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Protective effect of oxymatrine on chronic rat heart failure
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Abstract Oxymatrine is one of the alkaloids extracted

from the Chinese herb Sophora japonica (Sophora flaves-

cens Ait.) with anti-inflammatory, immune reaction inhib-

iting, antiviral, and hepatocyte and antihepatic fibrosis

protective activities. However, the effect of oxymatrine on

heart failure is not yet known. In this study, the effect of

oxymatrine on heart failure was investigated using a

Sprague-Dawley rat model of chronic heart failure. Mor-

phological findings showed that in the group treated with

50 and 100 mg/kg of oxymatrine; intermyofibrillar lysis

disappeared, myofilaments were orderly, closely and

evenly arranged; and mitochondria contained tightly

packed cristae compared with the heart failure group. We

investigated the cytosolic Ca2? transients and sarcoplasmic

reticulum (SR) Ca2? content, and assessed the expression

of ryanodine receptor (RyR2), SR-Ca2? ATPase (SERCA2a),

and L-type Ca2? channel (dihydropyridine receptor,

DHPR). We found that the cytosolic Ca2? transients were

markedly increased in amplitude in the medium- (DF/

F0 = 26.22 ± 2.01) and high-dose groups (DF/F0 =

29.49 ± 1.17) compared to the heart failure group (DF/

F0 = 12.12 ± 1.35, P \ 0.01), with changes paralleled

by a significant increase in the SR Ca2? content (medium-

dose group: DF/F0 = 32.20 ± 1.67, high-dose group:

DF/F0 = 32.57 ± 1.29, HF: DF/F0 = 17.26 ± 1.05, P \
0.01). Moreover, we demonstrated that the expression of

SERCA2a and cardiac DHPR was significantly increased

in the medium- and high-dose group compared with the

heart failure rats. These findings suggest that oxymatrine

could improve heart failure by improving the cardiac

function and that this amelioration is associated with

upregulation of SERCA2a and DHPR.
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Abbreviations

Ca2? Calcium

CICR Ca2?-induced Ca2? release

DHPR Dihydropyridine receptor

E-C coupling Excitation-contraction coupling

HF Heart failure

LTCC L-type Ca2? channel

NCX Na?–Ca2? exchanger

OMT Oxymatrine

PLB Phospholamban

RyR Ryanodine receptor

RyR2 Cardiac RyR

SERCA2a SR-Ca2? ATPase

SR Sarcoplasmic reticulum
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Introduction

Heart failure (HF) is characterized by a decline in the

ability to pump the blood efficiently enough to meet the

body’s metabolic demands. The most common condition

leading to heart failure is myocardial infarction; less fre-

quently, heart failure is caused by valvular diseases,

infections, and acquired or congenital cardiomyopathies.

Heart failure is the leading cause of death in the Western

world, and there is a lack of therapeutic agents that spe-

cifically target the underlying cellular defects [1].

A considerable amount of evidence in the literature

suggests that the abnormal regulation of intracellular Ca2?

by the sarcoplasmic reticulum (SR) is an underlying

mechanism of muscle dysfunctions in HF. It is generally

agreed that much of the contractile dysfunction is caused

by reduced myocyte calcium transients [2]. The SR Ca2?

content reflects the balance between Ca2? uptake [by

means of SR calcium ATPase (SERCA2a)] and Ca2?

efflux [by means of ryanodine receptors (RyRs)]. There-

fore, a reduced SR Ca2? content in heart failure may be due

to reduced Ca2? pumping by SERCA2a or increased SR

Ca2? leak by RyRs. Experimental evidence for both

mechanisms has been reported in humans with heart failure

and relevant animal models [3, 4]. In addition, reduced

sarcolemmal Ca2? influx (through L-type Ca2? channels)

[2] or enhanced cytoplasmic Ca2? extrusion (by Na?/Ca2?

exchange) may unload the SR [5]. In many cases of cardiac

disease, altered Ca2? cycling precedes the observed

depression of mechanical performance, suggesting that an

amelioration of the disorder of Ca2? cycling will be the

effective therapeutic strategy against heart failure [6].

Oxymatrine (OMT) is the major quinolizidine alkaloid

from the root of Sophora flavescens Ait (kushen), which

has long been used as a well-known traditional Chinese

herb for the therapy of many diseases. The structure

of OMT is clear, as shown in Fig. 1. Basic and clinical

research has shown that OMT possesses a variety of

pharmacological effects, such as immune system regulation,

anti-inflammation, anti-apoptosis, anti-virus, anti-tumor,

and anti-arrhythmic [7–13]. OMT also exerts a protective

effect against ischemia or ischemia/reperfusion damage in

the liver and intestine [14, 15].

The aim of this study was to investigate whether OMT has a

cardioprotective effect in a rat model of chronic heart failure

and the potential mechanisms for its cardioprotection.

Materials and methods

Animals

Male Sprague-Dawley rats, weighing 200–250 g, were

provided by the Second Military Medical University. The

protocol was approved by the institutional animal care and

use committee and the local experimental ethics commit-

tee. Rats were kept under a 12/12 h light/dark cycle and

given free access to food and water. The animals were

randomly divided into five groups (n = 12 for each group):

the myocardial infarction (MI) group, high-dose group (rats

with MI and 100 mg/kg OMT treatment), medium-dose

group (rats with MI and 50 mg/kg OMT treatment), low-

dose group (rats with MI and 25 mg/kg OMT treatment),

and sham-operated group.

Surgical procedure

During the whole surgical period, the animals were ran-

domized to receive either myocardial infarction (MI) [16]

or a sham procedure. Rats were anesthetized by intraperi-

toneal injection of 10% chloral hydrate (3.5 ml/kg), cann-

ulated, and ventilated with a tidal volume of 1.5–2 ml/

100 g (80 strokes/min). A left lateral thoracotomy was

performed between the third and fourth ribs, and the left

anterior descending (LAD) coronary artery was perma-

nently ligated proximally with a 5-0 silk suture. Sham-

operated animals underwent the same procedure without

ligation of the LAD. The chest was closed, the lung was

reinflated, and the animal was moved to a prone position

until spontaneous breathing occurred.

Drug administration

Oxymatrine injection (2 ml:0.6 g) was diluted in saline to

prepare concentrations of 25 mg/ml. For the high-, med-

ium-, and low-dose groups, OMT at doses of 100, 50, and

25 mg/kg (added with saline to a total volume of 1 ml),

respectively, was administered by intraperitoneal injection

and once daily on the following 28 days immediately after

myocardial infarction. In the MI and sham-operated

groups, an equal volume of saline was administered in the

same manner.

Fig. 1 Chemical structure of

oxynatrine
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Assessment of heart function

Twenty-eight days after MI, the rats were anesthetized with

10% chloral hydrate and placed on a pad. A microma-

nometer catheter was introduced into the right carotid

artery and advanced across the aortic valve into the left

ventricular cavity to record left ventricular pressures. Left

ventricular end-diastolic pressure (LVEDP) and the maxi-

mum rates of contraction (dp/dtmax) and relaxation (dp/

dtmin) were derived from the left ventricular pressure pulse

[17]. Each hemodynamic evaluation was completed within

20–30 min. At the termination of the functional study, the

heart was removed and its weight obtained.

Cell dissociation

Single cardiomyocytes (left ventricle cell) of the rat heart

were isolated by an enzymatic dissociation method [18].

The heart was removed from the open chest of rats

anaesthetized with 10% chloral hydrate and mounted on a

modified Langendorff perfusion system for retrograde

perfusion with Ca2?-free Tyrode’s solution; then the heart

was perfused with a solution containing collagenase type II

and bovine serum albumin (BSA) for about 8–10 min.

After digestion, ventricular myocardium tissue was cut into

small pieces in the modified Kraft-Bruhe (KB) solution

[19] and gently shaken to dissociate cells. All experiments

were conducted at room temperature (20–22�C).

Patch-clamp study

Whole-cell patch-clamp recordings of transmembrane

ionic currents were performed with an EPC10 amplifier

(HEKA Instruments, Germany). Cardiomyocytes were

placed in a perfusion chamber. Patch electrodes were

fabricated from borosilicate glass with a micropipette

puller. Its resistance was 2–4 MX when the electrode was

filled with the pipette solution. The potential of the elec-

trode was adjusted to zero current between the pipette

solution and the bath solution immediately before seal

formation. After obtaining a gigaseal, a suction pulse was

applied to establish the whole-cell mode. Command pulses

were delivered and data were acquired with a patch-clamp

amplifier controlled by the PULSE software connected to a

computer. In the end, data analysis was performed.

Laser scanning confocal microscope analysis

Intracellular Ca2? imaging was performed using a Leica

TCS SP2 confocal microscope (Leica, Germany) in line-

scan mode. Cytosolic Ca2? measurement was performed

using Fluo-3 Ca2? indicators. When measured, Fluo-3 was

excited by the 488-nm line of an argon-ion laser, and the

fluorescence was acquired at wavelengths of 500–560 nm.

Patch-clamp and confocal microscope synchronous

recording system software (researched and developed by our

department) was used to record transmembrane Ca2? currents

(ICa � L) and intracellular Ca2? sparks simultaneously.

For quantitative studies, the temporal dynamics in

fluorescence were expressed as DF/F0 = (F - F0)/F0,

where F represents fluorescence at time t and F0 stands for

baseline fluorescence.

Transmission electron microscopy

For transmission electron microscopy (TEM), the ventricle

myocardial tissue of a SD rat cut into 1 mm 9 1 mm

9 1 mm samples was fixed and kept in 4% paraformal-

dehyde for 4 h at 4�C, and post-fixed in 1% osmium tetraoxide

for 2 h at room temperature. Then the tissues were dehydrated

by graded alcohol and acetone embedded with Epon812

resin. Semithin sections were cut and examined by light

microscopy. Thin sections from representative areas were

then cut using a LEICA EM UC6 (Leica, Austria), stained

with uranyl acetate and lead citrate, and examined with a

H-7650 transmission electronic microscope (Hitachi, Japan).

Real-time quantitative RT-PCR determination of Ca2?

handling genes

The mRNA levels of RyR2, SERCA2a, and DHPR were

measured using real-time quantitative RT-PCR. Total RNA

was extracted using the TRIzol reagent and purified to

remove any contaminating genomic DNA by on-column

DNase digestion. First-strand synthesis and real-time

amplification were performed using the Platinum qRT-PCR

Table 1 Primer sets for real-time quantitative RT-PCR

Gene names Forward primers Reverse primers

RyR2 50-TAACCTACCAGGCCGTGGAT-30 50-GCTGCGATCTGGATAAGTTCAA-30

SERCA2a 50-CTGGCCGACGACAACTTCTC-30 50-TGAGGTAGCGGATGAACTGCTT-30

DHPR (Cav1.2) 50-CATCTTTGGATCCTTTTTCGTTCT-30 50-TCCTCGAGCTTTGGCTTTCTC-30

GAPDH 50-TGGAGTCTACTGGCGTCTT-30 50-TGTCATATTTCTCGTGGTTCA-30
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ThermoScript One-Step System (Invitrogene) and with the

TaqMan Assays-on-Demand primer/probe pairs specific

for RyR2, SERCA2a, DHPR, and GAPDH (glycer-

aldehyde-3-phosphate dehydrogenase). Standard amplifi-

cation curves were generated from GAPDH. Optimal PCR

curves were observed within 40 cycles using the real-time

quantitative PCR system (FTC2000, Canada). Three sets of

RNA isolations were evaluated, and each measurement was

performed in triplicate. The threshold value (Ct) was set

with the amplification-based threshold algorithms from

Stratagene. GAPDH expression of each sample was used as

endogenous control. All primer sets are listed in Table 1.

Western blotting

The levels of RyR2, SERCA2a, and DHPR proteins were

determined by immunoblot analysis. Cell lysate proteins

(500 lg) were subjected to SDS 4–8% PAGE. The SDS/

PAGE-resolved proteins were transferred to nitrocellulose

membranes. The nitrocellulose membranes containing the

transferred proteins were blocked for 1 h with PBS con-

taining 0.5% Tween 20 and 5% (w/v) skim milk. The

blocked membranes were then incubated with antibody

(1:1,000) (Wehrens XH 2003) for 1 h and washed three

times for 5 min in PBS containing 0.5% Tween-20. The

membrane was then incubated with the appropriate horse-

radish peroxidase-conjugated secondary antibody (1:5,000)

for 1 h. After washing three times for 5 min each in PBS

containing 0.5% Tween 20, these proteins were detected by

enhanced chemiluminescence (ECL). Band densities were

quantified by using LabWorks4.6 software (PerkinElmer).

Drugs and solutions

Oxymatrine (catalog no.: H20057480) was purchased from

Chia-tai Tianqing Pharmaceutical Co. Ltd. (China); Fluo-3/

AM was purchased from Biotium; TRIzol reagent was

purchased from Invitrogen Life Technologies (USA), Protein

G PLUS-agarose (catalog number: sc-2002) and Normal

Mouse IgG (catalog number: sc-2025) were purchased from

Santa Cruz, RyR antibody (catalog no.: ab2827), SERCA2a

antibody (catalog no.: ab2817) and DHPRa1 antibody (cata-

log no.: ab58552) were purchased from Abcam, and colla-

genase type II was purchased from Worthington (USA). All

other reagents were purchased from Sigma (USA). The

composition of the Ca2?-free Tyrode’s solution was (in mM)

NaCl 135, KCl 5.4, MgCl2 1.0, NaH2PO4 0.33, glucose 5.0,

and HEPES 5.0 (pH 7.3). The composition of the digestion

solution was Ca2?-free Tyrode’s solution 25 ml, collagenase

type II 15 mg, BSA 50 mg, and 72 mmol/l CaCl2 20 ll. The

composition of the modified Kraft-Bruhe (KB) solution was

(in mM) KOH 80, L-glutamic acid 50, KCl 30, taurine 20,

KH2PO4 30, MgCl2 3, glucose 10, EGTA 0.5, and HEPES 10

(pH 7.3). The external solution contained (in mM) NaCl

133.5, CsCl 4.0, CaCl2 1.8, MgCl2 1.2, HEPES 10, and glu-

cose 11.1 (pH 7.3). Patch pipettes were filled with a solution

that contained (in mM) CsCl 120, TEA-Cl 10, Na2ATP 5,

MgCl2 6.5, Tris GTP 0.1, and HEPES 10 (pH 7.2).

Statistical analysis

Data were expressed as mean ± SE for all experiments.

Statistical analyses were made with ANOVA followed by

Student-Newman-Keuls test for individual comparisons of

means. The statistical significance was set at **P \ 0.01 HF

versus sham, *P \ 0.05 HF versus sham, DDP \ 0.01 med-

ium-dose, high-dose versus HF, DP \ 0.05 medium-dose,

high-dose versus HF.

Results

Characterization of cardiac function

According to the experiment, the infarct size of rat heart is

more than 40%, and postoperative mortality is 20% in the

Table 2 Assessment of cardiac function in different groups

Sham HF OMT (L) OMT (M) OMT (H)

Number 12 12 12 12 12

BW (g) 218.2 ± 12.7 227.1 ± 11.1 220.5 ± 23.5 232.4 ± 17.3 236.6 ± 15.4

HW/BW (mg/g) 2.42 ± 0.27 4.39 ± 0.19** 4.16 ± 0.33 3.11 ± 0.28D 3.08 ± 0.15D

HR (beats/min) 427 ± 15 435 ± 19 418 ± 28 427 ± 26 419 ± 17

LVEDP (mmHg) 3.9 ± 1.3 8.2 ± 1.8** 7.9 ± 1.2 5.1 ± 1.5DD 4.6 ± 1.1DD

dp/dtmax (mmHg/s) 4,182.77 ± 209. 53 2,462.95 ± 218.13** 2,783.74 ± 251.12 3,794.17 ± 223.59DD 3,815.57 ± 205.11DD

dp/dtmin (mmHg/s) -2,892.31 ± 245.17 -1,554.46 ± 174.68** -1,668.62 ± 171.53 -2,515.71 ± 188.43DD -2,661.78 ± 202.42DD

MI myocardial infarction, BW body weight, HW heart weight, HR heart rate, LVEDP left ventricular end-diastolic pressure, dp/dtmax maximum

change in systolic pressure over time, dp/dtmin maximum change in the rate of relaxation over time. Data are presented as mean ± SE
1 mmHg = 0.133 kPa, ** P \ 0.01 HF versus sham, * P \ 0.05 HF versus sham, DD P \ 0.01 medium-dose, high-dose versus HF, D P \ 0.05

medium-dose, high-dose versus HF
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HF group. Hemodynamic responses were assessed in dif-

ferent groups (Table 2). The maximum change in systolic

pressure over time (dp/dtmax) was significantly increased

by OMT at a dose of 50 mg/kg (3,794.17 ± 223.59

mmHg/s, n = 12) and 100 mg/kg (3,815.57 ± 205.11

mmHg/s, n = 12) versus the HF group (2,462.95 ± 218.13

mmHg/s, n = 12, P \ 0.01). At a dose of 25 mg/kg, OMT

increased the dp/dtmax, but did not reach a significant level.

Furthermore, there was a significant decrease in heart

weight (HW) divided by body weight (BW) in the medium-

dose (3.11 ± 0.28, n = 12) and high-dose groups

(3.08 ± 0.15, n = 12) compared with HF rats (4.39 ± 0.19,

n = 12, P \ 0.01), respectively.

Measurement of action potential-induced Ca2?

transients

Depolarization-induced long-lasting calcium current

(ICa � L) and spatially resolved intracellular Ca2? transients

(action potential-induced Ca2? transients, ACT) were

Fig. 2 Recordings of Ica • L and the average current/capacitance (pA/pF) in different groups. The current was obtained in response to a 400-ms

depolarizing step to ?10 mV after a prepulse to -40 mV for 300 ms inactivated sodium current from a -40 mV holding potential

Fig. 3 Representative confocal line-scan images of Ica • L-induced Ca2? transients, the spatial averages Ica • L-induced Ca2? transients and the

average amplitudes (DF/F0) of Ica • L-induced Ca2? transients in different groups
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measured in cardiomyocytes dialyzed with Fluo-3/AM.

They show representative traces of ICa � L and confocal

line-scan images along with the spatial average of Ca2?

transients recorded during a depolarizing step from -40 to

?10 mV in cardiac myocytes from different groups. The

amplitude of ICa � L was increased in the medium-

(4.25 ± 0.41, n = 20 cells from 10 medium-dose OMT-

treated hearts) and high-dose groups (4.09 ± 0.32, n = 20

cells from 10 high-dose OMT-treated hearts) compared

with the HF group (1.85 ± 0.14, n = 16 cells from 8 HF

hearts, P \ 0.01) (Fig. 2). Moreover the amplitude of Ca2?

transients was also increased in the medium- and high-dose

groups. There was a significant increase in spatial averages

(DF/F0) of ICa � L-induced Ca2? transients in the medium-

(26.22 ± 2.01, n = 12 cells from 6 medium-dose OMT-

treated hearts) and high-dose groups (29.49 ± 1.17,

n = 12 cells from 6 high-dose OMT-treated hearts) com-

pared with the HF group (12.12 ± 1.35, n = 12 cells from

6 HF hearts, P \ 0.01) (Fig. 3).

Measurement of SR Ca2? content

Isolated cardiomyocytes were loaded with Fluo-3/AM and

rapidly perfused with caffeine (20 mM). SR Ca2? content

can be measured by caffeine-induced Ca2? transients

(CCT) during diastolic phase [20]. The images show that

the amplitude of Ca2? transients was increased in the

medium- and high-dose groups. Caffeine-induced Ca2?

transients (DF/F0) were significantly increased in the

medium- (32.20 ± 1.67, n = 12 cells from 6 medium-dose

OMT-treated hearts) and high-dose groups (32.57 ± 1.29,

n = 12 cells from 6 high-dose OMT-treated hearts) com-

pared with the HF group (17.26 ± 1.05, n = 12 cells from

6 HF hearts, P \ 0.01) (Fig. 4).

Observation under transmission electron microscopy

The ultrastructure of myocardial cells in the left ventricle

of an SD rat was studied under TEM. In the control group,

the myocardial cell appeared normal with intact sarco-

meres; mitochondria contained tightly packed cristae.

Numerous glycogen granules were present. In the HF

group, some parts of the myocardial cell showed inter-

myofibrillar lysis and vesicles of varying size. Mitochon-

dria were swollen, and mitochondrial cristae were

separated. In the group treated with low-dose OMT, in-

termyofibrillar lysis had slightly improved, but a few

mitochondria were still swollen, and mitochondrial cristae

were separated. In the group treated with a medium dose of

OMT, intermyofibrillar lysis disappeared; myofilaments

were orderly, and closely and evenly arranged; and the

mitochondria contained tightly packed cristae. The ultra-

structure of myocardial cells treated with a high dose of

OMT was similar to those of cells treated with a medium

dose of OMT, and the electron density of some mito-

chondria increased (Fig. 5).

Fig. 4 Representative confocal line-scan images of caffeine-induced Ca2? transients, the spatial averages of caffeine-induced Ca2? transients,

and the average amplitudes (DF/F0) of caffeine-induced Ca2? transients in different groups
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Effects of OMT on the mRNA expressions

of Ca2? handling genes

Real-time quantitative RT-PCR was performed to deter-

mine the relative mRNA expression pattern of RyR2,

SERCA2a, and DHPR. We found that the mRNA expres-

sion of RyR2 failed to change in the medium- and high-

dose group compared to the HF group (P [ 0.05). The

mRNA expressions of SERCA2a and DHPR were both

increased in the medium- and high-dose groups compared

to the HF group (n = 8, P \ 0.01) (Fig. 6).

Effects of OMT on expressions of Ca2? handling

proteins

Immunoblot analyses were performed to determine the

contents of the major SR Ca2? handling proteins RyR2,

SERCA2a, and DHPR in five groups. Compared with

channel complexes from HF rat, the expression of RyR2 in

the low-, medium-, and high-dose groups failed to change

(n = 6, P [ 0.05), whereas the SERCA2a content was

significantly enhanced in the medium- and high-dose

groups (n = 6, P \ 0.01). Furthermore, the expression of

DHPR was also increased in the medium- and high-dose

groups (n = 6, P \ 0.01) (Figs. 7, 8).

Discussion

HF is a chronic syndrome characterized by fatigue,

peripheral edema, pulmonary congestion, and shortness of

breath caused by a reduction in the ability of the heart to

provide adequate blood flow to match the metabolic

requirements of the organs. Defective intracellular Ca2?

homeostasis has been consistently reported in cases of

heart failure [21, 22]. Because intracellular Ca2? concen-

trations ([Ca2?]i) directly regulate the contractility of

cardiomyocytes, a reduced [Ca2?]i transient amplitude in

heart failure results in decreased force development. A

prolonged decay of the [Ca2?]i transient and increased

diastolic [Ca2?]i may contribute to slowed relaxation of the

failing heart [23, 24]. Several defects in the intracellular

Fig. 5 The ultrastructure of myocardial cells in different groups. In

the sham-operated group, the myocardial cell appeared normal with

intact sarcomeres; mitochondria (m) contain tightly packed cristae.

Numerous glycogen granules were present. In the HF group, some

parts of the myocardial cell showed intermyofibrillar lysis (arrows)

and vesicles of varying size; mitochondria were swollen, and

mitochondrial cristae were separated. In the low-dose group,

intermyofibrillar lysis improved slightly, but a few mitochondria

were still swollen, and mitochondrial cristae were separated. In the

medium-dose group, intermyofibrillar lysis disappeared; myofila-

ments were orderly, and closely and evenly arranged; and the

mitochondria contained tightly packed cristae. The high-dose group

was simular to that of the medium-dose group, and the electron

density of some mitochondria increased (930,000)
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[Ca2?]i metabolism have been reported, including depres-

sed Ca2? uptake, storage, and/or release of Ca2? from the

SR storage organelle [24–26]. Depressed SR Ca2? release

may result from decreased SR Ca2? uptake via the SER-

CA2a, as well as a competitive increase of Ca2? extrusion

to the extracellular space via upregulated function of the

plasma membrane Na?/Ca2? exchanger [23, 27]. Increased

diastolic SR Ca2? leak may also result in decreased SR

Ca2? loading and depressed contractility in HF [28, 29].

Diastolic SR Ca2? leak is caused by ‘‘leaky’’ RyR2, which

displays an increased sensitivity to Ca2?-induced Ca2?

release and incomplete channel closure during diastole in

heart failure [4].

Structural and functional alterations in the Ca2? regu-

latory proteins present in the SR have recently been shown

to play a crucial role in the pathogenesis of HF. Chronic

activation of the sympathetic nervous system induces

abnormalities in both the function and structure of these

proteins. Both beta-blockers and angiotensin II receptor

blockade (ARB) were found to suppress the hyperadren-

ergic state, thereby reversing PKA-mediated hyper-

phosphorylation of some proteins, such as the RyR2,

restoring the FKBP12.6-mediated stabilization and inhib-

iting the Ca2? leak.

Oxymatrine has been demonstrated to have a variety of

pharmacological actions. Accumulating evidence indicates

that oxymatrine may exert a protective effect on the car-

diovascular system. Sun Hong-li et al. [30] have shown that

administration of oxymatrine relieved myocardial injuries

during ischemia, and this was achieved by protecting

cardiomyocytes from apoptotic death. They have suggested

that the beneficial effects of oxymatrine were likely med-

iated by an inhibition of lipid peroxidation (MDA pro-

duction) and an increase in endogenous antioxidant activity

(SOD), activation of the survival signaling molecule (Bcl-

2), and a reduction of apoptotic mediator (Fas) and intra-

cellular Ca2? overload.

In the present study, we demonstrated that oxymatrine

was a potent cardioprotective agent in ischemia-induced

heart failure. Our data suggest that OMT may improve

cardiac muscle function by reversing a maladaptive defect

in intracellular Ca2? signaling in heart failure. We found

that administration of 50 mg/kg OMT was sufficient to

provide significant cardioprotection against heart injury

induced by myocardial infarction. We supported this

finding by both functional (electrophysiological) and

morphological data: increased Ca2? transients (action

potential-induced Ca2? transients) and increased SR Ca2?

content (caffeine-induced Ca2? transients), both of which

are considered to be critical hallmarks of amelioration of

heart failure. Our results showed that a series of morpho-

logical ameliorations was observed under electron

Fig. 6 Relative expression of Ca2? handling genes RyR2 (a), SERCA2a (b), and DHPR (c) in the different groups (n = 8, **P \ 0.01 vs. sham

group; DDP \ 0.01 vs. HF)

Fig. 7 Expression of RyR2 (a), SERCA2a (b), DHPR (c), and

GAPDH (d) in the sham, HF, low-dose, medium-dose, and high-dose

groups. Arrows on the left indicate the position of the molecular

weight marker run in parallel to indicate protein migration on the gel
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microscopy. In the groups treated with medium- and high-

dose OMT, intermyofibrillar lysis disappeared; myofila-

ments were orderly, and closely and evenly arranged; and

the mitochondria contained tightly packed cristae.

At a dose of 25 mg/kg, OMT had no significant pro-

tective effect, so the cardioprotective effect of OMT was

dose dependent. The minimum effective dose of OMT may

be between 25 and 50 mg/kg, and this needs further study.

Depolarization of the plasma membrane by an incoming

action potential activates voltage-gated L-type Ca2?

channels (LTCC) in plasma membrane invaginations called

T-tubules. In the heart, LTCC (DHPR) activation results in

a plasma membrane Ca2? influx current, which triggers

RyR2 activation and SR Ca2? release, referred to as CICR.

The efficiency of the trigger (the size of the inward Ca2?

current) needed to cause Ca2? release from the SR has been

termed E-C coupling gain. In many cases of HF, the E-C

coupling gain seems to be reduced by a functional defect in

the LTCC, an increase in the space between the LTCC and

RyR, a decrease in SR Ca2?, and/or an abnormality in the

channel-gating property of RyR. Not only the amount of

Ca2? released for a given Ca2? release trigger, but also the

rate of Ca2? release may be important for the contractility

of the myofilaments. The present study shows that the

expression of DHPR seems to be increased in the medium-

and high-dose groups compared to the HF group, which

leads to the increased amplitude of ICa � L and the increased

Ca2? release (action potential-induced Ca2? transients).

In mammalian cardiac muscle, the SR is the major

source of the calcium that activates contraction. The

SERCA2a has a prominent role in excitation-contraction

coupling of cardiac muscle, as it induces relaxation by

sequestering Ca2? from the cytoplasm. The stored Ca2? is

in turn released to trigger contraction. Ca2? reuptake via

SERCA2a is significantly influenced by phospholamban

(PLB), a protein that, in its unphosphorylated form, inhibits

SERCA2a, while in the phosphorylated state it favors

SERCA2a activity. We found in our study that the

expression of SERCA2a was increased in the medium- and

high-dose groups compared with the HF group, which

could increase Ca2? reuptake (increase Ca2? content),

reduce Ca2? overload, and improve the contractile recov-

ery. Further investigation is still needed to clarify the effect

of OMT on PLB.

In China, pure oxymatrine injection has been available

in hospitals for treatment of hepatitis and tumors for many

years. However, it has not been used for heart failure in the

clinic. Since our results indicate that oxymatrine prevents

heart failure in rats, we hope that it can be used to treat

heart failure, although further research should be carried

out in more animal experiments before clinical trials.

In this study, we found for the first time that oxymatrine

had a beneficial effect on heart failure in rats. Although

details of the mechanism of oxymatrine remain to be unrav-

eled, the present results suggest that oxymatrine improves

heart failure by improving the cardiac function and that this

amelioration is associated with upregulation of SERCA2a and

DHPR. We suggest that OMT may be a novel, effective

therapeutic drug for the treatment of heart failure.
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