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Abstract: Berberine, an isoquinoline alkaloid originally isolated from the Chinese herb Coptischinensis, has been
shown to display a wide range of pharmacological effects. The present study aims to investigate the effect of ber-
berine on myocardial ischemia/reperfusion. Sixty male Sprague-Dawley rats were randomized equally into three
groups: sham group, IR group, IR + berberine group. Rats were treated with berberine for 4 weeks and then I/R was
performed. Myocardial infarction area was measured. Serum levels of creatine kinase isoenzyme (CK-MB), lactate
dehydrogenase (LDH) and cardiac troponin | (cTnl) were assayed. Myocardial apoptosis was detected by terminal
dexynucleotidyltransferase (TdT)-mediated dUTP nick end labeling (TUNEL). Mitochondrial function, including MMP
and complex | activity, was assayed. Besides, the expression of Bcl-2, Bax and cytochrome ¢ were detected by
Western blot. Our results suggested that berberine decreased myocardial infarction area, and decreased serum
levels of CK-MB, LDH and cTnl. Berberine attenuates myocardial apoptosis and improved mitochondrial dysfunction.
Berberine up-regulates the expression of Bcl-2 and mitochondrial cytochrome ¢ and down-regulates the expression
of Bax and cytosolic cytochrome c. In conclusion, berberine protects the heart from ischemia/reperfusion injury via
attenuating mitochondrial dysfunction and myocardial apoptosis.
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Introduction mitochondrial dysfunction causes a series of
alterations in mitochondrial structure and func-
tion, such as mitochondrial permeability, the
release of proapoptotic proteins, and uncou-
pling of mitochondrial oxidative phosphoryla-
tion [6]. Furthermore, this dysfunction causes
myocardial apoptosis and necrosis. Therefore,
attenuating mitochondrial dysfunction and
apoptosis is of great clinical significance in the

Ischemic heart disease (IHD) causes a high
mortality and morbidity all around the world,
and it will be the major cause of death in the
world [1], and it is suggested that it will be the
leading cause of death all around the world
until 2020 [2]. During the process of IHD, isch-
emia reperfusion injury (IRI) is involved. And the

effective treatment for IHD now is to reperfuse
the heart. However, reperfusion leads to a seri-
ous of additional injuries, including myocardial
apoptosis, mitochondrial dysfunction, calcium
overload and reactive oxygen species (ROS)
overproduction [3]. In addition, IRl is a pivotal
cause of heart failure after myocardial infarc-
tion [4, 5]. Mitochondria is the center of energy
production. Ischemia triggers energy depletion,
leading to mitochondrial dysfunction, which
increases oxidative stress and induce apopto-
sis. In turn, oxidative stress aggravates IRI. The

treatment of IRI.

Berberine (Ber), an isoquinoline derivative alka-
loid isolated from Rhizoma Coptidis (Huanglian
in Chinese), which has long been widely used in
China and other Asian countries as a nonpre-
scription oral drug to treat gastrointestinal
infections [7]. It has been shown to exhibit a
wide range of pharmacological activities, includ-
ing antimicrobial, antidiarrheal, antidiabetic,
antihyperlipidaemic, anti-inflammatory, and
antiproliferative effects [8]. In addition, it is sug-
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Figure 1. Effect of berberine on the myocardial in-
farction area. Data were expressed as mean + SD
(n = 10 in each group). "P < 0.01 versus the sham
group, *P < 0.05 versus I/R group.
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Figure 2. The comparison of CK, LDH and cTnlactivity
in each group. The activity of CK, LDH and cTnl in the
sham group was relatively lower, while the activity of
them in I/R group was significantly increased, which
was attenuated by berberine. Data were expressed
as mean + SD (n = 10 in each group). "P < 0.05 ver-
sus the sham group, *P< 0.05 versus I/R group.
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gested that Ber has a wide array of beneficial
effects on cardiovascular system [9]. Therefore,
this study aims to investigate cardioprotective
effect of Ber against IRl and to investigate its
effect on mitochondrial dysfunction and
apoptosis.

Materials and methods
Animals

Sixty adult male Sprague-Dawley rats (250-300
g) were purchased from the Center of
Experimental Animal in the Hebei Medical
University, China. Rats were fed under a patho-
gen-free condition at about 22°C on a 12 h
light-dark cycle with free access to food and
water. The experiments were performed in
adherence with the National Institutes of
Health Guidelines for the Use of Laboratory
Animals and were approved by Hebei Medical
University Committee on Animal Care.

Mpyocardial ischemia-reperfusion model and
experimental protocol

Male Sprague-Dawley rats (250-300 g) were
anesthetized i.p. with sodium pentobarbital
(Sigma, St. Louis, USA, 40 mg/kg). Myocardial
ischemia was produced by exteriorizing the
heart with a left thoracic incision followed by a
slipknot (4-O silk) around the left anterior
descending coronary artery (LAD). After 30 min
of ischemia, the slipknot was released and the
animal received 3 h of reperfusion. Sham-
operated rats underwent the same surgical
procedures with the exception of left anterior
descending coronary artery occlusion.

The animals were orally gavaged with either
saline or Ber (Sigma, St. Louis, MO, USA) at
doses of 200 mg/kg body weight every day for
4 weeks. Rats were randomly assigned to three
groups. There were 20 rats in each group: (1)
Sham group (2) I/R group (3) I/R + Ber group.

Assay of myocardial infarct area

After reperfusion, coronary blood flow was
again blocked and 1 ml of a 20 g/L Evans blue
solution was injected by the rapid distribution
of the right ventricle into the body. The heart
was quickly removed to a -20°C refrigerator.
The heart was cut into 1 mm slices, placed in
1% 2, 3, b-triphenyltetrazolium chloride (TTC)
solution, incubated for 15 min, and then fixed
in 4% formaldehyde solution overnight. Evans
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Figure 3. Berberine attenuates myocardial apoptosis following I/R. Represen-
tative photomicrographs of in situ detection of apoptosis by terminal deoxy-
nucleotidyltransferasedUTP nick end labeling (TUNEL) staining. Data was ex-
pressed as mean + SD (n = 6 in each group). P < 0.05 versus the sham group,

#P< 0.05 versus I/R group.

blue stained area (blue staining, non-ischemic
area), TTC stained area (red staining, ischemic
area) and non-TTC stained area (white, infarct
area) were analyzed with a digital imaging sys-
tem by computer. Myocardial infarct area
(infarct area/area at risk%, INF/AAR%) was then
calculated.

Detection of creatine kinase-MB (CK-MB) and
cardiac troponin | activity

After reperfusion, blood was taken from the
carotid artery and was placed at room tempera-
ture for 30 min. Then, the serum was collected
by centrifugation and placed at -70°C for pres-
ervation. According to manufacturer’s instruc-
tion, the CK-MB and cardiac troponinl assay kit
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were utilized to detect the
serum CK-MB and cardiac
troponinl activity.

Merge

Detection of lactate dehy-
drogenase (LDH) level

After reperfusion, blood was
taken from the carotid artery
and was placed at room tem-
perature for 30 min. Then,
the serum was collected by
centrifugation and placed at
-70°C for preservation. Ac-
cording to the manufactur-
er’sinstruction, the CK assay
kit was utilized to detect the
serum LDH level.

Assay of myocardial apop-
tosis

Myocardial apoptosis was
analyzed by terminal deoxy-
nucleotidyltransferase UTP
nick end labeling (TUNEL)
assay. Terminal deoxynucle-
otidyl transferase UTP nick
end labeling was performed
using an in situ cell death
detection kit (Roche Mole-
cular Biochemicals, Mann-
heim, Germany). Briefly, 50
ML TUNEL reaction mixture
were added on each sample,
and the slides were incubat-
ed in humidified atmosphere
for 60 min at 37°C in the
dark and then rinsed with
PBS (pH 7.4) three times
with 5 min for each time. To detect the nuclei,
the slides were incubated with DAPI for 5 min at
room temperature in the dark, rinsed with PBS
three times with 5 min for each time, and
observed with a fluorescence microscopy.
Apoptosis was determined as the number of
TUNEL-positive cells/the total number of cells x
100%.

Isolation of mitochondria and cytosolic fraction

The samples were collected and homogenized
in an ice-cold isolation buffer (0.25 mM
sucrose, 1 mM K-EDTA, 10 mM Tris-HCI, pH
7.4). The homogenate was immediately centri-
fuged at 2000 g for 3 min, then the superna-
tant was centrifuged again at 2000 g for 3 min,
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Figure 4. Berberine improved mitochondrial dysfunction following I/R. A. MMP level. B. Mitochondrial complex | ac-
tivity. C. The expression of mitochondrial cytochrome ¢ and cytosolic cytochrome ¢ detected by Western blot. Data
was expressed as mean + SD (n = 10 in each group). “P < 0.05 versus the sham group, #*P < 0.05 versus I/R group.

MMP, mitochondrial membrane potential.

and the second supernatant was decanted and
centrifuged at 12,000 g for 8 min. The superna-
tant was discarded, and the pellet was resus-
pended in isolation buffer without K-EDTA.
Then, the suspension was centrifuged at
12,000 g for 10 min. The resulting brown mito-
chondrial pellet was resuspended in the same
buffer. The supernatant was the cytosolic
fraction.

Measurement of mitochondrial membrane po-
tential (MMP)

As described previously [10], MMP was deter-
mined using JC-1. Mitochondria samples (0.5
mg/mL, 1 mL) were incubated with 19 mL JC-1
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staining buffer according to the manufacturer’s
instructions (Sigma-Aldrich). At the end of the
experiments, valinomycin was added as a neg-
ative control. Fluorescent intensity was deter-
mined at 37°C in a fluorescence spectropho-
tometer (Tecan, Mannedorf, Switzerland). The
ratio of aggregates (red in the Web version, 590
nm) to monomer (green in the Web version, 525
nm) was calculated as an indicator of MMP.

Mitochondrial complex | activity assay

As described previously, mitochondrial complex
| was measured spectrophotometrically [11].
The reaction mixture contained 0.2 M glycyl gly-
cine buffer pH 8.5, 6 mM NADH in 2 mM glycyl
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Figure 5. Effects of berberine on the expression of Bcl-2 and Bax. Data was ex-
pressed as mean + SD (n = 10 in each group). P < 0.05 versus the sham group,

#P < 0.05 versus I/R group.

glycine buffer, and 10.5 mM cytochrome c. The
reaction was triggered with the adding of requi-
site amount of solubilized mitochondrial sam-
ple and followed absorbance change at 550
nm for 2 min.

Western blot

Myocardial samples were lysed in lysis buffer
on ice for 30 min, and the lysates were clarified
by centrifugation at 4°C for 20 min at 10,000
rom. After quantitation of protein concentra-
tion, 30 g of total protein was separated by
10% SDS-PAGE and then transferred to nitro-
cellulose membranes (Millipore, USA). The
membranes were blocked for 30 min at 37°C
with 5% non-fat dry milk, then incubated with
primary antibody including Bcl-2, Bax, cyto-
chrome c, B-actin, (Cell Signaling Technology,
USA) (1:1,000) over night at 4°C. After three
washings with TBST, the membranes were incu-
bated with secondary antibody in TBST solution
for 30 min at 37°C, then, washed as above. The
positive protein bands were developed using a
chemiluminescent system, and the bands were
scanned and quantified by densitometric analy-
sis using an image analyzer Quantity One
System (Bio-Rad, Richmond, CA, USA).

Statistical analysis

Data is presented as means * SD. The signifi-
cance of differences among groups was evalu-
ated by a Student’s t-test for unpaired data or
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berberine reduced myo-
cardial infarction area
significantly (P < 0.05)
(Figure 1).

Effect of berberine on
the activity of serum CK, LDH and cTnl activity

As shown in Figure 2, the activity of CK, LDH
and cTnl increased significantly in the I/R group
compared with the sham group. CK, LDH and
cTnl activity decreased significantly in the I/R +
berberine group compared with the I/R group
(P <0.05).

Effect of berberine on myocardial apoptosis
following I/R

As shown in Figure 3, I/R triggered a significant
increase of TUNEL positive nuclei in the hearts
compared with the sham group (P < 0.05).
Berberine treatment dramatically attenuated
apoptosis.

Effect of berberine on mitochondrial dysfunc-
tion following I/R

Compared with the I/R group, berberine treat-
ment significantly increased the MMP (Figure
4A, P < 0.05), complex | activity (Figure 4B, P <
0.05), and mitochondrial cytochrome ¢ expres-
sion (Figure 4C, P < 0.05). Berberine also
decreased cytosolic cytochrome ¢ expression
(Figure 4C, P < 0.05).

Effect of berberine on the expression of Bax
and Bcl-2

As shown in Figure 5, berberine treatment dra-
matically decreased Bax expression and
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increased Bcl-2 expression compared with the
I/R group (P < 0.05).

Discussion

In the present study, we provide evidence that
berberine protects the heart against I/R injury
as evidenced by its improving cardiac function,
reducing myocardial apoptosis and attenuating
mitochondrial dysfunction.

Berberine is an alkaloid from the coptischinen-
sis species (Huanglian), and it has a long histo-
ry for treating diarrhea in traditional Chinese
medicine. An accumulating number of studies
suggest that berberine has a wide variety of
biological effects, including anti-tumor and car-
diovascular-protective actions [9, 12]. It is sug-
gested that berberine improved cardiac func-
tion in patients with severe congestive heart
failure [13, 14]. In addition, Lv, et al. found that
berberine could inhibit doxorubicin-triggered
cardiomyocyte apoptosis [15]. Our results sug-
gest that berberine treatment for four weeks
improved the myocardial infarction and the
injury of the cardiomyocytes, as indicated by
the amelioration of CK-MB, LDH and cTnl in the
serum.

The mechanisms underlying |/R injury is multi-
factorial, and apoptosis is one of the most
important mechanisms. Recent studies have
shown that inhibiting myocardial apoptosis will
slow down or even prevent heart failure induced
by I/R injury [16, 17]. Apoptosis is positively
and negatively regulated by the Bcl-2 protein
family. Proapoptotic proteins include Bax, Bak,
Bcl-XS, Bad, Bid, Bik, and Bim, etc., whereas
antiapoptotic proteins include Bcl-2, Bcl-XL,
Bcl-w, Mcl-1 and A1/Bfl-1 [18]. It has been sug-
gested that Bax translocation from the cytosol
to mitochondria results in cytochrome c release
from the mitochondria. While Bcl-2 can inter-
fere with mitochondrial cytochrome c release
and suppress apoptosis progression [19]. In
this study, we found that berberine inhibited
apoptosis in ischemic/reperfused heart, which
is supported by TUNEL assay, up-regulated
Bcl-2 expression and down-regulated Bax
expression.

In addition, mitochondrial dysfunction is
involved in myocardial I/R injury [20]. And we
tested the mitochondrial function in our study.
The results indicate that the mitochondrial
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MMP is improved due to berberine pretreat-
ment, which is accompanied by significantly
elevated mitochondrial complex | activity, sug-
gesting that the mitochondrial dysfunction
caused by I/R was significantly attenuated.
Furthermore, we assay the expression of cyto-
chrome ¢ both in the mitochondria and cyto-
plasm. The results suggest that berberine
increases mitochondrial cytochrome ¢ and
decreases cytosolic cytochrome c. Cytochrome
¢ released from the mitochondria can trigger
apoptosis via mitochondrial pathway [18]. Our
results indicate that berberine can prevent the
release of cytochrome c from the mitochondria,
leading to the reduction of following apoptosis.

In summary, our results demonstrate that ber-
berine exerts cardioprotection via preventing
apoptosis and ameliorating mitochondrial dys-
function following I/R. The findings suggest that
berberine might be a potential drug in the treat-
ment and prevention of ischemic heart
disease.
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