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中 文 摘 要 ： 由Lumbricus rubellus純化而來的抗血栓形成劑Lumbrokinase在臨
床上已經被用於治療中風和心血管疾病。然而，Lumbrokinase的心
臟保護作用與發炎反應的相關性仍然未知。在本研究中，我們在於
心肌缺血再灌注損傷的大鼠。研究Lumbrokinase抑制發炎調節因子
表現的訊息傳遞路徑。研究在麻醉大鼠的左主幹冠狀動脈進行1小時
結紮和3小時再灌注傷害。動物分為不給予以及給予Lumbrokinase治
療組，比較動物遭受心肌缺血再灌注損傷誘發的心律不齊和梗塞體
積的嚴重程度。研究發現 Lumbrokinase抑制心肌缺血再灌注損傷誘
發的心律不整並降低動物死亡率，並降低頸動脈血中的乳酸脫氫酶
活性。Lumbrokinase經由TLR4訊息傳遞路徑抑制心肌缺血再灌注損
傷增加的環氧合酶（COX）-2，誘導型一氧化氮合酶（iNOS）以及基
質金屬蛋白酶（MMP）-9的蛋白質表現。此外，我們的研究結果證明
，Lumbrokinase減少JNK，IkB和NF-kB的磷酸化。這些研究結果證明
Lumbrokinase在於遭受心肌缺血再灌注損傷的大鼠是有效的心臟保
護藥物， Lumbrokinase的心臟保護作用可能通過TLR4訊息路徑調節
JNK和NF-kB磷酸化路徑，進而減少心肌缺血再灌注損傷誘導COX-
2，iNOS和MMP-9的表現相關。這些結果可以證明lumbrokinase是一
個很有潛力的心臟保護劑，可以通過TLR4訊息路徑保護心臟對抗心
肌缺血再灌注傷害。

中文關鍵詞： 蚯蚓酵素Lumbrokinase；心臟保護；缺血；再灌注；TLR4

英 文 摘 要 ： Lumbrokinase, a novel antithrombotic agent, purified from
the earthworm Lumbricus rubellus, has been clinically used
to treat stroke and cardiovascular diseases. However,
inflammatory responses associated with the cardioprotective
effect of lumbrokinase remain unknown. In this study, the
signaling pathways involved in lumbrokinase-inhibited
expressions of inflammation mediators were investigated in
rats subjected to myocardial ischemia-reperfusion (I-R)
injury. The left main coronary artery of anesthetized rats
was subjected to 1 h occlusion and 3 h reperfusion. The
animals were treated with/without lumbrokinase and the
severities of I-R-induced arrhythmias and infarction were
compared. Lumbrokinase inhibited I-R-induced arrhythmias
and reduced mortality, as well as decreased the lactate
dehydrogenase levels in carotid blood. Lumbrokinase also
inhibited the enhancement of I-R induced expressions of
cyclooxygenase (COX)-2, inducible nitric oxide synthase
(iNOS), and matrix metalloproteinase (MMP)-9 through toll-
like receptor 4 (TLR4) signaling pathway. Moreover, our
results demonstrated that stimulation with lumbrokinase
decreases the phosphorylation of JNK, IB, and NF-B. These
findings suggested that lumbrokinase is a potent
cardioprotective drug in rats with I-R injury. The
cardioprotective effects of lumbrokinase may be correlated
with its inhibitory effect on the I-R-induced expressions
of COX-2, iNOS and MMP-9, mediated by TLR4 signaling



through JNK and NF-κB pathways.

英文關鍵詞： Lumbrokinase; Cardioprotection; Ischemia; Reperfusion; TLR4
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Lumbrokinase, a novel antithrombotic agent, purified from the earthworm Lumbricus rubellus, has been clinically
used to treat stroke and cardiovascular diseases. However, inflammatory responses associated with the
cardioprotective effect of lumbrokinase remain unknown. In this study, the signaling pathways involved in
lumbrokinase-inhibited expressions of inflammationmediatorswere investigated in rats subjected tomyocardi-
al ischemia-reperfusion (I-R) injury. The left main coronary artery of anesthetized rats was subjected to 1 h oc-
clusion and 3 h reperfusion. The animals were treated with/without lumbrokinase and the severities of I-R-
induced arrhythmias and infarction were compared. Lumbrokinase inhibited I-R-induced arrhythmias and re-
duced mortality, as well as decreased the lactate dehydrogenase levels in carotid blood. Lumbrokinase also
inhibited the enhancement of I-R induced expressions of cyclooxygenase (COX)-2, inducible nitric oxide syn-
thase (iNOS), and matrix metalloproteinase (MMP)-9 through toll-like receptor 4 (TLR4) signaling pathway.
Moreover, our results demonstrated that stimulation with lumbrokinase decreases the phosphorylation of JNK,
IκB, and NF-κB. These findings suggested that lumbrokinase is a potent cardioprotective drug in rats with I-R in-
jury. The cardioprotective effects of lumbrokinase may be correlated with its inhibitory effect on the I-R-induced
expressions of COX-2, iNOS and MMP-9, mediated by TLR4 signaling through JNK and NF-κB pathways.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Coronary artery and associated ischemic heart diseases are prevalent
worldwide. Myocardial ischemia-reperfusion (I-R) injury, which is one

of the world's fastest growing conditions, is a major contributor to the
morbidity and mortality associated with coronary artery diseases [1,2].
Myocardial ischemia is a heart condition resulting from lack of coronary
blood supply caused by thrombosis or acute alterations of coronary
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atherosclerotic plaques [1]. Duringmyocardial ischemia, a characteristic
pattern ofmetabolic and ultrastructural changes leads to irreversible in-
jury. Early restoration of blood flow to the ischemic myocardium is a
common treatment strategy to limit myocardial infarct size and to re-
duce mortality [3]. However, the return of blood flow can cause addi-
tional cardiac damage and complications that can paradoxically
increase infarct size, a condition referred to as myocardial I-R injury
[4,5].

Myocardial I-R injury is a pathological condition characterized by an
initial restriction of blood supply to the myocardium, subsequent resto-
ration of perfusion, and concomitant reoxygenation. Over the past two
decades, studies on myocardial I-R injury have focused on the role of
molecular, rather than cellular, targets such as complement receptors
[6,7], toll-like receptors (TLRs) [8] and proinflammatory cytokines [7].
Myocardial I-R injury is characterized by a rapid increase in cytokines
and chemokines and an influx of leukocytes into the vulnerable region
bordering the infarcted site. This inflammatory response may not only
lead to cardiomyocyte apoptosis, but also compromisemyocardial func-
tion. Therefore, limiting I-R-induced myocardial inflammation may
lowermortality and reducemyocardial I-R-induced ventricular arrhyth-
mia and myocardial infarction [9].

Lumbrokinase, an extract of Lumbricus rubellus, was identified more
than two decades ago [10]. Lumbrokinase is a group of bioactive proteo-
lytic enzymes with molecular weights ranging from 25 kDa to 32 kDa
[11]. Lumbrokinase includes plasminogen activator and plasmin [12].
The extrinsic plasminogen activator (e-PA) in lumbrokinase is similar
to the tissue plasminogen activator (t-PA) found in other species. How-
ever, lumbrokinase dissolves fibrin clots by converting plasminogen to
plasmin, while exhibiting relatively good heat stability and broad opti-
mal pH range [13]. Lumbrokinase enzymes demonstrate thrombolytic
activity only in the presence of fibrin. Therefore, lumbrokinase does
not cause hemorrhage, as opposed to streptokinase or urokinase, due
to hyperfibrinolysis during treatment [12]. Lumbrokinase has been clin-
ically applied to the treatment of strokes and cardiovascular diseases
[14]. In China, lumbrokinase has been marketed for N10 years mainly
for the treatment of acute-phase ischemic stroke [14], prevention of sec-
ondary ischemic stroke [15], and improvement of myocardial perfusion
in patients with stable angina [16]. However, few studies have reported
the pharmacological mechanisms of the effects of lumbrokinase on
myocardial I-R injury in rats.

Evidence has shown that TLRs play a central role in I-R injury [8,17,
18]. The results of the present study demonstrated that lumbrokinase
treatment significantly attenuates the myocardial I-R-induced expres-
sion of the TLR4 protein when compared with vehicle-treated group.
It is well known that TLR4 signaling plays a dominant role inmyocardial
I-R injury [8]. Mice lacking TLR4 sustain smaller infarct size and exhibit
less inflammationwhen comparedwithwild-typemice aftermyocardi-
al I-R injury [18]. Therefore, modulation of TLR4 signaling may be a po-
tential therapeutic strategy in myocardial I-R injury [19]. The present
study aimed to explore the possible anti-inflammatory mechanisms
(with specific focus on the TLR4 signaling pathway) of lumbrokinase
for ameliorating myocardial I-R injury in rats.

2. Methods

Study protocols conformedwith those published in the Guide for the
Care and Use of Laboratory Animals by the National Research Council of
the National Academies (NIH publication, revised 2011). Every effort
was made to minimize animal suffering and to reduce the number of
sacrificed animals.

2.1. Animals

Six-week old male Sprague-Dawley rats (National Laboratory An-
imal Center) weighing 250–300 g were housed in the Animal Center
of Chung Shan Medical University at an ambient temperature of

25± 1 °C, under a 12 h light-dark cycle. The animals were fed normal
chow and givenwater ad libitum. All surgical procedures for myocar-
dial I-R were reviewed and approved by the Institutional Animal
Care and Use Committee of Chung Shan Medical University.

2.2. Experimental protocol

Myocardial I-R injurywas induced by temporary occlusion of the left
main coronary artery as previously described [20]. Briefly, the rats were
anesthetized with a single intraperitoneal injection of thiobutabarbital
sodium salt (100 mg/kg) and urethane (400 mg/kg) and then placed
on a heated, small animal operating table. Rectal temperature was
maintained at 38 ± 0.5 °C. After tracheotomy, the intubated animals
were ventilated with room air through a respirator for small rodents
(Model 131, NEMI, USA) with stroke volume of 15 ml/kg body weight
and rate of 60 strokes/min to maintain normal PO2, PCO2 and pH param-
eters (blood gas analyzer, GEM-5300 IL, CO, USA). The jugular vein was
cannulated to administer drugs and Evans blue at the end of the exper-
iment. Lumbrokinase (1 or 10 μg/kg, Canada RNABiochemical Inc., Rich-
mond, BC, Canada) or vehicle (normal saline) was infused via the
jugular vein 15 min before coronary artery occlusion. The rats injected
with vehicle were used as controls. The vehicle had no effects on myo-
cardial I-R-induced arrhythmia or infarction. The animalswere random-
ly allocated to drug treatment or vehicle administration groups.
Polyethylene catheters (PE-50) were inserted into the common carotid
artery with a Statham P23 XL transducer to continuously monitor heart
rate (HR) and arterial blood pressure (BP), as well as adequacy of the
anesthesia. Data were acquired with a Gould RS-3400 physiological re-
corder (Gould, Cleveland, OH, USA). Standard lead-1 ECG was recorded
via silver electrodes attached to the extremities.

The heart was exposed via left thoracotomy and the fourth and fifth
ribs were sectioned approximately 2 mm to the left of the sternum. The
heart was rapidly externalized and inverted. Then, a 6/0 silk ligature
was placed around the left main coronary artery. The heart was
repositioned in the chest and the animal was allowed to recover for
15 min. Animals that developed arrhythmia or sustained a decrease in
mean BP to b70 mmHg during the procedure were not included in the
study. A small plastic snare from a Portex P-270 cannula was threaded
through the ligature and placed in contact with the heart. The left coro-
nary artery was then occluded by tightening the ligature and reperfu-
sion was achieved by releasing the tension applied to the ligature
(operated groups). Successful ligation of the coronary artery was vali-
dated by decreased arterial pressure and ECG changes (increase in R
wave and ST segment elevation), which are indicators of ischemia.
Sham-operated animals underwent the same surgical procedure, except
that the silk ligature thatwas placed around the left coronary arterywas
not tied.

Changes in HR, BP, and ECG were simultaneously recorded using a
personal computer with waveform analysis software (AcqKnowledge,
Biopac System, Goleta, CA, USA) before and during the ischemia and re-
perfusion periods. To evaluate antiarrhythmic effects of lumbrokinase
during myocardial I-R injury, we occluded the coronary artery for 1 h
and then subjected it to reperfusion for 3 h. The ventricular ectopic ac-
tivity was evaluated according to the diagnostic criteria advocated by
the Lambeth Conventions [21]. Incidence and duration of ventricular
tachyarrhythmias, including ventricular tachycardia (VT) and ventricu-
lar fibrillation (VF), were determined in the surviving rats and in the
rats that eventually died. In rats with irreversible VF, the duration of
VF was recorded until mean BP was b15 mmHg.

2.3. Determination of infarct size and collection of myocardium samples

Evaluation of the infarct zone and collection ofmyocardium samples
for further analyseswere carried out in rats that survived 1 hof ischemia
and 3 h of reperfusion. To reduce the number of animals used in this
study, an effective dose of 10 μg/kg was applied to investigate whether
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lumbrokinase ameliorates myocardial I-R injury and to uncover the un-
derlying mechanism involved in the cardioprotective effect of
lumbrokinase. The sizes of the occluded and infarct zones in the hearts
were determined using a previously described procedure [22]. At the
end of the experiment, the coronary artery was reoccluded, and 2.0 ml
of 3% Evans blue solution were intravenously injected to stain non-is-
chemic myocardium and determine the area at risk. The heart was
then excised and the atria were removed. Ventricular tissues were
sliced into 1mmsections and incubated in tetrazoliumdye [2% 2,3,5-tri-
phenyltetrazolium chloride (Sigma, USA) in normal saline] at 37 °C for
40min in darkness. The sections were placed in a solution of 10% form-
aldehyde in saline for 1 day before excision of infarcted (white) tissues.
The weight of the infarcted tissues is expressed as a percentage of the
total ventricle or the area at risk.

2.4. Determination of myocardial damage

Myocardial cellular damage was estimated by measuring lactate de-
hydrogenase (LDH) leakage into plasma. Arterial blood was collected
from the carotid catheter at the end of myocardial I-R injury for LDH
measurements. LDH activity was determined using a commercially
available assay kit (Sigma, St Louis, MO, USA).

2.5. Protein extraction and western blot analysis

Heart tissues were homogenized with a tissue protein extraction re-
agent (Thermo Scientific, USA) containing protease inhibitor cocktail
(Sigma, USA). The tissue homogenates were centrifuged at 12,000 g
for 10 min at 4 °C. Protein concentration was determined with protein
assay kits (BioRad, USA) using bovine serum albumin as the standard.
The samples were mixed with an equal volume of loading buffer
[62.5 mM Tris-HCl, pH 6.8, 10% (v/v) glycerol, 2% SDS, 5% (v/v) 2-
mercaptoethanol, and 0.05% (w/v) bromophenol blue] and heated at
95 °C for 5 min.

The protein sampleswere subjected to SDS-PAGE and electrophoret-
ically transferred onto PVDF protein sequencingmembranes for 90min.
Themembranewas blockedwith 5% non-fatmilk in PBS-buffered saline
with 0.1% (v/v) Tween-20 (PBST) at room temperature for 1 h. The
membrane was then washed and blotted with the antibodies of matrix
metalloproteinase (MMP)-9, MMP-2 (R&D Systems, USA), COX-2 (Cay-
man Chemical, USA), TLR4, TLR2, c-fos (Santa Cruz, USA), interleukin-1
receptor-associated kinase (IRAK)4, phospho-IRAK4, phospho-JNK, JNK,
phospho-NF-κB, NF-κB, phospho-IκB-α, IκB-α, iNOS, eNOS, nNOS,
phospho-ERK 1/2, ERK 1/2, phospho-p38, and p38 (Cell Signaling,
USA), MPO (Spring Bioscience, USA). β-actin (Abcam, UK) served as in-
ternal loading control. The membrane was incubated with HRP-conju-
gated secondary antibody (Jackson ImmunoResearch Laboratories,
USA) prior to chemiluminescence detection (Pierce, USA).

2.6. Gelatin zymography

Myocardial I-R-induced proteinase in rat heartswas analyzed by gel-
atin zymography as previously described [23] with slight modification.
Briefly, the heart homogenates were loaded onto SDS-PAGE (7.5%)
polyacrylamide gel, which was co-polymerized with 0.1% (w/v) gelatin
(Sigma, USA). The stacking gels were comprised of 4% (w/v) polyacryl-
amidewithout gelatin substrate. Electrophoresis was performed in run-
ning buffer (25mMTris, 250mMglycine, 1% SDS) at room temperature.
The gel waswashed twice in double-distilled water containing 2.5% Tri-
ton X-100 for 30 min each time, then incubated in reaction buffer
[50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 10 mM CaCl2, 0.02% (w/v)
Brij®-35, 0.01% (w/v) NaN3] at 37 °C for 18 h. Subsequently, the gel
was stained with 0.25% (w/v) Coomassie brilliant blue R-250 (Sigma,
USA) for 1 h and destained with 15% (v/v) methanol and 7.5% (v/v)
acetic acid. Gelatinase activity was detected as unstained bands on a
blue background. Quantitative analysis was performed with a

computer-assisted imaging densitometer system (UN-SCAN-IT™ gel
version 5.1, Silk Scientific, UT).

2.7. Immunohistochemical staining

Rat heartswerefixed separately in 10% neutral-buffered formalin for
24 h. They were then dehydrated in a graded ethanol series (50%, 75%,
95% and 100%), cleared in xylene, and embedded in paraffin at 55 °C
for 24 h. For the immunohistochemical analysis, relatively thick
(5 μm) serial sections of wax-embedded heart were cut, mounted on
glass slides, dewaxed, and then rehydrated in the same manner as for
histological analysis. Subsequently, the sections were treated with 3%
H2O2 in methanol for 10 min to inactivate any endogenous peroxidase
andwashed thricewith PBS for 5min each time. Afterward, the sections
were blocked with 3% BSA at room temperature for 1 h and then incu-
bated at 37 °C for 1 h with a 1:50 dilution of the rabbit anti-human
MPO polyclonal antibody and a 1:100 dilution of the rabbit anti-
human TLR4 polyclonal antibody in 1% BSA. Following another three
washes in PBS, the sections were incubated at 37 °C for 1 h with a
1:100 dilution of the HRP-conjugated rabbit anti-goat IgG in 1% BSA
and then washed three more times in PBS. Finally, the sections were in-
cubated at room temperature for 3 min with 3,3′-diaminobenzidine
(0.3 mg/ml) in 100 mM Tris (pH 7.5) containing 0.3 μl H2O2/ml. After
washing thrice in PBS, the sections were mounted in 50% glycerol in
PBS and examined under light microscope.

2.8. Flow cytometry analysis

The peripheral blood mononuclear cells (PBMCs) were washed
twice with 3 ml of FACScan medium (RPMI-1640 medium with 2%
FBS and 0.1% NaN3). An aliquot of 1 × 105 cells was used for each
FACScan tube (FALCON 352052). After double labeling with either a
mixture of anti-TLR4-PE (Novus Biologicals, USA) and anti-CD3 FITC
(BD Biosciences, USA) or a mixture of anti-TLR4-PE and anti-CD19-
FITC (Abcam, UK) for 45 min on ice in the dark, cells were washed
twice and resuspended in FACScan medium. The florescence intensity
was detected with flow cytometer (FACScalibur; Becton Dickinson,
USA) and analyzed with Flowing Software (2.5.1). The expressions of
TLR4 in T lymphocytes and B lymphocytes are presented as the values
of geometric mean fluorescence intensity (gMFI).

2.9. Blood-clot lysis activity assay

An in vitro blood-clot lysis activity assaywas performed as described
by Prasad et al. Fresh rat bloodwas drawn from the carotid artery. Then,
600 μl of blood were transferred to pre-weighed Eppendorf tubes and
incubated at 37 °C for 45 min. Serum was completely removed after
clot formation, and the tubes containing the clots were weighed again.
Clot weight was determined by subtracting the weight of each tube
(i.e., clot weight = weight of clot-containing tube − weight of empty
tube). Then, 200 μl of lumbrokinase at varying concentrations (10,
100, 96,000 units), dissolved in PBS, were added to the tubes containing
clots. The tubes were then incubated at 37 °C for 90 min and observed
for clot lysis. Lysed fluid was completely absorbed from each tube
with filter paper and the tubes were then re-weighed. Weight differ-
ences of each tube before and after incubationwere calculated for treat-
ed and control samples.

2.10. Statistical analysis

Data are expressed asmean± standard error of mean (SEM). Statis-
tical analyses of differences were carried out using one-way analysis of
variance (ANOVA) for combined data followed by Bonferroni's tests.
The differences in the percentage incidences of VT, VF, and mortality
were compared using χ2 test. Spearman rank correlation was applied
to test the correlations between MMP-9 activity and MPO expression
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in rats subjected tomyocardial I-R injury. pb 0.05was considered statis-
tically significant.

3. Results

3.1. Hemodynamics

Therewere no statistically significant differences in pre-ischemic he-
modynamic parameters among the groups of rats. The injection of
lumbrokinase into the jugular vein did not affect the mean BP or HR of
rats. Moreover, hemodynamic parameters did not significantly differ
between the vehicle- and lumbrokinase-treated rats during myocardial
I-R injury (Fig. 1).

3.2. Myocardial I-R-induced mortality and rhythm disturbances

The effects of lumbrokinase on myocardial I-R-induced mortality
and arrhythmia in rats are shown in Table 1. In the vehicle-treated
group, the I-R-induced mortality was 53.3%. However, administration
of 10 μg/kg lumbrokinase significantly reduced the I-R-induced mortal-
ity to 10%.

Jugular vein injection of the vehicle or lumbrokinase did not elicit ar-
rhythmia in rats. The number of ventricular premature complexes
(VPC) was 53.8 ± 28.4, and the durations of VT and VF were 19.0 ±
4.8 and 82.9 ± 14.9 s, respectively, in the vehicle-treated group during
the I-R period. However, administration of 10 μg/kg lumbrokinase sig-
nificantly decreased the number of VPC to 16.7 ± 7.0 and the durations
of VT and VF to 3.0 ± 0.8 and 2.3 ± 1.3 s, respectively.

Fig. 1. (A)Mean BP and (B) heart rate (C) ECGwere recorded duringmyocardial I-R injury. Each experimental group contains ten rats. Results are expressed asmean±SEM. No significant
differences were recorded between the vehicle and two doses of lumbrokinase (LK-1: 1 μg/kg; LK-10: 10 μg/kg) treated rats. L indicates coronary ligation. R indicated reperfusion.
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3.3. Myocardial damage and infarct size

Therewere no significant differences in the size of the area at risk be-
tween the vehicle- and lumbrokinase-treated rats, indicating that simi-
lar amounts of myocardial tissues were at risk from occlusion of the left
coronary artery in each group. In the vehicle-treated group, the infarct
size was 47.4 ± 1.8% of the area at risk. However, administration of
10 μg/kg lumbrokinase significantly reduced the infarct size to 19.6 ±
1.4% of the area at risk. Furthermore, in comparisonwith vehicle-treated
rats, administration of 10 μg/kg lumbrokinase significantly decreased
LDH activity, a marker of cell damage, after myocardial I-R injury. The
resulting LDH levels were consisted with infarct size data (Table 2).

3.4. Effects of lumbrokinase on the protein expressions of TLR2 and TLR4 in
myocardial tissues

TLRs play a central role in I-R injury [8,17,18] andmay be involved in
the cardioprotective effects of lumbrokinase (Fig. 2). As shown in Fig. 2A
and B, TLR2 expression did not significantly change due to vehicle or
10 μg/kg lumbrokinase treatment in rats subjected tomyocardial I-R in-
jury. However, the protein expression of TLR4 significantly increased in
the vehicle-treated group when compared with the sham-operated
group. In contrast, lumbrokinase treatment significantly attenuated
the myocardial I-R-induced expression of the TLR4 protein in compari-
son with the vehicle-treated group.

Immunohistochemical staining for TLR4 was performed on the tis-
sues acquired from the area at risk. Lumbrokinase treatment reduced
TLR4 staining in the myocardium obtained from rats subjected to myo-
cardial I-R (Fig. 2C–G) when compared with the vehicle group. This is
consistent with our finding that pretreatment with lumbrokinase de-
creases the protein expression of TLR4 inmyocardial tissues after I-R in-
jury. As TLRs are also expressed in immune cells [24], we conducted
experiments using flow cytometry to determine TLR4 expression in
lymphocytes following myocardial I-R injury. Supplementary Fig. 1
shows similar levels of expressions of TLR4 in T lymphocytes between
lumbrokinase-treated and vehicle-treated groups. The expression of
TLR4 was lower in B lymphocytes in the lumbrokinase-treated group
when comparedwith the vehicle-treated group, however the difference
did not reach statistical significance. Fallach et al. reported that cardiac
function of TLR4-knockout mice and chimeric mice expressing TLR4 in
the immunohematopoietic system, but not in the heart, is resistant to
LPS and reduced cardiac depression following MI [24]. In addition,
Avlas et al. observed that cardiac function is significantly less depressed
following coronary artery ligation in chimeric mice deficient in TLR4 in
the heart, but not in the immunohematopoietic system, similar to TLR4-
knockout mice [25]. These findings suggest that TLR4 expressed by the
cardiomyocytes themselves plays a key role in acute myocardial dys-
function caused by septic shock andmyocardial ischemia [24,25]. More-
over, TLR4/NF-κB signal pathway is known to be of importance in I-R
injury and to be markedly upregulated in ischemic myocardium [26].

As shown in Fig. 2E and F, intense TLR4 staining was observed in the
cardiomyocytes of vehicle-treated group. However, TLR4 positive stain-
ing was rarely observed in the cardiomyocytes of lumbrokinase-treated
group. These results are consistentwith thefindings of previous reports.

3.5. Effects of lumbrokinase on TLR4 signaling pathway

Fig. 3 shows the effects of lumbrokinase on TLR4 signaling pathway
in rats subjected to myocardial I-R injury. In parallel with the TLR4 ex-
pression, IRAK4 protein expression and phosphorylation level were
also examined. The expression of the IRAK4 protein was not altered by
vehicle or lumbrokinase treatment in rats subjected to myocardial I-R
injury. However, the phosphorylated IRAK4 (p-IRAK4) protein level sig-
nificantly increased in the vehicle-treated group. This increase was alle-
viated by treatment with lumbrokinase (Fig. 3A and B).

We studied the signaling pathways involved in the cardioprotective
effect of lumbrokinase. The protein expressions of p38, ERK 1/2 and JNK
and their phosphorylation levels and c-fos were determined. As shown
in Fig. 3C-G, treatment with vehicle or lumbrokinase did not affect the
expressions of p38, phosphorylated p38 (p-p38), ERK 1/2, phosphor-
ylated ERK 1/2 (p-ERK 1/2), or JNK. However, phosphorylated JNK
(p-JNK) and c-fos expressions were higher in the vehicle-treated
group. Lumbrokinase treatment diminished the increases in p-JNK
and c-fos expressions. Additionally, the protein expressions of phos-
phorylated IκB (p-IκB), NF-κB, and phosphorylated NF-κB (p-NF-κB)
significantly increased in the vehicle-treated group when compared
with the sham-operated group. In contrast, lumbrokinase treatment
significantly attenuated the myocardial I-R-induced increases in ex-
pressions of p-IκB, NF-κB, and p-NF-κB when compared with the ve-
hicle-treated group (Fig. 3H-J).

3.6. Effects of lumbrokinase on the protein expressions of NOSs, COX-2, and
MMPs activity in myocardial tissues

The effects of lumbrokinase on the protein expressions of iNOS,
eONS, and nNOS in rats subjected to myocardial I-R injury are shown

Table 1
Effect of lumbrokinase on arrhythmias induced by myocardial I/R injury in anesthetized rats.

n VPC VT VF Mortality (%)

Incidence
(%)

Count
(number)

Incidence
(%)

Duration
(sec)

Incidence
(%)

Duration
(sec)

Sham
Vehicle 5 – – – – – – –
LK-10 5 – – – – – – –

Operated (ligated)
Vehicle 15 80 53.8 ± 28.4 67 19.0 ± 4.8 47 82.9 ± 14.9 53.3
LK-1 10 50 34.6 ± 9.5 40 6.2 ± 1.1⁎ 10⁎ 4.7 ± 2.1⁎ 20
LK-10 10 30⁎ 16.7 ± 7.0⁎ 20⁎ 3.0 ± 0.8⁎ 10⁎ 2.3 ± 1.3⁎ 10⁎

VPC, ventricular premature complexes; VT, ventricular tachycardia; VF, ventricular fibrillation.
Vehicle is normal saline. n, number of experiments; values for duration of VT and VF are shown as the mean ± SEM.
⁎ Statistical difference at the level of p b 0.05 as compared with vehicle.

Table 2
Weight and size of area at risk (n = 6).

Vehicle LK-10

LV weight (g) 0.94 ± 0.05 0.87 ± 0.06
Area at risk (g) 0.46 ± 0.03 0.43 ± 0.03
Area at risk/LV (%) 49.2 ± 0.6 49.4 ± 1.4
Infarct size (g) 0.21 ± 0.04 0.08 ± 0.01*
Infarct size/LV (%) 23.4 ± 6.2 9.7 ± 0.8*
Risk zone infarcted (%) 47.4 ± 1.8 19.6 ± 1.4*
Lactate dehydrogenase (U/L) 6197 ± 1833 1856 ± 53*

LV, left ventricle.
Data are shown as the mean ± SEM.
⁎ Statistical difference at the level of p b 0.05 as compared with vehicle.
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in Fig. 4A. The protein expressions of eNOS and nNOS were not altered
by vehicle or lumbrokinase treatment in rats subjected to myocardial
I-R injury. However, the protein expression of iNOS in the vehicle-treat-
ed group significantly increasedwhen comparedwith the sham-operat-
ed group. In contrast, lumbrokinase treatment significantly attenuated
the myocardial I-R-induced increase in expression of iNOS protein
when comparedwith the vehicle-treated group. In addition, the expres-
sion of COX-2 significantly increased in the vehicle-treated group when
comparedwith the sham-operated group. However, marked increase in
COX-2 expression in rats with myocardial I-R was prevented by treat-
ment with lumbrokinase (Fig. 4B).

Zymographywas performed tomeasure the changes in the activities
of MMP-2 and MMP-9, which are the characteristic MMPs of the myo-
cardium [27]. The effects of lumbrokinase on the activities of MMP-2
and MMP-9 in rats subjected to myocardial I-R injury are shown in
Fig. 4C. MMP-2 activity was not altered following vehicle or
lumbrokinase treatment. However, MMP-9 activity significantly in-
creased in the vehicle-treated group when compared with the sham-
operated group. Administration of lumbrokinase significantly decreased
the activity of MMP-9 in rats after myocardial I-R injury.

3.7. Effects of lumbrokinase on myocardial inflammation

Myocardial TLR4 and MMP-9 are critical to the myocardial expres-
sions of chemoattractant proteins that mediate neutrophil infiltration
[28]. We further examined whether smaller infarction in the

lumbrokinase-treated group corresponds to less myocardial inflamma-
tion as demonstrated by neutrophil infiltration. The protein expression
of MPO, a marker enzyme of neutrophils, significantly increased in the
vehicle-treated group when compared with the sham-operated group.
In contrast, lumbrokinase treatment significantly attenuated the myo-
cardial I-R-induced increase in expression of the MPO protein when
comparedwith the vehicle-treated group (Fig. 5A and B). Immunohisto-
chemical staining for MPO was performed on the tissues obtained from
the area at risk. Hearts from the vehicle-treated group exhibited more
neutrophil infiltration (arrow). Administration of lumbrokinase signifi-
cantly reduced the I-R induced neutrophil infiltration into heart tissues
when compared with the vehicle group (Fig. 5C–G). Therefore, we sug-
gest that lumbrokinase decreases TLR4 protein expression and MMP-9
activity, which in turn reduces inflammation of myocardial tissues
after I-R injury.

4. Discussion & conclusions

The cardioprotective effect of lumbrokinase in rats subjected to
myocardial I-R injury was examined. Administration of 10 μg/kg
lumbrokinase significantly suppressed the incidence and number of
VPCs, as well as the incidences and durations of VT and VF. This treat-
ment also reduced mortality and size of cardiac infarct zone in rats sub-
jected to 1 h of coronary artery occlusion and 3 h of reperfusion. These
results are consistent with our finding that pretreatment with
lumbrokinase leads to decreased carotid blood LDH levels during I-R

Fig. 2. Effects of lumbrokinase on TLRs protein expression in rats subjected tomyocardial I-R injury. Rats were treated with vehicle or 10 μg/kg lumbrokinase (LK-10). (A) Representative
images of theWestern blot results TLR2 and TLR4 expression in heart tissue samples from rats aftermyocardial I-R injury. (B) Quantitative densitometric analysis of TLR2 and TLR4 protein
expression with β-actin as an internal standard. Data were normalized with sham and presented as percentage rates. Each value represents the mean of three individual experiments.
Results are expressed as mean ± SEM (n = 3). *p b 0.05 compared with sham. #p b 0.05 compared with vehicle. (C–F) Representative areas of TLR4 immunohistochemical (IHC)
staining slides of rats subjected to myocardial I-R injury. Panels C and D original magnification, panels E and F are higher magnification of small box in panels C and D. The dark brown
color indicates expression of TLR4. (G) Quantitative densitometric analysis of TLR4 staining slides of rats subjected to myocardial I-R injury. Data were normalized with vehicle and
presented as percentage rates. Results are expressed as mean ± SEM (n= 3). *p b 0.05 compared with vehicle.

118 Y.-H. Wang et al. / Journal of Molecular and Cellular Cardiology 99 (2016) 113–122



injury. LDH level is an indicator of cellular damage. In addition,we dem-
onstrated that the cardioprotective effect of lumbrokinase in rats after
myocardial I-R injury via attenuated TLR4 regulates signaling pathway.
Lumbrokinase exhibited inhibitory effects on myocardial I-R-activated
TLR4 and activation of the corresponding downstream signaling mole-
cules such as IRAK4, JNK, c-fos, IκB, and NF-κB. Subsequently, myocardi-
al I-R-induced upregulation of MMP-9 activation and iNOS and COX-2
protein expressions were reduced, thus inhibiting myocardial I-R inju-
ry-induced inflammation.

TLR4 signaling plays a dominant role in myocardial I-R injury. TLR4
expression and infiltrating leukocytes within the myocardium signifi-
cantly increase after I-R injury [8]. Accumulating evidence supports
the notion that activation of the TLR4 pathway directly impairs the con-
tractility of isolated cardiomyocytes [24,25,26,29]. Furthermore, mice
lacking TLR4 sustain smaller infarct size and exhibit less inflammation
when compared with wild-type mice after myocardial I-R injury [18].
Therefore, modulation of TLR4 signaling may be a potential therapeutic
target in myocardial I-R injury [19]. Myeloid differentiation factor 88

Fig. 3. Effects of lumbrokinase on TLRs signaling pathway in rats subjected to myocardial I-R injury. Rats were treated with vehicle or 10 μg/kg lumbrokinase (LK-10). (A) Representative
images of the Western blot results. (B) Quantitative densitometric analysis of IRAK4 and p-IRAK4. (C) Representative images of the Western blot results. Quantitative densitometric
analysis of (D) p38 and p-p38 (E) ERK1/2 and p-ERK1/2 (F) JNK and p-JNK (G) c-fos (H) Representative images of the Western blot results. Quantitative densitometric analysis of (I)
IκB and p-IκB (J) NF-κB and p-NF-κB protein expression in heart tissue samples from rats after myocardial I-R injury. Data were normalized with sham and presented as percentage
rates. Each value represents the mean of -three individual experiments. Results are expressed as mean ± SEM (n = 3). *p b 0.05 compared with sham. #p b 0.05 compared with vehicle.
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(MyD88) and TIR-domain-containing adaptor protein inducing inter-
feron-β–mediated transcription-factor (Trif) are critical to TLR4 signal-
ing and mediation of activation of NF-κB. However, previous studies

have strongly suggested that TLR4 activation confers potent cardiac pro-
tection against I-R injury via an MyD88-dependent, Trif-independent
signaling mechanism [30,31]. Recent studies have reported that TLR4-
mediated NF-κB signaling contributes to myocardial I-R injury while
TLR4-mediated MyD88-dependent signaling pathway is essential for
NF-κB activation [32]. ActivatedMyD88 recruits IRAK4 and IRAK1, lead-
ing to the phosphorylated degradation of IκB and NF-κB activation [33].
The present study demonstrated that myocardial I-R injury activates
IRAK4 through TLR4 signaling. Importantly, lumbrokinase inhibited
the myocardial I-R-induced increase in TLR4 expression and markedly
reduced IRAK4 activation. After TLR4 activation, the downstream signal-
ing molecules, including transcription factor NF-κB and mitogen-acti-
vated protein kinases (MAPKs), can be activated [34]. In this study,
lumbrokinase effectively inhibitedmyocardial I-R-induced IκB degrada-
tion and NF-κB activation. We further examined the involvement of
MAPK signaling pathway in the cardioprotective effect of lumbrokinase
in rats aftermyocardial I-R injury. Lumbrokinase inhibitedmyocardial I-
R-induced phosphorylation/activation of JNK and c-fos expressions. The
JNK/c-fos pathway has been implicated in the signal transduction path-
ways responsible for the regulation of inflammatory response following
myocardial I-R injury [35,36]. Although studies have shown that ERK1/2
and p38MAPK are also involved in the production of inflammatoryme-
diators, lumbrokinase did not reduce their production or phosphoryla-
tion in rats subjected to myocardial I-R injury in the present study.
These observations indicated that JNK/c-fos, but not ERK1/2 and p38,
MAPK-dependent pathways, are involved in the cardioprotective effect
of lumbrokinase in rats after myocardial I-R injury.

The activation of transcription factor NF-κB andMAPKs results in the
induction of COX-2 and iNOS expressions. COX-2 and iNOS are co-
existing, key inflammatory proteins that play fundamental roles under
similar pathophysiological conditions [37]. In this study, lumbrokinase
reduced theprotein expressions of COX-2 and iNOS in rats aftermyocar-
dial I-R injury. Lumbrokinase inhibited myocardial I-R-induced activa-
tion of the NF-κB signaling cascade and phosphorylation of JNK, rather
than p38 MAPK and ERK1/2. This suggested that the NF-κB and JNK
pathwaysmodulate the suppression of themyocardial I-R-induced pro-
tein expressions of COX-2 and iNOS by lumbrokinase.

In addition, we examined inflammatory cell infiltration into the is-
chemic zone of the I-R heart tissues. The results of the present study
demonstrated that lumbrokinase reduces neutrophil infiltration into
the injured myocardial tissues after I-R. Accumulating evidence has
demonstrated that infiltrating neutrophils are the major source of
MMP-9 andmay localizeMMP-9 activation in the I-R injuredmyocardi-
um [38,39]. A significant positive correlation was found between the
relative intensity of MMP-9 and number of MPO positive cells in myo-
cardium (r=0.7921, p b 0.05), as shown in Supplementary Fig. 3. In ad-
dition, previous studies have demonstrated increases in the expression
and activity of myocardial MMP-9 in experimental myocardial I-R inju-
ry. Thus, MMP-9 may serve as a target for prevention or treatment of
acute myocardial I-R injury [38,39,40]. The results also showed that
lumbrokinase reduces inflammation during myocardial I-R, thus limit-
ing the infiltration of neutrophils into the injured tissues. Moreover,
MMP-9 activity significantly decreased in the lumbrokinase-treated
group when compared with the vehicle-treated group after myocardial
I-R injury.

Lumbrokinase has been used in oral dosage to prevent and treat
clotting, such as that related to myocardial infarction and cerebral
thrombus [41]. Oral lumbrokinase (300,000 units) administered three

Fig. 4. Effects of lumbrokinase on the protein expression of NOSs and COX-2 and MMP-9
activity in rats subjected to myocardial I-R injury. Western blot analysis for (A) NOSs (B)
COX-2 expression, and gelatin zymography analysis for (C) MMP-2 and MMP-9 activity
in heart tissue samples from rats after myocardial I-R injury. Rats were treated with
vehicle or 10 μg/kg lumbrokinase (LK-10). Data were normalized with sham and
presented as percentage rates. Each value represents the mean of three individual
experiments. Results are expressed as mean ± SEM (n = 3). *p b 0.05 compared with
sham. #p b 0.05 compared with vehicle.
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times daily for 30 consecutive days improves regionalmyocardial perfu-
sion in patients with stable angina [16]. In this study, we conducted
experiments to elucidate the effectiveness of various doses of
lumbrokinase. We found that 10 μg/kg (100 units) lumbrokinase pro-
tects the heart against I-R injury in rats. In addition, we demonstrated
that 10 μg/kg lumbrokinase significantly decreases myocardial I-R-in-
duced number of VPC and durations of VT and VF in rats. The effective
dose for ameliorating myocardial I-R injury in rats is lower than that
used in the clinical treatment of cardiovascular diseases.

Varda-Bloom et al. reported that immune-mediated injury from is-
chemia indicates that lymphocyte proliferation increases in the second
week following myocardial infarction [42]. Activation of lymphocytes
has been reported in later stages. In this study, we occluded the coro-
nary artery for 1 h and then subjected it to reperfusion for 3 h. We
found a significant difference in TLR4 expression in the peri-infarct
area and no difference in the blood at 3 h following reperfusion. Fallach
et al. also reported that they did not detect a significant infiltration of
leukocytes into the heart in the acute phase (4 h), which corresponded
tomaximal depression of heart contraction and absence of leukocyte in-
filtration in TLR4-ko mice at longer time points after the LPS challenge
and MI [24]. However, 24 h following MI massive leukocyte infiltration
was detected. Ao et al. using isolated hearts, demonstrated thatmyocar-
dial tissue TLR4, rather than neutrophil TLR4, is thedeterminant ofmyo-
cardial neutrophil infiltration after global I-R [28]. Therefore, we suggest
that TLR4 is expressed in cardiomyocytes, but not in lymphocytes, fol-
lowing acute myocardial I-R injury.

We also evaluated the blood-clot lysis activity of lumbrokinase.
Supplementary Fig. 2 shows that treatment with 96,000 units of

lumbrokinase significantly lyses blood clots in vitro, which is consistent
with the findings of a previous study [43]. However, the blood-clot lysis
effect of lumbrokinase at a dose of 100 units was similar to that of vehi-
cle. At the effective dose of lumbrokinase in rats subjected tomyocardial
I-R injury in this study blood-clot lysis was rarely observed. Therefore,
the cardioprotective effect of lower dose lumbrokinase may be through
anti-inflammatorymechanisms that protect the heart against I-R injury.

In conclusion, this study is the first to report that lumbrokinase is a
potent cardioprotective drug in rats with I-R injury. Lumbrokinase de-
creases the number of VPC and the durations of VT and VF following I-
R. We provide evidence that lumbrokinase significantly improves ven-
tricular arrhythmias and reduces infarct volume frommyocardial I-R in-
jury. This may correlate with the inhibitory effect of themyocardial I-R-
induced expressions of COX-2, iNOS, and activation ofMMP-9,mediated
by TLR4 signaling through JNK and NF-κB pathways. As lumbrokinase
has recently become available in tablet form and has been recommend-
ed as a dietary supplement, it is important to determine the novel sig-
naling mechanism involved in the cardioprotective effect of
lumbrokinase pretreatment. This mechanism controls innate immune
response with anti-inflammatory action during myocardial I-R injury.
We further conducted experiments to test the post-treatment effects
of lumbrokinase in rats subjected to myocardial I-R injury. We found
that 10 μg/kg lumbrokinase significantly reduces ventricular arrhyth-
mias and myocardial infarction in rats after myocardial I-R injury. Fur-
ther studies to determine the underlying mechanisms of post-
treatment lumbrokinase in the amelioration of myocardial I-R injury
in rats will be undertaken. Lumbrokinase exhibits significant potential
as a cardioprotective agent. Lumbrokinase may also be beneficial for

Fig. 5. Effects of lumbrokinase onMPO expression in rats subjected tomyocardial I-R injury. Ratswere treatedwith vehicle or 10 μg/kg lumbrokinase (LK-10). (A) Representative images of
theWestern blot results MPO expression in heart tissue samples from rats after myocardial I-R injury. (B) Quantitative densitometric analysis of MPO protein with β-actin as an internal
standard. Data were normalized with sham and presented as percentage rates. Each value represents the mean of three individual experiments. Results are expressed as mean ± SEM
(n = 3). *p b 0.05 compared with sham. #p b 0.05 compared with vehicle. (C\\F) Representative areas of MPO immunohistochemical (IHC) staining slides of rats subjected to
myocardial I-R injury. Panels C and D are original magnification and panels E and F are higher magnification of small box in panels C and D. The red arrow indicates the infiltration of
neutrophils. (G) Quantitative analysis of MPO positive cells of rat heart slides which subjected to myocardial I-R injury. Results are expressed as mean ± SEM (n = 3). *p b 0.05
compared with vehicle.
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future use as a novel agent for cardiovascular disorders, such asmyocar-
dial infarction. Elucidating the mechanism by which lumbrokinase
modulates the expressions of inflammatory mediators would provide
a molecular basis for developing therapeutic compounds to ameliorate
myocardial I-R injury.
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