
B R A I N R E S E A R C H X X ( 2 0 1 0 ) X X X – X X X

BRES-40433; No. of pages: 7; 4C:

ava i l ab l e a t www.sc i enced i r ec t . com

www.e l sev i e r . com/ loca te /b ra i n res
Research Report

1, 5-Dicaffeoylquinic acid-mediated glutathione synthesis
through activation of Nrf2 protects against
OGD/reperfusion-induced oxidative stress in astrocytes
Xu Caoa,b, Haibing Xiaob, Ying Zhanga, Liangyu Zoua, Yinghao Chuc, Xiaofan Chua,⁎
aDepartment of Neurology, Second Clinical College, Jinan University, Shenzhen, 518020, People's Republic of China
bDepartment of Neurology, Union Hospital, Huazhong University of Science and Technology, Wuhan, 430022, People's Republic of China
cDepartment of Physics, The Hong Kong University of Science and Technology, People's Republic of China
A R T I C L E I N F O
⁎ Corresponding author. Fax: +86 755 2552118
E-mail address: chuxiaofan@hotmail.com

0006-8993/$ – see front matter © 2010 Elsevi
doi:10.1016/j.brainres.2010.05.072

Please cite this article as: Cao, X., et al., 1
protects against, Brain Res. (2010), doi:10
A B S T R A C T
Article history:
Accepted 24 May 2010
Oxidative stress plays an important role in pathological processes of cerebral ischemia
followed by reperfusion. The effect of 1, 5-dicaffeoylquinic acid (1, 5-diCQA) on primary
culture rat cortical astrocytes induced by oxygen and glucose deprivation (OGD)/reperfusion
was evaluated in this study. Appropriate concentration of 1, 5-diCQA pretreatment
significantly suppressed cell death, reduced the production of reactive oxygen species,
prevented glutathione (GSH) depletion, increased the activity of glutamate–cysteine ligase
(GCL), and triggered Nrf2 nuclear translocation in astrocytes induced by 4 h of OGD and 20 h
of reperfusion. Interestingly, these protective effects were greatly attenuated in Nrf2 siRNA-
transfected cells. We conclude that 1, 5-diCQA has antioxidant signaling properties that
upregulate GSH synthesis by stimulating the Nrf2 pathway in astrocytes and protects them
from cell death in an in vitro model of ischemia/reperfusion.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Although the precise mechanisms involved after ischemic
damage are unclear, a number of complex biochemical
events appear to be involved, such as calcium overload,
cellular acidosis, energy depletion, ion homeostasis break-
down, and so on (Pfeiffer-Guglielmi et al. 2003; Dienel and
Hertz, 2005; Juurlink, 1997). Oxygen and glucose deprivation
(OGD) can induce cellular ATP depletion and astrocyte death
via the massive generation of free radicals and reactive
oxygen species (ROS) such as lipid hydroperoxyl, hydroxyl,
peroxynitrite, and hydrogen peroxide (Ouyang and Giffard,
2004; Haskew-Layton et al. 2005). Oxidative stress is
0.
(X. Chu).
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considered a linchpin of the pathophysiology of ischemic
injury that leads to delayed neuronal and astrocyte death
(Lerouet et al. 2002; Fisk et al. 2007), and a large number of
researchers are working to learn how to protect astrocytes
from injuries induced by OGD.

In the course of evolution, cells have developed a rather
sophisticated defense system of detoxification and antiox-
idants. Nuclear erythroid-related factor 2 (Nrf2), a redox-
sensitive transcription factor, is involved in the regulation
of many detoxification and antioxidant genes (Nguyen
et al., 2003). Activated Nrf2 dissociates from its repressor
protein (Keap1), translocates into the nucleus, interacts
with antioxidant response elements (ARE), and induces
.
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subsequent expression of numerous downstream genes
including NAD(P)H/quinone oxidoreductase-1 (NQO1) GCL
(Mulcahy and Gipp, 1995), and heme oxygenase-1 (HO-1)
(Prestera et al., 1995). Agents that stimulate the Nrf2/ARE
pathway and related antioxidant gene expression would
therefore be expected to be a promising approach for
neuroprotection after cerebral ischemia.

Recently, much attention has been focused on natural
antioxidants in fruits and vegetables (Yang et al., 2009; Kode
et al., 2008). Caffeoylquinic acid derivatives are natural
compounds that can be isolated from many kinds of
traditional medicinal herbs and that possess a broad
spectrum of healing properties, such as antioxidants, anti-
HIV, antifibrosis, neuroprotective effects, and other biolog-
ical activities (Hung et al., 2006; Nakajima et al., 2007; Park,
2009). Several researchers have observed different cell lines
treated by caffeoylquinic acid derivatives, and these com-
pounds exhibited remarkable protective properties, espe-
cially antioxidative potential. However, unequivocal proof
of this effect is still lacking.

To discover mechanisms for the protective action of
caffeoylquinic acid derivatives, 1, 5-dicaffeoylquinic acid
(1, 5-diCQA), a caffeoylquinic acid derivative, was used for
this study. We examined 1, 5-diCQA's protective effect on
astrocytes with OGD/reperfusion-induced damage and
demonstrated the molecular mechanism of 1, 5-diCQA's anti-
oxidative effect as well as the importance of Nrf2 activation
in protecting astrocytes.
Fig. 1 – Modulation of OGD/reperfusion-induced cell death and o
OGD/reperfusion in the absence or presence of various concentrat
assay (A) and LDH release (B). The GSH content and ROS levels are
from three separate experiments; *p<0.05 compared to control; #
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2. Results

2.1. 1, 5-DiCQA pretreatment inhibits cell death, suppresses
ROS production, and prevents GSH depletion in astrocytes
induced by OGD/reperfusion

Inducing cells using OGD/reperfusion led to a 50.61%±6.50%
reduction in cell viability, as determined using the MTT
method. Compared to the control, the cell viability of groups
pretreated with 1, 5-diCQA at different concentrations (10 μM,
20 μM, 50 μM, and 100 μM) before OGD/reperfusion significant-
ly increased to 58.67%±7.17%, 64.04%±5.49%, 74.20%±5.43%,
and 77.47%±6.61%, respectively (Fig. 1A). A similar tendency
could be seen in the results for LDH release (Fig. 1B). These
data indicate that appropriate concentrations of 1, 5-diCQA
pretreatment can reduce cell death and elevate cell viability.

To elucidate the antioxidant ability of 1, 5-diCQA, the
production of ROS and intracellular GSH levels was measured.
OGD/reperfusion induced a significant accumulation of ROS;
however, a marked decrease in ROS was observed in 1, 5-
diCQA (10 μM, 20 μM, 50 μM, and 100 μM) pretreatment groups,
suggesting that 1, 5-diCQA has the ability to quench free
radicals (Fig. 1D). The average GSH content in the control was
13.86±1.7 nmol/mg protein. After OGD/reperfusion, the GSH
content decreased to 5.20±0.90 nmol/mg protein. 1, 5-DiCQA
(10 μM, 20 μM, 50 μM and 100 μM) significantly prevented the
depletion of GSH under OGD/reperfusion insult (Fig. 1C).
xidative damage by 1, 5-diCQA. Astrocytes induced by
ions of 1, 5-diCQA. Cell survival wasmeasured using theMTT
shown in C and D, respectively. Data are shown asmean±SD
p<0.05 compared to OGD/reperfusion.
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There were no significant differences in MTT reduction,
LDH release, ROS production, or GSH depletion between
groups pretreated with 1, 5-diCQA at 50 μM and 100 μM;
therefore, 50 μM 1, 5-diCQA was used in subsequent
experiments.

2.2. 1, 5-DiCQA induced nuclear translocation of Nrf2 in
OGD/reperfusion treated astrocytes

Western blotting analysis was performed to determine the
nuclear translocation of Nrf2 in response to OGD/reperfusion
with or without 1, 5-diCQA pretreatment. Pretreatment of
50 μM 1, 5-diCQA effectively decreased the cytoplasmic Nrf2
with augmentation of nuclear Nrf2. However, OGD/reperfu-
sion resulted in the significant reduction of both cytoplasmic
and nuclear Nrf2. It was found that the relative expression
level of cytoplasmic Nrf2 of the 1, 5-DiCQA+OGD/reperfusion
group was lower than that of the OGD/reperfusion group, and
besides, the level of nuclear Nrf2 was significantly higher than
that of OGD/reperfusion group (Fig. 2). 1, 5-DiCQA may induce
Nrf2 translocation into nuclei to activate the ARE–Nrf2
pathway.

2.3. 1, 5-DiCQA induced increased GCL activity, and the
effect was lost in Nrf2 siRNA-transfected cells

The de novo synthesis of GSH depends on the activity of GCL.
Having established that 1, 5-diCQA maintains the content of
intracellular GSH, we next measured GCL activity as an
indicator of ARE-Nrf2 activity in astrocytes. Data showed
that GCL activity was suppressed by OGD/reperfusion and
significantly improved by 1, 5-diCQA pretreatment (Fig. 3C). To
determine the role of Nrf2 in the regulation of GCL, we used
Nrf2 siRNA to knock down the expression of Nrf2 in astrocytes.
The effect of the knockdown was confirmed by Western
Fig. 2 – Effect of 1, 5-diCQAon the nuclear translocation of Nrf2 in a
of Nrf2 expression in the cytoplasm and nuclei of astrocytes, res
astrocytes. Data are shown as mean±SD from three separate exp
OGD/reperfusion.

Please cite this article as: Cao, X., et al., 1, 5-Dicaffeoylquinic aci
protects against, Brain Res. (2010), doi:10.1016/j.brainres.2010.05
blotting analysis. In cells transfectedwith nontargeting siRNA,
no evidence of silencingwas seen, andNrf2 levelswere similar
to the control (Figs. 3A and B). In Nrf2 siRNA-transfected cells,
the marked drop in GCL activity suggested that the Nrf2
knockdown resulted in downregulation of GCL activity.
Similarly, 1, 5-diCQA-mediated upregulation of GCL activity
was not seen in Nrf2 knockdown astrocytes (Fig. 3C).

2.4. Knockdown of Nrf2 eliminated the protective effects of
1, 5-diCQA

To further confirm the important effect of Nrf2 in antioxida-
tive stress, cell viability andGSH levelsweremeasured inNrf2-
silenced astrocytes induced by OGD/reperfusion with or
without 1, 5-diCQA pretreatment. Compared to the OGD/
reperfusion group, knockdown of Nrf2 almost completely
abrogated the protective effect of 1, 5-diCQA because the cell
viability and GSH level were both slightly changed (Fig. 4).
3. Discussion

In the present study, we investigated the mechanism of OGD/
reperfusion-mediated oxidative stress and the protective role
of 1, 5-diCQA in primary culture rat astrocytes. It has been
established that a primary factor in the initiation of the
pathological response to ischemia injury is the generation of
ROS, and the increase in the levels of ROS produced upon
ischemia/reperfusion appears to be essential for the develop-
ment of astrocyte dysfunction and delayed death (Chan, 1996;
Piantadosi and Zhang, 1996; Bains and Shaw, 1997; Liu et al.,
1999). Therefore, the use of antioxidants may be effective
targets for intervention (Dawson et al., 1994). In this experi-
ment, according to the MTT assay and ROS measurement,
pretreatment with proper concentration of 1, 5-diCQA before
strocytes induced byOGD/R. (A andC) Representative pictures
pectively. (B and D) Relative density of Nrf2 protein levels in
eriments; *p<0.05 compared to control; #p<0.05 compared to
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Fig. 3 – Pretreatment of 1, 5-diCQA affected GCL activity, and the effect was lost in Nrf2-knockdown astrocytes. (A and B)
Knockdown of Nrf2 led to decreased Nrf2 protein levels in astrocytes. (C) Changes in GCL activity in each group. Data are shown
as mean±SD from three separate experiments; *p<0.05 compared to control; #p<0.05 compared to OGD/reperfusion; **p<0.05
compared to Nrf2 siRNA-transfected astrocytes.

Fig. 4 – The protective effect of 1, 5-diCQA was lost in
Nrf2-knockdown astrocytes. GSH levels and cell viability are
shown in A and B, respectively. Data are shown asmean±SD
from three separate experiments; *p<0.05 compared to
control; #p<0.05 compared to the Nrf2 siRNA-transfected
astrocytes.
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OGD damage can significantly reduce cell death.We speculate
that the protective effect was due to the antioxidant properties
of 1, 5-diCQA.

GSH is a central component in the antioxidant defense of
cells, acting both to directly detoxify ROS and as a substrate for
various peroxidases (Schulz et al., 2000; Dringen, 2000; Fernán-
dez-Checa et al., 1991). In comparison with OGD/reperfusion
damage alone, we found that 1, 5-diCQA pretreatment signi-
ficantly decreased OGD/reperfusion-induced ROS production
and maintained the level of cellular GSH, which was
associated with increased levels of GCL activity. This suggests
that 1, 5-diCQA can increase the de novo synthesis of GSH.

Nrf2 is the principal transcription factor that regulates
antioxidant response element-mediated expression of phase II
detoxifying antioxidant enzymes (Moi et al., 1994). Activation of
Nrf2 can result in neuroprotection through translocation into
the nucleus from the cytoplasm, interaction with antioxidant
response elements, and subsequent expression of numerous
antioxidant genes (Li et al., 1995). In the present study of OGD-
injured astrocytes, 1, 5-diCQA pretreatment facilitated the
activation and nuclear translocation of Nrf2. It is easy to
conclude that the upregulation of GCL activity induced by 1, 5-
diCQA may occur through an Nrf2-dependent mechanism. For
verification of this theory, Nrf2 knockdown astrocytes were
used. Our data showed that siRNA-mediated knockdown of
Nrf2 resulted in a decrease in GCL activity and that 1, 5-diCQA
lost the ability to upregulate GSH levels in astrocytes injured by
OGD/reperfusion. These findings consolidated our hypothesis
that 1, 5-diCQA plays a protective role in OGD/reperfusion
damage by inducing the de novo synthesis of GSH through an
d-mediated glutathione synthesis through activation of Nrf2
.072

http://dx.doi.org/10.1016/j.brainres.2010.05.072


5B R A I N R E S E A R C H X X ( 2 0 1 0 ) X X X – X X X
Nrf2-dependent mechanism; therefore, pharmacologic stimu-
lation of antioxidant gene expression may be a promising
approach to neuroprotection in cerebral ischemia.

In conclusion, our experiments revealed that 1, 5-diCQA
rescues astrocytes from death caused by OGD/reperfusion in
vitro by quenching ROS and by maintaining the GSH content
through activation of Nrf2 nuclear translocation. Although
research has confirmed that GSH loss is a critical step in the
development of infarction (Moi et al., 1994; Anderson and
Sims, 2002), focusing on a simple enzymatic mechanism may
provide only a partial answer since there are multiple
endogenous antioxidants participating in the pathogenesis of
ischemia (Jaiswal, 2000; Liu et al., 2007). Whether other
antioxidant agents can be upregulated by 1, 5-diCQA-induced
Nrf2/ARE pathway activation in astrocytes is still an enigmat-
ical question. Further studies are needed to elucidate the
precise mechanisms by which 1, 5-diCQA blocks the death of
astrocytes. The findings of this study may lead to a novel
therapeutic strategy to reduce ischemic and/or reperfusion-
related neuronal injuries.
4. Experimental procedures

4.1. Primary culture of rat cerebral cortical astrocytes

Astrocytes were obtained from neonatal rats using a modifica-
tion of a previously described method (Ciccarelli et al., 2004;
Suzuki et al., 2009). Briefly, cerebral corticeswereharvested from
neonatal Sprague-Dawley rats. The dissociated cells were
seeded onto poly-L-lysine-coated 50-cm2 flasks (Corning, USA)
at a density of 2×106 cells/ml and cultured in high-glucose
DMEM (Gibco, USA) supplemented with 10% fetal calf serum,
10% newborn calf serum (Gibco, USA), and 2 mM glutamine
(complete medium). The medium was changed every 3 days.
After 10 days or so, the confluent cultures were agitated at
200 ×g at 37 °C for 12 h to separate astrocytes from the
remaining microglia and oligodendroglia. The adherent cells
were replated in the complete medium. More than 95% of the
cultured cells were astrocytes, as identified by immunofluo-
rescent staining for glial fibrillary acidic protein (GFAP) (Santa
Cruz, USA). The following experiments were performed on in
vitro cultures aged between 18 and 21 days when they reach
maximal sensitivity to cell death caused by OGD.

4.2. In vitro model of ischemia and 1,
5-diCQA pretreatment

The processing of an in vitromodel of ischemia/reperfusionwas
described previously (Bondarenko and Chesler, 2001; Yu et al.
2001; Lee et al. 2009). The cultureswerewashed three timeswith
deoxygenated glucose-free DMEM and placed into an anaerobic
chamber (Coy Laboratory Products Inc., Grass Lake, MI, USA)
with an atmosphere of 10%H2, 85%N2, and 5%CO2 for 4 h. Then
the glucose-free DMEM was replaced with complete medium,
and the culture plates weremaintained at 37 °C in a humidified
5% CO2-containing atmosphere for an additional 20 h. As a
pretreatment, different concentrations of 1, 5-diCQA (Academy
of Military Medical Sciences, Beijing, China) were added to the
media before OGD for 2 h.
Please cite this article as: Cao, X., et al., 1, 5-Dicaffeoylquinic aci
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4.3. Assessment of cell survival and cell viability

The magnitude of LDH efflux has been shown to correlate in a
linear dependencywith the extent of cell injury (Goldberg et al.,
1987). The colorimetric method quantifies cell injury based on
the release of LDH from the cytosol of damaged cells using a
CytoTox96 nonradioactive cytotoxicity assay kit (Promega, USA)
according to themanufacturer's instructions. The released LDH
can be normalized as a percentage of the total LDH that was in
the cells before injury.

The viability of astrocytes was measured by the MTT
reduction method. Briefly, the cells were rinsed with
phosphate-buffered saline, pH 7.2, and incubated with
5 mg/ml MTT reagent for 3 h at 37 °C. The medium was
removed, and the cells were lysed with 1 ml of dimethyl
sulfoxide. The absorbance was measured at 540 nm by a
microplate reader (Synergy 2, Bio-tek, USA).

4.4. Measurement of ROS levels and cellular GSH

Intracellular levels of ROS were measured with DCFH-DA (2′,
7′-dichlorodihydro-fluorescein diacetate; Molecular Probes,
USA). At the end of the treatment, the medium was replaced
with fresh serum-free medium containing 10 μg/ml DCFH-DA.
The cells were incubated for 30 min at 37 °C and then washed
three timeswith serum-freemedium. TheDCF fluorescencewas
measured in a microplate reader with excitation at 485 nm and
emission at 520 nm.

The cellular GSH level was assessed using a GSH/GSSG
assay kit (Beyotime, China). The cells were collected and
resuspended in the buffer for lyticase (Sigma, USA) at 30 °C for
30 min, and then the lysate was clarified by centrifugation
(9000 ×g, 5 min, 4 °C), and the supernatant was assayed
spectrophotometrically following the manufacturer's instruc-
tions though use of thiol-reactive fluorescent dye CMFDA by a
microplate reader at 405 nm.

4.5. Measurement of glutamate cysteine ligase
(GCL) activity

The measurement of GCL enzyme activity was described
previously (Kim et al., 2008; Toroser and Sohal, 2005). The
whole cellular lysate is prepared using a RIPA Lysis Buffer
(Beyotime, China) added to a reaction buffer containing 0.1 M
Tris (pH 8.2), 0.15 M KCl, 10 mM ATP, 10 mM L-glutamate,
20 mM MgCl2, and 2 mM EDTA at 37 °C for 3 min, and then
5 mM cysteine is added at 37 °C for 15 min. The production of
glutamylcysteine was immediately quantified for HPLC
analysis by O-phthalaldehyde derivatization. GCL activity is
presented in units of femtomoles of –GC produced per
milligram of protein per minute.

4.6. Western blotting analysis

To prepare the cytoplasmic and nuclear proteins, cells were
lysed using a nuclear and cytoplasmic protein extraction kit
(Beyotime, China) according to the manufacturer's instruc-
tions. The lysates were ultracentrifuged at 12,000 ×g for 10 min
at 4 °C, and the supernatantswere collected as the cytoplasmic
fraction. The pelleted nuclei were resuspended in a buffer
d-mediated glutathione synthesis through activation of Nrf2
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containing 1 mM PMSF. After 30 min at 4 °C, lysates were
centrifuged, and supernatants containing the nuclear proteins
were stored at −80 °C. Whole-cell extracts were obtained as
mentioned previously. The concentration of protein was
measured using Bradford's reagent (Bio-Rad, USA).

Proteinswere separatedby 6%SDS–PAGE (Beyotime, China),
and the separated proteins were electrically transferred to a
nitrocellulose sheet (Pell, USA). After blocking for 1 h using 5%
nonfat milk in TBST, each membrane was sequentially
incubated in the presence of polyclonal anti-Nrf2 antibody
(Abcam, UK) overnight at 4 °C and secondary antibodies for 1 h
at RT. The protein bands were visualized using chemilumi-
nescent reagents (Pierce, UK) according to the manufacturer's
instructions. Lamin B and β-actin were used as loading
controls for nuclear and whole cell extracts, respectively.

4.7. siRNA transfection

For Nrf2 knockdown, a select predesigned siRNA duplex
[5′-UUAAGACACUGUAACUCGGGAAUGG-3′ (sense) and 5′-
CCAUUCCCGAGUUACAGUGUCUUA-3′ (antisense)], whose
knockdown effect has been demonstrated previously, was
used (Chen et al., 2006; Usami et al., 2005). Stealth™ RNAi
negative control duplex (Invitrogen, CA)wasused as anegative
control. The cells were transfected according to the manufac-
turer's instructions, and the transfection efficiency was
determined by Western blotting analysis as described above.

4.8. Statistical analysis

All experiments were repeated at least three times, and the
results were analyzed by SPSS 11.0. Data are presented as
means±SD. One-way analysis of variance (ANOVA) was used
for comparing multiple groups, and the Student's t-test was
used for comparing two groups. Statistical significancewas set
at P<0.05.
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