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Tanshinone IIA is the major antioxidant component in the traditional Chinese medicine
Salvia miltiorrhiza. Transcription factor nuclear-factor-E2-related factor (Nrf2) regulates a
battery of antioxidant response element (ARE)-regulated genes. The aim of this study was to
determine the effect of tanshinone IIA on Nrf2 activation and intracellular redox status in
human aortic smooth muscle cells. Tanshinone IIA potentiated tumor necrosis factor a

(TNF-o)-mediated nuclear accumulation of Nrf2 and expression of ARE-related genes, while
Tanshinone 1A it reversed TNF-a-induced down-regulation of intracellular glutathione (GSH), NADPH and
Nrf2 glucose 6-phosphate dehydrogenase (G6PDH) levels. Specific silence of Nrf2 by siRNA down-
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regulated tanshinone IIA-induced Nrf2 activation and increased of intracellular GSH,
NADPH and G6PDH levels. Tanshinone IIA-induced Nrf2 activation was association with
activation of ERK and PKB, which was prevented by treatment with PD098059 or wortman-
nin. Tanshinone IIA attenuated TNF-a, angiotensin II, H,O,-mediated reactive oxygen
species (ROS) production. These results demonstrated that tanshinone IIA-induced Nrf2

Oxidative stress
Smooth muscle cells

activation is the major regulatory pathway of cytoprotective gene expression against
oxidative stress via ERK and PKB signaling pathways.
© 2007 Published by Elsevier Inc.

1. Introduction glutathione (GSH), by reduced nicotinamide adenine dinucleo-

tide phosphate (NADPH). GSH provides the reducing equiva-

Reactive oxygen species (ROS) play a central role in vascular
physiology and pathophysiology. They are produced by and
affect all cell types in the vessel wall [1-5]. In the vasculature,
ROS production has been observed in endothelial, smooth
muscle, and adventitial cells. It has been shown to modulate
cellular signaling cascades, gene expression, proliferation,
apoptosis, and the vascular tone [1-4].

ROS-mediated cell injury contributes to the pathophysiol-
ogy of cardiovascular disease and myocardial dysfunction.
Protection against ROS-mediated cell injury requires main-
tenance of endogenous thiol pools, most importantly, reduced

lents necessary for the conversion of hydrogen peroxide and
lipid peroxides to water and lipid alcohols, respectively,
thereby preventing degradation to highly toxic free radicals,
including hydroxyl and peroxyl radicals [6]. GSH also plays an
important role in protection against oxidation of protein
sulfhydryl groups. Glucose-6-phosphate dehydrogenase
(G6PDH) is involved in the generation of NADPH and the
maintenance of cellular redox balance [7]. Studies on anti-
oxidative defense mechanisms of mammalian cells have
demonstrated that G6PDH-generated NADPH is of crucial
importance for protection tissues against oxidative injuries
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[8,9]. NADPH produced in the G6PDH reaction preserves
cellular redox potential by providing reducing equivalents
for glutathione reductase and thioredoxin reductase, which
maintain glutathione and thioredoxin in the biologically active
(reduced) state.

Nuclear-factor-E2-related factor (Nrf)-2 as a member of
bZIP transcription factors is expressed in a variety of tissues.
Transcriptional activation of antioxidant genes through an
antioxidant response element (ARE) is largely dependent
upon Nrf2. The functional ARE has been detected in a
number of promoters of different genes, including glu-
tathione S-transferase (GST), NAD(P)H: quinone oxidireduc-
tase (NQO), heme oxygenase-1 (HO-1), glutamate cysteine
ligase (GCL) and y-glutamylcysteine synthetase (GCS) heavy
and light subunits that play a role in defense against
oxidative stress [10-12]. Nrf2 is normally sequestered in
cytoplasm after binding to a repressor protein, Keap1, which
is itself anchored to actin cytoskeleton [13]. Nrf2 might
migrate to the nucleus after dissociation with Keap1 where it
forms heterodimer with members of the small Maf family.
Nrf2 binds to the ARE, and initiates phase 2 gene transcrip-
tion. ARE-mediated gene expression plays a pivotal role in
the cellular defense against the cellular damage caused by
electrophiles and ROS [11].

Tanshinone IIA, the major component extracted from
Radix Salvia miltiorrhiza, has numerous pharmacological
activities such as antioxidant, prevention of angina pectoris
and myocardial infarction [14]. The studies demonstrated that
tanshinone IIA acted as an inducer of GSH-related phase II
enzymes in human aortic smooth muscle cells (HASMCs), and
tanshinone IIA modulated tumor necrosis factor a (TNF «)-
induced oxidative stress in HASMCs through the detoxifica-
tion system.

2. Materials and methods
2.1. Materials

Reduced glutathione, recombinant human TNF-q, angioten-
sin II (AngII), and H,0,, were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The Reverse Transcription System, the
polymerase chain reaction (PCR) system were purchased
from Promega (Madison, WI, USA). Rabbit anti-phospho-
ERK1/2, -JNK, -PKB and -p38 antibodies, rabbit anti-Nrf2 (H-
300) and rabbit anti-actin polyclonal antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). PD98059, U 0126, SP600125, SB203580, and wortmannin
were purchased from Calbiochem (La Jolla, CA, USA). siRNA
and scrambled sequences were purchased from Shanghai
Genepharmacology company (Genepharma, Shanghali,
China).

2.2. Cell cultures

Human aortic smooth muscle cells (HASMCs), medium 231
and SMC growth supplement were purchased from Cascade
Biologics (Portland, Oregon, USA). HASMCs were grown
in 231 medium with growth supplement (fetal bovine
serum (5%, v/v final concentration), human basic fibroblast

growth factor, human epidermal growth factor, and insulin)
at 37 °C in a humidified 95% air/5% CO, atmosphere. For
all experiments, HASMCs were grown to 80-90% confluence
and made quiescent by starvation for 24h. Tanshinone
IIA, PD98059, U 0126, SP600125, SB203580, and wortmannin
were added 30 min before treatment with TNF-a, H,O, or
Ang I

2.3. Nrf2 siRNA knockdown

The siRNA target sequence for Nrf2 was 5'-AAG AGT ATG AGC
TGG AAA AAC-3') [15]. siRNA (50 nM) or scrambled control
(50 nM) was transfected to HASMCs by Lipofectin (Invitrogene,
Carlsbad, CA, USA) according to the manufacture’s instruc-
tions. Briefly, cells were seeded in six-well plates and
incubated overnight, then transfected with 50 nM siRNA for
12 h using 5 pL Lipofectin per well. The cells were cultured for
another 48 h, then used for experiments.

2.4. RNA isolation and reverse transcription-polymerase
chain reaction (RT-PCR)

Total RNA was extracted from HASMC cells using the Trizol
Reagent and quantified by UV absorption at 260 and 280 nm.
Total RNA (2 pg) was reverse-transcribed into cDNA using an
oligo (dT) primer, and then amplified with specific primers.
The following primers with the predicted size were used for
amplication—Nrf2: (F) 5'-GCG ACG GAA AGA GTA TGA C-3/, (R)
5'-GTT GGC AGA TCC ACT GGT TT-3’; NQO1: (F) 5-GGC TGG
TTT GAG AGA GTG-3/, (R) 5-GTC GGC TGG AAT GGA CTT G-3/;
HO-1: (F) 5'-CAG CAC TAC GTA AAG CGT CTC C-3/, (R) 5'-AGT
GCT GAT CTG GGA TTT TCC T-3'; GCSL: (F) 5-CTT GAA TGA
ATG GAG TTC CCA-3/, (R) 5'-TAC CTG TGC CCA CTG ATA CAG
C-3'; GCSH: (F) 5'-CCA GTT CCT GCA CAT CTA CCA CGC-3/, (R)
5'-GCA GAA ATC ACT CCC CAG CGA C-3'; GCLM: (F) 5-ACC TGG
CCT CCT GCT GTG TG-3, (R) 5-GGT CGG TGA GCT GTG GGT
GT-3'; GCLC: (F) 5'-ACA AGC ACC CCC GCT TCG GT-3'; GAPDH:
(F) 5'- CGG AGT CAA CGG ATT TGG TCG TAT-3, (R) 5'- AGC CTT
CTC CAT GGT GGT GAA GAC-3. The cycle number was
determined from a linear amplification curve as being within
the linear amplification range. The PCR conditions were as
follows: 94 °C for 30s, 55-60 °C for 30s, and 30s for 72°C.
Amplification products were visualized on 1.5% agarose gel
and visualized by ethidium bromide staining and quantified
densitometrically (GADPH as a loading controljusing Quantity
One software (Bio-Rad, Hercules, CA).

2.5. Preparation of nuclear extract and Nrf2 analysis

Cells were scraped into ice-cold lysis buffer (10 mM Hepes, pH
8.0, 10mM KCl, 0.1mM EDTA, 0.5mM PMSF, 10 pg/mL
aprotinin, 10 ng/mL leupeptin, 10 pg/mL pepstatin A,
0.5mM DTT, and 0.4% NP-40), incubated for 10 min, and
centrifuged at 14,000 x g for 3min at 4 °C. The resulting
nuclear pellet was resuspended in extraction buffer (20 mM
HEPES (pH 8.0), 0.4 M NacCl, 1.0 mM EDTA, 1 mM DTT, 0.5 mM
PMSF, 10 pg/mL aprotinin, 10 pg/mL leupeptin, 10 pg/mL
pepstatin A, and 10% glycerol), kept on ice for 15 min, and
centrifuged at 14,000 x g for 5 min at 4 °C. The supernatant
containing the nuclear proteins was resolved by SDS-PAGE
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and Nrf2 levels determined by western blotting using Nrf2
antibodies.

2.6.  Western immunoblotting

Cells were lysed in 50 mmol/L Tris-HCl—150 mmol/L NaCl, pH
7.5, buffer containing 1% Nonidet P40, 0.5% sodium deox-
ycholate, 100 mmol/L NaF, 2 mmol/L NazVO, 10 mmol/L
phenylmethylsulfonylfluoride, 150 nmol/L aprotinin, and
1 pmol/L leupeptin. Protein concentrations were measured
with the Bio-Rad Protein Assay. Equivalent amounts of protein
were electrophoresed in 10% SDS-PAGE. After transfer to
nitrocellulose membranes, bands were visualized by reaction
with primary antibody. In brief, membranes were blocked in
5% bovine serum albumin and probed with primary antibody
for 1h at room temperature. After secondary incubation in
horseradish peroxidase-conjugated goat anti-mouse or goat-
anti rabbit IgG antibody (1:2500) (Santa Cruz, CA), the
immunocomplexes were visualized with an enhanced che-
miluminescence kit (ECL) from Pierce. Bands corresponding to
different proteins were quantified by scanning of photographs
and then digitalized and analyzed with the Bandscan soft-
ware.

2.7. Measurement of glucose 6-phosphate dehydrogenase
(G6PDH) activity

Cells were washed with fresh medium, detached with trypsin/
EDTA, washed with PBS, resuspended at 0.1 x 10° cells/mL in
0.1 M Tris, 0.5 mmol/L EDTA, pH 8.0, and sonicated on ice with
two 10 s bursts. Cell lysate was supplemented with 10 mmol/L
MgCl, and 0.25 mmol/L NADP*, and each measurement was
performed on 1mL of the reaction mixture. The most
commonly used assays for G6PDH activity measure the rate
of reduction of NADP* to NADPH when a cell lysate is
incubated with glucose 6-phosphate. G6PDH activity was
assayed by measuring the rate of NADPH production from
0.5 mmol/L NADP* and 2 mmol/L glucose-6-phosphate. Enzy-
matic activity was expressed as pmol NADP* reduced/min/mg
cell protein [16].

2.8.  Assay for cellular glutathione content

Intracellular GSH levels were determined by a glutathione
reductase-coupled 5,5'-dithiobis 2-nitrobenzoic acid (DTNB)
assay. Briefly, each cell pellet was sonicated in 150 pL PBS.
Lysates (20 uL) were mixed with 80 pL 2.5% metaphosphoric
acid (MPA) on ice for 20 min and centrifuged at 14,000 rpm for
Smin at 4 °C. The supernatant fraction was diluted 20-fold
with assay buffer (100 mmol/L sodium phosphate plus
5 mmol/L EDTA, pH 7.5). In each well, 50 pL diluted samples
were mixed with 50 pL 1.26 mM DTNB in assay buffer and
50 pL 2.5 U/mL glutathione reductase (in assay buffer). After
Smin incubation at room temperature, 50 pL 0.72 mmol/L
NADPH in assay buffer were added to each well and the initial
reaction rates were measured at 405 nm by the microtiter plate
reader. Several concentrations of pure GSH were also assayed
in the same plate to establish a calibration curve for
calculation of GSH content in the samples. The concentration
of GSH was expressed as nanomoles per milligram protein.

2.9. Measurement of NADPH levels

NADPH was measured by a method described by Stanton and
co-workers [17]. In brief, the method is based on the fact that
only NADH and NADPH (but not NAD" or NADP") affect
absorbance at 340 nm. Cell extracts are separated into three
aliquots (A1, A2 and A3). Al is untreated, A2 is treated with
G6PDH that converts all of the NADP* to NADPH, A3 is treated
with glutathione reductase that converts all of the NADPH to
NADP", and then the absorbance at 340 nm is measured. Al-
A3 is the NADPH content of the extract.

2.10. Measurement of intracellular ROS levels

Intracellular ROS were assessed with the ROS-sensitive
fluorophore DCFH-DA (Sigma) [18]. After reaching 80-90%
confluence on a 96-well plate, cells were washed once with
serum-free medium and then incubated with TNF-« in serum-
free medium for the periods indicated in the figure legends.
During the last 30 min of incubation, 10 pmol/L DCF was added
to the culture. The fluorescence intensity was read directly
from the culture plate at an emission wavelength of 535 nm
and an excitation wavelength of 490 nm with a multiwell
microplate reader.

2.11.  Statistical analysis

Results are expressed as the means+ S.E.M. Statistical
analysis of the data was done by one-way analysis of variance
(ANOVA) followed by the Tukey’s Multiple Comparison Test.
p < 0.05 was considered statistically significant.

3. Results

3.1.  Effects of tanshinone IIA on TNF-a-induced redox
status in HASMCs

To clarify whether the effect of tanshinone IIA was related to the
alteration of intracellular redox status, we examined intracel-
lular GSH, G6PDH and NADPH levels in HASMCs. As shown in
Fig. 1, intracellular GSH, G6PDH and NADPH levels was
significantly down-regulated by treatment with TNF-« (10 ng/
mlL) for 24 h; pretreatment with tanshinone IIA for 30 min
provided significant protection against down-regulation of
intracellular GSH, G6PDH and NADPH levels caused by TNF-a.

3.2.  Effects of tanshinone IIA on Nrf2 activation and ARE
responsed genes in HASMCs

To determine the molecular details of intracellular GSH,
G6PDH and NADPH levels elevation by tanshinone IIA, we
focus on Nrf2, a transcription factor for ARE gene expression.
After treatment with TNF-a for 24 h, nucleus Nrf2 levels were
significantly elevated; tanshinone IIA potentiated TNF-a-
induced Nrf2 activation in HASMCs (Fig. 2A). As shown in
Fig. 2B, treatment of the cells with tanshinone IIA indeed
enhanced the GCSL, GCSH, GCLC, GCLM, NQO1 and HO-1
mRNA expressions, all of which were reported to be regulated
by the Nrf2-dependent pathway.
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Fig. 1 - Effects of tanshinone IIA on intracellular GSH,
NADPH and G6PDH levels in HASMCs. HASMCs were
treated with 0.05, 0.5, 5 pM tanshinone IIA for 30 min
before treatment with TNF-« (10 ng/mL) for 24 h. (A)
Assays of intracellular GSH levels were performed as
described under Section 2. (B) Assays of intracellular
NADPH levels were performed as described under Section
2. (C) Assays of intracellular G6PDH levels were performed
as described under Section 2. Results were given as
mean * S.E.M. of six independent experiments. 'p < 0.05
when compared with the control values. #p < 0.05 when
compared with the TNF-«a values.

3.3. Effects of siRNA Nrf2 on tanshinone IIA-induced Nrf2
activation and redox status in HASMCs

We confirmed the role of Nrf2 in tanshinone IIA-induced
alteration of redox status using small interfering RNAs (siRNAs)
to inhibit the endogenous expression of Nrf2 in HASMCs. The
transfection of HASMCs cells with an siRNA specific for Nrf2
greatly reduced Nrf2 mRNA expression (Fig. 3A). Similarly,
transfection with the Nrf2-specific siRNA greatly reduced Nrf2
protein expression (Fig. 3B). By contrast, the scrambled control
siRNA did not affect expression of either Nrf2 mRNA or Nrf2
protein as compared to endogenous levels in non-transfected

cells (Fig. 3A and B). Tanshinone IIA-induced upregulation of

Nrf2 mRNA and Nrf2 protein compared with transfection with
the Nrf2-specific siRNA alone.

Transfection with Nrf2-siRNA almost completely dimin-
ished the induction levels of GSH, G6PDH and NADPH, but not
with the scrambled control (Fig. 3C-E). Tanshinone IIA
provided significant protection against down-regulation of
intracellular GSH, G6PDH and NADPH levels caused by
transfection with the Nrf2-specific siRNA.

3.4.  Effects of MAPKs and PI3K/PKB signaling pathways
on tanshinone IIA-induced Nrf2 activation and redox status in

HASMCs

PI3K/PKB and three major MAPKs: ERK1/2, p38, and JNK play an
important role in mediating cellular effects in HASMCs. We
determined whether these pathways were involved in the

Nrf2
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Fig. 2 - Effects of tanshinone IIA on Nrf2 nuclear
translocation and antioxidant response element (ARE)-
mediated gene expression in HASMCs. (A) HASMCs were
treated with 0.05, 0.5, 5 pM tanshinone IIA for 30 min
before treatment with TNF-« (10 ng/mL) for 1 h. Nrf2
proteins in nucleus were detected by Western blot. The
blots shown were representative of three independent
experiments with similar results. (B) HASMCs were treated
with 0.05, 0.5, 5 pM tanshinone IIA for 30 min before
treatment with TNF-a (10 ng/mL) for 24 h. Total RNA was
harvested and RT-PCR was performed and products were
resolved by gel electrophoresis. RT-PCR products were
normalized to GAPDH products. The intensity of PCR
product bands shown were quantitated by scanning
densitometry. The results shown were representative of
three independent experiments with similar results.
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Fig. 3 - Effects of siRNA Nrf2 on tanshinone IIA regulation of intracellular GSH, NADPH and G6PDH levels in HASMCs.
HASMCs were transfected with 50 nM siRNA or 50 nM siRNA as described under Section 2, and then treated with 5 pM
tanshinone IIA for 24 h. (A) Nrf2 RNA levels and (B) Nrf2 proteins in nucleus were detected by RT-PCR and Western blot,
respectively. Results are shown as mean =+ S.E.M. of three independent experiments. (C) Assays of intracellular GSH levels
were performed as described under Section 2. (D) Assays of intracellular NADPH levels were performed as described under
Section 2. (E) Assays of intracellular G6PDH levels were performed as described under Section 2. Results were given as
mean =+ S.E.M. of six independent experiments. p < 0.05 when compared with the control values. *p < 0.05 when compared

with the siRNA values.

tanshinone IIA’s cytoprotective effect. In HASMCs cells, ERK1/
2 and PKB phosphorylation peaked at 30 min after treatment
with TNF-a stimulation and detected slowly over 1h;
phosphorylation of p38 and JNK also peaked at 30 min and
returned quickly to basal levels (data not shown). In HASMCs
pretreated with tanshinone IIA, TNF-a-induced ERK1/2 and
PKB phosphorylation were enhanced and TNF-a-induced p38
and JNK phosphorylation were unaffected (Fig. 4A).

To test whether MAPKs and PI3K/PKB signaling pathways
were involved in tanshinone IIA-induced Nrf2 activation, cells
were pretreated with wortmannin, a PI3K inhibitor; SP600125,
a JNK inhibitor; SB 203580, a p38 inhibitor or PD98059, a MEK
inhibitor. PD98059 and wortmannin, but neither SP600125 nor
SB 203580 inhibited tanshinone IIA pretreatment with TNF-a-
induced the nuclear accumulation of Nrf2 protein (Fig. 4B) and
increase intracellular GSH (Fig. 4C), G6PDH (Fig. 4D), NADPH
(Fig. 4E) levels.

3.5.  Effects of tanshinone IIA on Ang II and H,0, induced
Nrf2 activation and intracellular redox status in HASMCs

We next studied whether tanshinone IIA could affect Nrf2
activation and intracellular redox status induced by H,0, or
Ang II, an agonist, which stimulates NADPH oxidase-depen-
dent ROS generation in HASMCs. Tanshinone IIA significantly
enhanced H,0, (100 pM) and Ang II (100 nM)-induced Nrf2
activation (Fig. 5A); while tanshinone IIA significantly reversed

H,0, and AngII-induced down-regulation of intracellular GSH
(Fig. 5B), G6PDH (Fig. 5C) and NADPH (Fig. 5D) levels.

3.6.  Effects of tanshinone IIA on reactive oxygen species
(ROS) production induced by TNF-«, Ang II or H,0,

To examine whether tanshinone IIA could affect ROS
production induced by TNF-«, H,0, or Ang II, we measured
intracellular ROS levels using dichlorofluorescein diacetate
(DCFH-DA). As shown in Fig. 6, H,O, (100 uM) and Ang II
(100 nM) significantly enhanced ROS production, while tan-
shinone IIA (5 M) significantly reversed TNF-a, H,O, and Ang
II-induced ROS production.

4, Discussion

Reactive oxygen species (ROS), including superoxide, hydro-
gen peroxide (H,O,), nitric oxide, and peroxynitrite, are
important signaling molecules that regulate vascular tone
and structure. Redox metabolism corresponds to a complex
interacting network involving the generation of ROS, and
enzymatic and non-enzymatic cellular antioxidant defenses
[19]. Any small and transient disturbance of this balance
induces redox signaling, which can act on several signaling
transduction pathways, or enzyme and transcription factor
activities. In contrast, when antioxidant defenses are
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Fig. 4 - ERK and PKB were involved in tanshinone IIA induction of Nrf2 nuclear translocation and GSH, NADPH, G6PDH levels
in HASMCs. (A) Tanshinone IIA potentiated TNF-a-induced ERK and PKB protein phosphorylation in HASMCs. HASMCs
were treated with 0.05, 0.5, 5 pM tanshinone IIA for 30 min before treatment with TNF-« (10 ng/mL) for 30 min.
Phosphorylated ERK (p-ERK), ERK, p-PKB, PKB, phosphorylated p38 (p-p38), p38, phosphorylated JNK, and JNK were detected
by Western blot. The results shown were representative of three independent experiments with similar results. (B)
HASMCGs were treated with 5 pM tanshinone IIA for 30 min before treatment with TNF-« (10 ng/mL) for 24 h in the absence
or presence of 50 pM PD98059, 100 nM wortmannin, 10 pM SB203580, or, or 10 M SP900125. All inhibitors were added into
the medium 1 h before addition of tanshinone IIA. Inhibitors were dissolved in DMSO (0.1%, v/v final concentration);
controls contained 0.1%, v/v DMSO. Nrf2 proteins in nucleus were detected by Western blot. The blots shown were
representative of three independent experiments with similar results. (C) Assays of intracellular GSH levels were performed
as described under Section 2. (D) Assays of intracellular NADPH levels were performed as described under Materials and
methods. (E) Assays of intracellular GEPDH levels were performed as described under Section 2. Results were given as
mean + S.E.M. of six independent experiments. p < 0.05 when compared with the control values. *p < 0.05 when compared
with the TNF-a values. *p < 0.05 when compared with the TNF-« and Tan II values.

chronically overwhelmed, this phenomena results in an
oxidative stress in which free radicals may exert their
deleterious effects [19]. In the present study, we demon-
strated that tanshinone IIA, a major antioxidant component
from traditional Chinese medicine Salvia miltriorhiza,
induced nuclear accumulation of Nrf2 protein levels and
increased intracellular GSH, G6PDH and NADPH levels and
provided cytoprotective effects in HASMCs.

Cellular redox potential is largely determined by GSH thatis
one of the most intensively studied intracellular compounds
due to its critical role in cell biochemistry and physiology [20].
This tripeptide is present in a reduced form (GSH) and in two
oxidized species: GSH disulphide (GSSG) and GSH mixed
disulphide with protein thiols (GS-R). Maintaining an optimal
GSH: GSSG ratio in the cell is critical to cell survival, hence,
tight regulation of the system is imperative [21]. GSH is
required for the maintenance of the thiol redox status of the
cell, protection against oxidative damage, detoxification of
endogenous and exogenous reactive metals and electrophiles,
storage and transport of cysteine, as well as for protein and

DNA synthesis, cell cycle regulation and cell differentiation
[22-24].

Glucose-6-phosphate dehydrogenase (G6PDH), the rate-
limiting enzyme in the pentose phosphate pathway, is
necessary for the synthesis of pentoses [7]. G6PDH is also
involved in antioxidant defense by providing NADPH, a major
intracellular reductant. NADPH is a cofactor in the glutathione
(GSH) reductase catalyzed reaction to regenerate antioxidant
GSH and it is also required in maintaining the antioxidant
enzyme catalase in its active form [9]. Mouse embryonic stem
cells with deleted G6PD gene fail to induce NADPH production
in response to oxidative stress, and these results in decreased
GSH/GSH disulfide ratio and cell death [25]. Even mild G6PDH
deficiency produces a distortion of redox control and oxidative
mutagenesis [26]. On the other hand, overexpression of GGPDH
suppresses hydrogen peroxide-induced cell death and the
protection is mediated through the induction of GSH produc-
tion [8,9]. Previous studies have found that G6PDH gene
expression was regulated by intracellular redox status. ROS/
reactive nitrogen species (RNS), such as hydrogen peroxide
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Fig. 5 - Effects of tanshinone IIA on H,0, or Ang II-induced Nrf2 nuclear translocation and intracellular GSH, NADPH and
G6PDH levels in HASMCs. HASMCs were treated with 0.05, 0.5, 5 pM tanshinone IIA for 30 min before treatment with H,0,
(100 pM) or Ang II (100 nM) for 24 h. (A) Nrf2 proteins in nucleus were detected by Western blot. The blots shown were
representative of three independent experiments with similar results. (B) Assays of intracellular GSH levels were performed
as described under Section 2. (C) Assays of intracellular NADPH levels were performed as described under Section 2. (D)
Assays of intracellular G6PDH levels were performed as described under Section 2. Results are given as mean *+ S.E.M. of six
independent experiments. p < 0.05 when compared with the control values. p < 0.05 when compared with the H,0, or Ang

II values.

and peroxynitrite, activate G6PDH as part of a cellular
response against oxidative damage [8,9]. Our results demon-
strated that the increase of intracellular G6PDH and NADPH
levels was a cellular compensatory response to loss in GSH and
the existence of a pro-oxidant state in HASMCs exposed to
oxidative stress.

Recently, the role of the ARE in regulating the transcription
of the two GCL subunits as well as other phase II detoxification
enzymes has received a great deal of attention [27]. The
transcriptional activation of these proteins is mediated at least
in part by ARE. Transcriptional activation through the ARE is
dependent upon the transcription factor Nrf2, a member of the
Cap‘n’Collar family of bZIP proteins [11,12]. Very little Nrf2 is

ROS(fold induction)
o = pMow
(=N IENG N SIS NG |

Fig. 6 — Effects of tanshinone IIA on TNF-«, H,0, or Ang II-
induced intracellular ROS generation in HASMCs. HASMCs
were treated with 5 pM tanshinone IIA for 30 min before
treatment with TNF-a (10 ng/mL), H,0, (100 nM) or Ang II
(100 nM) for 15 min; and ROS were quantitatively
analyzed. The percentage of ROS generation is indicated
on the ordinate and related to the value for the control
with no additives (the value for control is 84,960 + 1326).
'p < 0.05 compared to the value of control, *p < 0.05
compared to the value with TNF-«, H,0, or Ang II.

found in unstimulated cells and that which is present is held
in cytoplasm by the actin-bound protein Keapl, which also
promotes the degradation of Nrf2 by the proteasome. Upon
stimulation by agents, which activate the ARE, Nrf2 is released
from Keapl, which leads to its accumulation and its
translocation to the nucleus, where it can induce the
expression of genes containing an ARE [11]. NAD(P)H: quinone
oxidoreductase (NQO1) functions as an important part of
cellular antioxidant defense by detoxifying quinones, thus,
NQO1 plays an important role in maintaining the redox
balance in cells [28]. Recent studies have clearly shown that
HO-1 assumes a central role in cellular antioxidant defense
and especially, in vascular protection [29]. Like other phase II
genes, the enhancer regions of both GCSL and GCSH contain
the ARE, which is most critical for basal and inducible
expression for GCS [30,31]. The mechanisms of tanshinone
IIA’s vascular protection might be related with Nrf2-mediated
expression of the antioxidant genes. Knock down of Nrf2
expression by siRNA of Nrf2 could counteract tanshinone IIA’s
up-regulation intracellular GSH levels.

Phosphorylation of the Nrf2/Keapl complex, triggered by
kinase signaling pathways, might be another possibility for the
release of Nrf2 from the Nrf2/Keapl complex. Mitogen-
activated protein kinases (MAPKs), phosphatidylinositol 3-
kinase (PI3K) and PERK signaling pathways have been shown
to be involved in Nrf2-mediated gene regulation [32-34]. The
activation of extracellular signal regulated kinase (ERK) was
responsible for the nuclear translocation of Nrf2 during the
pyrrolidine dithiocarbamate induction of GCLM gene expres-
sion in HepG2 cells [35]. By using chemical inhibitors to
investigate signaling pathways, PI3K was shown to be involved
in the activation of Nrf2-mediated gene expression triggered by
antioxidants such as tBHQ or by oxidative stress, and treatment
with PI3K inhibitors, such as LY294002 or wortmannin,
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significantly decreased the nuclear translocation of Nrf2 [36,37].
Green tea polyphenol extracts stimulated the transcription of
phase Il enzymes by ARE activation probably utilizing the MAPK
signaling pathway [38]. Resveratrol, considered as an active
cardioprotective component of red wine, enhanced the activity
of phase II enzymes [39]. It demonstrated that resveratrol up-
regulates phase II antioxidant/detoxifying enzymes through
Nrf2 activation, mediated by MAPKs or PKB/Akt [40]. Our results
showed that activation of the PI3K and ERK, but not JNK or p38
signaling pathways by tanshinone IIA disrupted the Nrf2-Keap1
complex and increases the nuclear translocation of Nrf2.

Chemopreventive agents activate Nrf2-mediated gene
expression either by directly modifying the cysteine residues
on Keapl1 to disrupt the Nrf2-Keap1 complex, or by activating
kinase signaling pathways such as MAPKs, PKC, and PI3K to
phosphorylate the Nrf2/Keapl complex and facilitate the
release of Nrf2, or to increase the nuclear translocation of Nrf2
and regulate the transcriptional activity of Nrf2 nuclear co-
activators. Nrf2 induction of phase II enzymes contributes to
cytoprotection and potentially to self-repair of cells exposed to
oxidative stress.

Sodium tanshinone IIA sulfonate (STS) protect ischemia-
reperfusion injury through an electron transfer reaction in
mitochondria against forming reactive oxygen radicals [41].
Tanshinone IIA has also been shown to inhibit LDL oxidation
[42] as well as ANG II activity, resulting in attenuation of
cardiac cell hypertrophy [43]. Our results demonstrated that
tanshinone IIA provided cytoprotective effect through inhibi-
tion of ROS (mainly H,0,) production.

In summary, tanshinone IIA activates Nrf2-mediated gene
expression either by directly modifying the cysteine residues
on Keapl to disrupt the Nrf2-Keap1 complex, or by activating
kinase signaling pathways such as ERK and PI3K to phosphor-
ylate the Nrf2/Keap1 complex and facilitate the release of Nrf2,
or to increase the nuclear translocation of Nrf2 and regulate
the transcriptional activity of Nrf2 nuclear co-activators.
Therefore we propose that the magnitude of Nrf2 activation
by tanshinone IIA in a pro-oxidative environment may be
critical towards the protection against the damaging effects
observed during oxidative stress. Determining whether
tanshinone has in vivo efficacy would further be the potential
therapeutic pharmacology of this compound.

Acknowledgements

We thank Dr. Wang Sheng for helpful discussion. The work
was supported by grants from State 863 High Technology
Research and Development Project of China (No.
2003AA272042, to S-Q Wang) and the National Natural
Sciences Foundation of China (No. 30271617, to S-Q Wang)
and China Postdoctoral Science Foundation (No. 2005037391,
to H-S Zhang).

REFERENCES

[1] Keaney JF. Oxidative stress and the vascular wall. NADPH
oxidases take center stage. Circulation 2005;112:2585-8.

[2] Guzik TJ, Harrison DG. Vascular NADPH oxidases as drug
targets for novel antioxidant strategies. Drug Discov Today
2006;11:524-33.

[3] Finkel T. Oxidant signals and oxidative stress. Curr Opin
Cell Biol 2003;15:247-54.

[4] Griendling KK, Sorescu D, Ushio-Fukai M. NAD(P)H oxidase:
role in cardiovascular biology and disease. Circ Res
2000;86:494-501.

[5] Droge W. Free radicals in the physiological control of cell
function. Physiol Rev 2002;82:47-95.

[6] Schafer FQ, Buettner GR. Redox environment of the cell as
viewed through the redox state of the glutathione disulfide/
glutathione couple. Free Radic Biol Med 2001;30:1191-212.

[7] Kletzien RF, Harris PKW, Foellmi LA. Glucose-6-phosphate
dehydrogenase: a “housekeeping” enzyme subject to
tissue-specific regulation by hormones, nutrients, and
oxidant stress. FASEB J 1994;8:174-81.

[8] Tian WN, Braunstein LD, Apse K, Pang ], Rose M, Tian XN,
et al. Importance of glucose-6-phosphate dehydrogenase
activity in cell death. Am ] Physiol 1999;276:C1121-3.

[9] Tian WN, Braunstein LD, Pang ], Apse K, Rose M, Tian XN,
et al. Importance of glucose-6-phosphate dehydrogenase
activity for cell growth. J Biol Chem 1998;273:10609-17.

[10] Lee JS, Surh YJ. Nrf2 as a novel molecular target for
chemoprevention. Cancer Lett 2005;224:171-84.

[11] Jaiswal AK. Nrf2 signaling in coordinated activation of
antioxidant gene expression. Free Radic Biol Med
2004;36:1199-207.

[12] Chen C, Kong AN. Dietary chemopreventive compounds
and ARE/EpRE signaling. Free Radic Biol Med 2004;15:1505-
16.

[13] Wakabayashi N, Dinkova-Kostova AT, Holtzclaw WD, Kang
MI, Kobayashi A, Yamamoto M, et al. Protection against
electrophile and oxidant stress by induction of the phase 2
response: fate of cysteines of the Keap1 sensor modified by
inducers. Proc Natl Acad Sci USA 2004;101:2040-5.

[14] Zhou L, Zuo Z, Chow MSS. Danshen: an overview of its
chemistry, pharmacology, pharmacokinetics, and clinical
use. J Clin Pharmacol 2005;45:1345-59.

[15] Padmanabhan B, Tong KI, Ohta T, Nakamura Y, Scharlock
M, Ohtsuji M, et al. Structural basis for defects of keap1
activity provoked by its point mutations in lung cancer. Mol
Cell 2006;21:689-700.

[16] Zhang HS, Jin JF, Cao EH. Intracellular redox status
modulates monocyte chemoattractant protein-1(MCP-1)
expression stimulated by homocysteine in endothelial
cells. ] Cardiovasc Pharmacol 2003;42:258-65.

[17] Zhang Z, Yu ], Stanton RC. A method for determination of
pyridine nucleotides using a single extract. Anal Biochem
2000;285:163-7.

[18] Zhang HS, Wang SQ. Notoginsenoside R1 inhibits TNF-a-
induced fibronectin production in smooth muscle cells via
the ROS/ERK pathway. Free Radic Biol Med 2006;40:1664-74.

[19] Mathers J, Fraser JA, McMahon M, Saunders RD, Haye JD,
McLella LI. Antioxidant and cytoprotective responses to
redox stress. Biochem Soc Symp 2004;71:157-76.

[20] Njalsson R, Norgren S. Physiological and pathological
aspects of GSH metabolism. Acta Paediatr 2005;94:132-7.

[21] Meister A. Glutathione metabolism. Methods Enzymol
1995;251:3-7.

[22] Ault JG, Lawrence DA. Glutathione distribution in normal
and oxidatively stressed cells. Exp Cell Res 2003;285:9-14.

[23] Allen RG, Tresini M. Oxidative stress and gene regulation.
Free Radic Biol Med 2000;28:463-99.

[24] Kamata H, Hirata H. Redox regulation of cellular signaling.
Cell Signal 1999;11:1-14.

[25] Pandolfi PP, Sonati F, Rivi R, Mason P, Grosveld F, Luzzatto
L. Targeted disruption of the housekeeping gene encoding
glucose-6-phosphate dehydrogenase (G6PD): G6PD is



1366

BIOCHEMICAL PHARMACOLOGY 73 (2007) 1358-1366

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

dispensable for pentose synthesis but essential for defense
against oxidative stress. EMBO ] 1995;14:5209-15.

Leopold JA, Zhang YY, Scribner AW, Stanton RC, Loscalzo J.
Glucose-6-phosphate dehydrogenase overexpression
decreases endothelial cell oxidant stress and increases
bioavailable nitric oxide. Arterioscler Thromb Vasc Biol
2003;23:411-7.

Dickinson DA, Levonen AL, Moellering DR, Arnold EK, Zhan
H, Darley-Usmar VM, et al. Human glutamate cysteine
ligase gene regulation through the electrophile response
element. Free Radic Biol Med 2004;37:1152-9.

Rushmore TH, Morton MR, Pickett CB. The antioxidant
responsive element. ] Biol Chem 1991;266:11632-9.
Nguyen T, Sherratt PJ, Pickett CB. Regulatory mechanisms
controlling gene expression mediated by the antioxidant
response element. Annu Rev Pharmacol Toxicol
2003;43:233-60.

Wild AC, Moinova HR, Mulcahy RT. Regulation of gamma-
glutamylcysteine synthetase subunit gene expression by
the transcription factor Nrf2. ] Biol Chem 1999;274:
33627-36.

Moinova HR, Mulcahy RT. Up-regulation of the human
gamma-glutamylcysteine synthetase regulatory subunit
gene involves binding of Nrf-2 to an electrophile responsive
element. Biochem Biophys Res Commun 1999;261:661-8.
Nguyen T, Yang CS, Pickett CB. The pathways and
molecular mechanisms regulating Nrf2 activation in
response to chemical stress. Free Radic Biol Med
2004;37:433-41.

Anwar AA, Li FY, Leake DS, Ishii T, Mann GE, Siow RC.
Induction of heme oxygenase 1 by moderately oxidized
low-density lipoproteins in human vascular smooth
muscle cells: role of mitogen activated protein kinases and
Nrf2. Free Radic Biol Med 2005;39:227-36.

Cullinan SB, Zhang D, Hannink M, Arvisais E, Kaufman RJ,
Diehl JA. Nrf2 is a direct PERK substrate and effector of PERK-
dependent cell survival. Mol Cell Biol 2003;23:7198-209.

(35]

(36]

(371

(38]

(39]

(40]

[41]

(42]

(43]

Zipper LM, Mulcahy RT. ERK activation is required for Nrf2
nuclear localization during pyrrolidine dithiocarbamate
induction of glutamate cysteine ligase modulatory gene
expression in HepG2 cells. Toxicol Sci 2003;73:124-34.
Nakaso K, Yano H, Fukuhara Y, Takeshima T, Wada-Isoe K,
Nakashima K. PI3K is a key molecule in the Nrf2-mediated
regulation of antioxidative proteins by hemin in human
neuroblastoma cells. FEBS Lett 2003;546:181-4.

Martin D, Rojo Al, Salinas M, Diaz R, Gallardo G, Alam ],
et al. Regulation of heme oxygenase-1 expression through
the phosphatidylinositol 3-kinase/Akt pathway and the
Nrf2 transcription factor in response to the antioxidant
phytochemical carnosol. ] Biol Chem 2004;279:8919-29.
Wu CC, Hsu MC, Hsieh CW, Lin JB, Lai PH, Wung BS.
Upregulation of heme oxygenase-1 by epigallocatechin-3-
gallate via the phosphatidylinositol 3-kinase/Akt and ERK
pathways. Life Sci 2006;78:2889-97.

Kutuk O, Poli G, Basaga H. Resveratrol protects against 4-
hydroxynonenal-induced apoptosis by blocking JNK and c-
JUN/AP-1 signaling. Toxicol Sci 2006;90:120-32.

Chen CY, Jang JH, Li MH, Surh YJ. Resveratrol upregulates
heme oxygenase-1 expression via activation of NF-E2-
related factor 2 in PC12 cells. Biochem Biophys Res
Commun 2005;331:993-1000.

Zhou G, Jiang W, Zhao Y, Ma G, Xin W, Yin J, et al. Sodium
tanshinone IIA sulfonate mediates electron transfer
reaction in rat heart mitochondria. Biochem Pharmacol
2003;65:51-7.

Zhou GY, Zhao BL, Hou JW, Ma GE, Xin WJ. Protective
effects of sodium tanshinone IIA sulphonate against
adriamycin-induced lipid peroxidation in mice hearts in
vivo and in vitro. Pharmacol Res 1999;40:487-91.
Takahashi K, Ouyang X, Komatsu K, Nakamura N, Hattori
M, Baba A, et al. Sodium tanshinone IIA sulfonate derived
from Danshen (Salvia miltiorrhiza) attenuates hypertrophy
induced by angiotensin II in cultured neonatal rat cardiac
cells. Biochem Pharmacol 2002;64:745-9.



	Nrf2 is involved in the effect of tanshinone IIA on intracellular redox status in human aortic smooth muscle cells
	Introduction
	Materials and methods
	Materials
	Cell cultures
	Nrf2 siRNA knockdown
	RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)
	Preparation of nuclear extract and Nrf2 analysis
	Western immunoblotting
	Measurement of glucose 6-phosphate dehydrogenase (G6PDH) activity
	Assay for cellular glutathione content
	Measurement of NADPH levels
	Measurement of intracellular ROS levels
	Statistical analysis

	Results
	Effects of tanshinone IIA on TNF-&alpha;-induced redox status in HASMCs
	Effects of tanshinone IIA on Nrf2 activation and ARE responsed genes in HASMCs
	Effects of siRNA Nrf2 on tanshinone IIA-induced Nrf2 activation and redox status in HASMCs
	Effects of MAPKs and PI3K/PKB signaling pathways on tanshinone IIA-induced Nrf2 activation and redox status in HASMCs
	Effects of tanshinone IIA on Ang II and H2O2 induced Nrf2 activation and intracellular redox status in HASMCs
	Effects of tanshinone IIA on reactive oxygen species (ROS) production induced by TNF-&alpha;, Ang II or H2O2

	Discussion
	Acknowledgements
	References


