaric

acid, isoferulic acid, narchinol B, and narchinol C (Hwang et al.,

2012). It has been reported that nardosinone enhanced neurite

outgrowth from PC12D cells (Li et al., 2003a; Li et al., 2003b). N.

chinensis induced granulocytic differentiation in human leukemia

HL-60 cells (Yoon et al., 2006). N. chinensis has also known to

have an antioxidant activity and anti-inflammatory activity (Baek

et al., 2009).

FOXO protein is a transcriptional factor that promotes cell-

cycle arrest, DNA repair, apoptosis, and detoxification of ROS

through transcriptional activation of target genes by binding to the

consensus binding motif TTGTTTAC (Weidinger et al., 2008;

Monsalve and Olmos, 2011). FOXO consists of four members:

FOXO1 (FKHR), FOXO3a (FKHRL1), FOXO4 (AFX), and

FOXO6. FOXO regulates proliferation through expression of p27,

cell cycle inhibitor (Dijkers et al., 2000). FOXO protects cells

from oxidative damage by transcriptional regulation of manganese

superoxide dismutase (MnSOD) (Kops et al., 2002) and catalase

(Tan et al., 2008). FOXO also protects cells from DNA damage by

increasing DNA repair through up-regulation of GADD45 mRNA

and protein (Tran et al., 2002). FOXO regulates apoptosis through

directly upregulation of pro-apoptotic Bcl-2 family member Bim
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(Sunters et al., 2003).

Although it has been reported that N. chinensis extract had an

antioxidant activity, the mechanism has not been elucidated. The

present study showed that of N. chinensis extract has antioxidant

activity through increased expression of MnSOD by FOXO

activation in human embryonic fibroblast (HEF) cells.

Materials and Methods

Cell culture. A primary HEF cells were established from an

abortus at Hallym University Hospital (Kim et al., 2005). HEF

cells were cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM) containing 10% fetal bovine serum (FBS) (Bio-Whitaker)

at 37oC in a humidified atmosphere containing 5% CO2. U2OS

cells were stably transfected with FHRE-GFP vector (three copies

of forkhead responsive element) (Heo et al., 2013). U2OS-FHRE-

GFP cell lines were cultured in DMEM containing 10% FBS and

G418 (0.8 mg/mL).

Preparation of N. chinensis extract. N. chinensis was purchased

from Dae Kwang Herb Medicine Co., Ltd., Korea and the voucher

specimen (No. RIC-1517) was deposited at the center for efficacy

assessment and development of functional foods and drugs

(Regional Innovation Center Hallym University, Korea). Dried

and chopped roots of N. chinensis (500g) mixed with 3 liter of

70% ethanol in a 5,000 mL round bottom flask fitted with a

cooling condenser. The extraction was performed at 70oC for 6 h.

The extracts were combined and concentrated under reduced

pressure with a Model EYELA N-1000 rotary evaporator (Tokyo

Rikakikai, Japan). 98.5 g (19.7%) of the crude extract was

produced and used for biological activity test.

High Content Screening. U2OS-FHRE-GFP stable cells were

seeded in 96-well plate. After 24 h, cells were treated with N. Chinesis

extract for 24 h. Cells were fixed using 3.7% formaldehyde for

10 min and washing with 1× PBS 3 times. GFP intensity was

measured by high content screening (ArrayScan V, Cellomics,

USA).

Western blot analysis. Cells were harvested and lysed in lysis

buffer (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM EDTA,

10% glycerol, and 1% NP-40 containing a mixture of protease

inhibitors). 40 µg of protein was separated on a sodium dodecyl

sulfate polyacrylamide gel and then transferred to immune-blot

PVDF membrane. The membranes were incubated with primary

antibodies. The membranes were then incubated with the secondary

antibody conjugated with anti-mouse or anti-rabbit IgG-horseradish

peroxidases. Protein detection was performed using the ECL

system (Amersharm Biosciences, USA). The anti-FOXO3a and

the anti-phospho-FOXO3a (T32) antibody were purchased from

Cell Signaling Technology (Essex, USA). The anti-MnSOD antibody

was purchased from BD PharMingen (USA). The anti-actin antibody

was purchased from Sigma (USA). Horseradish peroxidase-coupled

anti-rabbit and anti-mouse were obtained from Pierce Technology

Corporate (Meridian RD, USA).

Luciferase assay. The HEF cells were seeded in 24-well plate and

cultivated for 24 h. Cells then were transfected with plasmid DNA

using Lipofectamine LTX (Invitrogen, USA) and incubated for

24 h. Cells were treated with N. chinensis extract for 24 h. Luciferase

activity of cell extract was measured using a commercial kit,

Luciferase Assay Reagent (Promega, USA). β-Galactosidase activity

was also measured to correct for the transfection efficiency.

MTT assay. 5×103 HEF cells were seeded in 24-well plate and

cultivated for 24 h. Cells were then treated with N. chinensis

extract for 24 h. MTT solution was incubated for 4 h, and the

absorbance of each well was measured at 570 nm.

Measurement of reactive oxygen species. Cells were incubated

with 30 µM DCDHF-DA for 30 min at 37oC. Cells were washed

twice with PBS, detached with trypsin. DCF fluorescence

intensities of 10,000 cells were measured by flow cytometry

(FACSCalibur, BD, USA).

Statistical Analysis. Results were analyzed using GraphPad

Prism 4 (Ver. 4.03, GraphPad Software, USA). Standard deviation

and comparison of results have been performed by paired

student’s t-test.

Results

N. chinensis extract (10 µg/mL) activates FOXO3a. U2OS-

FHRE-GFP cells were prepared by stable transfection of U2OS

cells with FHRE-GFP vector which has three FOXO responsive

elements (Heo et al., 2013). GFP expression was increased by

FOXO activation in these cells. To investigate whether N. chinensis

extract activates FOXO3a, U2OS-FHRE-GFP cells were seeded

in 96-well plates and N. chinensis extract (10 µg/mL) was treated

for 24 h. And then GFP expression level was measured by HCS.

Expression of GFP was increased by N. chinensis extract (Fig.

1A). To test the cytotoxic effect of N. chinensis extract, HEF cells

were treated with N. chinensis extract for 24 h and cell viability

was measured by MTT assay. Cell viability was unaffected by

these concentrations of treatment (Fig. 1B).

Protein level of FOXO3a was increased by N. chinensis

extract. Because FOXO3a was activated by N. chinensis extract,

we measured the protein level of FOXO3a. HEF cells were treated

with N. chinensis extract (10 and 20 µg/mL) for 24 h and western

blot analysis was performed. The protein level of FOXO3a was

increased more than 5.5 folds by N. chinensis extract (Fig. 2). Akt

phosphorylates FOXO3a at three residues (Thr 32, Ser253, and

Ser315). Because this phosphorylation of FOXO3a leads to nuclear

exclusion, FOXO3a activity was inhibited by this phosphorylation

(Brunet et al., 1999). The level of phosphorylated FOXO3a (T32)

was not changed by N. chinensis extract. This result showed that

protein level of FOXO3a was increased by N. chinensis extract

regardless of Akt signaling.

Promoter activities of FOXO3a target genes are increased by

N. chinensis extract. MnSOD, p27, and GADD45 are transcriptional

target gene of FOXO3a. To investigate whether the target genes of

FOXO3a were activated by N. chinensis extract, HEF cells were

transfected with reporter plasmid DNA for 24 h, and then treated
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with N. chinensis extract for 24 h. Luciferase activity of MnSOD,

p27 and GADD45 reporter genes appeared to be increased by N.

chinensis extract, although there is no statistical significance for

p27 anad GADD45 (Fig. 3). Activated FOXO3a by N. chinensis

activates particularly MnSOD promoter rather than p27 and

GADD45 promoter. These result suggested that N. chinensis may

be involved in detoxification of ROS through activation of

FOXO3a and MnSOD.

Protein level of MnSOD was increased by N. chinensis extract.

MnSOD is a major cellular antioxidant enzyme that removes

cellular ROS. MnSOD gene is a target gene of FOXO3a and has

multiple FOXO biding sites in promoter. Because N. chinensis

extract activates FOXO3a, protein level of MnSOD was measured.

HEF cells were treated with N. chinensis extract for 24 h and

western blot analysis was performed. Protein level of MnSOD

was increased about 3.2 folds by 20 µg/mL of N. chinensis extract

(Fig. 4).

Fig. 1 Activation of FOXO3a and cell survival by N. chinensis extract. (A) U2OS-FHRE-GFP
stable cells were treated with N. chinensis extract (10 µg/mL) for 24 h. GFP intensity was
analyzed by high content screening. Upper panel is the photographs showing the fluorescence of
U2OS-FHRE-GFP stable cells treated with N. chinensis extract and fluorescence intensity
measured was plotted as bars in lower panel. (B) HEF cells were treated with N. chinensis extract
(10 and 20 µg/mL) for 24 h. Cell viability was calculated by incubation in MTT solution for 4 h
and measuring the absorbance at 570 nm. The error bars indicate standard deviations of results
obtained from three independent experiments and the statistical significance is indicated as **p
<0.01 by Student’s t-test.

Fig. 2 Increase of FOXO3a protein level by N. chinensis extract. (A)
HEF cells were treated with N. chinensis extract for 24 h. The protein
levels of FOXO3a, p-FOXO3a (Thr32), and actin were measured by
western blot analysis. (B) Band intensities were quantified by
densitometry of Fig. 2A and the results were plotted as bars. The error
bars indicate standard deviations of results obtained from three
independent experiments and the statistical significance is indicated as
**p <0.01 by Student’s t-test.

Fig. 3 Increase of promoter activities of FOXO3a target genes by N.
chinensis extract. HEF cells were cotransfected with indicated reporter
plasmid and pCMV-β-gal plasmid for 24 h. Transfected cells were treated
with N. chinensis extract for 24 h. Luciferase activities and β-
galactosidase activities were measured. β-Galactosidase activity was used
to correct transfection efficiency. The error bars indicate standard
deviations of results obtained from five independent experiments and the
statistical significance is indicated as *p <0.05 by Student’s t-test.
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ROS level was decreased by N. chinensis extract. It has been

reported that N. chinensis extract has antioxidant activity. To

investigate that N. chinensis extract has antioxidant activity in

HEF cells, HEF cells were treated with N. chinensis extract for

24 h. ROS level was measured using DCFHF-DA staining. ROS

level was decreased by N. chinensis extract in a dose-dependent

manner (Fig. 5).

Discussion

It has been reported that N. chinensis extract has an antioxidant

activity under in vitro assays such as DPPH radical, superoxide

anion and nitric oxide radical scavenging capacity (Baek et al.,

2009). However, the molecular mechanism has not been verified.

In this study, we demonstrated that FOXO3a was activated by N.

chinensis extract and the protein level of MnSOD, a FOXO target

gene, was increased. ROS was reduced by action of increased

MnSOD in HEF cells.

ROS activates various signaling pathways including Ras, Protein

tyrosine phosphatases, serine/threonine kinases such as AKT and

mitogen-activated protein kinases (MAPKs), and nuclear transcription

factors such as NF-κB, AP-1, p53, and HIF-1 (Valko et al., 2006).

Particularly, MAP-kinase/AP-1 and NF-κB pathway affects

proliferation and apoptosis of cells. ROS is known to result in

DNA damage, mutations, and altered gene expressions to activate

carcinogenesis. Oxidative stress can also cause various diseases

such as neurodegeneration, atherosclerosis, diabetes, and aging

(Ray et al., 2012).

Among the components of N. chinensis extract, nardosinone

enhanced nerve growth factor (NGF)-mediated neurite outgrowth

from PC12D cells (Li et al., 1999) by activation of a down-stream

step of mitogen-activated protein kinase (MAPK)-dependent

cascade of NGF (Li et al., 2003b). Nardosinone enhanced also

dibutyryl cyclic AMP and staurosporine-induced neurite outgrowth

from PC12D cells (Li et al., 2003a). Glycoside from N. chinensis

induces neurite outgrowth, increase of AChE activity, cell cycle

arrest in G1 and up-regulation of GAP-43, neuronal marker, via

Fig. 5 Decrease in ROS level by N. chinensis extract in HEF cells. HEF cells were
treated with N. chinensis extract for 24 h. Cells were incubated with 30 µM DCDHF-
DA for 30 min at 37oC. ROS levels were measured by flow cytometry as described in
materials and methods. Upper panel shows DCF fluorescence of DCDHF-DA-stained
cells and intensity of fluorescence of upper panel was plotted as bars in lower panel.
M1 indicate the cells with fluorescence. The error bars indicate standard deviations of
results obtained from three independent experiments and the statistical significance is
indicated as *p <0.05 by Student’s t-test.

Fig. 4 Increase of MnSOD protein level by N. chinensis extract. (A) HEF
cells were treated with N. chinensis extract for 24 h. Protein level of
MnSOD and actin were measured by western blot analysis. (B) Band
intensities of Fig. 4A were quantified by densitometry and plotted as bars
The error bars indicate standard deviations of results obtained from three
independent experiments and the statistical significance is indicated as *p
<0.05 by Student’s t-test.
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MAPK-related signal cascade (Liu et al., 2005). N. chinensis

induced granulocytic differentiation through ERK activation in

human promyelocytic leukemia HL-60 cells (Yoon et al., 2006). It

is unclear currently whether activation of differentiation by N.

chinensis is related to FOXO3a activation by N. chinensis. N.

chinensis was also known to possess an antioxidant activity and

anti-inflammatory activity through suppression of NO production

and the expression of iNOS and COX-2 (Baek et al., 2009). N.

chinensis induced cell cycle arrest in G0/G1 phase in association

with p21 and p27 in human lymphoma U937 cells (Kang et al.,

2011). Our result suggests that antioxidant of N. chinensis appears

to be related to FOXO3a activation of N. chinensis since we

showed that promoter activity and protein level of MnSOD were

upregulated by FOXO activation. The component that activates

FOXO3a has not been verified in this work. Further detailed

characterization of component of N. chinensis extract that

activates FOXO3a will answer question.

Activity of FOXO3a is regulated by posttranslational modifications

such as phosphorylation, acetylation, ubiquitination, and methylation

(Huang and Tindall, 2011; Zhao et al., 2011). Akt regulates FOXO3a

through phosphorylation. Akt phosphorylates FOXO3a at Thr 32,

Ser 253, and Ser315. Phosphorylated FOXO3a associated with

14-3-3 proteins and leading to nuclear exclusion and inhibits

FOXO3a activity (Brunet et al., 1999). Because this signaling is

the most well known signaling, we examined the level of phospho-

FOXO3a (T32). However, the level of phosphor-FOXO3a (T32)

was not affected by N. chinensis extract (Fig. 2). IkB kinase

physically interacts with and phosphorylates FOXO3a (Ser 644).

This phosphorylation leads to inhibit the FOXO3a activity

through proteolysis via ubiquitin-dependent protesome pathway

(Hu et al., 2004). MST1 phosphorylates FOXO3a at Ser 207 that

causes to interrupt binding with 14-3-3 proteins and promotes

nuclear translocation (Lehtinen et al., 2006). The AMP-activated

protein kinase phosphorylates FOXO3a at six sites (Thr179,

Ser399, Ser413, Ser555, Ser588, and Ser626) and this phosphorylation

leads to activation of FOXO3a transcriptional activity (Greer et

al., 2007). ERK directly interacts with and phosphorylates FOXO3a

at Ser 294, Ser344, and Ser 425. The phosphorylation degrades

FOXO3a via an MDM2-mediated ubiquitin-proteasome pathway

and eventually FOXO3a degradation leads to promote cell

proliferation and tumorigenesis (Yang et al., 2008). It has been

reported that FOXO3a activity is associated with tumor suppression,

aging, diabetes, infertility, neurodegeneration, and immune system

dysfunction (Maiese et al., 2008). Our result showed that N.

chinensis extract did not affect Akt-mediated phosphorylation of

FOXO3a (Fig. 2). However, it has not been tested whether other

modifications of FOXO3a are involved in N. chinensis extract-

induced FOXO3a activation. Further detailed characterization on

the mechanism of FOXO3a activation by N. chinensis extract will

provide better understanding of the phenomena.
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