Accepted Manuscript

- Food and

Chemical

Naringenin-7-O-glucoside protects against doxorubicin-induced toxicity in Toxicology
H9c2 cardiomyocytes by induction of endogenous antioxidant enzymes
Xiuzhen Han, Jihong Pan, Dongmei Ren, Yanna Cheng, Peihong Fan, —_
Hongxiang Lou
PII: S0278-6915(08)00378-5 %
DOI: 10.1016/j.£ct.2008.06.086 il
Reference: FCT 4495 H
To appear in: Food and Chemical Toxicology
Received Date: 2 March 2008
Revised Date: 17 June 2008
Accepted Date: 27 June 2008

Please cite this article as: Han, X., Pan, J., Ren, D., Cheng, Y., Fan, P., Lou, H., Naringenin-7-O-glucoside protects
against doxorubicin-induced toxicity in H9¢2 cardiomyocytes by induction of endogenous antioxidant enzymes,
Food and Chemical Toxicology (2008), doi: 10.1016/j.£ct.2008.06.086

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.fct.2008.06.086
http://dx.doi.org/10.1016/j.fct.2008.06.086

Naringenin-7-O-glucoside protects against doxorubicin-induced toxicity in H9c2

cardiomyocytes by induction of endogenous antioxidant enzymes

Xiuzhen Han', Jihong Pan’, Dongmei Ren', Yanna Cheng3, Peihong Fan', Hongxiang

Lou'*

]Department of Natural Product Chemistry, School of Pharmaceutical Sciences,
Shandong University, 44 West Wenhua Road, Jinan, 250012, China

2Shandong Medicinal and Biotechnology Center, Shandong Academy of Medical
Sciences, 89 Jingshi Road, Jinan, 250062, China

3Department of Pharmacology, School of Pharmaceutical Sciences, Shandong

University, 44 West Wenhua Road, Jinan, 250012, China

*Corresponding author:
Name Hongxiang Lou, Ph.D.
Address  Department of Natural Product Chemistry, School of Pharmaceutical

Sciences, Shandong University, 44 West Wenhua Road, Jinan, 250012,

China
Tel +86-531-88382012
Fax +86-531-88382019

E-mail louhongxiang @sdu.edu.cn.



Running title: NARG protects against doxorubicin toxicity

Abbreviations: ARE, Antioxidant response element; CAT, Catalase; DAB; 3,
3’-Diaminobenzidine tetrahydrochloride; DMEM, Dulbecco's modified Eagle's
medium; DMSO, Dimethylsulfoxide; DTT, Dithiotreitol; EDTA, Ethylenediamine
tetraacetic acid; ERK, Extracellular signal-regulated kinase; GCL, Glutamate cysteine
ligase; GCLC, Glutamate-cysteine ligase catalytic subunit; GCLM,
Glutamate-cysteine ligase modifier subunit; GSH, Reduced glutathione; HO-1, Heme
oxygenase 1; MDA, Malondialdehyde; MnSOD, Manganese-dependent superoxide
dismutase; NQO1, NAD (P) H: quinone oxidoreductase 1; NARG,
Naringenin-7-O-glucoside; Nrf2, Nuclear factor-erythroid 2 p45-related factor 2;

PMSF, Phenylmethylsulfonyl fluoride; ROS, Reactive oxygen species.



Abstract

Doxorubicin, a widely used chemotherapeutic agent, can give rise to severe
cardiotoxicity that limits its clinical use by generation of reactive oxygen species
(ROS) and apoptosis. Protection or alleviation of doxorubicin cardiotoxicity can be
achieved by administration of natural phenolic compounds via activating endogenous
defense systems and antiapoptosis. Naringenin-7-O-glucoside (NARG), isolated from
Dracocephalum rupestre Hance, has been demonstrated to protect against
cardiomyocyte apoptosis. In the present study, we investigated the effects of NARG
on endogenous antioxidant enzymes against doxorubicin toxicity and the potential
role of extracellular signal-regulated kinase (ERK) in regulation of NARG-induced
Nrf2-dependent gene expression in H9¢2 cardiomyocytes. The mRNA expression of
glutamate-cysteine ligase modifier subunit (GCLM) and glutamate-cysteine ligase
catalytic subunit (GCLC) was upregulated by NARG as detected by RT-PCR. NARG
(10, 20, and 40 pM) pretreatment increased NAD (P) H: quinone oxidoreductase
(NQOL1), ERK, and Nrf2 protein levels in cardiomyocytes as detected by Western
blotting. These results suggest that NARG could prevent cardiomyocytes from
doxorubicin-induced toxicity by induction of endogenous antioxidant enzymes via

phosphorylation of ERK1/2 and nuclear translocation of Nrf2.
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doxorubicin

1. Introduction

Doxorubicin is an anthracycline antibiotic that is widely used to treat different
types of human neoplastic diseases (Young et al., 1981). However, its clinical use is
limited by its severe cumulative dose-related cardiotoxicity (Keefe, 2001). Many
studies have shown that the major molecular mechanism involved in
doxorubicin-induced cardiactoxicity is the generation of reactive oxygen species
(ROS) due to the catalytic quinone moiety of doxorubicin and inducing
cardiomyocyte apoptosis (Keizer et al., 1990; Takemura and Fujiwara, 2007).
Treatment with antioxidants or natural phenolic compounds has been found to protect
against doxorubicin-induced cardiotoxicity (Bast et al., 2007).

Flavonoids, a group of polyphenols, possess potent antioxidant activity and
cardioprotective efficacy (Chlopcikova et al., 2004; Kaiserova et al., 2007). It has
been reported that flavonoids can exhibit protective effects against
doxorubicin-induced cardiactoxicity by activating the cellular antioxidative system
and modulating the expression of some endogenous antioxidant enzymes (Bast et al.,
2007; Du et al., 2007). Overexpression of manganese-dependent superoxide
dismutase (MnSOD) or catalase (CAT) can suppress doxorubicin-induced
cardiotoxicity (Yen et al., 1996; Kang et al., 1996). The protective phase 2 detoxifying
enzymes such as NAD(P)H: quinine oxidoreductase 1 (NQO1), heme oxygenase-1

(HO-1), and glutamylcysteine ligase (GCL) play an important role in the defense



system by enhancing cellular antioxidant capacity. Regulation of both basal and
inducible expression of these protective enzymes is mediated mainly by nuclear factor
E2 P45-related factor 2 (Nrf2) (Kang et al., 2007). Naturally occurring flavonoids or
polyphenols have been reported to upregulate HO-1 expression by activating Nrf2 to
bind with the antioxidant response element (ARE) in the ho-1 gene promoter region
(Yao et al., 2007). Extensive studies in recent years have indicated that activation
process of Nrf2 is modulated by phosphorylation cascade and extracellular
signal-regulated kinase (ERK) has been implicated in the process of Nrf2 activation
(Manandhar et al., 2007; Cullinan et al., 2003).

The Chinese traditional medicine Dracocephalum rupestre Hance, a wild
perennial herb found throughout western China, contains high contents of flavonoids
(Wu and Li, 1977), and has offered a therapeutic potential for cardiovascular diseases.
In our continuous search for cardioprotective substances from natural products,
NARG, a major active flavonoid isolated from D. rupestre, has been demonstrated
that NARG was able to upregulate the expression of HO-1 and attenuate
doxorubicin-induced H9¢c?2 cell apoptosis (Han et al., 2008).

In the present study, the protective effects and possible mechanisms of NARG
on cardiomyocyte injury induced by doxorubicin were evaluated by detecting
endogenous antioxidant enzymes; the results demonstrated that NARG could prevent
cardiomyocytes from doxorubicin-induced toxicity by induction of endogenous
antioxidant enzymes via phosphorylation of ERK1/2 and nuclear translocation of Nrf2,

having an effect comparable to that of quercetin.



2. Materials and methods
2.1. Chemicals and materials

By Silica gel chromarography, Sephadex LH-20 chromatography and Chiral
HPLC, thirty-eight compounds were isolated from the ethanol extract of D. rupestre
in our laboratory (Ren et al., 2007; Ren et al., 2008). NARG was a major active
component and its purity was more than 98% detected by HPLC. The
chromatographic conditions were phenomenex C;g column,
methanol-acetonitrile-water (32:8:60) was used as the mobile phase, flow rate was 1.0
ml/min, and detected at a wavelength of 284 nm (Ren et al., 2003; Ren et al., 2005).
In the present study, NARG was dissolved in dimethylsulfoxide (DMSO) for the in
vitro assay.

Dulbecco's modified Eagle's medium (DMEM) was from Gibco BRL (Grand
Island, NY, USA). Fetal bovine serum was from Tianjin TBD Biotechnology
Development Center (Tianjing, China). Pepstatin A, phenylmethylsulfonyl fluoride
(PMSF), and ethylenediamine tetraacetic acid (EDTA) were from Sigma. SOD,
reduced glutathine (GSH), malonaldehyde (MDA), and CAT assay kits were from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Dithiotreitol (DTT) was
from Merck. Acrylamide, RNase inhibitor, and leupeptin were from Amresco. 3,
3’-Diaminobenzidine tetrahydrochloride substrate kit (DAB) was from Zhongshan
Goldenbridge Biotechnology LTD (Beijing, China). Polyvinylidene difluoride was
from Millipot. RNA PCR kit was from TaKaRa. Bradford protein assay kit was from

Beyotime Institute of Biotechnology (Beijing, China). Antibodies against NQO1 and



Nrf2 were from ABCAM. Antibody against ERK1/2 was from Cell Signalling
Technology, Inc. Antibodies against beta-actin and horseradish peroxidase-conjugated

secondary antibody were from Boster Biological Technology LTD (Wuhan, China).

2.2. Cell culture

Rat cardiac H9c2 cells (ATCC, Rockville, MD, USA) were cultured in
DMEM supplemented with 10% fetal bovine serum, 100 U ml" of penicillin, and 100
pg ml™ of streptomycin in tissue culture flasks at 37°C in a humidified atmosphere of
5% CO,. The cells were fed every two—three days and subcultured once they reached
70-80% confluence. Cells were plated at an appropriate density according to each

experimental design.

2.3. MTT assay

MTT assay was used to determine cell viability (Han et al., 2008). The H9c2
cells were incubated with chemicals (10, 20, 40, and 80 uM) in DMEM supplemented
with 0.5% fetal bovine serum at 37°C for 12, 24, 48, 72 h respectively, followed by
incubation with doxorubicin (10 uM) for another 24 h, and then treated with MTT
solution (final concentration, 0.5 mg/ml) for 4 h at 37°C in 96-well plates. The
supernatants were removed carefully, followed by the addition of 100 pul DMSO to
each well to dissolve the precipitate. Then, the absorbance was measured at 570 nm in

a microplate reader (Synergy HT).

2.4. Cells treatment with NARG



H9c2 cells were incubated with NARG (10, 20 and 40 uM) for 24 h followed
by incubation with doxorubicin (10 uM) for another 24 h. After this incubation, cells
were collected by centrifugation (1500 rpmx5min) and parameters were measured as

described in materials and methods.

2.5. Preparation of cell extracts for measurement of endogenous antioxidant enzymes
Treated cells ( 1x107 cells) were collected, washed with ice-cold PBS and
resuspended in RIPA buffer [S0 mM Tris-HCI, pH 7.4, 5 mM EDTA, 1% Triton-X
100, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 60 mM DTT, 1 mM
PMSF, 2.0 ug ml™ leupeptin, 5 pg ml™ pepstatin A]. Cell lysis was carried out at 4°C
by vortexing for 15 s, and the cell suspension was then stored for 10 min in ice. After
centrifugation at 13,000xg for 10 min, the supernatants were separated and stored at

-70°C until use.

2.6. Measurement of cellular GSH content, MDA levels and activities of cellular
antioxidant enzymes

The supernatants separated were used for measurement of cellular GSH
content, MDA levels and cellular antioxidant enzymes such as SOD and CAT using
the commercially available colorimetric assay kits respectively. The protein

concentration was determined by using the Bradford protein assay Kkit.

2.7. Reverse transcriptase-polymerase chain reaction (RT-PCR)



Total RNA was isolated from H9c2 cells using Trizol (Invitrogen) as
described by the manufacturer. First-strand cDNAs were generated by reverse
transcription using oligo (dT) from RNA samples. Primer sequences (Sbsgene,
Shanghai, China) are shown below. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, 470bp), LP: 5*-GAGGGGCCATCCACAGTCTTCTG-3’, RP:
5-CCCTTCATTGACCTCAACTACATGGT-3’; GAPDH (286bp), LP: 5'-TGC
TGAGTATGTCGTGGAGTC-3', RP: 5'-CTTCTGAGTGGCAGTGATGG-3'"; GCLC,
LP: 5*-GATGATAGAACACGGGAGG-3’, RP:
5*-CATTGGTCGGAACTCTACTC-3’; GCLM, LP:
5‘-ACATTGAAGCCCAGGAGT-3’, RP: 5*-CATTGCCAAACCA CCACA-3’;
NQOL1, LP: 5*-CATTCCAGCCGACAACCAGA-3’, RP:
5*-ATTCCCTCCTGCCCTAAACC-3".

After cDNA synthesis, PCR was performed, using the following conditions:
95°C for 3 min; 94°C for 30 s; 58 or 60°C for 30 s (depending on the sequences of the
primers); and 72°C for 1 min, 72°C for 5 min for 30 cycles. PCR products were
electrophoresed in 2% agarose gel and visualized with ethidium bromide. The relative
expression was quantified densitometrically using the Alphalmager ™ 2200 System
(Alpha Innotech Corporation) and calculated according to the reference bands of

GAPDH.

2.8. Cytosolic and nuclear protein extraction

Treated cells (1x107 cells) were collected and washed with ice-cold PBS. Then



cytosolic and nuclear proteins were extracted as described previously (Dignam et al.,
1983). Briefly, collected cells were suspended in 100 pl hypotonic buffer (1.5 mM
MgCl,, 10 mM KCI, 1 mM DTT, 10 mM Hepes, pH 7.9) containing protease inhibitor
cocktail and their outer membranes were disrupted by homogenization. The
supernatant was then collected as cytosolic fraction by centrifuge at 10,000xg for 20
min. The resultant nuclear pellet was resuspended, homogenized and incubated in 50
pl nuclear extraction buffer [1.5 mM MgCl,, 0.42M NaCl, 0.2 mM EDTA, 1 mM
DTT, 20 mM Hepes, 25% (v/v) glycerol] containing the protease inhibitor cocktail.
Finally, the nuclear suspension was centrifuged at 20,000xg for 15 min to collect

supernatant as nuclear fraction.

2.9. Western blot analysis

After addition of sample loading buffer, protein samples were electrophoresed
on a 15% SDS—polyacrylamide gel. Proteins (25 pg) were transferred to
polyvinylidene difluoride blots at 150 mA for 2 h. The blots were blocked for 2 h at
room temperature in PBST (PBS and 0.1% Tween 20, pH 7.4, containing 5% non-fat
dried milk). Sheets were incubated with goat anti-NQO/1 antibody (1:250), rabbit
anti-phospho-ERK1/2(1:300), rabbit anti-Nrf2 (1:300), and rabbit anti-beta-actin
antibody (1:200) in PBS with 5% non-fat dried milk. Following three washes with
PBST, the blots were incubated with horseradish peroxidase-conjugated secondary
antibody (1:2000) for beta-actin, NQO1, ERK1/2 and Nrf2 in PBST with 5% non-fat

dried milk for 2 h at room temperature. Then sheets were washed again three times in
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PBST buffer, and transferred proteins were incubated and visualized with DAB

substrate solution for 10 min according to the manufacturer’s instructions.

3.0. Statistical analysis
All data are expressed as mean + S.D. from at least four independent
experiments. Differences between mean values of multiple groups were analyzed by

Student’s t-test. Statistical significance was considered at P<(.05.
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3. Results
3.1. Effects of NARG on doxorubicin-mediated cytotoxicity in H9c2 cells

To analyze the protective effects of NARG on doxorubicin-induced
cytotoxicity in H9c2 cells, the rates of cell growth inhibition were evaluated based on
the OD value as estimated with the MTT assay. As shown in Fig. 1, NARG (10, 20,
40 uM) pretreatment had a significant protective effects against doxorubicin-mediated
cytotoxicity. The protective effects decreased at doses higher than 80 uM.
Furthermore, the protective effects against doxorubicin cardiotoxicity in 24h were
better than other term, therefore pretreatment with NARG (10, 20, 40 uM) for 24h

was chosen in the following experiments.

3.2. Effects of NARG on cellular GSH content, MDA level, and activities of cellular
antioxidant enzymes

GSH is an important protective antioxidant against oxidative stress. SOD and
CAT are two key enzymes in the detoxification of ROS. They have been suggested to
be protective against various forms of oxidative cardiovascular injuries (Rohde et al.,
2005). We therefore measured cellular GSH levels and the activities of SOD and CAT
in cardiomyocytes. As shown in Table.1, compared with the control, doxorubicin
treated cells possessed significantly less GSH levels and activities of SOD and CAT,
whereas NARG (10, 20 and 40 uM) pretreatment could effectively prevent
doxorubicin-induced these reduction. The intracellular GSH level was significantly

increased after treatment with NARG compared to the doxorubicin group. Incubation

12



of HI9C2 cells with NARG resulted in significant upregulation in SOD and CAT
activities when compared to the doxorubicin group. Furthermore, pretreatment with
NARG (10, 20 and 40 uM) could significantly decrease the level of MDA compared

to the doxorubicin group.

3.3. Effects of NARG on the mRNA expression of GCLC and GCLM

To explore the cellular mechanism responsible for the NARG-induced
increase in cellular GSH levels, we measured the effect of NARG in the mRNA
expression of GCL, the rate-limiting enzyme involved in the de novo GSH synthesis.
As shown in Fig.2A and Fig.2B, the addition of doxorubicin to the cells induced a
drop in the mRNA expression of GCLC and GCLM. NARG pretreatment (10, 20, and

40 pM) significantly increased the mRNA expression of GCLC and GCLM.

3.4. Effects of NARG on the expression of NQO1 in mRNA and protein level
Although SOD and CAT could provide a first line of defense and convert ROS
into less noxious compounds, other endogenous enzymes such as HO-1 and NQO1
(Andreadi et al., 2006; Siegel et al., 2004) are still necessary to limit ROS-mediated
damages to biological macromolecules. As shown in Fig.2C and Fig.3A, the addition
of doxorubicin to the cells induced a drop in the mRNA expression of NQO1. NARG
pretreatment (10, 20, and 40 uM) significantly increased the mRNA expression of
NQOI. Western blot analysis showed that NARG (10, 20, and 40 uM) pretreatment

significantly upregulated the protein level of NQO1.
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3.5. Effects of NARG on the protein level of ERK1/2 and Nrf2

In order to investigate the cellular mechanism responsible for the
NARG-induced increase in endogenous antioxidant enzymes, we measured the effects
of NARG on Nrf2 nuclear translocation and levels of phosphorylated ERK1/2 by
using Western blot analysis. As shown in Fig.3B and Fig.3C, NARG (10, 20, and 40
puM) pretreatment significantly enhanced Nrf2 nuclear translocation and upregulated

the protein level of phosphorylated ERK1/2.
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4. Discussion

Doxorubicin is a widely used chemotherapeutic agent for treatment of various
cancers. However, the clinical use of doxorubicin has been limited due to the severe
cardiomyopathy or congestive heart failure which has been shown to be correlated
with cumulative doses of the drug when administered (Singal and Iliskovic, 1998;
Jones et al., 2006). Although doxorubicin-induced injury appears to be multifactorial,
one of the possible mechanisms is cellular damage mediated by generation of ROS
and apoptosis (Keefe, 2001), which has been suggested to play an important role in
the development of cardiomyopathy and congestive heart failure (Outomuro et al.,
2007). Due to the successful action of doxorubicin as a chemotherapic agent, several
strategies have been tried to prevent/attenuate the side effects of doxorubicin.
Treatment with antioxidants or natural phenolic compounds such as flavonoids has
been found to protect against doxorubicin-induced cardiotoxicity via
radical-scavenging (Sadzuka et al., 1997), iron-chelating (van Acker et al., 1998) and
activating endogenous defense systems (Bast et al., 2007; Crespo et al., 2008).
Flavonoids can perform metal chelating because of the presence of hydroxyl groups
attached to the ring structure such as 3’, 4’-dihydroxy group, 4-carbonyl group, and
5-hydroxy arrangements (Cheng and Breen, 2000; Heim et al., 2002). Interestingly,
other study has demonstrated that the ability of flavonoids to inhibit lipid peroxidation
does not seem to correlate with hydroxyl radical scavenging potency (Kaiserova et al.,
2007). Furthermore, no direct correlation was found between the iron-chelating and/or

antioxidant effect and the cardioprotective effects (Kaiserova et al., 2007). This
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suggests that cardioprotective effects of flavonoids against doxorubicin-induced
toxicity probably are mediated via different mechanisms and modulation of
antioxidant enzymes and activating endogenous defense systems may be also
important in their protective effects.

NARG, a major active flavonoid from D. rupestre, had been demonstrated that
it did not cause any apparent cytotoxicity at each of low doses alone. NARG (10, 20,
and 40 uM) pretreatment had a significant protective effect against
doxorubicin-induced decrease in cell viability and apoptosis in a dose-dependent
manner at low doses (Han et al., 2008). Furthermore, the protective effects against
doxorubicin cardiotoxicity in 24h were better than other term as shown in Fig.1.

GSH is the most abundant cellular thiol and an important protective
antioxidant against oxidative stress that plays a role in numerous detoxifications,
bioreduction, and conjugation reactions (Anderson, 1998). SOD and CAT are two key
enzymes in the detoxification of ROS, which could convert ROS into less noxious
compounds. They have been suggested to be protective against various forms of
oxidative cardiovascular injuries (Rohde et al., 2005). The results of this study
demonstrated that pretreatment with NARG could elevate the activities of SOD and
CAT and decrease the level of MDA. The intracellular GSH level was significantly
increased after treatment with NARG compared to the doxorubicin group. GSH is a
tripeptide that is synthesized by sequential reactions. Glutamate and cysteine are first
ligated by GCL to form c-glutamylcysteine in the rate-limiting step (Fraser et al.,

2003). C-glutamylcysteine is then joined to glycine by glutathione synthetase to form
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GSH. GCL holoenzyme is a heterodimer consisting of GCLC and GCLM. Whereas
GCLC itself is capable of synthesizing c-glutamylcysteine, interaction with GCLM
improves its catalytic properties (Zheng et al., 2007). In this report, the expression of
both GCLC and GCLM mRNA was induced by NARG, which might increase the
activity of GCL and stimulate the de novo synthesis of GSH, ultimately leading to the
attenuation of oxidative stress.

SOD and CAT can provide a first line of defense against superoxide and
hydrogen peroxides. They are of enormous importance in limiting ROS-mediated
damages to biological macromolecules, but they are not able to be 100% effective
because certain compounds generated by the interaction of ROS with macromolecules
are highly reactive. It is then mandatory to detoxify these secondary products in order
to prevent further intracellular damage, degradation of cell components and eventual
cell death. This second line of defense against ROS is provided by phase 2
metabolizing enzymes such as HO-1 and NQOI1, which play a major role in the
cellular detoxification of oxidative damaging (Andreadi et al., 2006; Siegel et al.,
2004). HO-1 is the rate-limiting enzyme in the conversion of heme into biliverdin,
releasing free iron and carbon monoxide. Experimental evidence suggests that
induction of the HO-1 is an important endogenous mechanism for cytoprotection and
is widely recognized as an effective cellular strategy to counteract a variety of
stressful events (Kirkby and Adin, 2006). HO-1 expression by pharmacological
modulator may represent a novel target for therapeutic intervention. Particularly, the

identification of a non-cytotoxic inducer of HO-1 may maximize the intrinsic
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antioxidant potential of cells. Several antioxidants from plant origins have been
reported to induce HO-1 expression in a variety of cells (Andreadi et al., 2006; Park et
al., 2007). NQOI catalyzes the two-electron reduction of electrophilic quinone
compounds, thus limiting the formation of semiquinone radicals through one-electron
reduction and the subsequent generation of ROS (Li et al., 2006; Ross et al., 2000).
Moreover, NQOI1 has been suggested to be able to maintain the cellular levels of
biological antioxidants involved in the detoxification of ROS (Siegel et al., 2004).
Therefore, the coordinated actions of the above cellular antioxidants and phase 2
enzymes ensure effective detoxification of ROS and electrophilic species. Our
experiments showed that pretreatment with NARG, levels of mRNA and protein of
HO-1 (Han et al., 2008) and NQO1 were found to be greatly elevated in
cardiomyocytes. The induction of HO-1 and NQO1 may contribute to their protective
effects against the cardiotoxicity of doxorubicin. In this context, simultaneous
induction of a panel of antioxidants and phase 2 enzymes by NARG can inhibit lipid
peroxidation and protect against doxorubicin-induced cardiotoxicity.

The transcription factor Nrf2, a member of the Cap’n’collar family of basic
leucine transcription factors, plays an essential role in the antioxidant response
element (ARE) mediated expression of phase II detoxifying enzymes and stress
inducible genes. Nrf2 can regulate the basal and inducible expression of numerous
detoxifying and antioxidant genes via its activation and nuclear translocation (Cavin
et al., 2008). Cytosolic Nrf2 are known to be maintained in low levels due to the

function of the Keapl-proteasomal system (Motohashi and Yamamoto, 2004).
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Furthermore, many studies have suggested that ERK is a central pathway involved in
Nrf2 activation and translocation for highly specialized protein synthesis including
HO-1 and GSH (Andreadi et al., 2006, Calabrese et al., 2005; Jeong et al., 2006;
Burdo et al., 2008). The ERK cascade appeared to facilitate nuclear translocation of
Nrf2, leading to protection of this protein from cytosolic degradation. The ERK1/2
pathway is known to contribute to cell survival acting as an anti-apoptotic factor in
response to oxidative stress (Sugden and Clerk, 2006). To investigate NARG
mediated the effect on Nrf2 through the ERK signaling pathway, we determined the
effects of NARG on Nrf2 nuclear translocation and levels of phosphorylated ERK1/2
following treatment of NARG. The levels of phosphorylated ERK1/2 were found to
elevate following treatment with NARG (Fig. 3B). Phosphorylation cascade via
ERK1/2 is required for nuclear accumulation of Nrf2 and subsequent transactivation
of its target genes following treatment with NAGR in H9C2 cells. We have
demonstrated that NAGR could protect against doxorubicin-induced apoptosis partly
by induction of HO-1 (Han et al., 2008). Taken together, it is possible to speculate
that NARG from D. rupestre Hance might be useful for protecting against the
cardiotoxicity of doxorubicin by the induction endogenous antioxidant enzymes and
antiapoptopic properties.

Partly due to their radical-scavenging and iron-chelating properties, flavonoids
can be considered as potential protectors against chronic cardiotoxicity caused by
doxorubicin. Flavonoids may vary significantly in their antioxidant activities

depending on slight variations in their structural features. It has been reported that the

19



chelation property of flavonoids for Fe and Cu ions are derived primarily from the
presence of 3-hydroxypyran-4-one and secondarily from the presence of 5-hydroxy
and 4-carbonyl groups in the C ring, rather than the 3’, 4’-dihydroxy group in the B
ring (Paganga et al., 1996). NARG, containing 5-hydroxy and 4-carbonyl groups in
the C ring, decreased the level of MDA and may interact with Cu and Fe ions. The
Fe-chelating and direct antioxidant effects of NARG are the next target of our
scientific effort.

In conclusion, this study demonstrated for the first time that a number of
endogenous antioxidant enzymes in cultured cardiomyocytes can be simultaneously
induced by low micromolar concentrations of NARG and the upregulation of cellular
defenses is accompanied by a markedly increased resistance to cardiomyocyte injury
elicited by doxorubicin. As mentioned above, efficient detoxification of ROS requires
the coordinate actions of various cellular antioxidants enzymes. Accordingly,
simultaneous induction of a scope of key cellular antioxidant enzymes by NARG in
cardiomyocytes appears to be a promising strategy for protecting against oxidative
injury and may be an important mechanism underlying the protective effects of
NARG observed in doxorubicin-induced cardiotoxicity. Furthermore, our present
study indicates that ERK1/2 is the common signal transducing pathway in response to
NARG to enhance nuclear translocation of Nrf2, leading to an elevation of expression

of endogenous antioxidant enzymes.
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Legends for figures

Fig. 1. Effects of NARG on doxorubicin-mediated cytotoxicity in H9c2 cells. Cells
were incubated with NARG (10, 20, 40, 80 uM) and quercetin (20 pM) for 12, 24, 48,
72 h, followed by incubation with doxorubicin (10 uM) for another 24 h. After this
incubation, cell viability was determined with the MTT assay. Nor: normal cells; Dox:

doxorubicin; Que: quercetin. Values represented means +S.D. (n=6).

Fig. 2. Effects of NARG on GCLC, GCLM, and NQO1 mRNA expression in H9c2
cells. After twenty-four hours of treatment without (normal) or with NARG (10, 20,
and 40 pM) or quercetin (20 uM), cardiomyocytes were incubated with doxorubicin
(10 uM) for 24 h. Normalization relative to GAPDH was performed. Nor: normal
cells; Dox: doxorubicin; Mar: the molecular weight markers; Que: quercetin. Results
presented in bar graphs are the mean +S.D. of four separate experiments. “P<0.05,

#P<0.01 compared with normal and *P<0.05, **P<0.01 compared with doxorubicin.

Fig. 3. Effects of NARG on the protein level of NQO1, ERK1/2 and Nrf2 in H9c2

cells. After twenty-four hours of treatment without (normal) or with NARG (10, 20,
and 40 uM) or quercetin (20 pM), cardiomyocytes were incubated with doxorubicin
(10 uM) for 24 h. Cell lysates were probed with antibodies against NQO1, ERK1/2,
and Nrf2 respectively. Immunoblots shown were representative of four experiments.

Nor: normal cells; Dox: doxorubicin; Que: quercetin.
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Table 1. Effects of NARG on cellular GSH content, MDA level, and activities of

cellular antioxidant enzymes (mean+S.D., n=4)

Final

. GSH(mg/mg SOD(U/mg CAT(U/mg  MDA(nmol/mg
Group concentration . . . .
protein) protein) protein) protein)
(UM)
Normal equal volume 3.49+0.36 89.58+8.62 82.5945.79 1.15+0.18
#HH#
Doxorubicin 10 1.524023"  5435+7.03" 40074734  2.2320.14
NARG 10 2.48+0.47" 68.02+7.48°  5837+730°  1.85£0.09
NARG 20 3094038  81.64+6.18" 71476517  1.520.11
NARG 40 2794048  71.954833"  67.54+576"  1.08+0.17
Quercetin 20 263+059°  72.39+546™ 662245977 152007

#P<0.01 vs. normal, *P<0.05, "P<0.01 vs. doxorubicin.
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Fig.2A
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Fig.2B
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Fig.2C
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