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Abstract Myocardial oxidative stress leading to apopto-
sis and remodeling is the major consequence of ischemic
heart disease. In the present study, we investigated the
effect of Lagerstroemia speciosa L. leave (LS) extract
containing 1 % corosolic acid in the context of cardio-
vascular disorder by using isoproterenol (ISO)-induced
myocardial injury mouse model. Serum was analyzed for
specific cardiac injury biomarkers. Cardiac tissue was
examined for lipid peroxidation, protein carbonyl content,
antioxidant (GSH, GR, GPx, GST, SOD, CAT, NQOI, and
HO-1), and apoptosis (cleaved caspase-3, Bax, Bcl-2, p53,
and DNA fragmentation) status. Myocardial protein
expression of nuclear factor erythroid 2-related factor 2
(Nrf2) in different experimental groups was evaluated.
Pathological changes in heart tissue and activities of matrix
metalloproteinases (MMPs) were also analyzed. Our
results demonstrated that LS pretreatment augmented
myocardial antioxidant status and attenuated myocardial
oxidative stress. Myocardial apoptosis as well as MMPs
activities was significantly prevented by LS pretreatment in
ISO-induced mice. In addition, the immunoblot of Nrf2
revealed that LS pretreatment enhanced the nuclear protein
expression of Nrf2 when compared to ISO control group.
Thus, the overall results indicate that LS has cardiopro-
tective effect and may prevent the myocardial stress by

B. D. Sahu - M. Kuncha - R. Sistla (<)

Medicinal Chemistry and Pharmacology Division, CSIR-Indian
Institute of Chemical Technology (IICT), Hyderabad 500 007,
India

e-mail: sistla@iict.res.in

S. S. Rachamalla

Faculty of Pharmacy, Osmania University, Hyderabad 500 007,
India

@ Springer

suppressing apoptosis through up-regulation of myocardial
antioxidant levels.
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Abbreviations
AST Aspartate transaminase

CAT Catalase

CK-MB Creatine kinase-MB isoenzyme
DPPH 2-2-Diphenyl-1-picrylhydrazyl
DTNB 5,5-Dithio-bis (2-nitrobenzoic acid)
GPx Glutathione peroxidase

GR Glutathione reductase

GSH Reduced glutathione

GSSG Glutathione oxidized

GST Glutathione S-transferase

HO-1 Heme oxygenase-1

1SO Isoproterenol

LDH Lactate dehydrogenase

LS Lagerstroemia speciosa leave extract
MMPs Matrix metalloproteinases (MMPs)
NQOI1 NAD(P)H:quinine oxidoreductase
Nrf2 Nuclear factor erythroid 2-related factor 2
SOD Superoxide dismutase

TBA 2-Thiobarbituric acid

Introduction

Myocardial infarction is the first manifestation of coronary
artery disease. It may also occur, repeatedly, in patients
with established disease due to imbalance between myo-
cardial blood supply and demand resulting in the
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development of ischemia and induction of necrosis in
myocardium [1]. Heart is an organ that is highly supplied
with blood and also has very high energy utility. Hence, a
little imbalance in supply of oxygenated blood immediately
leads to overproduction of reactive oxygen species (ROS),
which is the primary cause for major cardiovascular dis-
eases [2]. ROS, depending on their concentration, can
activate a number of key signaling molecules and tran-
scription factors leading to myocardial hypertrophy,
apoptosis, and necrosis contributing to ventricular remod-
eling and cardiac dysfunction [3]. It has also been docu-
mented that matrix metalloproteinases (MMP) are
implicated in cardiac inflammation/injury and subsequent
failure [4]. In spite of using pharmacological interventions
such as anticoagulant, antiplatelet, and vasodilator thera-
pies, surgical interventions such as coronary artery bypass
grafting (CABG) and percutaneous coronary interventions
such as percutaneous transluminal coronary angioplasty
(PTCA), cardiovascular disorders are still leading cause of
death and disability worldwide due to changes in lifestyle
[5]. Therefore, it is necessary to develop potential therapies
that target multiple mechanisms against cardiovascular-
related disorders to stay healthy and improve the quality of
life. Discovery of novel compounds, which supports
endogenous antioxidant defense and suppresses apoptosis
and structural remodeling, is an alternate approach with
huge therapeutic prospective to attenuate myocardial stress.
Documented evidence suggested that isoproterenol-
induced myocardial injury model is a rapid and widely
used model for evaluating myocardial consequences of
ischemic disorders [6]. Isoproterenol, a synthetic cate-
cholamine, in supramaximal doses induces local myocar-
dial infarction-like pathological changes as seen in human
myocardial infarction. Among the various mechanisms
proposed to explain the isoproterenol-induced cardiotox-
icity, generation of highly cytotoxic free radicals through
auto-oxidation of catecholamine has been implicated as
one of the important causative factors [7].

Lagerstroemia speciosa L. (Crepe myrtle, Banaba) widely
cultivated as an ornamental plant in tropical and subtropical
areas primarily in Southeast Asia. It is also used as popular
folk medicine in Southeast Asia, and tea made from the leaves
has been used for the treatment for diabetes mellitus [8].
Triterpenoids such as corosolic acid and ursolic acid, and el-
lagitannins such as lagerstroemin and ellagic acid represent
the active constituents of Lagerstroemia speciosa leaves (LS).
In Philippines, it is now commercially produced under pre-
pared formulation in the form of tablet, capsules, extract,
powder, and tea displayed in drug stores and health stores. In a
randomized clinical trial involving patients with type II dia-
betes, the antidiabetic effect of the standardized Lagerstro-
emia speciosa leaf extract containing 1 % corosolic acid
(Glucosol™) has been demonstrated [9]. Existing studies that

have been conducted in animals, humans, and in vitro systems
suggest the potent free radical scavenging, antihyperglyce-
mic, antihyperlipidemic, antihypertensive, antioxidant, anti-
inflammatory, antifungal, and antiviral activities of Lager-
stroemia speciosa [10]. Various experimental data further
demonstrated the anticancer effects of corosolic acid and
Lagerstroemia speciosa extract (LS) on various human cancer
celllines [11, 12]. In anin vitro study, LS suppressed the TNF-
induced activation of NF-«xB in rat H9c2 cardiomyocytes and
demonstrated the beneficial effects of LS on cardiomyocyte
hypertrophy [13]. Since LS extract is able to scavenge reactive
oxygen species and exerts beneficial effect on H9c2 cardio-
myocyte hypertrophy, it is reasonable to hypothesize that LS
may have some potential protective effect against in vivo
cardiovascular disease model. Herbal medicines used for
many years around the globe are of paramount importance not
only as ideal therapeutics but also even represent possible
alternate strategy to combat or cure many diseases. Since all
free radical and oxidative substances do not get neutralized by
all antioxidants, the use of bioactive compounds or antioxi-
dant-containing plants, which contains number of antioxidant
compounds, is likely to elucidate more beneficial health
effects than those derived of individual function such as
superoxide dismutase and vitamin C. The reason for a recent
effort in introducing new herbal product as a phytomedicine
into the drug development pipeline is obvious, and under-
standing of the molecular targets of natural products is
important. Hence, the present study was aimed to investigate
whether LS offers protection against experimental model of
isoproterenol-induced myocardial stress in mice. To the best
of our knowledge, this is the first study to demonstrate the
cardioprotective effect of Lagerstroemia speciosa in mice.

Materials and Methods
Chemicals and Reagents

Antibodies against cleaved caspase-3, Bax, Bcl-2, p53,
Nrf2, HO-1, B-actin, Lamin-B, and secondary antibody
were purchased from Cell Signaling Technology (Boston,
MA). MMP-9 and MMP-2 fluorimetric drug discovery kits
were purchased from Enzo Life Sciences Inc., Farming-
dale, NY. Isoproterenol, superoxide dismutase assay Kit,
Bradford reagent, gelatin, reduced glutathione (GSH),
glutathione oxidized (GSSG), 5,5-dithio-bis (2-nitroben-
zoic acid) (DTNB), 2-thiobarbituric acid (TBA), glutathi-
one reductase, catalase, etc., were purchased from Sigma-
Aldrich Co, St. Louis, MO, USA. All other chemicals were
of analytical grade. Standardized methanolic Lagerstro-
emia speciosa leaves extract containing 1 % corosolic acid
was supplied by Laila Impex Pvt. Ltd., Vijayawada, India,
as gratis.
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DPPH (2-2-Diphenyl-1-picrylhydrazyl) Radical
Scavenging Assay

In a 96-well microplate, 25 pL of different concentrations
of test sample, 100 pL of 0.1 M Tris—HCI buffer (pH 7.4),
and 125 uL.. DPPH solution (0.5 mM in methanol) were
added. The reaction mixture was shaken well, incubated for
30 min in dark at room temperature, and reading was
recorded at 517 nm. Ascorbic acid (Sigma-Aldrich), a
stable antioxidant, was used as a synthetic reference. IC50
values denote the concentration required to scavenge 50 %
of the free radicals generated by DPPH inhibition (%) and
was calculated by applying the formula [(ODongor —
OD:e5t)/ODcontror] % 100.

Experimental Animals

The study was conducted according to the ethical norms
approved by CPCSEA, Government of India, and by the
Institutional Animal Ethical Committee (IAEC) of Indian
Institute of Chemical Technology (IICT), Hyderabad,
India. Male Swiss albino mice of 22-25 g were obtained
from National Institute of Nutrition (NIN), Hyderabad,
India, and acclimatized for 1 week prior to initiation of
experiment. Mice were housed under controlled climatic
conditions with artificial 12-h light/dark cycle. They were
fed a standard rodent diet and water ad libitum.

Study Design

Isoproterenol was administered twice at a dose of 150 mg/
kg subcutaneously (sc) at an interval of 24 h to induce
myocardial stress in mice. The concentration of corosolic
acid in the LS extract was preferred based on the previous
studies where corosolic acid was found to elicit antioxidant
and anti-inflammatory property in hypertensive rats [8] and
produce significant hypoglycemic effect in humans [14].

A pilot study was conducted with four different doses of
LS (25, 50, 100, and 200 mg/kg) to determine the dose-
dependent effect of LS in ISO-induced cardiotoxic mice.
During the 14 days of LS (oral) treatment, ISO (150 mg/
kg, sc) was administered on 12th day and 13th day at an
interval of 24 h. After 48 h of first dose of ISO adminis-
tration, blood was collected and serum-specific cardiac
biomarkers (CK-MB, LDH, and AST) were determined. It
was observed that LS pretreatment at the dose of 25 mg/kg
did not produce significant effect compared to ISO control
group. A significant dose-dependent inhibition of cardiac
biomarkers was observed between 50- and 100 mg/kg-
treated group compared to ISO-treated group (data not
shown). At the same time, no significant difference was
observed between 100 and 200 mg/kg. Hence, 50 and
100 mg/kg dose levels were chosen for further study.
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For main study, animals were randomly selected and
divided into five groups of eight mice in each and were
treated as follows:

1. Normal control (NC): Gum acacia (2 %) suspension
was administered per os for 14 days;

2. LS control (LS): LS (100 mg/kg) suspension in gum
acacia (2 %) was administered per os for 14 days and a
subcutaneous (sc) injection of normal saline at an
interval of 24 h on 12th day and 13th day;

3. Isoproterenol control (ISO): Gum acacia (2 %) sus-
pension was administered per os for 14 days, and a
subcutaneous (sc) injection of isoproterenol (150 mg/
kg) was dissolved in normal saline at an interval of
24 h on 12th day and 13th day;

4. Isoproterenol + LS (50 mg/kg) (ISO + LS50): Mice
were fed with LS (50 mg/kg/day) suspension in 2 %
gum acacia per os for 14 days and a subcutaneous (sc)
injection of isoproterenol (150 mg/kg) was dissolved
in normal saline at an interval of 24 h on 12th day and
13th day, 1 h prior to LS dose;

5. [Isoproterenol + LS (100 mg/kg) (ISO + LS100):
Mice were fed with LS (100 mg/kg/day) suspension
in 2% gum acacia per os for 14 days, and a
subcutaneous (sc) injection of isoproterenol (150 mg/
kg) was dissolved in normal saline at an interval of
24 h on 12th day and 13th day, 1 h prior to LS dose.

At the end of the experiment (i.e., after 48 h of first dose
of ISO administration), blood samples were collected
through retro-orbital plexus. Mice were euthanized in CO,
asphyxiation; heart tissue was collected, weighed, imme-
diately frozen in liquid nitrogen, and stored at —80 °C until
analysis.

Assessment of Serum-Specific Biomarkers Related
to Cardiac Injury

Serum levels of creatine kinase-MB (CK-MB) isoenzyme,
lactate dehydrogenase (LDH), and aspartate transaminase
(AST) were estimated to assess the myocardial damage
using commercial kits (Siemens, India) employing auto-
blood analyzer (Siemens, Dimension Xpand™"*, USA). The
ratio of heart weight to body weight (relative weight of
heart) was assessed for each as indices of cardiac
hypertrophy.

Assessment of Myocardial Oxidative Stress

Frozen heart samples were minced into small pieces,
homogenized in ice-cold phosphate buffer saline (PBS)
(0.05 M, pH 7) containing protease inhibitor cocktail
(Sigma-Aldrich Co, St. Louis, MO, USA) to obtain (12 %)
whole homogenate, and were used for the estimation of
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total protein (Bradford reagent, Sigma-Aldrich), thiobar-
bituric acid-reactive substances (TBARS) [15], protein
carbonyl content [16], reduced glutathione (GSH) [17],
catalase (CAT) [18], superoxide dismutase (SOD) (SOD
assay kit, Sigma-Aldrich Co., St. Louis, MO, USA), glu-
tathione reductase (GR) [19], glutathione S-transferase
(GST) [20] and glutathione peroxidase (GPx) [21] activi-
ties as reported in the earlier literature. Myocardial
NAD(P)H:quinine oxidoreductase 1 (NQOI1) activity in
heart tissue of different experimental groups was also
estimated [22].

DNA Fragmentation

Proteinase K digestion with phenol/chloroform/isoamyl
alcohol extraction method was employed to isolate DNA
from heart tissue. Gel electrophoresis (Bio-Rad, Gel
Electrophoresis Unit) using 1.5 % agarose containing
0.5 pg/mL ethidium bromide at 80 V for 2 h in TBE buffer
was performed to separate DNA fragments. Gel was illu-
minated with UV light using UV transilluminator (BioDoc-
It, Imaging system).

Western Blot Analysis

Radioimmunoprecipitation (RIPA) buffer (Pierce Biotech-
nology, Rockford, IL, USA) and NE-PER nuclear and
cytoplasmic extraction kit (Pierce Biotechnology, Rock-
ford, IL, USA) containing 1 % protease inhibitor assay
cocktail (Sigma-Aldrich Co., St. Louis, MO, USA) were
used to prepare total and nuclear protein extract, respec-
tively, from left ventricular heart tissue. In total protein
extract, protein expressions of cleaved caspase-3, Bax, Bcl-
2, p53, HO-1, and Nrf2 were determined, and in nuclear
protein extract, protein expression of Nrf2 was determined.
The protein concentration was estimated using BCA
reagent (Sigma-Aldrich Co., St Louis, MO, USA), and
equal amounts of the proteins (40 ng) were separated on
10 % SDS-PAGE and transferred to nitrocellulose mem-
brane. Membranes were blocked in 5 % nonfat dry milk
(Blotto, Santa Cruz) in TBST solution (137 mM NaCl,
3 mM KCI, 25 mM Tris, and 0. 05 % Tween 20) for 1 h at
room temperature and probed with primary antibodies such
as cleaved caspase-3 (1:1,000 dilution; Cell Signaling
Technology), Bax (1:1,000 dilution; Cell Signaling Tech-
nology), Bcl-2 (1:1,000 dilution; Cell Signaling Technol-
ogy), p53 (1:1,000 dilution; Cell Signaling Technology),
HO-1 (1:1,000 dilution; Cell Signaling Technology), and
Nrf2 (1:1,000 dilution; Cell Signaling Technology) for
overnight at 4 °C. B-actin (1:1,000 dilution; Cell Signaling
Technology) and Lamin-B (1:1,000 dilution; Cell Signal-
ing Technology) were used as internal control for equal
loading of total and nuclear protein extract, respectively.

Protein bands were visualized by enhanced chemilumi-
nescence (Supersignal West Pico, Pierce Biotechnology,
Rockford, IL, USA) following incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies
(1:3,000 dilution; Cell Signaling Technology) for 2 h at
room temperature. The densitometry analysis was per-
formed by employing ImagelJ software, NIH, USA.

Assessment of MMP-9 and MMP-2 Activities

Matrix metalloproteinase (MMP-9 and MMP-2) activities
in heart tissue homogenates were determined using fluori-
metric MMP-9 and MMP-2 drug discovery assay Kits
(Enzo life sciences Inc., Farmingdale, NY), respectively,
according to the manufacturer’s specifications and were
expressed as relative fluorescence unit (RFU). The assay is
based on the hydrolysis of the fluorogenic peptide substrate
Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 [Mca = (7-
methoxycoumarin-4-yl)-acetyl; Dpa = N-3-(2, 4-dinitro-
phenyl)-L-a-B-diaminopropionyl]. Mca fluorescence is
quenched by the Dpa group until cleavage by MMPs at the
Gly-Leu bond separates the two moieties.

Gelatin Zymography for MMP-2 and MMP-9
Expressions Assessment

Zymography using 0.1 % gelatin gel was performed in left
ventricular tissue homogenates as described elsewhere [23] to
assess the MMP-9 and MMP-2 activities. Heart homogenates
were assayed for protein concentration using Bradford assay.
Samples normalized for protein concentration were mixed
with sample buffer and loaded onto 10 % SDS-PAGE con-
taining 0.1 % gelatin as MMP substrate under non-reducing
conditions. After SDS—-PAGE, the gel was washed in 2.5 %
Triton X-100 for 30 min, rinsed in water, and was incubated
for 16 hin developing buffer (50 mmol/L Tris—HCI, 5 mmol/
L CaCl,, and 0.02 % NaN3, pH 7.5) at 37 °C. Gel was stained
with 0.25 % Coomassie blue R-250 (Sigma) and destained
appropriately. Proteolytic activity was detected as clear bands
against the background stain of undigested substrate in the gel.

Histopathology

Heart tissue (N = 3/group) was excised and fixed in 10 %
neutral buffered formalin solution, processed, embedded in
paraffin, and cut into 5-pm slices. The slides were then stained
with Hematoxylin—Eosin (H&E) and were evaluated for his-
tological changes under light microscopy (Nikon E800).

Statistical Analysis

The intergroup variations were analyzed by one-way ana-
lysis of variance (ANOV A) (GraphPad Prism, version 5.0)
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Fig. 1 DPPH radical scavenging activity of Lagerstroemia speciosa
L. Results are expressed as mean == SEM. IC50 values denote the
concentration required to scavenge 50 % of the free radicals
generated by DPPH inhibition (%) and were calculated by applying
formula [(ODcontrol - ODlest)/ODcontrol] x 100

followed by Dunnett’s multiple comparison test (DMCT).
All data were expressed as the mean and standard errors or
as percent activity compared to normal control mice.
Results were considered statistically significant when
P < 0.05.

Results
DPPH Scavenging Activity

To assess the antioxidant potency of LS, in vitro DPPH free
radical scavenging activity was performed. Lagerstroemia
speciosa extract was found to effectively scavenge free
radicals generated by DPPH, and concentration exhibiting
50 % scavenging effect was 0.128 mg/mL. In contrast,
DPPH scavenging activity of ascorbic acid was 0.11 mg/
mL (Fig. 1).

Effect of LS on ISO-Induced Myocardial Injury

Isoproterenol  administration significantly (P < 0.01)
increased the cardiac injury biomarkers as indicated by
increase in CK-MB (Fig. 2a), LDH (Fig. 2b) and AST
(Fig. 2c) activity compared with those of normal control mice.
Pretreatment with LS, at both doses, significantly (P < 0.001
for CK-MB and LDH; P < 0.05 for AST) attenuated the ISO-
induced myocardial injury. Notably, in LS control group, LS
administration alone for 14 days significantly (P < 0.05)
decreased the LDH and AST activity compared to normal
control, which indicates a protective mechanism. No signifi-
cant difference in CK-MB levels was observed between nor-
mal control and LS control mice. A significant (P < 0.001)
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increase in heart-to-body weight ratio (Fig. 2d) (as an index of
cardiac hypertrophy) was observed in ISO control group
exhibiting the evidence of myocardial injury. Pretreatment
with LS significantly (P < 0.05) attenuated the cardiac
hypertrophy compared to ISO control group. No statistical
significant difference was observed in body weight changes
upon LS pretreatment, when compared to normal control mice
(datanot shown). Histopathological study showed no apparent
difference in the cardiac morphology between normal control
(Fig. 3a) and LS-treated (Fig. 3b) mice. However, ISO-
administered mice revealed extensive cytoplasmic vacuoli-
zation, loss of myofibrils, and myocardial degeneration with
diffused infiltration of inflammatory cells (Fig. 3c). Though
LS treatment at 50 mg/kg produced moderate protection
(Fig. 3d), at higher dose (100 mg/kg body weight), LS pre-
treatment clearly ameliorated the ISO-induced myocardial
damage as evidenced by normal myofibrillar structure with
occasional infiltration of inflammatory cells (Fig. 3e).

Effect of LS on Myocardial Oxidative Stress and Nrf2
Nuclear Translocation

Isoproterenol administration significantly (P < 0.01)
decreased the myocardial content of GSH (Fig. 4a), GR
(Fig. 4b), and GPx (Fig. 4c) activities when compared to
normal control mice, whereas GST activity (Fig. 4d) was
unaltered in ISO-treated mice compared to normal. Pre-
treatment of LS at both doses (50 mg/kg and 100 mg/kg
body weight) significantly attenuated the ISO-induced
decrease in GSH- and GSH-linked enzymes. Furthermore,
ISO-treated mice showed a significant (P < 0.05) decrease
in SOD (Fig. 5a) as well as catalase (Fig. 5b) activities
compared to normal control mice. LS pretreatment, at both
doses, significantly increased the SOD (P < 0.05) and
catalase (P < 0.05) activities compared to ISO-treated
mice. Myocardial TBARS (Fig. 5c¢) and protein carbonyl
contents (Fig. 5d) were significantly (P < 0.001) increased
in ISO-induced mice when compared to normal control. LS
pretreatment at high dose (100 mg/kg) followed by ISO
significantly (P < 0.01 for TBARS; P < 0.05 carbonyl
content) attenuated the increase in TBARS and carbonyl
contents when compared to ISO control group. LS alone
had no effect on lipid peroxidation as well as protein
oxidation.

Myocardial NQOI1 activity was significantly (P < 0.05)
decreased in ISO control group compared to normal control
(Fig. 6a). In addition, mice treated with ISO showed a
significant (P < 0.05) decrease in HO-1 protein expression
(Fig. 6b) level compared to normal control. LS pretreat-
ment at high dose (100 mg/kg body weight) significantly
(P < 0.05 for NQOI1; P < 0.01 for HO-1) increased both
the NQOI1 activity as well as HO-1 protein expression
levels compared to only ISO-treated mice. Though there
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Fig. 2 Effect of Lagerstroemia
speciosa (LS) on isoproterenol
(ISO)-induced changes in
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Fig. 3 Effect of Lagerstroemia speciosa (LS) and isoproterenol
(ISO) on the histo-architecture of the heart. Photomicrographs of the
heart sections depicting histological finding of a normal control group
exposed to only vehicle, b LS control group exposed to only
Lagerstroemia speciosa L., with intact normal cardiac morphology (H
and E, 20x), ¢ ISO control group, showing extensive cytoplasmic
vacuolization (black arrow), loss of myofibrils, and myocardial

degeneration with diffused infiltration of inflammatory cells (red
arrow) (H and E, 20x), d ISO + LS50 group, showing moderate
protection as evidenced by the presence of mild myocardial degen-
eration with decreased infiltration of inflammatory cells (red arrow)
(H and E, 20x), e ISO + LS100 group, showing nearly normal
cardiac morphology with occasional infiltration of inflammatory cells
(H and E, 20x) (Color figure online)
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Fig. 4 Effect of Lagerstroemia
speciosa (LS) on isoproterenol
(ISO)-induced changes in
myocardial antioxidant status in
mice. a Reduced glutathione
(GSH), b glutathione reductase
(GR), ¢ glutathione peroxidase
(GPx), d glutathione S-
transferase (GST). Values are
expressed as mean £+ SEM,

N = 8, where P < 0.05 versus
normal control; P < 0.05,

P <0.01, and P < 0.001
versus ISO control

Fig. 5 Effect of Lagerstroemia
speciosa (LS) on isoproterenol
(ISO)-induced changes in
myocardial. a Superoxide
dismutase (SOD), b catalase
(CAT), c thiobarbituric acid-
reactive substances (TBARS),
and d protein carbonyl content.
Values are expressed as

mean = SEM, N = 8, where
#P < 0.05 and **P < 0.001
versus normal control;

‘P <0.05, P < 0.01, and
P < 0.001 versus ISO control

was no difference in Nrf2 protein expression in total
myocardial extract among different control and experi-
mental groups, immunoblot of nuclear Nrf2 revealed that
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LS pretreatment augmented the nuclear translocation of
Nrf2 protein when compared to only ISO-treated mice
(Fig. 6b).
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heme oxygenase-1 (HO-1) as well as nuclear translocation of nuclear
factor erythroid 2-related factor 2 (Nrf2) protein expressions.
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Effect of LS on Myocardial Apoptosis

As shown in Fig. 7, the protein expression of cleaved
caspase-3, Bax, and p53 in left ventricular tissue was sig-
nificantly (P < 0.05) increased after ISO administration
and was significantly attenuated by LS pretreatment. ISO
administration also significantly (P < 0.001) reduced the
levels of the anti-apoptotic protein Bcl-2, which was sig-
nificantly (P < 0.05) improved by LS pretreatment. Fur-
thermore, there is substantial increase in internucleosomal
DNA smearing and fragmentation as evident from both
DNA laddering and smearing pattern in the agarose gel
induced by ISO treatment. Pretreatment with LS at a low
dose (50 mg/kg) did not prevent DNA fragmentation
induced by ISO. However, high-dose LS (100 mg/kg)
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control, ISO isoproterenol control, ISO + LS50 LS (50 mg/kg body
weight) followed by ISO, ISO + LS100 LS (100 mg/kg body weight)
followed by ISO, where #P < 0.05 versus normal control (NS);
P < 0.05 and P < 0.01 versus ISO control

treatment prevented DNA fragmentation substantially as
evident by the absence of DNA laddering as well as
smearing pattern.

Effect of LS on ISO-Induced Modifications on MMPs
Activities

As noted in Fig. 8, ISO group presented a significant
(P < 0.01) increase in tissue MMP-9 (Fig. 8a) and MMP-2
(Fig. 8b) activities compared with normal control. Gelatin
zymograph picture confirmed that there is activation of
pro-MMP-9 and pro-MMP-2 (Fig. 8c). In contrast, LS
pretreatment, at both doses, abolished the MMP-9 as well
as MMP-2 activities when compared to ISO-induced
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Fig. 7 Effect of LS and ISO on apoptosis-related protein expression
in left ventricular heart tissue. a Immunoblot analysis of cleaved
caspase-3, Bcl-2, Bax, and p53. Data represent the means (3 animals
per group), with their standard error (SEM) represented by vertical
bars, where NS normal control, LS Lagerstroemia speciosa control,
IS0 isoproterenol control, ISO + LS50 LS (50 mg/kg body weight)
followed by ISO, ISO + LSI00 LS (100 mg/kg body weight)
followed by ISO. b Effect of the pretreatment of Lagerstroemia
speciosa on DNA fragmentation exposed to ISO in mice. Agarose gel

group. LS alone had no effects on the above-mentioned
variables.

Discussion

Lagerstroemia speciosa L. is believed to possess anti-
inflammatory, antioxidative, antihyperglycemic, antihy-
pertensive, and hypolipidemic properties [10]. However,
their cardioprotective properties and underlying mecha-
nisms are largely unknown. In the present study, we tested
the hypothesis that LS ameliorates the myocardial stress in
ISO-induced myocardial injury in mice. The pivotal find-
ings in the present study are as follows. (1) We observed
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(1.5 %) picture revealed that there is intact DNA in NC and LS
groups. ISO administration increased DNA damage as evidenced by
the presence of both smear and ladder pattern of DNA. Though low-
dose group, ISO + LS50, showed mild DNA fragmentation, higher-
dose group, ISO + LS100, completely prevented the DNA damage.
Graphical representation of the intensity of ¢ cleaved caspase-3,
d Bcl-2, e Bax, and f p53 protein expressions, where ##p < 0.001
and *P < 0.05 versus normal control; P < 0.05, p < 0.01, and
P < 0.001 versus ISO control

for the first time that LS significantly attenuated cardiac
stress associated with isoproterenol in mice. (2) We also
observed that LS significantly inhibited ISO-induced
necrotic damage, vacuolization, and loss of myofibrils in
the heart. (3) Further studies indicated that LS augmented
endogenous antioxidant mechanisms, ameliorated myo-
cardial apoptosis, and expression of MMPs.

Over-release of catecholamine is an important factor
related to myocardial impairment in many cardiovascular
diseases, such as myocardial ischemia, hypertrophy, and
heart failure [24]. In the present study, we induced myo-
cardial injury mouse model employing a -adrenoreceptor
agonist, isoproterenol. Isoproterenol-induced myocardial
injury involves membrane permeability alterations that
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Fig. 8 Effects of LS and ISO on myocardial matrix metalloprotein-
ases (MMPs) activities. The activities of a MMP-9 and b MMP-2
were measured using fluorimetric assay and expressed as relative
fluorescence units (RFU). Values are expressed as mean £+ SEM of 8
animals (N = 8) in each groups. ¢ Representative gelatin zymograph
for MMP-9 and MMP-2 activities in heart homogenates of different

bring about loss of function and integrity of myocardial
membranes [25]. We found that treatment with high doses
of ISO (150 mg/kg) for 2 consecutive days resulted in
severe myocardial injury with extensive vacuolization in
heart muscle and inflammation with diffused inflammatory
cell infiltration (Fig. 3c). An increase in the heart weight-
to-body weight ratio was observed in ISO-treated mice
indicating cardiac hypertrophy [7]. The increase in serum-
specific cardiac biomarkers such as CK-MB, LDH, and
AST (Fig. 2) indicated the leakage and loss of functional
integrity and/or necrotic damage of cell membrane. LS
pretreatment to mice followed by ISO significantly lowered
all of the above parameters to normal when compared to
the individual treatment groups. The present study suggests
that LS restricts the leakage of these indicative enzymes by
restoring the structural and functional integrity of the car-
diac membrane. It is also speculated that the observed
increase in the heart weight in ISO-treated mice might be
due to the increased water content, edematous intramus-
cular space, and extensive necrosis of cardiac muscle fibers
followed by the invasion of damaged tissues by the
inflammatory cells [7]. Pretreatment with LS decreased the
heart weight and prevented cardiac hypertrophy in ISO-
treated mice.

Reactive oxygen species (ROS) generation during auto-
oxidation of ISO and subsequent oxidative stress have
been proposed to be important mechanisms underlying its
cardiac toxic effects [26]. Studies on the myocardial
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experimental groups, where NS normal control, LS Lagerstroemia
speciosa control, ISO isoproterenol control, ISO + LS50 LS (50 mg/
kg body weight) followed by ISO, ISO + LS100 LS (100 mg/kg body
weight) followed by ISO, where #p < 0.01 versus normal control;
“P < 0.05 versus ISO control

antioxidant changes and their significance during heart
injury have provided a new insight into the pathogenesis of
heart failure. Moreover, it has been reported that the
antioxidant enzymes status is lower in the heart than in
other tissues [27]. Hence, up-regulation of endogenous
antioxidant and phase II enzymes is an efficient protective
strategy against the deleterious effects of reactive oxygen
species during myocardial injury. Decrease in these anti-
oxidants after ISO administration may be ascribed to
excessive formation of reactive oxygen species (ROS) and/
or their inactivation by excessive isoproterenol-induced
oxidants in heart tissues. In the present study, we docu-
mented a significant (P < 0.01) increase in antioxidants
(GSH, GR, GPx, GST, SOD, and CAT) and decrease in
TBARS and protein carbonyl levels in heart tissue of LS
pretreated ISO-induced mice when compared to those in
ISO control mice. NQOI, a well-known detoxifying anti-
oxidant, efficiently scavenges H,O, and superoxide radi-
cals via its ability to maintain the cellular levels of
ubiquinol and vitamin E. In our study, a significant
(P < 0.05) decline in NQOI1 activity was observed in ISO-
treated mice. LS pretreatment significantly (P < 0.05)
abolished the decrease in NQO1 activity when compared
to ISO-treated mice (Fig. 6a). Heme oxygenase-1 (HO-1),
a cytoprotective heme-degrading enzyme catalyzes the
degradation of heme into cytoprotective HO reaction pro-
ducts: biliverdin and bilirubin, carbon monoxide (CO), and
free iron. Number of studies has shown that
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cardioprotective potential of HO-1 and its up-regulation in
myocardium prevented cardiomyocyte apoptosis [28]. In
addition, it is also documented that overexpression of HO-
1 attenuates pathological ventricular remodeling after
acute myocardial infarction [29]. In the present study, a
significant decrease (P < 0.05) in protein expression of
HO-1 was observed in ISO control group compared to
normal control. Pretreatment with LS followed by ISO
significantly (P < 0.001) restored the HO-1 level com-
pared to ISO control group (Fig. 6b).

Redox-sensitive transcription factor nuclear factor ery-
throid 2-related factor 2 (Nrf2) has been demonstrated to be
a critical transcription factor that regulates the induction of
phase 2 detoxifying and antioxidant genes [30]. Zhu et al.
[22] have reported that Nrf2 signaling plays a key role in
preventing oxidative cardiac cell injury in vitro. Moreover,
evidence has also revealed that induction of endogenous
antioxidants through activation of Nrf2 has been shown to
prevent oxidative stress and confers cardioprotection [31].
To explore the molecular mechanism of LS, we studied the
nuclear translocation of Nrf2 in heart tissue. We observed
an inhibition of nuclear translocation of Nrf2 protein in
heart of ISO-induced mice compared to normal control.
Pretreatment with LS significantly (P < 0.001) improved
the myocardial nuclear protein expression of Nrf2 levels
when compared to ISO-treated group (Fig. 6b). To sum-
marize, in the present study, pretreatment with LS followed
by ISO resulted in a significant induction of cellular anti-
oxidants and phase 2 enzymes compared to those of ISO
control. We believe that the observed effect of LS might be
ascribed to its intrinsic antioxidant activity (directly neu-
tralizing reactive species) and/or its ability to enhance
antioxidant defense system through nuclear up-regulation
of Nrf2 (nuclear factor erythroid 2-related factor-2)
expression in heart tissues.

Evidences from experimental animal models and human
cardiac disease showed that cardiomyocyte cell loss as a
result of apoptosis is significant in myocardial ischemic
injury [32]. As ISO-induced myocardial injury is also
mediated through apoptosis of cardiomyocytes [33], we
investigated the possible protective effect of LS on apop-
tosis. Usually, the balance between the up- and down-
regulations of the members of Bax and Bcl-2 family pro-
teins determines the fate of the cells either to undergo
apoptosis or to survive in pathophysiology. In the process
of apoptosis, pro-apoptotic (Bax) protein plays a dominant
role in initiating cell death by disrupting the integrity of the
mitochondrial membrane and further activates downstream
apoptosis proteins like caspase-9/caspase-3 and PARP
proteolysis followed by DNA fragmentation, whereas anti-
apoptotic (Bcl-2) inhibits it [32]. Here, we examined the
myocardial protein expression of cleaved caspase-3 and
Bax, which has been implicated as stimulators of apoptosis,
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to explore the role of LS on apoptotic cell deaths caused by
ISO (Fig. 7a). Both ladder and smearing pattern of DNA in
agarose gel (Fig. 7b) revealed apoptotic as well as necrotic
cell death in the myocardium of ISO-induced mice. Pre-
treatment with LS (100 mg/kg) followed by ISO attenuated
myocardial protein expression of cleaved caspase-3, Bax,
and DNA damage induced by ISO. Moreover, adminis-
tration of LS increased the expression of the anti-apoptotic
protein, Bcl-2, compared to ISO-induced group, suggesting
that the LS exhibits an inhibitory effect on cell death
during myocardial ischemia-induced apoptosis (Fig. 7b).
The transcription factor and pro-apoptotic gene p53 induce
apoptosis in response to varieties of stimuli including
ischemia [34]. It documented the up-regulation of p53 and
cardiomyocyte apoptosis in ischemic heart, and it has also
been shown that p53 gene deletion improved cardiac
function after myocardial infarction [35]. We found a
significant elevation of p53 protein in ISO control group
compared to normal. LS pretreatment (100 mg/kg) fol-
lowed by ISO significantly decreased the protein expres-
sion of p53 compared to ISO control mice (Fig. 7b).
Hence, we speculate that cardioprotective effect of LS is
partly due to the inhibition of myocardial apoptosis.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases that has been identified in the
myocardium and is likely to contribute to myocardial
remodeling [36]. Growing evidence from basic and clinical
studies has demonstrated the important role of MMPs in
the progression of left ventricular remodeling and mortality
following acute myocardial infarction [37]. Studies have
also shown that MMPs are able to degrade extracellular
matrix and affect ventricular remodeling during the healing
process after acute myocardial injury [38]. It is also
reported that an abrupt increase in collagen content in
conjunction with changes in MMP release and activity,
mainly high levels of MMP-2 and MMP-9, has been shown
in hypertrophic cardiomyopathy patients [39]. In the
present study, in order to test whether LS is able to coun-
teract the myocardial remodeling, we quantified MMP-2
and MMP-9 activities in the myocardium. Our study
showed the expression and activation of pro-MMP-9 and
pro-MMP-2 increased in the left ventricles of ISO-treated
mice, which suggests that MMPs play a critical role in
ventricular remodeling. To our surprise, LS treatment
prevented the myocardial overexpressions of MMP-2 and
MMP-9 activities in ISO-treated mice and restored to
normal level (Fig. 8). These findings in our study demon-
strate that LS is able to attenuate not only the oxidative
stress and apoptosis, but also the remodeling process pre-
sented in this myocardial injury model. A proposed
working model related to cardioprotective effect of Lag-
erstroemia speciosa in mouse heart was described in
Fig. 9.
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Fig. 9 A proposed working model related to potential signaling
pathways that are involved in cardioprotective effect of Lagerstro-
emia speciosa against isoproterenol-induced myocardial injury in
mouse heart, where ROS reactive oxygen species, Nrf2 nuclear factor

In summary, the present study provided a convincing
evidence of myocardial oxidative stress, apoptosis, and
activation of MMPs in heart of isoproterenol-administered
mice. Our results suggested that pretreatment with stan-
dardized Lagerstroemia speciosa leaf (LS) extract con-
taining 1 % corosolic acid ameliorated ISO induced
myocardial oxidative stress, lipid peroxidation and protein
oxidation. Furthermore, LS pretreatment enhanced myo-
cardial antioxidant enzyme status through up-regulation of
Nrf2/HO-1 and suppressed myocardial apoptosis and
remodeling process associated with isoproterenol in mice.
Hence, our findings strongly support the therapeutic role of
Lagerstroemia speciosa in the treatment for cardiovascular
disorders such as myocardial infarction.
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