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Abstract
Background Berberine exhibits numerous pharmacological
effects, but the mechanism for its protective effects against
ischemia-reperfusion cardiac injury is unknown.
Methods Male Wistar rats were treated with berberine
(100 mg/Kg/day, ig) for 14 days and controls treated with
water. Hearts were isolated in vitro and perfused in the
Langendorff mode and subjected to 30 min of global ische-
mia followed by 30 min of reperfusion and hemodynamic
data examined. In a separate set of experiments, hearts were
subjected in vivo to left anterior descending coronary artery
ligation for 30 min followed by 120 min reperfusion and
hemodynamic data, type and duration of arrhythmias, and
myocardial infarct size determined. AMP-activated protein
kinase (AMPK) level, ADP/ATP and AMP/ATP ratios were
examined in non-ischemic areas and risk areas of the heart.

Results Subsequent to ischemia-reperfusion injury, left ven-
tricular developed pressure, left ventricular end diastolic
pressure and maximum rate of intraventricular pressure con-
tractility and relaxation were significantly improved in the
berberine treatment groups compared to controls. Berberine
treatment decreased infarct size and diminished the duration
and incidence of arrhythmias compared to controls. Berber-
ine treatment significantly decreased AMPK protein con-
centration, and the ratio of ADP/ATP and AMP/ATP in the
myocardial risk areas. In contrast, berberine treatment sig-
nificantly increased AMPK protein concentration, and the
ratio of ADP/ATP and AMP/ATP in the non-ischemia areas
compared to controls.
Conclusion These findings suggest that berberine may exert
its cardioprotective effect on ischemia-reperfusion injury via
regulation of AMPK activity in both non-ischemic areas and
risk areas of the heart.

Keywords Berberine . Ischemia-reperfusion . Left
ventricular function . Adenosine-5′-monophosphate kinase
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ADP adenosine diphosphate
AMPK adenosine-5′-monophosphate kinase
AMPKK AMPK kinase
ATP adenosine triphosphate
BER berberine
CamKK calmodulin-dependent protein kinase
CDA coronary artery disease
−dp/dtmin +dp/dtmax, minimum and maximum rate of

pressure change in the ventricle
ECG electrocardiogram
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GAPDH glyceraldehydes-3-phosphate
dehydrogenates

HR heart rate
IS infract size
KHB Krebs-Henseleit buffer
LKB1 tumor suppressor kinase
LV left ventricular size
LVDP left ventricular developed pressure
LVEDP left ventricular end-diastolic pressure
NIA non-ischemia area
PBS phosphate buffered solution
TTC triphenyl tetrazolium chloride phosphate

buffer
VAEs ventricular arrhythmic events
VF ventricular fibrillation
VT ventricular tachycardia.

Introduction

Coronary artery disease (CAD) is the leading cause of death
worldwide. Early and successful restoration of blood flow to
an ischemic myocardium is the most effective strategy to
improve clinical outcome [1–4]. However, restoration of
blood flow produces serious myocardial damage, including
acute myocardial ischemia-reperfusion injury. Therefore,
novel therapeutic strategies are required to protect the myo-
cardium against ischemia-reperfusion injury in patients with
CAD. Despite significant advances in our understanding of
the mechanisms underlying this process, current treatments
for ischemia-reperfusion injury remain rudimentary.

Berberine ([C20H18NO4]
+) (BER) is an isoquinoline al-

kaloid originally isolated from the Chinese herb Coptis
chinensis (Huanglian). It is an anti-microbial drug routinely
prescribed for the treatment of diarrhea in many Asian
countries [5–7]. Interests in its effects on metabolic disease
have grown over the last decades. Several studies have
focused on its effect on endothelial function and the cardio-
vascular system in diabetic conditions [8–12]. A previous
study from our laboratory reported beneficial effects of BER
on endothelial function through the eNOS pathway [13].
Other studies have indicated that BER reduced oxidative
stress and vascular inflammation, and suppressed arthero-
genesis via stimulation of AMP-activated protein kinase
(AMPK) expression [14].

AMPK is a heterogeneous protein trimer composed of
three subunits, a functional subunit (α) and regulatory sub-
units (β γ)[15]. It plays an important role in various intra-
cellular signaling pathways that regulate intracellular energy
balance [16–18]. It is widely accepted that berberine acti-
vates AMPK to achieve its beneficial effect on diabetes and
endothelial function by inhibition of mitochondrial

respiratory complex I[19]. In addition, AMPK regulation
may protect the heart from ischemic injury or cardiac myo-
cyte hypertrophy [20, 21]. However several studies have
demonstrated that AMPK activity might induce myocardial
cell death and poorer cardiac functional recovery after is-
chemia reperfusion injury [22, 23]. Meanwhile, most studies
have examined activation of AMPK in the risk area of the
ischemic-reperfused heart but not evaluate the alteration of
AMPK in both risk area and non-ischemia area [23–25]. The
effect of BER on ischemia reperfusion heart injury is un-
known, and whether its cardioprotective effect is exerted by
mediation of AMPK activity in non-ischemia and risk areas
of ischemic reperfused myocardium is unclear. In the pres-
ent study, we showed that BER protects the heart in both in
vitro and in vivo models of cardiac ischemia-reperfusion
injury by inducing up-regulation of AMPK activity in areas
of non-ischemia and down-regulation of AMPK activity in
risk areas and that this is correlated with the ratio of ADP/
ATP and AMP/ATP.

Materials and Methods

Materials

Antibodies against phos-AMPK, AMPK and anti-rabbit
secondary antibody were purchased from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA). GAPDH was obtained
from Epitomics Inc. (Epitomics, CA), BER was purchased
from Northeast Pharmaceutical Factory, China. Compound
C was purchased from Sigma-Aldrich. Other reagents were
purchased from Beijing General Chemical Reagent. BL-420
system was purchased from Chengdu Technology & Market
(Co., LTD) for recording ECG and hemodynamic data.

Animals

Male Wistar rats (250–280 g) were purchased from the
Experimental Animal Center, JiLin University. All rats had
free access to tap water. The procedures were approved by
the JiLin University Animal Care and Use Committee and
followed the Principles of Laboratory Animal Care.

In Vitro Isolated Heart Perfusion

Sixty rats were randomly divided into 4 groups (n015) for
in vitro experiments: control (CON), control plus BER
group (CON+BER), ischemia reperfusion group (IR), and
IR plus BER group (IR+BER). The CON+BER and IR
+BER groups were pretreated with BER (100 mg/kg/d, ig)
for 14 days before the experiments. CON and IR were
treated with water in parallel. Rats were anesthetized with
20 % urethane, their hearts isolated and perfused in a non-
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recirculating Langendorff apparatus. Modified Kreb’s Hen-
seleit buffer (KHB) was oxygenated with 95 % O2, and 5 %
CO2 at 37 °C and pH 7.4. The coronary perfusion pressure
was kept at 80 cm H2O and the heart connected to a
stimulator to maintain the heart rate at 300/min. An incision
was made down the left atrial appendage and a water-filled
latex balloon was placed in the left ventricle via the left
atrium. Left ventricular developed pressure (LVDP), left
ventricular end diastolic pressure (LVEDP), minimum
(−dp/dtmax) and maximum (+dp/dtmax) rate of pressure
change in the ventricle were recorded every 10 min during
perfusion after equilibration. The hearts were perfused for
20 min for stabilization prior to ischemia. The CON and
CON+BER groups were perfused with KHB for 80 min.
The IR and IR+BER groups were subjected to 30 min
ischemia followed by 30 min of reperfusion.

In Vivo Animal Experiments

Sixty rats were randomly divided into 4 groups (n015) for in
vivo experiments: control (CON), control plus BER group
(CON+BER), ischemia reperfusion group (IR), and IR plus
BER group (IR+BER). The CON+BER and IR+BER groups
were pretreated with BER (100 mg/kg/d, ig) for 14 days
before the experiments. CON and IR were treated with water
in parallel. CON and CON+BER rats were anesthetized with
20 % urethane (0.5 ml/100 g, ip), placed face up and fixed on
the operating table and connected with BL-420E biological
and functional system ECG wires. After tracheal intubation
and connection to a small animal respirator (tidal volume of 8–
12 ml, 1:2 breathing, respiratory rate 70–80 times/min), the
chest was opened between the left third and fourth rib expos-
ing the heart. A nylon suture was placed around the left
anterior descending coronary artery. IR and IR+BER groups
were subjected to 30 min ischemia by ligating the artery,
which was followed by 120 min reperfusion by loosening
the ligature. Arrhythmias were monitored during ischemia
reperfusion by ECG. ST-segment elevation and widening of
R wave indicated ischemia. A 50 % decrease in ST-segment
elevation indicated successful reperfusion. CON and CON
+BER groups were treated identically without artery ligation.
LVDP, LVEDP, ±dp/dtmax and ECG were recorded continu-
ously. In some experiments, rats hearts subjected to left ante-
rior descending coronary artery ligation were treated with
Compound C at the beginning of ischemia or 5 min into
reperfusion prior to determination of LVDP.

Determination of Tissue Injury

Evans Blue Staining

After 120 min reperfusion, the left coronary artery was
injected with 0.2 ml 1 % Evans blue dye through the right

common carotid artery in order to distinguish between is-
chemic and non-ischemic areas. The heart was isolated
immediately, rinsed with phosphate buffered solution
(PBS, pH 7.4) and the surface dried with filter paper.

TTC Staining

After Evans blue staining, the left ventricle was cut into 2 mm
thick transverse sections, and incubated with 1 % triphenyl
tetrazolium chloride (TTC) phosphate buffer (pH 7.4) at 37 °C.
TTC reacted with intracellular dehydrogenases to stain viable
tissue red leaving infarcted areas off-white. Digital photo-
graphs were taken of the traverse sections.

Determination of Myocardial Infarction Area

The infarct size (IS), area at risk (AAR) and percentage of
infarct size to area at risk (IS/AAR) were determined by
computer image analysis (Image plus 6.0 System).

Western Blot

After acute left coronary artery ligation in vivo, samples were
taken from the AAR and the non-ischemia area (NIA). Quan-
titative analysis of AMPK (or p-AMPK, Th172) levels was
performed as previously described [26]. Briefly, protein sam-
ples were prepared from hearts by homogenization with ice-
cold RIPA buffer. Protein concentrations were measured using
the Bradford assay (Bio-rad protein assay kit). For western blot
detection of p-AMPK and AMPK protein expression, proteins
(80 μg) were separated by 12 % SDS polyacrylamide gel and
electro transferred onto polyvinylidene difluoride membranes
(Bio-Rad). Membranes were blocked with 5 % (w/v) skim
milk or 5 % BSA for 2 h at room temperature and then
incubated with rabbit polyclonal antibodies (p-AMPK, 1:500,
AMPK, 1:1000, Santa Cruz Biotechnology) with gentle agita-
tion overnight at 4 °C. The membranes were washed 3 times
for 10 minutes each with 15 ml of TBST (10 mM Tris–HCl,
150 mM NaCl and 0.1 % (v/v) Tween-20) and then incubated
with secondary antibody (1:1000 goat anti-rabbit IgG horse-
radish peroxidase conjugate, Santa Cruz Biotechnology) at
room temperature for 2 h. Proteins were visualized with en-
hanced chemiluminescence’s solution and X-ray film. An Im-
aging Densitometer was used to scan the protein bands and
these were quantified using Image Analysis Software (Quan-
tity One). The results were expressed as phosphorylated pro-
tein relative to total protein.

Determination of AMP, ADP and ATP Content of Ischemia
and Non-ischemia Areas

ATP, ADP and AMP levels were determined using respective
ELISA kits (Shanghai YanJing Biological Research Technology
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Co, LTD, China). Briefly, animals were killed and hearts were
rapidly removed and the ischemia and non-ischemia areas iso-
lated and frozen in liquid nitrogen. The tissues were then ho-
mogenized on ice in PBS containing protease inhibitor, pH 7.4,
4 °C and the homogenate centrifuged at 3,000 g for 20 min.
AMP, ADP and ATP content was determined in the supernatant
according to the manufacturer’s instructions.

Statistics

All data are expressed as mean±SE. The differences between
groups were compared with one-way ANOVA followed by
Tukey’s test, and the statistics of cardiac function are com-
pared with two-way ANOVA followed by Tukey’s test, p<
0.05 was considered statistically significant.

Results

Effect of BER on IR-Induced Cardiac Dysfunction In Vitro

Hemodynamic data indicated that left ventricular function was
depressed after 30 min of myocardial ischemia followed by
30 min reperfusion (Table 1). Temporal analysis indicated that
systolic and diastolic functions were depressed significantly,
with decline in LVDP (Fig. 1a), +dp/dtmax (Fig. 1c), −dp/
dtmin (Fig. 1d) at 30 min ischemia. After 30 min reperfusion,
LVDP, +dp/dtmax and −dp/dtmin slightly recovered, but to a
lower level than values at the beginning of the perfusion.
LVEDP increased significantly at 10 minutes reperfusion
(Fig. 1b). BER treatment significantly improved cardiac dys-
function caused by ischemia. After 30 min reperfusion, BER
preserved LVDP by 75% (p<0.01) (Fig. 1a), LVEDP by 29%
(p<0.01) (Fig. 1b), +dp/dtmax by 75 % (p<0.01) (Fig. 1c)
and −dp/dtmin by 69 % (p<0.01) (Fig. 1d), compared to
the control group at the same time point. There were no

differences in cardiac function indicated by hemodynamic
data including LVDP, LVEDP, +dp/dtmax and −dp/dtmin
between CON and CON+BER groups (data not shown).

Effect of BER on IR-Induced Cardiac Dysfunction In Vivo

Hemodynamic data from the in vitro study clearly indicated that
BER had a beneficial effect on attenuating cardiac dysfunction
induced by ischemia reperfusion. In vivo hemodynamic data
indicated that left ventricular functions in both IR and IR+BER
groups were depressed following 30 min myocardial infarction
and partially recovered by 120 min reperfusion (Table 2).
Treatment with 100 mg/kg BER for 14 days significantly
reversed cardiac dysfunction in ischemic reperfused hearts
compared to untreated controls. Temporal analysis indicated
that BER treatment increased recovery of LVDP by 10 % at
30 min ischemia and by 9 % after 120 min of reperfusion
(Fig. 2a), decreased LVEDP by 45 % at 30 min ischemia and
by 40 % after 120 min reperfusion (Fig. 2b), increased +dp/
dtmax 23 % at 30 min ischemia and 39 % after 120 min
reperfusion (Fig. 2c), and increased −dp/dtmin 29 % at
30 min ischemia (Fig. 2d). There were no differences in cardiac
LVDP, LVEDP, +dp/dtmax and −dp/dtmin between CON and
CON+BER treated animals not subjected to ischemia reperfu-
sion (data not shown).

Effect of BER on the Incidence of IR-Induced Ventricular
Arrhythmic Events (VAEs) In Vivo

Arrhythmia vulnerability was evaluated as the number of VAEs
and the duration of these VAEs. ECG was continuously
recorded during the ischemia reperfusion process in the in vivo
experiment. Prior to coronary artery ligation, VAEs were neg-
ligible during stabilization period in all groups (range 0–20
events). During the first 10 min after ligation and at the begin-
ning of reperfusion, the number of VAEs was significantly

Table 1 Effect of BER on hemodynamic parameters of ischemia-reperfused hearts in vitro

Group LVDP LVEDP +dP/dt −dP/dt

mmHg mmHg/sec

Perfusion 114±4.8 7.1±1.0 6570.0±1119.3 4021.9±387.5

Perfusion with BER 102±6.3 7.6±2.5 5606.3±620.3 3605.0±167.9

Ischemia 3.0±0.3** 39.1±16.7* 107.5±3.7** 118.1±3.7**

Ischemia with BER 2.1±0.6 29.4±7.3 100.0±14.1 98.4±16.0

Ischemia reperfusion 15.2±4.1* 83.4±11.1** 551.3±225.8** 342.5±115.8**

Ischemia reperfusion with BER 76.6±6.0*** 24.1±3.5*** 4166.7±83.3*** 2500.0±79.1***

Perfusion, Isolated hearts from water fed rats perfused for 20 min; Perfusion with BER: Isolated hearts from BER fed rats perfused for 20 min;
Ischemia: Isolated hearts from water fed rats subjected to 30 min ischemia; Ischemia with BER, Isolated hearts from BER fed rats subjected to
30 min ischemia; Ischemia reperfusion: Isolated hearts from water fed rats subjected to 30 min ischemia followed by 30 min reperfusion; Ischemia
reperfusion with BER, Isolated hearts from BER fed rats subjected to 30 min ischemia followed by 30 reperfusion. *p<0.05, **p<0.01 vs.
perfusion, ***p<0.05 vs. Ischemia reperfusion. Data shown are means±SE (n08–10 rats/group).
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Fig. 1 Effect of BER treatment on cardiac function in ischemia reper-
fusion heart in vitro. a, left ventricular developed pressure (LVDP); b,
left ventricular end-diastolic pressure (LVEDP); c, +dp/dtmax: maxi-
mum rate of pressure change in the ventricule; d, −dp/dtmin: minimum

rate of pressure change in the ventricule. *p<0.05, vs. the level of
LVDP, LVEDP, +dp/dtmax, −dp/dtmin at 20 min stabilization, **p<
0.05, vs. IR group at the same time points, respectively. Data shown as
means±SE (n06–8 rats/group)

Table 2 Effect of BER on hemodynamic parameters in ischemia-reperfused hearts in vivo

Group LVDP LVEDP +dP/dt −dP/dt

mmHg mmHg/sec

Stabilization 135.7±12.9 4.0±0.82 4939.4±908.5 3843±277.1

Ischemia 30 min 88.2±9.70** 16.00±3.76** 2534±874.4* 1879±276.3*

Reperfusion 0 min 84.1±12.6* 14.23±1.96* 3348±894.9* 1874±289.2*

Reperfusion 120 min 112.2±4.76* 10.97±0.29* 3433±943.9* 2950±114.5*

Stabilization with BER 129.1±8.07 5.0±1.06 5344.6±741.4 3494.8±623.7

Ischemia 30 min with BER 97.3±9.36*** 9.55±2.72*** 3123±875.4*** 2427±101.4***

Reperfusion 0 min with BER 96.6±5.74*** 10.76±2.82*** 4287±830.5*** 2440±165.2***

Reperfusion 120 min with BER 123.1±5.39*** 6.01±2.58*** 4778±610.2 *** 2534±139.2

Stabilization, hearts from water fed rats at the stabilization period; Stabilization with BER, hearts from BER fed rats at the stabilization period;
Ischemia 30 min, hearts from water fed rats subjected to 30 ischemia; Ischemia 30 min with BER, hearts from BER fed rats subjected to 30
ischemia; Reperfusion 0 min, hearts from water fed rats subjected to 30 ischemia with ligature loosened prior to beginning of reperfusion;
Reperfusion 0 min with BER, hearts from BER fed rats subjected to 30 ischemia with ligature loosened prior to beginning of reperfusion;
Reperfusion 120 min, hearts from water fed rats subjected to 30 ischemia followed by 120 min reperfusion; Reperfusion 120 min with BER, hearts
from BER fed rats subjected to 30 ischemia followed by 120 min of reperfusion. *p<0.05, **p<0.01 vs. perfusion at stabilization peroid, ***p<
0.05 vs. IR group at the same time points. Data shown are means±SE (n08–10 rats/group).
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increased in both IR and IR+BER groups compared to controls
(Table 3). The rate of death was markedly increased in IR rats,
but significantly decreased by BER treatment. As shown in
Table 3, premature beats were significantly decreased by 52 %
and the duration of ventricular fibrillation and ventricular tachy-
cardias were significantly reduced 57% and 50%, respectively,
by BER treatment compared to controls. These results indicate
that rats treated with BER are less prone to the development of
arrhythmias triggered by ischemia reperfusion in vivo.

Effect of BER on the Myocardial Infarct Size After Ischemia
Reperfusion

To determine whether BER could attenuate the myocardial
necrosis after left coronary artery ligation and reperfusion,
infarct size was determined by Evans blue and TCC stain-
ing. Ischemia reperfusion mediated infarct size was signifi-
cantly decreased by BER treatment compared to the IR
group (Fig. 3a–c). Significant reductions in IS/LV (Fig. 3e)
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Fig. 2 Effect of BER treatment on cardiac function in ischemia reper-
fusion heart in vivo. a, left ventricular developed pressure (LVDP); b,
left ventricular end-diastolic pressure (LVEDP); c, +dp/dtmax: maxi-
mum rate of pressure change in the ventricule; d, −dp/dtmin: minimum

rate of pressure change in the ventricule. Data shown are means±SE
(n06–8/group) *P<0.05 vs. the level of LVDP, LVEDP, +dp/dtmax
−dp/dtmin at 20 min stabilization, **p<0.05, vs. IR group at the same
time points, respectively

Table 3 Effect of BER on ventricular arrhythmia induced by ischemia-reperfusion in vivo

Group Dose Rate of death(%) Permature (times) Last time of VF(s) Last time of VT(s) VF% VT%

CON water 0 16.0±4.8 0 0 0 0

IR water 40 164.2±35.0 11.80±1.2 8.2±2.9 100 72

IR+BER 100 mg/kg 10 108.5±14.1* 5.1±1.7* 4.1±1.1* 85 19

VF ventricular fibrillation, VT ventricular tachycardia; CON control; IR ischemia-reperfusion; IR+BER ischemia-reperfuseion plus BER. Data
shown are means±SE (n08–10 rats/group).*p<0.05 compared to IR group.
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and IS/AAR (Fig. 3d) were observed in BER treated animals
compared to IR. There was no alteration in AAR/LV
(Fig. 3f, Table 4).

Effect of BER on the AMPK Activity in AAR and NIA
of Ischemic Reperfused Hearts

To explore the mechanism of this beneficial effect of BER on
ischemia reperfusion heart injury, we examined if BER

attenuated cardiac dysfunction induced by ischemia reperfusion
via regulating the activity of AMPK. The expression of AMPK
and its phosphorylated form pThr172-AMPK in heart after
ischemia reperfusion treated with or without BER are shown
in Fig. 4. Data were expressed as the ratio of p-AMPK/AMPK
and p-AMPK/GAPDH, and these ratios were normalized to
control. P-AMPK was decreased in NIA after IR, but the
expression of p-AMPK increased at AAR compared to controls.
P-AMPK in NIA was increased in IR+BER compared to IR
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Fig. 3 Effects of BER
treatment on infarct size in
ischemia reperfused rat hearts.
Image of heart TTC/Evens blue
staining: a, non-ischemia area;
b, infarcted area; c, area at risk;
d, Percentage of infarcted size
to left ventricular area (IS/
LV%); e, Percentage of area at
risk to left ventricular (AAR/
LV%); f, Percentage of infarct-
ed size to area at risk (IS/
AAR%). **P<0.05 compared
to IR group
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group (p<0.01) (Fig. 4b). Interestingly, in the AAR a decreased
level of p-AMPKwas observed in the IR-BER group compared
to the IR group (Fig. 4a). These surprising results indicated that
BER may play a role in the regulation of the cardiac energy
status in different sections of the heart after ischemia reperfusion
injury. As expected, there was no difference between the CON
and the CON+BER groups in both the AAR and the NIA. Total
AMPK levels were similar between IR and IR+BER groups.

Effect of BER on the AMP, ADP and ATP Levels in Area
At Risk (AAR) and Non-ischemia area (NIA) of Ischemic
Reperfused Hearts

We examined if the differential regulation of AMPK activity
by BER in AAR and NIAwere related to the ratio of adenine
nucleotides during the reperfusion after ischemia. Since the
ratio of ADP/ATP is related to activation of AMPK, we
examined the ratio of AMP/ATP and ADP/ATP in both the
AAR and the NIA of ischemic reperfused tissues. As shown
in Fig. 5 the ratio of AMP/ATP was increased in the AAR in
the IR group compared to the CON group (Fig. 5a), but
decreased in the NIA (Fig. 5b). Pre-treatment with BER
significantly decreased the ratio of AMP/ATP in the AAR
and increased the ratio of AMP/ATP in the NIA. The ratio of
ADP/ATP exhibited a similar trend in both areas (Fig. 6a
and b). These results were consistent with the AMPK activ-
ities in both the AAR and the NIA. These data indicate that
the different AMPK activities observed in the AAR and the
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Fig. 4 Effect of BER on the
expression of AMPK in area at
risk (AAR) and non-ischemia
area (NIA) of ischemic reper-
fused hearts. a, Western blot
analysis of p-AMPK and
AMPK levels in AAR; b,
Western blot analysis of p-
AMPK and AMPK levels in
NIA. AMPK activity was de-
termined as ratio of p-AMPK to
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ter fed rats; CON+BER, hearts
from BER fed rat; IR, hearts
from water fed rats subjected to
ischemia reperfusion injury; IR
+BER, hearts from BER fed
rats subjected to ischemia
reperfusion injury. *p<0.05
compared to CON group. **p<
0.05, vs. IR group, (n05)

Table 4 Effect of BER on infract size in ischemia-reperfused hearts

Group Dose AAR/LV(%) IS/ AAR(%) IS/LV(%)

CON water 0 0 0

IR water 38.3±3.8 82.6±5.8 35.9±2.5

IR+BER 100 mg/kg 37.1±5.6 59.1±5.8** 19.5±2.4*

LV Left Ventricular area, AAR Area At Risk area, IS Infract Size; CON
control; IR ischemia-reperfusion; IR+BER ischemia-reperfuseion plus
BER. Data shown are means±SE (n08–10 rats/group). *P<0.05,**P<
0.01 compared to IR.
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NIA after ischemia-reperfusion may be due to the different
energy states in these distinct areas.

Effect of Compound C on the BER-mediated Recovery
of LVDP of In Vivo Ischemia-reperfused Hearts

We further examined if BER would sustain its cardiopro-
tective effect when AMPK was inhibited. Water or BER fed
rats were subjected to left anterior descending coronary
artery ligation and 10 mg/Kg Compound C, a potent AMPK
inhibitor, was injected immediately after ligation or injected
at 5 min of reperfusion and LVDP subsequently examined.
As seen in Fig. 7, Compound C diminished the protective
effect of BER when injected at ischemia. This indicated that
down regulation of AMPK activity during ischemia may
decrease the cardioprotective effect of BER in ischemia
and indicate that BER mediates its cardioprotective effect,
at least in part, through modulation of AMPK activity.

Discussion

In the present study, we utilized both in vitro and in vivo
models to explore the beneficial effect of BER on ischemia
reperfusion cardiac injury. Rats were pretreated with BER

(100 mg/kg/day) for 14 days (the last dose given 2 h before
the in vitro and in vivo experiments) prior to ischemia reper-
fusion injury in order to assess the protective effect of BER.
Pretreatment is commonly used to study the effect of drugs on
ischemia reperfusion injury [27, 28] and pretreatment for this
period ensures a stable plasma concentration of BER. We
observed that LVDP, LVEDP, ±dp/dtmax were significantly
improved by BER treatment in hearts subjected to ischemia
reperfusion injury in vitro in a Langendorff perfusion system.
The Langendorff heart perfusion system is a classic model to
estimate cardiac functional changes in the absence of a neu-
rohumoral influence. A number of studies have utilized this
system to evaluate the effect of drugs on cardiac function,
heart rate and coronary arterial function [29, 30]. The limita-
tions of this model include a lack of a truly physiological
cardiac load which may not accurately estimate LV dysfunc-
tion in ischemia reperfusion injury. Thus, we further evaluated
the potential beneficial effects of BER on cardiac function
during ischemia reperfusion in an in vivo model, i.e. the acute
left anterior descending coronary artery ligation model. This
in vivo model is most representative of the clinical condition
of ischemia followed by restoration of blood flow to the
ischemic heart. We observed a significant improvement of
LVDP, LVEDP and ±dp/dtmax by BER treatment in hearts
subjected to ischemia reperfusion consistent with the results
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from the in vitro study. Our results are in agreement with a
previous study in which BER treatment was shown to signif-
icantly improve left ventricular function, exercise capacity and
dyspnea-fatigue index in patients with cardiac hypertrophy
[31]. The hemodynamic data from both the in vitro and in
vivo experiments demonstrated the efficacy of BER in im-
proving cardiac function during ischemia reperfusion injury.
Moreover, BER treatment significantly reduced infarct size
during ischemia reperfusion injury and prevented the occur-
rence and duration of isolated premature beats, ventricular
fibrillation (VF) and ventricular tachycardia (VT) in the in
vivo model of ischemia reperfusion injury.

The energy metabolism disorder between glucose and
fatty acid utilization is an important factor contributing to
cardiac ischemia reperfusion injury. The majority of energy
supply for normal heart tissue is provided by oxidation of
fatty acid with a small amount derived from oxidation of
carbohydrates [32]. Long-chain fatty acids enter into mito-
chondria via carnitine palmitoyl transferase-1/2 (CPT-1,
CPT-2) and are converted to acetyl-CoA in order to generate
ATP in the tricarboxylic acid cycle. Meanwhile, pyruvic
acid produced from glycolysis is converted to acetyl-CoA
by pyruvate dehydrogenase (PDH) which in turn is sup-
pressed by acetyl-CoA [32]. Therefore excessive fatty acid
oxidation can inhibit glucose oxidation by decreased PDH

activity resulting in an imbalance between glycolysis and
glucose oxidation [33]. During ischemia mitochondrial ox-
idative metabolism is inhibited and glycolysis is enhanced
and becomes the predominant source of energy production.
During reperfusion the rates of fatty acid oxidation are
accelerated resulting in inhibition of glucose oxidation. This
decreased coupling between glycolysis and glucose oxida-
tion leads to an acceleration of the rate of myocardial H+

production and post-ischemic contractile dysfunction with
subsequent myocardial cell apoptosis [34, 35].

AMPK, as a cellular fuel gauge, is an important regulator of
myocardial energy metabolism during ischemia and reperfu-
sion. AMPK is rapidly activated during myocardial ischemia
and protects the heart against ischemic injury by promoting
glucose uptake and glycolysis as well as fatty acid oxidation. In
the hearts of transgenic mice expressing inactive AMPKα2
perfused with a low concentration of fatty acids, glucose
uptake and utilization were impaired, cardiac function was
decreased and cell death markers were elevated [36, 37]. Acute
metformin therapy provided cardioprotection against myocar-
dial infarction via AMPK-eNOS–mediated signaling [38]. The
cardioprotective actions of metformin are consistent with that
seen by the addition of the AMPK agonist AICAR and is
attenuated in AMPK knockout mice [39]. These observations
indicate that activation of AMPK may benefit hearts subjected
to ischemia reperfusion injury. However, harmful effects of
AMPK in the setting of ischemia reperfusion injury have also
been observed. Recovery of cardiac function was improved
during reperfusion after ischemia in AMPK-α2 dominant neg-
ative hearts perfused in the presence of a normal concentration
of fatty acid [23]. In addition, AMPK-α2-specific reduction in
AMPK activity did not affect baseline cardiac function but
increased left ventricular end-diastolic pressure and decreased
ATP levels when hearts were subjected to global ischemia [40],
suggesting that AMPK inhibition is beneficial and may protect
heart from ischemia. In the present study cardiac function and
efficiency of the IR group were reduced and this was accom-
panied by an elevation of p-AMPK at the ischemia area.
Activated AMPK was shown to enhance glucose uptake dur-
ing early reperfusion [37]. However, persistent AMPK activa-
tion during reperfusion induced inactivation of acetyl-CoA
carboxylase (ACC), decreased malonyl-CoA levels and re-
lieved the inhibition of CPT-1 which facilitated the rates of
fatty acid oxidation resulting in the accumulation of deleterious
by-products of glycolysis (lactate and protons) within cardiac
cells and aggravated myocardial injury at the ischemic site
[41]. In our study, BER treatment decreased phosphorylation
of AMPK in the AAR and improved myocardial dysfunction
during ischemia reperfusion injury. In addition, p-AMPK ex-
pression was significantly decreased in the NIA in the IR group
compared to the control group, while p-AMPK expression was
increased in the NIA in the IR+BER group. These results
suggest that BER protects the heart from IR injury by
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Fig. 7 Effect of Compound C on BER-mediated recovery of LVDP of
in vivo ischemia-reperfused hearts. Rats were fed either water or BER
and then subjected to left anterior descending coronary artery ligation
in vivo and Compound C added immediately after ligation or at the
first 5 min of reperfusion. IR, water fed rats subjected to left anterior
descending coronary artery ligation; IR+BER, rats fed BER subjected
to left anterior descending coronary artery ligation; IR+BER
+Compound C, rats fed BER subjected to left anterior descending
coronary artery ligation and injected with 10 mg/Kg Compound C
immediately after ligation of the left anterior descending coronary
artery; IR+BER +Delayed Compound C, rats fed BER subjected to
left anterior descending coronary artery ligation and injected with
10 mg/Kg Compound C at 5 min of reperfusion. Data shown are
means±SE (n06–8) *p<0.05 vs. BER group at the same time points.
**p<0.05, vs. IR group at the same time points, respectively
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regulation of AMPK activity in both the AAR and the NIA
during IR injury. Up-regulation of AMPK in the NIAmediated
by BER may improve cardiac function and efficiency by
promoting glucose uptake and glycolysis as well as fatty acid
oxidation. Down-regulation of AMPK in the AAR mediated
by BER may protect the heart from myocardial acidosis and
apoptosis caused by fatty acid oxidation at the expense of
glucose oxidation.

In support of the role of AMPK in mediating the protective
effect of BER, we found that addition of Compound C, an
inhibitor of AMPK, diminished the protective effect of BER
when injected during ischemia. Interestingly, recovery of car-
diac function was not attenuated when Compound C was
injected at 5 min of reperfusion. Our observation is consistent
with previous studies which demonstrate that phase-
dependent changes of AMPK occurred during ischemia reper-
fusion and phase-dependent regulation of its activity might
present a beneficial effect on ischemia reperfusion injury [24,
42]. Thus, BER could serve as a therapy for cardiac dysfunc-
tion in phase-dependent or area-dependent manner.

The mechanism of AMPK activation involves both an
increase in AMP/ATP and activation of upstream AMPKKs,
such as the tumor suppressor kinase LKB1 and a
calmodulin-dependent protein kinase kinase (CamKK)
[43–45]. Activation of AMPK by BER was associated with
an increase in the AMP/ATP ratio due to inhibition of
mitochondrial respiration complex I in L6 myotubes and
this was not related to activity of either LKB1 or CamKK
[19]. ADP may also protect AMPK from dephosphorylation
by binding to just one of the two exchangeable AXP (AMP/
ADP/ATP) binding sites on the regulatory domain of AMPK
[46]. In our study, BER treatment increased AMP/ATP ratio
in the NIA, but decreased AMP/ATP ratio in the AAR
during IR injury. The ADP/ATP ratio exhibited the same
trend. This could be a mechanism by which BER up-
regulates AMPK at the NIA and down-regulates AMPK at
the AAR. Alternatively, BER may differentially affect the
ischemic and non-ischemic areas of the heart due to stress
stimuli of AMPK activation during ischemia reperfusion
cardiac injury. For example, reactive oxygen species and
fatty acids accumulate during ischemia and trigger AMPK
activation [47, 48]. BER has been shown to reduce triglyc-
eride, low density lipoprotein and total cholesterol, and
increase high density lipoprotein in patients with moderate
dyslipidemias [49]. This might explain why BER could
inhibit AMPK activity in the ischemic parts of the heart.
However, the precise mechanism for BER modulation of
AMPK activity requires further investigation.

In conclusion, BER remarkably improves cardiac func-
tion after ischemia reperfusion injury in both in the in vitro
isolated rat heart and the in vivo heart and reduces the
infarct size following an IR injury. The mechanism of this
protective effect may be mediated via regulation of AMPK

activity in both non-ischemic and risk areas due to modula-
tion of the ratios of AMP/ATP and ADP/ATP.
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