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ABSTRACT-PURPOSE. To examine the effects of puerarin (Pue) on angiotensin I (Angll)-induced
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation and oxidative stress-related
signaling pathways in the hypertrophic response of cardiomyocytes. METHODS. Primary cardiomyocytes
of neonatal C57BL/6J mice were pretreated with Pue (50, 100 umol/L) and were then stimulated with AnglIl
1 pumol/L. NADPH oxidase activity and reactive oxygen species (ROS) levels were measured by
lucigenin-enhanced chemiluminescence assay and flow cytometry. Western blotting was used to detect the
distribution of the oxidase subunits, extracellular signal-regulated kinase (ERK1/2) and c-jun N-terminal
kinase (JNK1/2) activation, and an electrophoretic mobility shift assay (EMSA) was performed to analyze
the DNA binding activity of activator protein-1 (AP-1). Adult C57BL/6J mice were infused with Angll and
were administered with Pue (100, 200 mg-kg'-d"!) for 15 d. After the treatment, systolic blood pressure
(SBP) and left ventricular wall thickness were examined. The ratios of heart weight to body weight
(HW/BW) and left ventricular weight to body weight (LVW/BW) were measured, and heart morphometry
was assessed. RESULTS. In vitro, Pue dose-dependently blocked the phosphorylation of ERK1/2 and
JNK1/2 and eventually abolished AP-1 binding activity through the inhibition of ROS production. Further
studies revealed that Angll treatment resulted in increased NADPH oxidase activity, which was suppressed
by Pue via the disruption of Racl activation and membrane translocation of oxidase subunits. In vivo, Pue
attenuated cardiac hypertrophy, as evaluated by decreased HW/BW, LVW/BW, myocyte surface area, and
left ventricular wall thickness. CONCLUSIONS. The anti-hypertrophic mechanism of Pue occurred by
blocking Racl-dependent NADPH oxidase activation and downstream redox-sensitive AP-1 signaling
pathways.

This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page.
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Therefore, these findings have suggested that
inhibition of Angll-induced NADPH oxidase
activation might be an effective approach to the
manipulation of cardiac hypertrophy.

Puerarin (Pue; 7,
4'-dihydroxy-8-B-D-glucosylisoflavone, C2;H20Co)
is a bioactive isoflavone glucoside derived from
the traditional Chinese medicine Radix
puerariniae (7). In China, Pue has shown
comprehensive pharmacological actions for the
clinical treatment of cardiovascular diseases, such
as coronary artery disease, heart failure (8),
hypertension (9), and arrhythmia (10). The
reported pharmacological actions of Pue on
cardiovascular diseases are that it improves
microcirculation; that it inhibits cardiac calcium
influx, cardiac internal flow of Na’, and inward
rectifier potassium channels; and that the
cardioprotective effects of Pue are associated with
its antioxidant and antilipid peroxidation
properties and with a reduction in transforming
growth factor-p; expression through the activation
of the peroxisome proliferator-activated receptor
a/y (11). However, little information is available
concerning the possible impact of Pue on
NADPH oxidase activation or regarding the
intracellular ~distribution of its subunits in
cardiomyocytes after Angll induction. In the
present study, our results first indicated that Pue
attenuated c-jun N-terminal kinase (JNK1/2),
extracellular signal-regulated kinase (ERK1/2)
activation and AP-1 binding activity due to the
inhibitory effects on Racl-dependent NADPH
oxidase activation and the resulting oxidative
stress. Our findings could provide novel insights
into the mechanisms underlying the beneficial
effects of Pue on cardiovascular diseases.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium/F12
medium (DMEM/F12) and fetal bovine serum
(FBS) were purchased from Hyclone (Waltham,
MA, USA). Cardiac-specific anti-sarcomeric
a-actinin antibody, Pue, N-acetylcysteine (NAC),
apocynin, PD98059, bromodeoxyuridine (BrdU),
and Angll were bought from Sigma-Aldrich (St.
Louis, MO, USA). 2,
7-dichlorodihydrofluorescein diacetate
(H,DCFDA) and TRIzol were obtained from
Invitrogen (Carlsbad, CA, USA). SP600125 was
purchased from Calbiochem (San Diego, CA,
USA). NSC23766 was purchased from Millipore

(Billerica, MA, USA). Anti-phospho-specific
ERK1/2, anti-phospho-specific INK1/2,
anti-ERK1/2, and anti-JNK1/2 antibodies were
obtained from Cell Signaling Technology
(Danvers, MA, USA). Anti-c-jun, anti-c-fos,
anti-HistoneH1, anti-GAPDH,
anti-Na'/K*-ATPase, anti-p47phox, and
anti-p67phox antibodies were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). All
of the other reagents used in this study were of an
analytical grade.

Neonatal
culture
All of the experiments with animals were
approved by the Animal Ethical and Welfare
Committee of Chinese Academy of Medical
Sciences & Peking Union Medical College, and
all of the animal experiments conformed to the
Guide to the Care and Use of Experimental
Animal Care (Canadian Council on Animal
Care guidelines, 1984).

Ventricular cardiomyocytes were isolated from
I- to 2-day-old neonatal C57BL/6J mice (Vital
River Laboratories, Beijing, China) as described
previously, with minor modifications (12). In
brief, minced ventricular myocardium was
dissolved in a solution of 0.125 % trypsin without
EDTA. After each of several successive 5-min
incubations, the dissociated cells were mixed with
DMEM/F12 containing 12.5 % FBS, and they
were centrifuged and pooled. The dissociated
cells were enriched for cardiomyocytes by
differential adhesion for 60 min and were plated
at a density of 1.0x10° cells/cm?. The cultures
were incubated in a humidified environment of
5 % CO2-95 % O, at 37 °C. BrdU was added at a
concentration of 100 umol/L to the medium to
inhibit the proliferation of non-myocytes. This
procedure yielded cultures with 95 %-98 %
myocytes, as identified by anti-sarcomeric,
a-actinin, FITC immunohistochemistry. After 3
nights of incubation in DMEM/F12 containing
12.5 % FBS, the attached cells were grown to
90 % confluence and then were maintained in
DMEM/F12 containing 0.1 % FBS. After 24 h of
serum starvation, the cardiomyocytes were
pretreated for 2 h with 50 or 100 pmol/L Pue, 10
mmol/L NAC, 10 pmol/L apocynin, 10 pmol/L
PD98059, 20 pmol/L SP600125 or 20 pumol/L
NSC23766 and were then stimulated with or
without 1 pmol/L Angll for the indicated times.
The cells were then harvested and extracted for
the analysis. Pue was dissolved in dimethyl

mouse primary cardiomyocyte
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sulfoxide (DMSO). This stock solution was
diluted to the final concentrations with the
extracellular solution before application. The final
concentration of DMSO did not exceed 0.1 %,
and no effects of the vehicle were found in our
experiments.

Cytotoxicity assay

The cells were cultured in 96-well plates at a
density of 8x10° cells/well for 24 h and then were
incubated with different concentrations of Pue for
48 h. Next, 5 uL of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli
um bromide (MTT) at a concentration of 5
mg/mL was added to each well and was incubated
for 4 h at 37 °C. After removing the MTT medium,
200 puL of DMSO were added. The plates were
then read using an enzyme-linked immunosorbent
assay plate reader (Bio-Rad, Hercules, CA, USA)
at 570 nm. The viability of the cells was assayed
based on the optical density (OD) value.
Detection of in vitro and in vivo ROS
production

The determination of intracellular ROS
production was based on the oxidation of
H,DCFDA into fluorescent 2,
7-dichlorofluorescein (DCF). For the in vitro
analysis, the cells were loaded with a solution of 5
umol/L HDCFDA for 30 min at 37 °C in the dark.
The cells were treated with Angll in the presence
or in the absence of Pue for the indicated times.
The cells were subsequently washed twice with
phosphate-buffered saline (PBS), detached by
trypsin, harvested and then immediately analyzed
with a BD FACSCalibur (BD Biosciences, San
Diego, CA, USA) cytometer, with excitation and
emission settings of 488 nm and 530 nm,
respectively. For each sample, 10 000 cells were
counted. For the in vivo analysis, as previously
described (13), 300 mg of ventricle tissue were
homogenized with a homogenizer for 20 s in 2
mL of a hypotonic lysis buffer containing 10
mmol/L KCl, 2 mmol/L MgCl,, 1 mmol/L
dithiothreitol (DTT), 0.1 mmol/L EDTA, 0.1
mmol/L phenylmethylsulfonyl fluoride (PMSF), 1
pmol/L pepstatin, 2 pmol/L leupeptin, 20 mmol/L
B-glycerophosphate, 20 mmol/L NaF, 2 mmol/L
Na3VOs, and 10 mmol/L hydroxyethyl piperazine
ethane-sulfonic acid (HEPES), at a pH of 7.4.
H,DCFDA at a concentration of 25 pmol/L was
added to the homogenates to yield a final volume
to 250 pL. Changes in fluorescence intensity were
measured every 5 min for 30 min on a GENios

fluorescence plate reader (Tecan Instruments,
Salzburg, Austria), with excitation and emission
wavelengths set at 485 and 530 nm, respectively.

Measurements of NADPH oxidase activity in
vitro and in vivo

NADPH oxidase activity was determined using an
assay based on the lucigenin-enhanced
chemiluminescence assay, as described previously
(14). Briefly, for the in vitro analysis, the cells
were centrifuged at 1000xg for 5 min at 4 °C. The
pellet was resuspended in lysis buffer containing
20 mmol/L monobasic potassium phosphate (pH
7.0), 1 mmol/L ethylene glycol tetraacetic acid
(EGTA), 10 pg/mL aprotinin, 0.5 pg/mL leupeptin,
0.7 pg/mL pepstatin, and 0.5 mmol/L PMSF. The
cell suspension was stored on ice until use. For
the in vivo analysis, tissues samples were gently
homogenized using a dounce homogenizer in
ice-cold buffer containing 10 mmol/L HEPES (pH
7.4), 0.5 mmol/L MgCl, 10 mmol/L KCI, 0.1
mmol/L EDTA, 0.1 mmol/L EGTA, 50 mmol/L
NaF, 5 mmol/L.  DTT, 10 mmol/L
B-phosphoglycerol, 1 mmol/L NazVOy, | mmol/L
PMSF, 1 mmol/L 4-nitrophenyl phosphate and
protease inhibitors. The cell suspension or
homogenates were sonicated as total protein
lysates. The protein content was measured using a
Modified Lowry protein assay kit (Pierce,
Rockford, IL, USA). NADPH oxidase activity
was assessed by luminescence assay in 50
mmol/L phosphate buffer (pH 7.0) containing 1
mmol/L. EGTA, 150 mmol/L sucrose, 5 pmol/L
lucigenin as the electron acceptor, and 100
pmol/LL NADPH as the substrate. Enzyme
reactions were initiated with the addition of
NADPH. No enzymatic activity could be detected
in the absence of NADPH. Photoemissions were
measured over 10 min in quadruplicate with a
Lumat  LB9507 luminometer  (Berthold
Technologies GmbH & Co. KG, Germany) in 1
min intervals. The results are expressed as relative
light units (RLUs) per microgram of cell extract.

Measurements of Racl activation

Activated Racl was determined by p21-binding
domain of p2l-activated protein kinase 1
pull-down assay, according to the manufacturer’s
protocol for the Racl Activation Assay Kit (Cell
Biolabs, San Diego, CA, USA).

Preparation of cell fraction extracts and
western blot analysis
Plasma membrane, cytoplasmic, and nucleus
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protein enriched fractions were prepared using a
Plasma Membrane Protein Extraction Kit and a
Nuclear/Cytosol Fractionation Kit, according to
the manufacturer’s instructions (BioVision Inc.,
Milpitas, CA, USA).

After various treatments, the cardiomyocytes or
ventricular tissue was lysed with lysis buffer
containing 50 mmol/L Tris-HCI (pH 7.5), 250
mmol/L NaCl, 5 mmol/L EDTA, 50 mmol/L NaF,
1 mmol/L DTT, 1 % TritonX-100, 1 mmol/L
NasVO; and  protease inhibitors.  After
centrifugation, the supernatant fraction was
removed, and the protein concentrations were
determined using the Bio-Rad protein assay. The
proteins were separated by SDS-PAGE and were
transferred onto a polyvinylidene fluoride
membrane. After blocking with 5 % nonfat milk
blocking buffer (PBS containing 0.1 % Tween20,
pH 7.5), the membrane was incubated with the
desired primary antibody overnight at 4 °C and
then was incubated with an appropriate
peroxidase-conjugated secondary antibody. The
density of the immunoreactive bands was
visualized using the ECL Plus Western Blotting
Detection System (Piscataway, NJ, USA).

Semi-quantitative RT-PCR assay

Total RNA was isolated from the ventricular
tissue or cardiomyocytes using TRIzol reagent,
according to the manufacturer’s instructions, and
RT-PCR was then performed with the PrimeScript
™ RT reagent Kit (Takara, Dalian, China). The
resulting cDNA was amplified by PCR for the
fetal genes. The following primers (Invitrogen,
Carlsbad, CA, USA) were used for the PCR: atrial
natriuretic peptide (ANP):
5’-GTGTACAGTGCGGTGTCCAA-3’>  (sense)
and 5’-ACCTCATCTTCTACCGGCATC-3’
(anti-sense); brain natriuretic peptide (BNP):
5’-GAGGTCACTCCTATCCTCTGG-3" (sense)
and 5’-GCCATTTCCTCCGACT TTTCT-3’
(anti-sense); B-myosin heavy chain (f-MHC):
5’-GCATTCTCCTGCTGTTTCC TT-3* (sense)
and 5’-TGGATTCTCAAACGTGTCTAGTGA-3’
(anti-sense); and GAPDH:
5’-CGGAGTCAACGGATTTGGTCGTAT-3’
(sense) and 5’-AGCCTTCTCCATGGTGGTG
AAGAC-3’ (anti-sense). The conditions used for
the PCR were as follows: 94 °C for 3 min; 94 °C
for 30 s; 50 °C for 20 s; 72 °C for 20 s; and 72 °C
for 10 min, for a total of 32 cycles.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed according to the

manufacturer’s instructions from the Gel Shift
Assay System Commercial Kit (Promega,
Madison, WI, USA). The AP-1 DNA-binding site
oligonucleotides
5'-CGCTTGATGACTCAGCCGGAA-3" were 5'
end labeled with T4 polynucleotide kinase and
[y-*P] ATP (Promega, Madison, WI, USA).
Nuclear protein at a mass of 10 pg was
pre-incubated in a total volume of 9 pL in a
binding buffer, consisting of 10 mmol/L Tris-HCI
(pH 7.5), 4 % glycerol, 1 mmol/L MgCl,, 0.5
mmol/L EDTA, 0.5 mmol/L DTT, 0.5 mmol/L
NacCl, and 0.05 mg/mL poly (dI: dC) for 10 min at
room temperature. After the addition of the
32p_labeled oligonucleotide probe, the incubation
was continued for 20 min at room temperature.
The reaction was stopped by adding 1 pL of
gel-loading buffer, and the protein-DNA binding
complexes were subjected to nondenaturing 4.8 %
polyacrylamide gel electrophoresis in 0.5 TBE
buffer (44.5 mmol/L Tris, 44.5 mmol/L boric acid,
and 1 mmol/L EDTA). After electrophoresis was
conducted, the gel was vacuum-dried and exposed
to X-ray film (Fuji Hyperfilm, Tokyo, Japan) at
-70 °C with an intensifying screen.

Cardiomyocyte surface area assay
Cardiomyocyte surface area was measured
according to a previously described method (15).
Cell images were captured with a digital camera
fixed to a microscope (IX71-F22FL/PH, Olympus,
Tokyo, Japan). The cardiomyocyte surface area
was analyzed using Image Pro-Plus software,
version 6.0, and a quantitative digital image
analysis system (Media Cybernetics, Rockville,
MD, USA). A total of 100 cells from randomly
selected fields in 3 wells were examined for each
condition. Cardiomyocyte surface area was
determined after 48 h of treatment with Angll,
Pue, and apocynin, compared with control cells.

Measurement of [*H]leucine incorporation

[*H]leucine incorporation was measured as
described previously (16). Cells were grown in
24-well plates with serum-free medium for 24 h.
The cells were then treated with Angll for 24 h
after pretreatment with or without puerarin or
other inhibitors. The cells were pulsed with 1
uCi/mL of [*H]leucine (Amersham Biosciences,
Piscataway, NJ, USA) during the last 4 h before
harvest. After being washed with PBS, the cells
were treated with 5 % trichloroacetic acid for 30
min and then were washed with PBS again.
Finally, the cells were solubilized in 500 pL of 1
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mol/L NaOH. After neutralization with 0.5 mol/L
HCI, an aliquot was obtained to determine the
level of incorporated radioactivity, using the
Beckman LS 3801 liquid scintillation counter
(Beckman, Fullerton, CA, USA).

Modified Lowry method for protein content
assay

Cardiomyocytes were cultured in a 12-well plate
at density of 5.0x10° cells/well for 24 h, and the
total protein content per well was measured with a
Modified Lowry protein assay kit (Pierce,
Rockford, IL, USA).

Animals and protocols

Eight-week-old, healthy, specific pathogen-free
grade, male C57BL/6] mice weighing 19-21 g
were purchased from Vital River Laboratories
(SCXK jing 2014-0006, Beijing, China) and were
randomly divided into 5 groups (n=10/group): (1)
a sham group of vehicle-infused mice that
received only PBS; (2) an Angll-infused group; (3)
a Pue treatment group that received oral gavage
administration of Pue at a dose of 100 mg-kg!-d"!
dissolved in sterile water; (4) a Pue treatment
group that received oral gavage administration of
Pue at a dose of 200 mg-kg!-d' dissolved in
sterile water; and (5) an apocynin treatment group
that received oral gavage administration of
apocynin at a dose of 100 mg-kg'-d! dissolved in
sterile water. The dose of apocynin in the present
study was chosen on the basis of a previous study
(17). All of the groups except the sham group
simultaneously received Angll (2.5 pg-kg!'-min’,
dissolved in PBS including 10 umol/L acetic acid)
by a subcutaneously implanted mini-pump (model
2002, Alza, Mountain View, CA, USA) for 15 d
(18). Pue or apocynin was administered for 15
consecutive d after surgery. The mice were
housed in temperature-controlled and
humidity-controlled rooms under a 12 h light/12 h
dark cycle. All of the mice had free access to feed
and drinking water.

Systolic blood pressure assessment and
echocardiography

After 15 d of treatment, echocardiography was
performed using a Siemens Acuson CV-70
ultrasonographic  system (Siemens Medical
Solutions, Mountain View, CA, USA) as
previously reported (19). Briefly, isoflurane 1.5 %
mixed with O, was used to provide adequate
sedation but minimal cardiac suppression during
echocardiography, and the mice were placed in

the supine position. A probe at 13 MHz was
applied to the left hemithorax. M-mode
measurements of left ventricular end-diastolic
diameter, end-systolic diameter and wall thickness
were performed according to American Society of
Echocardiography guidelines. The following
parameters were obtained: left ventricular end
diastolic diameter (LVEDD), left ventricular end
systolic diameter (LVESD), left ventricular
posterior  wall  thickness (LVPWth) and
interventricular septal wall thickness (IVSth).
Fractional shortening (FS) was calculated as
(LVEDD-LVESD)/LVEDDx100 %.

Systolic blood pressure (SBP) was measured
twice per week after the implantation of the
minipump, using the tail-cuff method without
anesthesia as previously described (20). Briefly,
the mice were placed in restraints, and their body
temperature was maintained at 34 °C using a
warming chamber. An IITC tail cuff sensor (IITC
Life Science, Woodland Hills, CA, USA),
containing both an inflation cuff and a
photoelectric sensor, was placed on the tail and
attached to the restrainer. The cuff was inflated to
a pressure of 200 mm Hg and then was deflated
slowly. Upon the reappearance of pulse signals,
SBP data from the IITC amplifier were recorded,
analyzed and reported by the IITC Life Science
Blood Pressure System software.

Morphological examination

After 15 d of treatment, the mice were weighed
and euthanized. The heart was weighed after the
blood vessels and all of the epicardial fat were
removed. The ratios of heart weight to body
weight (HW/BW) and left ventricular weight to
body weight (LVW/BW) were calculated to use as
indices of  cardiac  hypertrophy. The
histopathological observation procedures were
performed by the institute of Laboratory Animal
Science, Chinese Academy of Medical Sciences
& Peking Union Medical College. Immediately
after gross dissection, the left ventricles were
sectioned into 2- to 3-mm-thick slices and were
immersed in a formalin solution for more than 7 d.
The sections were then dehydrated in ethanol,
cleared in dimethylbenzene and finally embedded
in paraffin. The paraffin-embedded sections of the
left ventricle were then cut into 5-um-thick
sections and were stained with hematoxylin-eosin
(H&E) for light microscopic evaluation. A single
myocyte was measured with the Image Pro-Plus
quantitative digital image analysis system, version
6.0. The outlines of 100 cardiomyocytes were
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traced in each group.
STATISTICAL ANALYSIS

The data are expressed as mean + SEM.
Significant differences between groups were
tested by one-way analysis of variance (ANOVA)
with the Tukey's correction or with the unpaired
t-test for continuous variables using SPSS
statistical software (SPSS, Chicago, IL, USA),
version 16.0. A two-tailed Student’s t-test at p
value<0.05 was used to determine statistically
significant.

RESULTS

In vitro measurements of ROS, NADPH
oxidase activity and signaling proteins induced
by Angll

Angll increased NADPH oxidase activity and
intracellular ROS production in a time-dependent
manner (P<<0.01) (Figure 1A and 1B). ERK1/2,
JNK1/2, and AP-1 have been noted as important
regulators of the hypertrophic response (21).

Western blot analysis showed that Angll
time-dependently upregulated the phosphorylated
levels of ERKI1/2 and JNKI1/2, the nuclear
expression of c-jun, c-fos, and AP-1 binding
activity (P <<0.01) (Figure 1C and 1D). The
optimal responses were achieved at 4 h, and the
cells were therefore stimulated with Angll for 4 h
in subsequent experiments.

Effects of Pue on cell viability

Exposure of cultured cardiomyocytes to Pue for
48 h did not have any significant effects on
cardiomyocyte viability (Figure 1E).

The in vitro effects of Pue on the intracellular
production of ROS and NADPH oxidase
activation

Angll triggered an increase in ROS levels and
NADPH oxidase activity, which were decreased
by Pue in a dose-dependent manner, similar to the
inhibitory effects observed with NSC23766,
apocynin or NAC (P<<0.05 or P<<0.01) (Figure
2A and 2B).
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Figure 1. Measurements of ROS production, NADPH oxidase activity, and the activation of signaling proteins induced
by Angll in vitro. (A) Angll time-dependently increased the levels of ROS. (B) Angll time-dependently induced
NADPH oxidase activation. (C) Angll time-dependently up-regulated the phosphorylated levels of ERK1/2 and
JNK1/2 and the nuclear expression of c-jun and c-fos. (D) AngllI time-dependently increased AP-1 binding activity. (E)
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dose-dependently inhibited intracellular production of ROS. (B) Pue dose-dependently inhibited NADPH oxidase
activity. Mean = SEM, n=4. # p<0.01 vs the control group, * p<0.01 vs the Angll-treated group, ™ p<0.05 vs the

AngllI-treated group.

Effects of Pue on NADPH oxidase subunit
assembly

To investigate the mechanisms by which Pue
inhibited ROS production and NADPH oxidase
activation, we examined the effects of Pue on
NADPH oxidase subunits. NADPH oxidase is
composed of cytosolic subunits, including Racl,
p47°'°* and p67°"°*. Upon activation, the NADPH
oxidase subunits translocated from the cytosol to
the plasma membrane, stimulating enzymatic

activity and triggering the production of ROS (22).

In our experiment, Angll induced a marked
increase in the levels of active Racl and plasma
membrane translocation of Racl, p47°"* and
p67°™* in a time-dependent manner (P<<0.01)
(Figure 3A). However, Pue treatment blocked
Racl activation and membrane translocation of
the oxidase subunits in a dose-dependent manner.
Similarly, the inhibitory effects on these oxidase
subunits were also observed by NSC23766, a
Racl-specific blocker (P << 0.05 or P <<0.01)
(Figure 3B).

Blockade of ERK1/2 and JNK1/2 and AP-1
pathway activation by Pue

To measure whether ERK1/2, JNK1/2, and AP-1
activation was associated with upstream
intracellular ROS generation and NADPH
oxidase activation, cultured cardiomyocytes were
respectively pretreated with Pue, NSC23766,
apocynin or NAC for 2 h and then were
stimulated by  Angll Pue treatment
dose-dependently inhibited  the marked
Angll-induced increase in the phosphorylated
levels of ERKI1/2 and JNKI1/2 and nuclear
expression of c-jun and c-fos, and the activation
of these processes was suppressed by NSC23766,
apocynin or NAC (P<<0.05 or P<<0.01) (Figure
4A). Moreover, the results of EMSA confirmed
that Pue could dose-dependently inhibit AP-1
binding activity, and inhibitory effects were also
observed by treatment with NSC23766, apocynin,
PD98059 or SP600125, respectively (P<<0.05 or
P<<0.01) (Figure 4B).
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Effects of Pue on Angll-induced cultured
cardiomyocyte hypertrophy

Cardiomyocyte hypertrophy is characterized by
the expression of fetal-type genes and increases in
protein synthesis and cell size. We therefore
examined the effects of Pue on these parameters.
Cardiomyocytes were pretreated with Pue 100
pmol/L for 2 h before stimulation with Angll. Pue
suppressed the Angll-induced expression of the
ANP and B-MHC genes for 24 h (P <<0.01)
(Figure 5A). Moreover, the increases in
[*H]leucine incorporation and total protein
content detected after 24 h of culture in the
presence of Angll were prevented in the cells
preincubated with Pue (P<<0.01) (Figure 5B).
Furthermore, the hypertrophic response was
determined after 48 h. Angll induced a marked
increase in cell surface area, which was inhibited
by Pue (P <<0.01) (Figure 5C). In addition,
apocynin, SP600125, and PD98059 were
employed to determine whether the inhibition of
Angll-induced cardiomyocyte hypertrophy by
Pue occurred via the attenuation of NADPH
oxidase-related ROS formation and by the
activation of the downstream JNK1/2, ERK1/2 or
AP-1 pathways. The results indicated that

A B

- = W
AN A .

[3H]1eucme incorporation
(Becquerel/well)

b

! ANP /GAPDH
< ,5 B-MHC / GAPDH 60-
&
2k
Eo
] = 454
£ g g~
ne 53
EE g £ 30
TG 23
= ﬁ o =
e 2
£ & 15

apocynin, SP600125, and PD98059 could
markedly reduce the Angll-induced protein
synthesis and fetal-type gene mRNA expression
in the cardiomyocytes (P<<0.01).

Pue attenuates cardiac hypertrophy in vivo
After 15 d of experimentation, the percentage of
animals with cardiac hypertrophy was 98.3 %, as
evidenced by increases in the cardiomyocyte
surface area and HW/BW and LVW/BW ratios,
compared with the sham group. In either Pue- or
apocynin-treated mice, the Angll-induced
increases in cardiomyocyte surface area and the
HW/BW and LVW/BW ratios were markedly
attenuated by long-term treatment with Pue or
apocynin (P<<0.01) (Figure 6A). The results of
M-model  echocardiography = showed  that
treatment with Pue or apocynin prevented both
the decreases in LVESD and LVEDD and the
increases in IVSth, LVPWth and FS that were
observed in the group infused with AnglI alone (P
<<0.01) (Figure 6B). The SBP was significantly
higher in the Angll-infused mice than in the sham
mice during Angll perfusion, and this increase in
SBP was markedly decreased with Pue or
apocynin treatment (P<<0.01) (Figure 7A).

Control

2000

Cell surface area (um?)

oS S &
& & o
& < &
Angll

Figure 5. Effects of Pue on Angll-induced hypertrophic response in cultured cardiomyocytes. (A) Pue inhibited Angll-induced
expression of fetal-type genes in the cardiomyocytes. (B) The bar graph shows that Pue inhibited the rate of protein synthesis and the
total protein content induced by Angll in the cardiomyocytes. (C) Representative images of cultured cardiomyocytes (original

magnification x400). The bar graph shows that Pue decreased Angll-increased cardiomyocyte surface area. Mean + SEM, n=4. #
p<0.01 vs the control group, * p<0.01 vs the AnglI-treated group.
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Effects of Pue on redox-sensitive signaling
molecules in vivo

To examine whether our in vitro findings for
signaling molecules had physiological relevance,
we measured the effects of Pue on ROS

production, NADPH oxidase activity, and
redox-sensitive signaling molecules in vivo.
Semi-quantitative =~ RT-PCR  analysis  was

performed to determine the effects of Pue on the
mRNA expression levels of ANP, BNP, and
B-MHC genes in vivo. The results revealed a
marked attenuation of the observed increase in
expression levels in the Angll-infused group
when these animals were treated with Pue or
apocynin (P<<0.01) (Figure 7B). In agreement
with the in vitro findings, in vivo infusion of
Angll triggered an increase in ROS levels,
NADPH oxidase activity, phosphorylated levels

of ERK1/2 and JNK1/2, and AP-1 DNA binding
activity, which were decreased by Pue or
apocynin (P<<0.01) (Figure 7C-7F).

DISCUSSION

The aims of this study were to examine the
inhibitory effects of Pue on oxidative
stress-triggered cardiomyocyte hypertrophy in
response to Angll stimulation and to elucidate
their underlying mechanisms. We observed from
following results. In cultured cardiomyocytes,
Pue suppressed marked Angll-induced increases
in cell size, re-expression of fetal-type genes, and
protein synthesis. In animal experiments, we used
Angll infused by mini-pump to establish cardiac
hypertrophy.
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Figure 6. The in vivo inhibitory effect of Pue on cardiac hypertrophy. (A) Representative cross-sections of the left
ventricles stained with H&E (original magnification x200); Bar graph shows the quantitative analysis of HW/BW,
LVW/BW, and mean cell area. (B) Representative M-mode images of cardiac hypertrophy assessed by
echocardiography after 15 d of Angll infusion; bar graph shows the quantitative analysis of IVSth, LVPWth, LVED,
and FS %. Mean = SEM, n=4. # p<0.01 vs the control group, * p<0.01 vs the AnglI-treated group.
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Figure 7. Effects of Pue on increases in SBP during AnglI perfusion in mice and on ROS production, signaling protein
activation, and re-expression of fetal-type genes in the left ventricles. (A) Pue suppressed Angll-induced increases in
SBP. (B) Pue inhibited Angll-induced re-expression of fetal-type genes. (C) Pue reduced Angll-induced ROS
production. (D) Pue inhibited Angll-induced NADPH oxidase activation. (E) Pue inhibited Angll-induced
phosphorylation of ERK1/2 and JNK1/2. (F) Pue attenuated Angll-induced DNA binding activity of AP-1. The left
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After long-term induction, the characteristic
hypertrophic changes, such as increases in
HW/BW ratios and LVW/BW ratios, enlarged
sizes of cardiomyocytes, greater chamber sizes
and wall thicknesses, and the recapitulation of
fetal isoforms of cardiac genes, were markedly
inhibited by long-term treatment with 100 or 200
mg.kg'.d"! Pue or 100 mg.kg™'.d"! apocynin. Then,
we attempted to investigate the molecular
mechanisms by which Pue inhibited cardiac
hypertrophy. We detected Angll-enhanced
phosphorylation of ERKI1/2 and JNKI1/2 and
nuclear expression of c-jun and c-fos, as well as
AP-1 binding activity in a time-dependent manner,
which was blocked by Pue, NSC23766 or
apocynin. A growing body of evidence has shown
that ROS acts as a second messenger during
ventricular remodeling in response to Angll, and

its downstream redox-regulated signal pathways
includes ERK1/2, JINKI1/2, AP-1, etc. (23).
Additionally, we observed that the phosphorylated
levels of ERK1/2 and JNK1/2 were directly
upregulated by exogenous H,O, in our
experiments (data not shown). Therefore, the
explanation of the inhibitory effects of Pue on
these signaling pathways activation might be its
potential to influence intracellular ROS
generation.

Angll is a well-known powerful inducer of
oxidative stress in cardiovascular tissues, and the
main enzyme source for the production of ROS in
Angll-treated cells is derived from NADPH
oxidase. In cardiomyocytes, NADPH oxidase
comprises a membrane-integrated cytochrome
bsss composed of gp91P™* and p22Ph°*, which is
regulated by several cytosolic regulatory subunits,
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including p47°"%, p67°r°* p40Phox and the small
G-protein Racl. Upon stimulation, the activation
of NADPH oxidase was required for the cytosolic
subunits to assemble with the membrane subunits
to form a functioning oxidase that evoked
NADPH oxidase activity and subsequently an
oxidative burst (24, 25). An important step in
NADPH oxidase assembly is interaction among
p67°"*, active GTP-bound Racl, and gp91Phox,
Racl is required to anchor cytosolic p67phox to
the membrane and to promote an “active form”
of p67Ph°* Inhibition of Racl leads to diminished
Racl-p67°* complex formation and prevents
membrane translocation of p47°h** and p67Phx,
eventually resulting in diminished activation of
NADPH oxidase (26, 27). Our results showed that
following Angll stimulation, intracellular ROS
production time-dependently increased, and these
effects were abolished in a dose-dependent
manner not only by Pue but also by treatment
with apocynin, a specific NADPH oxidase
inhibitor, or NSC23766, a specific Racl inhibitor,
suggesting that Angll mediates the generation of
ROS through NADPH oxidase, as well as Racl
activation. In western blot analysis, we found that
Angll promoted Racl activation and membrane
translocation of Racl, p47°"* and p67""* in a
time-dependent manner, which was
dose-dependently disrupted by Pue. Moreover,
NSC23766 could block the effects of Angll on the
membrane translocation of p47°"* and p67Pox,
indicating that translocation of both p47P'* and
p67°"* is dependent on Racl activation, in
agreement with previous findings (27-29).
Therefore, the prevention of Angll-induced Racl
activation by Pue might be responsible for its
inhibitory effects on the membrane translocation
of p47°* and p67°™* subunits and subsequent
NADPH oxidase activation, as well as ROS
production. There have been studies reporting that,
in vascular smooth muscle cells and retinal
pericytes, high-glucose or glycation products
activated Racl through phosphorylation serine
residue, and Pue blocked NADPH oxidase
activation through Racl dephosphorylation (28,
29). Whether the inhibitory effects of Pue on
Racl activation in Angll-treated cardiomyocytes
was associated with the phosphorylation status of
Racl or with other upstream elements remains to
be further determined. Early mediators of
hypertrophic transcriptional programming include
the transient activation of immediate-early genes,
such as c-jun and c-fos, which create the
heterodimer complex called AP-1 (30). AP-1 is

ubiquitously expressed, and it controls various
genes involved in apoptosis, cell survival and
growth, all of which are involved in myocardial
hypertrophy (31). The expression and nuclear
accumulation of AP-1 serve as indicators of
downstream gene activation (32, 33), and it has
been well established that JNK1/2 and ERK1/2
are involved in the activation of AP-1 by
regulating the expression and stabilization of
c-Jun and c-fos proteins (34, 35). Hence, sequent
experiments were performed to analyze the
effects of Pue on the nuclear protein expression of
the two major components of the AP-1 complex:
c-fos and c-jun. The present study, using western
blot, provided evidence that nuclear distribution
of c-fos and c-jun was significantly increased in
cardiomyocytes exposed to Angll, and these
increases were respectively abrogated by Pue,
NSC23766, apocynin, PD98059 or SP600125.
The following gel-shift assays showed that AP-1
DNA binding activity was also markedly
attenuated by the same drugs. These studies
suggested that decreased AP-1 binding activity
resulted from decreases in c-fos and c-jun protein
levels through the inhibition of redox-sensitive
ERK1/2 and JNK1/2. Thus, it is not surprising
that Pue interfered with NADPH oxidase-derived
ROS formation, and associated downstream AP-1
signaling pathways were also blocked.

CONCLUSION
Taken together, the present study provided
important new insights into the molecular
mechanisms of the effects of Pue on
cardiomyocyte hypertrophy. These data suggested
for the first time that Pue attenuates cardiac
hypertrophy by inhibiting Racl-dependent
NADPH oxidase activation and then blocking the

downstream redox-sensitive AP-1 signaling
pathways.
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