
improvement of insulin-induced LTD in CA1 hippocampus in the HF-fed
female rats.

In the present study, the finding that estrogen could not improve
the impairment of insulin-induced LTD in the HF-fed male rats
could be due to the difference in the distribution of estrogen recep-
tors in the hippocampus between male and female rats. Estrogen re-
ceptors consist of estrogen receptor alpha (ER-α) and estrogen
receptor beta (ER-β). Both ER-α and ER-β are found in rat hippocam-
pus, suggesting that this receptor plays an important role in learning
and memory (Shughrue andMerchenthaler, 2000). In addition, previ-
ous studies have shown that the ERs are important regulators for
metabolic disorders such as insulin resistance (Alonso and Gonzalez,
2008; Godsland, 2005; Palin et al., 2001). Furthermore, a previous
study has clearly shown gender differences in the ER-β immunoreac-
tivity in rats (Zhang et al., 2002). In that study, the authors found that
the expression of ER-β in the hippocampus of female rats is greater
than that in male rats. Therefore, the low numbers of ERs in the hip-
pocampus of male rats could be insufficient for estrogen to act to at-
tenuate the neuronal insulin resistance found in male HF rats.

Conclusion

In conclusion, the present study demonstrated that the activation of
the estrogen pathway could preserve insulin sensitivity in the peripher-
al tissue in both male and female rats, whereas it could preserve the
neuronal insulin sensitivity only in female rats. With the development
of selective ER modulators, future use of the beneficial action of estro-
gen on neuronal insulin receptor function could be clinically significant
and the undesired effects of estrogen could be avoided.
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Effects of Left Ventricular Function on the Exercise
Capacity in Patients with Repaired Tetralogy of Fallot
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Background: Tissue Doppler imaging has been recently used to evaluate ventricular function. Peak
oxygen uptake (V•O2peak) has been demonstrated as a predictor for death in adults with repaired
tetralogy of Fallot (TOF). The aim of this study was to determine which Doppler parameters correlated
with V•O2peak in patients with repaired TOF. Method and Results: Doppler echocardiography, tissue
Doppler imaging, and exercise test were performed in 30 patients with TOF after surgical repair. In 30
patients with repaired TOF (median age 14 years, range 9–25 years), 11 patients (37%) were female.
Seven patients (median age 12 years) had normal left ventricular diastolic function, whereas the rest
of the patients were classified as diastolic dysfunction grade II (median age 15 years; n = 15) and III
and IV (median age 18 years; n = 8). The oxygen uptake at anaerobic threshold (V•O2AT) and peak
exercise in patients with left ventricular diastolic dysfunction was significantly lower than that in those
with normal diastolic function. Also, V•O2AT and V•O2peak in patients with diastolic dysfunction grade
III and IV were significantly lower than that in those with diastolic dysfunction grade II. Left ventricular
early diastolic myocardial velocity was most closely correlated to V•O2peak (r = 0.51; P = 0.005). Peak
early ventricular filling velocity to early diastolic myocardial velocity ratio was significantly correlated
with V•O2peak (r = −0.50; P = 0.006). Conclusion: Left ventricular diastolic dysfunction is correlated
with V•O2peak. Left ventricular diastolic function should be a routine echocardiographic assessment in
patients with repaired TOF. (Echocardiography 2011;28:1019-1024)

Key words: left ventricular diastolic dysfunction, exercise, repaired tetralogy of Fallot

Tetralogy of Fallot (TOF) is the most com-
mon form of cyanotic congenital heart disease
occurring in 4–9% of all congenital heart de-
fects.1 TOF is comprised of the four cardiac find-
ings: large ventricular septal defect (VSD), over-
riding of the aorta, right ventricular outflow tract
obstruction, and right ventricular hypertrophy.
The surgical goal is to achieve adequate com-
plete relief of right ventricular outflow obstruc-
tion with closure of the VSD. Surgical repair can
be performed with low mortality rate and good
long-term outcome.2–11 Nevertheless, the surgi-
cal repair leaves the patient with some degree
of hemodynamic abnormalities because of resid-
ual pulmonary stenosis, pulmonary regurgitation,
or myocardial dysfunction. These abnormalities
cause no clinical symptom in the majority of pa-
tients. However, the careful assessment of exer-
cise capacity demonstrates cardiopulmonary ab-
normality in some patients.12–19 Patients repaired
at an older age or those followed for a longer
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vilairat, M.D., Department of Pediatrics, Faculty of Medicine,
Chiang Mai University, Chiang Mai, 50200, Thailand. Fax:
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time tended to be the most limited.13 Patients
with branch pulmonary stenosis,14 significant pul-
monary regurgitation,15–21 and left22,23 or right
ventricular dysfunction24–28 have reduced exer-
cise capacity. New echocardiographic techniques
may be promising for early diagnosis of right
and left ventricular dysfunction. Tissue Doppler
imaging has been recently used to evaluate early
myocardial dysfunction. In some patients with
myocardial dysfunction, diastolic ventricular dys-
function preceded the onset of systolic impair-
ment.29 Therefore, in this study, conventional
pulse-wave Doppler and tissue Doppler echocar-
diography were evaluated in patients with re-
paired TOF. We hypothesized that pulse-wave
Doppler and tissue Doppler imaging patterns
of diastolic ventricular dysfunction are correlated
with exercise intolerance in patients with TOF af-
ter a complete repair.

Methods:
Study Patients:
We prospectively studied 30 patients with TOF
who underwent surgery for total correction at
Chiang Mai University Hospital. Echocardiogra-
phy, electrocardiography, and exercise test were
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performed. The study protocol was reviewed and
approved by the Chiang Mai University Review
Board. All patients or parents had consented to
research participation.

Doppler Echocardiography:
Doppler echocardiographic examinations were
performed using Philips Sonos 7500 (Philips
Medical Systems, Bothell, WA, USA). Doppler
echocardiogram and tissue Doppler imaging
were performed to evaluate systolic and dias-
tolic ventricular function. Echocardiographic data
included left ventricular fractional shortening,
pulse-wave Doppler assessment of mitral and pul-
monary venous flows, tissue Doppler imaging,
the degree of pulmonary stenosis and pulmonary
regurgitation, right and left myocardial perfor-
mance index, and right ventricular fractional area
change. Pulse-wave Doppler of mitral valve flow
measured peak early ventricular filling velocity (E),
peak atrial contraction velocity (A), A-wave dura-
tion, and deceleration time. Pulse-wave Doppler
of pulmonary venous flow were systolic forward
flow velocity, diastolic forward flow velocity, atrial
reversal flow velocity, and atrial reversal flow dura-
tion. Tissue Doppler imaging signal was obtained
from an apical four-chamber view at the right ven-
tricular free wall, ventricular septum, and left ven-
tricular free wall. Tissue Doppler imaging variables
included systolic myocardial velocity, early dias-
tolic myocardial velocity (Em), and late diastolic
myocardial velocity. Myocardial performance in-
dex was calculated by the atrioventricular valve
closing to opening time minus ventricular ejec-
tion time and divided by the ejection time. Right
ventricular fractional area change (�FA) was cal-
culated in apical four-chamber views; �FA =
100 × (EDA − ESA)/EDA, where end-diastolic area
(EDA) was measured at the maximum ventricular
area, coincident with the R-wave of the electro-
cardiogram, and end-systolic area (ESA) was mea-
sured at the minimal area in the same cycle used
for EDA. Diastolic left ventricular dysfunction was
graded according to pulse-wave Doppler of mitral
and pulmonary venous flows and tissue Doppler
imaging.30

Exercise Test:
Exercise test was performed on an electric cy-
cle ergometer (Corival, Lode, Groningen, The
Netherlands). All patients performed a maxi-
mal exercise test with a two-minute incremen-
tal bicycle protocol with a workload increment
of 20 watts for female and 25 watts for male.
Electrocardiogram, oxygen saturation, and blood
pressure were monitored. Peak oxygen uptake
(V•O2peak), carbon dioxide production (V•CO2),
minute ventilation (V•

E), and respiratory ex-
change ratio (RER) were measured by using

breath-by-breath technique (Ultima CPX, MED-
GRAPHICS, St. Paul, MN, USA). The test was ter-
minated according to ACSM guidelines.31

Statistical Analysis:
All statistical calculations were assessed using
commercially available software (SPSS Version
16, SPSS Inc., Chicago, IL, USA). Comparison of
V•O2peak between groups of diastolic ventricular
dysfunction was performed using Wilcoxon rank
sum. Linear regression analysis was used to assess
the correlation between the Doppler parameters
and the V•O2peak. A P-value less than 0.05 was
considered statistically significant.

Results:
Thirty patients with repaired TOF were studied
(median age 14 years, range 9–25 years). Eleven
patients (37%) were female. Seven patients (me-
dian age 12 years) had normal left ventricu-
lar diastolic function, 15 patients (median age
15 years) had diastolic dysfunction grade II, and 8
patients (median age 18 years) had diastolic dys-
function grade III and IV. Baseline clinical charac-
teristics were compared in Table I. The patients
with normal diastolic function were younger at
the time of operation than the other groups. The
patients with diastolic dysfunction grade III and
IV had more body surface area and more females
than the other groups. However, follow-up time,
previous modified Blalock–Taussig shunt, heart
rate, and blood pressure were not statistically dif-
ferent among these three groups. The patients
had mild residual pulmonary stenosis (median
gradient 8 mmHg, range 5–32 mmHg).

Exercise Parameters:
Observed exercise values stratified by left ven-
tricular diastolic function were summarized in
Table II. The oxygen uptake at anaerobic thresh-
old (V•O2AT) and V•O2peak in patients with left
ventricular diastolic dysfunction was significantly
lower than that in those with normal diastolic
function. Also, V•O2AT and V•O2peak in patients
with diastolic dysfunction grade III and IV were
significantly lower than that in those with dias-
tolic dysfunction grade II (Fig. 1). However, heart
rate, oxygen pulse, V•

E, V•
E/V•CO2, RER, and sub-

maximal exercise were not significantly different
among these three groups.

Relationship of Pulse-Wave Doppler and
Tissue Doppler Data to V•O2 peak:
Results of the relationship between the Doppler
data and V•O2peak are graphically displayed in
Figure 2. Left ventricular early diastolic myocar-
dial velocity obtained at the left ventricular free
wall was most closely correlated to the V•O2peak
(r = 0.51; P = 0.005). Peak early ventricular filling
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TABLE I

Demographic and Characteristics of Patients According to Left Ventricular Diastolic Dysfunction (N = 30)

Diastolic Dysfunction
Normal Diastolic Dysfunction Grade II Grade III and IV
(N = 7) (N = 15) (N = 8) P Value

Age (years) 12 ± 2 16 ± 4 18 ± 6 0.02
Age at operation (years) 4 ± 1 6 ± 2 8 ± 5 0.04
Follow-up time (years) 8 ± 1 10 ± 3 10 ± 4 0.20
NYHA class (N) 0.06

I 7 14 5
II 0 1 3

Modified Blalock–Taussig shunt, N (%) 2 (29%) 2 (13%) 2 (25%) 0.65
BSA (m2) 1.1 ± 0.2 1.3 ± 0.2 1.4 ± 0.2 0.02
Heart rate at rest (beats/min) 75 ± 10 77 ± 11 84 ± 13 0.40
Systolic BP at rest (mmHg) 98 ± 7 110 ± 14 106 ± 13 0.09
Diastolic BP at rest (mmHg) 59 ± 8 69 ± 13 63 ± 12 0.14
Severity of pulmonary regurgitation, N 0.89

Mild 2 3 1
Moderate 2 7 4
Severe 3 5 3

TABLE II

Comparison of the Exercise Data Stratified by Left Ventricular Diastolic Function

Exercise

Parameters Diastolic Dysfunction Rest Anaerobic Threshold Peak

Heart rate (beats/min) Normal 86 ± 15 108 ± 10 164 ± 16
Grade II 85 ± 12 99 ± 14 164 ± 13
Grade III and IV 89 ± 11 102 ± 11 153 ± 12

V•O2 (mL/kg per min) Normal 11 ± 2 21 ± 4 41 ± 9
Grade II 8 ± 2∗ 16 ± 4∗ 33 ± 7∗
Grade III and IV 8 ± 1∗ 12 ± 2∗# 25 ± 6∗#

V•O2AT/V•O2max (%) Normal 51 ± 4
Grade II 49 ± 7
Grade III and IV 51 ± 13

Oxygen pulse (mL/min per beats) Normal 3.9 ± 1.3 6.0 ± 1.6 7.6 ± 1.6
Grade II 4.0 ± 1.1 7.1 ± 2.4 8.8 ± 3.4
Grade III and IV 4.2 ± 1.1 5.7 ± 1.1 7.7 ± 2.5

Minute ventilation (L/min) Normal 10 ± 2 19 ± 4 42 ± 8
Grade II 11 ± 3 19 ± 6 47 ± 16
Grade III and IV 12 ± 3 15 ± 3 39 ± 14

V•
E/CO2 Normal 38 ± 4 33 ± 5 32 ± 6

Grade II 36 ± 5 29 ± 5 27 ± 4
Grade III and IV 40 ± 6 33 ± 5 29 ± 6

Respiratory exchange ratio Normal 0.8 ± 0.1 0.9 ± 0.1 1.1 ± 0.1
Grade II 0.9 ± 0.1 0.9 ± 0.1 1.2 ± 0.1
Grade III and IV 0.8 ± 0.1 0.8 ± 0.1 1.1 ± 0.2

Submaximal exercise, N (%) Normal 2 (29%)
Grade II 2 (13%)
Grade III and IV 1 (13%)

V•O2 = oxygen uptake; V•O2AT = oxygen uptake at anaerobic threshold; V•
E/CO2 = minute ventilation and carbon dioxide

production ratio.
∗P < 0.05 versus normal diastolic function.
#P < 0.05 for grade II versus grade III and IV.
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Figure 1. Graphic display comparing the peak oxygen uptake according to grade of left ventricular diastolic function.
V•O2AT = oxygen uptake at anaerobic threshold; V•O2peak = peak oxygen uptake.

velocity to early diastolic myocardial velocity ratio
(E/Em) significantly correlated with V•O2peak
(r = −0.50; P = 0.006). Left ventricular ejection
fraction, myocardial performance index, systolic
myocardial velocity, and late diastolic myocar-
dial velocity were not correlated with V•O2peak.
Right ventricular echocardiographic parameters
including myocardial performance index, frac-
tional area change, and tissue Doppler imaging
were not significantly correlated with V•O2peak.
Also, pulmonary stenosis gradient and severity of
pulmonary regurgitation were not correlated with
V•O2peak.

Discussion:
This study supports our hypothesis that pulse-
wave Doppler and tissue Doppler patterns of left
ventricular diastolic dysfunction correlated with
V•O2peak. V•O2AT and V•O2peak in patients with
repaired TOF, who have left ventricular diastolic
dysfunction, was significantly lower than that in
those with normal diastolic left ventricular func-

tion. Furthermore, V•O2AT and V•O2peak in pa-
tients with diastolic dysfunction grade III and IV
was significantly lower than that in those with di-
astolic dysfunction grade II. Left ventricular early
diastolic myocardial velocity obtained at the left
ventricular free wall was significantly correlated
to V•O2peak. Peak early ventricular filling veloc-
ity to early diastolic myocardial velocity ratio also
correlated with V•O2peak. In fact, decreased early
diastolic myocardial velocity and increased early
ventricular filling velocity to early diastolic my-
ocardial velocity ratio are characteristics of dias-
tolic left ventricular dysfunction with increased
ventricular end-diastolic pressure and increased
left atrial pressure. These findings are of clini-
cal relevance, because tissue Doppler imaging is
a readily available tool, and early diastolic my-
ocardial velocity is easier and faster to obtain
than exercise capacity testing, especially in young
children.

Cheung et al. reported that global left ventric-
ular deformation because of right ventricular di-
lation was an independent predictor of V•O2peak

Figure 2. Linear regression analysis comparing the pulse-wave Doppler and tissue Doppler data and peak oxygen uptake in
patients with repaired tetralogy of Fallot. LVEm = left ventricular free wall early diastolic myocardial velocity; MVE/LVEm = mitral
valve early ventricular filling velocity to left ventricular early diastolic myocardial velocity ratio; V•O2peak = peak oxygen uptake.
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in patients with repaired TOF.32 This study
supported this finding that diastolic left ventric-
ular dysfunction was correlated with V•O2peak.
Right ventricular dilation might affect the
ventricular–ventricular interaction resulting in left
ventricular diastolic dysfunction. Norozi et al.33

and Samman et al.34 reported that biventricu-
lar dysfunction was associated with diminished
exercise capacity. V•O2peak was correlated with
left ventricular Tei index.33,34 In fact, Tei index
has been shown as an echocardiographic param-
eter of global systolic and diastolic ventricular
function.35

Several studies demonstrated right ventricu-
lar dysfunction was associated with decreased
exercise capacity in adult patients after repaired
TOF.24,25 However, Cheung et al. reported right
ventricular function including myocardial perfor-
mance index, ejection fraction, and tricuspid an-
nular velocity was not a predictor of V•O2peak in
adolescents after repaired TOF.36 Our findings in
this study supported their finding that right ven-
tricular function in children and adolescents was
not correlated with V•O2peak. Right ventricular
function in children and adolescents may be still
preserved for pressure and volume overload. We
do believe that residual severe pulmonary stenosis
and severe pulmonary regurgitation in long-term
follow-up might affect right ventricular function,
left ventricular diastolic function, and the exercise
capacity in adult patients with repaired TOF. The
correction of the residual heart defect and medi-
cal treatment of left ventricular diastolic function
might improve the exercise tolerance in the adult
patients after repaired TOF.

The diastolic grading system provides a semi-
quantitative approach to classify the severity of
ventricular function using mitral valve flow, pul-
monary venous flow, and tissue Doppler imag-
ing.30 Ommen et al. demonstrated that the
combined parameter of E/Em provided a bet-
ter estimate of left ventricular filling pressure
than other variables.37 In this study, the grade
of diastolic left ventricular function was corre-
lated to V•O2peak. Also, Doppler variables of
diastolic dysfunction including left ventricular
early diastolic myocardial velocity and increased
E/Em ratio were significantly correlated with
V•O2peak.

Aortic root dilatation and aortic regurgitation
were correlated with reduced left ventricular sys-
tolic function in the adult patients with repaired
TOF.38 In this study, five patients had aortic root
dilatation. Only two patients had mild aortic re-
gurgitation in children and adolescents with re-
paired TOF. Therefore, the number of patients
is not enough to be correlated with left ven-
tricular function. We believe that these seque-
lae might have significant impact on left ven-

tricular function in adult patients after repaired
TOF.

There is a limitation in our study for evalua-
tion of right ventricular function using echocar-
diography. Magnetic resonance imaging is the
gold standard for evaluation of right ventricular
function, but this method is expensive. However,
tissue Doppler imaging has been recently used
to evaluate right ventricular dysfunction.24,39,40

Long-term study of the echocardiographic assess-
ment for systolic and diastolic ventricular function
in a large number of patients with repaired TOF
including older ages is warranted.

Conclusions:
The severity of the left ventricular diastolic dys-
function was inversely correlated with V•O2peak.
Left ventricular diastolic dysfunction could be re-
sponsible for exercise intolerance. Left ventricular
diastolic function should be a routine part of the
echocardiographic assessment in patients with re-
paired TOF. Treatment of left ventricular diastolic
dysfunction might improve exercise intolerance
in children and adolescents after repaired TOF.
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ABSTRACT
Background: Oral lichen planus (OLP) is a chronic inflammatory lesion in oral mucosa. Reticular 
(OLP-R) and erosive (OLP-E) types of OLP are the common forms that have been found in 
dental clinics. The aim of this investigation is to determine the correlation between neurogenic 
inflammation and nociception associated with OLP-R and OLP-E.
Materials and Methods: The oral mucosal lesions from six patients with OLP-E, four with OLP-R 
and three with noninflamed oral mucosa, which represent normal mucosa, were identified by 
morphometric analysis of nerve fibers containing immunoreactive protein gene product (PGP) 
9.5. The level of inflammation was measured with hematoxylin and eosin staining and the level 
of nociception was analyzed with visual analog scale measurement.
Results: We found that 1) an increase in peripheral innervation was related to the size of 
the area of inflammatory cell infiltration from both OLP-R and OLP-E; 2) the pattern of PGP 
9.5-immunoreactivity among OLP-R and OLP-E was not significantly different (P=0.23); and 
3) the correlation between nociception and an increase in PGP 9.5-immunoreactivity was not 
found in OLP-E and in OLP-R.
Conclusions: Our findings suggest that an increase in peripheral innervation may lead to 
increased inflammation, which is part of the immunopathogenesis of OLP. Differences in 
nociception between OLP-R and OLP-E arise from the pathogenesis of each lesion, not from the 
differences in peripheral innervation.

Key words: Neurogenic inflammation, nociception, oral lichen planus
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in cutaneous nerve fibers has been reported in itching 
[3] 

nostalgia paraesthetica,[4] prurigo nodularis,[5] vulvodynia[6] 
and psoriasis.[7,8] In contrast, a reduction of cutaneous nerve 

cutaneous nociception, such as diabetic neuropathy,[9] 
leprosy,[10] or HIV-infected patients suffering from xerosis.[11] 
The current theory of persistent pain following tissue injury 
or inflammation is that sensitization involves both the 
central[12-15] and peripheral nervous systems.[16] A number of 

and neural system exists and may lead to painful sensation.[16]

of the oral mucosa.[17,18] Clinically, OLP is commonly found 
bilaterally and may present as striated, plaque, atrophic 
or erosive lesions. OLP is histologically characterized 
by a well-defined, band-like lymphocytic subepithelial 

the reticular type (OLP-R) and erosive type of OLP (OLP-E) 
are the two most common types. Each type has different 
clinical features. OLP-R presents without a painful sensation, 
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During the past few years, substantial evidence for a 
relationship between the immune and the nervous systems 
has been reported. For example, 1) antigen-presenting 
dendritic cells or immune cells of the epidermis have 
been shown to be in close contact with cutaneous nerve 

[1] and 2) neuropeptides, i.e. mediators released by 

antigen-presenting cells or immune cells in skin.[2] There 
is evidence that changes in the skin innervation observed 

process and to the associated painful sensation. An increase 
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whereas pain is the most commonly found symptom in OLP-E. 
Although it has been shown that cutaneous innervation or 
peripheral sensitization is increased following chronic 

[3-8] and oral lichen 
planus,[19] information regarding the correlation between 

oral mucosal disease such as OLP-R and OLP-E is limited. 
The present study sought to determine whether 1) two 
different types of OLP with different levels of nociception, 
OLP-R and OLP-E, express different patterns of nerve 
sprouting or peripheral sensitization, and 2) a correlation of 

and nociception in both OLP lesions exists.

MATERIALS AND METHODS

Patient selection
Thirteen patients with oral mucosal lesions were included 
in this study. None of the patients had a history of either 
systemic disease or corticosteriod injections to their lesions. 
All patients had been treated for Candida infection before 
biopsy. Clinical details of these patients are shown in Table 1.

All patients were asked to rank the painful sensation of oral 
lesions before biopsy using a visual analog scale (VAS) system, 

imaginable. Biopsies from the oral mucosa of these thirteen 
patients were obtained. From histological examination, six 
patients were diagnosed with OLP-E, four with OLP-R and 

a third molar after surgical removal of the tooth. The lesions 
[20]

All biopsies came from the buccal mucosa under local 
anesthesia (2% lidocaine with 1000,000 units norepinephrine). 
In this study, the biopsy of the OLP-E lesions was performed 
at the edge of erosive area with the white-striated lesions 
and the biopsy of the OLP-R lesions was performed at 
the white-striated area. Some slices of all tissue samples 
were used for routine histological evaluation including 
hematoxylin and eosin (H and E) staining. Other slices of all 
samples were used for protein gene product 9.5 (PGP 9.5) 
immunohistochemical analysis.

Informed consent was obtained from all patients, and the 
research plan was accepted by the Ethics Committee of the 
Faculty of Dentistry, Chiang Mai University, Thailand.

Immunohistochemistry

on 3-aminopropyltriethoxysilane (Dako, Glostrup, 

xylene and ethanol and then placed in a boiling solution 
of freshly prepared citrate buffer (pH 6.0) for 10 min in 
a pressure cooker before immunostaining. Endogenous 
peroxidase was inhibited by soaking the sections in 0.3% 
H2O2 in 0.1 M phosphate-buffer saline (PBS) for 30 min at 
room temperature. The sections were incubated sequentially 

in 0.1 M PBS (3% NGS, Sigma, St. Louis, MO, USA) as a 
blocking serum at room temperature for 1 h; 2) primary 
mouse monoclonal antisera PGP 9.5 (Novacastra Co, Wetzlar, 
Germany) diluted 1: 20 in 3% normal goat serum overnight 
at + 4°C; 3) biotinylated goat anti-mouse IgG (Santa Cruz 
Biotech, Santa Cruz, CA, USA) diluted 1:200 in 0.1 M PBS 
for 1 h at room temperature; and 4) avidin-biotin-peroxidase 
complex (Santa Cruz Biotech, Santa Cruz, CA, USA) for 
45 min at room temperature. After each step, the sections 
were rinsed three times in PBS for 5 min. Staining was 

(DAB)-nickel method for 10 min. Sections were washed 
three times with water for 5 min. The slides were dehydrated 
in alcohol and xylene, before being mounted in permount 
(Sigma, St. Louis, MO, USA).

Microscopic evaluation and qualitative assessment
Microscopic examination was performed with an Olympus 
microscope coupled for morphometric assessment with a 
digital camera and linked to a semiautomatic Kontron image 
analysis and processing system. Morphometry of PGP 9.5 
immunoreactivity (PGP 9.5-ir) and H and E staining were 

2 
tissue) were performed from the subepithelial area (i.e. an 
area extending 100 m deep from the basement membrane 
area to the lamina propria) in each section as described in a 
previous study.[19]

the whole area in each slide and counted three slides per 
sample. The epithelium was excluded from the measurement.

Statistical analysis
Results were expressed as the mean ± standard error of the 
mean (SEM). For comparison between multiple groups, 
nonparametric analysis with Kruskal–Wallis test and 

RESULTS

Overall innervation as assessed by PGP 9.5-ir as a 
marker
To determine the pattern of cutaneous innervation of OLP-E, 
OLP-R and the noninflamed oral mucosa, representing 
normal mucosa, PGP 9.5-immunoreactivity (PGP 9.5-ir) 

Table 1: Clinical data for patients with OLP-R, OLP-E and 

n Male Female Age mean/
range (years)

OLP-R 4 1 3 55/38-76
OLP-E 6 3 3 47/26-63

3 0 3 30/21-47
OLP-R: Reticular type of oral lichen planus; OLP-E: Erosive type of oral lichen 
planus
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was previously tested in previous studies.[19,21] An absence of 
staining was found when the primary antibody was omitted 
[Figures 1a, c, e and g]. The peripheral nerves visualized by 
the general neural marker PGP 9.5-ir were easily noticeable. 

in the deep lamina propria. They were rarely found in close 
contact with basement membrane. Nerve trunks and rich 
perivascular innervation appeared in the deeper parts of lamina 
propria [Figures 1b, d]. However, in both types of OLP, PGP 

Figure 1:
(OM), reticular type of oral lichen planus (OLP-R) and erosive type of oral 
lichen planus (OLP-E). Avidin-biotin peroxidase complex (ABC) staining 

negative control (omitting primary antibody) from adjacent sections of 

is distributed completely in the deep lamina propria surrounding the 
blood vessels (arrows) (d). No subepithelial neural network is found (b). 
OLP-R (f) and OLP-E (h) show a dense subepithelial neural network 

membrane. e: Epithelium; c: Connective tissue

Figure 2:
between reticular type of oral lichen planus (OLP-R) and erosive type 
of oral lichen planus (OLP-E). (a) A sample of PGP 9.5-positive nerve 

(c) A bar graph represents the mean number of PGP 9.5-positive 
nerve fiber densities in each pathological lesion: Reticular type 
of oral lichen planus (OLP-R), erosive type of oral lichen planus 

close to the basement membrane [Figures 1f, h]. As shown in 

per each subepithelial area of OM (1.0 ± 1.0 linear intercept/
mm2), OLP-R lesions (2.4 ± 0.8 linear intercept/mm2) and 
OLP-E lesions (3.5 ± 1.2 linear intercept/mm2) were not 

P=0.39) [Figure 2c]. Furthermore, PGP 

this area, i.e. connective tissue layer, high lymphocytic 

found [Figures 3a-d]. By contrast, neither PGP 9.5-positive 

tissue [Figures 3e, f]. Hence, the density of PGP 9.5-positive 

of both types of OLP lesions, suggesting the existence of a 

addition, the pattern of peripheral innervation between the 
two different clinical features of OLP-R and OLP-E were 
not different.

No correlation of innervation and pain levels as 
assessed by means of VAS in OLP-E and OLP-R
To determine whether correlation between peripheral 
sensitization or nerve sprouting and nociception exists, VAS 
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patient. We found that the average VAS scores in patients 
with OLP-E (3.12 ± 1.12, n
than those in patients with OLP-R (0 ± 0, n=4, P=0.005). 
However, a correlation between means of PGP 9.5-positive 

OLP-R (r=0.0, P=0) and in patients with OLP-E (r=0.21, 
P=0.7) was not found [Figure 4]. Although an increase in 
innervation of OLP-E lesions were similar in quality and 
quantity to that of OLP-R lesions, the pathophysiological 
changes of epithelial lesions from both types of lesion 
were different. Loss of epithelium was the characteristic of 
OLP-E; in contrast, parakeratinized epithelium was distinct 
in OLP-R. These data imply that it is the epithelial changes 

which are related to nociception in OLP lesions.

DISCUSSION

the pattern of innervation in the normal oral mucosa is 
described as a discontinuous network in the deep lamina 
propria with no appearance in the superficial lamina 
propria;[22]

pathophysiological changes in innervation are associated with 
[19] In addition, we have demonstrated 

that 1) the pattern of innervation in OLP-R and OLP-E is 
similar, despite the fact that the painful sensations in each 
is different; and 2) nociception and an increase of nerve 

in either OLP-E lesions or in OLP-R lesions.

Nerve sprouting and chronic inflammation in OLP

observed in both OLP lesions but not in the normal mucosa. 
These results could be due to both nerve sprouting and 
collateral formation in OLP lesions. The regeneration of 

in previous studies.[23] Sprouting has been demonstrated in 

[24,25] and 2) in 
the wound healing of skin lesions from chronic constrictive 
injury of sciatic nerves or capsaicin-induced depletion of 

[26] The induction factors 
for the existence or elongation of PGP 9.5-positive nerve 

[24,25] 
It is also possible that the elongation process of PGP 9.5 

The pattern of sprouting from OLP-R and OLP-E was seen 

Figure 3: An increase in innervation in the areas of prominent 

(OLP-R) and in erosive type of oral lichen planus (OLP-E). H and E 

and e, respectively. Avidin-biotin peroxidase complex (abc) staining 

methods from adjacent tissue sections of H and E sections from OLP-R 

subepithelial areas, in both types of OLP lesions. However, there 

Figure 4: There is no correlation between PGP 9.5-positive nerve 

planus (OLP-R) or in the erosive type of oral lichen planus (OLP-E). 
Nociception in each patient is measured with a visual analog scale 
(VAS) before biopsy

was used as a pain sensation measurement. VAS and PGP 
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reaction between neurogenic and immune systems. In 

[18,23,27]

Increased peripheral innervation and nociception 
in OLP
PGP 9.5-immunoreactivity (PGP 9.5-ir) was used to locate 

vessels and innervating muscles and glands.[21] Although 

tissue, several studies have shown that PGP 9.5-positive 
nerve fibers were correlated with nociception. For  

skin lesions was found with an increase in painful sensation 
such as thermal hyperalgesia and mechanical allodynia in 
a chronic constrictive injury in an animal model of painful 
partial nerve injury;[28,29] 2) loss of cutaneous pain sensation 

skin lesions[30]

reduced in the capsaicin-induced dermal lesion in a rat 
model, in which capsaicin induces depletion of sensory 

[26]

are very well correlated with nociceptors. In this study, we 

was not correlated with nociception in OLP-E or in OLP-R. 
The difference in nociception in both OLP types may be the 
result of pathophysiological changes in both types of lesion. 
OLP-E is characterized by loss of mucosal epithelium, which 
leads to the exposure of lamina propria to the surrounding 
environment in the oral cavity. OLP-R, however, has 
parakeratinized epithelium covering the mucosal lesion. 
Although the pattern and number of PGP 9.5-positive nerve 

pathophysiological nature of epithelium from both lesions 
is totally distinguishable. The epithelial differences in the 
pathophysiology of OLP-R and OLP-E may be the reason for 
the difference in pain sensation, because sensory afferents 
may receive stronger and/or more frequent nociceptive 
input in OLP-E than in OLP-R. The reason that being no 

previous study.[19]

Limitation of this study
Although the pattern of sprouting in OLP lesions in our 
study was similar to the pattern in a previous study,[19] 

less than in the previous report.[19] This difference may be 
due to different techniques used in each study. We used 

antigen-unmasking techniques, whereas the previous study 

used frozen sections without antigen-unmasking. Our 
technique could have led to the loss of some tissue during 
the immunochemical process.

CONCLUSIONS

Chronic subepithelial inflammation is a diagnostic 
feature of OLP. Although OLP-E and OLP-R have similar 
inflammatory responses, the nociception or stressful 
sensations in patients with the respective OLP lesions are 
different. The present work suggests that the difference 
in nociception between both OLP lesion types relates to 
the structural changes in the epithelium rather than the 
increase of nerve sprouting from the lesions. In addition, 
this study supports the relationship between associated 

lesions.
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Effect of rosiglitazone on cardiac electrophysiology, infarct
size and mitochondrial function in ischaemia and
reperfusion of swine and rat heart
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Rosiglitazone, a peroxisome proliferator-activated receptor γ agonist, has been used to treat
type 2 diabetes. Despite debates regarding its cardioprotection, the effects of rosiglitazone on
cardiac electrophysiology are still unclear. This study determined the effect of rosiglitazone on
ventricular fibrillation (VF) incidence, VF threshold (VFT), defibrillation threshold (DFT) and
mitochondrial function during ischaemia and reperfusion. Twenty-six pigs were used. In each
pig, either rosiglitazone (1 mg kg−1) or normal saline solution was administered intravenously
for 60 min. Then, the left anterior descending coronary artery was ligated for 60 min and
released to promote reperfusion for 120 min. The cardiac electrophysiological parameters were
determined at the beginning of the study and during the ischaemia and reperfusion periods. The
heart was removed, and the area at risk and infarct size in each heart were determined. Cardiac
mitochondria were isolated for determination of mitochondrial function. Rosiglitazone did not
improve the DFT and VFT during the ischaemia–reperfusion period. In the rosiglitazone group,
the VF incidence was increased (58 versus 10%) and the time to the first occurrence of VF was
decreased (3± 2 versus 19± 1 min) in comparison to the vehicle group (P < 0.05). However,
the infarct size related to the area at risk in the rosiglitazone group was significantly decreased
(P < 0.05). In the cardiac mitochondria, rosiglitazone did not alter the level of production of
reactive oxygen species and could not prevent mitochondrial membrane potential changes.
Rosiglitazone increased the propensity for VF, and could neither increase defibrillation efficacy
nor improve cardiac mitochondrial function.
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Rosiglitazone is a synthetic agonist of the peroxisome
proliferator-activated receptor γ, which has been used
to reduce insulin resistance in the treatment of type 2
diabetes (Guo & Tabrizchi, 2006). Rosiglitazone acts as
a potent insulin sensitizer by improving glycaemic control
(Sauer et al. 2006). Data from various studies in the
past decade have suggested that rosiglitazone also has
cardioprotective effects, such as improvement of cardiac
contractile dysfunction (Yue et al. 2005), inhibition of
the inflammatory response by reducing accumulation of
neutrophils and macrophages (Mersmann et al. 2008),
and protection from myocardial injury during periods of

ischaemia–reperfusion in both animal (Yue et al. 2001;
Khandoudi et al. 2002; Molavi et al. 2006; Gonon et al.
2007; Mersmann et al. 2008) and clinical studies (Sidhu
et al. 2003; Yu et al. 2007; Li et al. 2008).

Despite these beneficial effects, growing evidence has
indicated that rosiglitazone could be harmful to the
heart. A recent study in a porcine model demonstrated
that treatment with rosiglitazone decreased the time to
onset of spontaneous ventricular fibrillation (VF) during
ischaemia (Lu et al. 2008). Moreover, reports on the effects
of rosiglitazone on the reduction of infarct size have been
inconsistent (Lautamaki et al. 2005; Yue et al. 2005; Gonon
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et al. 2007; Graham et al. 2010). Growing evidence in
clinical trials also indicates possible adverse cardiac effects
in patients treated with rosiglitazone (Monami et al. 2008;
Graham et al. 2010; Kaul et al. 2010; Loebstein et al.
2011), including increased risk of stroke, heart failure
and mortality. Regardless of these controversial findings,
the effect of rosiglitazone on cardiac electrophysiology,
including VF inducibility and defibrillation efficacy during
ischaemia–reperfusion periods, is not known.

In the present study, we aimed to determine the
effect of rosiglitazone on cardiac electrophysiology during
ischaemia–reperfusion periods in swine. The VF threshold
(VFT), the incidence of VF occurrence, the defibrillation
threshold (DFT) and the effective refractory period
(ERP) during periods of ischaemia–reperfusion were
determined. We tested the hypothesis that rosiglitazone
attenuates the occurrence of VF by increasing the VFT,
improves the defibrillation efficacy by decreasing the DFT,
and reduces the infarct size during ischaemia–reperfusion
periods in swine hearts. We also determined the effect
of rosiglitazone on cardiac mitochondria isolated from
the ischaemic and remote areas of each heart. We tested
the hypothesis that rosiglitazone prevents mitochondrial
damage in ischaemia–reperfusion of swine hearts by
reducing production of reactive oxygen species (ROS) and
preventing mitochondrial membrane potential changes.
Moreover, we tested the effects of various concentrations
of rosiglitazone on the function of isolated rat cardiac
mitochondria exposed to oxidative stress induced by
hydrogen peroxide (H2O2).

Methods

Ethical approval

All animal study protocols were approved by the
Institutional Animal Care and Use Committees of the
Faculty of Medicine, Chiang Mai University, Chiang Mai,
Thailand.

Animal preparation

Twenty-six domestic pigs (20–25 kg) of either sex
were used in this study. Pigs were anaesthetized by
intramuscular injection of a combination of atropine
(0.04 mg kg−1; T.P. Drug Laboratories Co., Ltd., Bangkok,
Thailand), zolitil (5 mg kg−1; Vibbac Laboratories, Carros,
France) and xylazine (2.2 mg kg−1; Laboratorios Calier,
S.A., Barcelona, Spain), and maintained by 1.5–3.0%
isoflurane (Abbott Laboratories Ltd., Queenborough,
UK) delivered in 100% oxygen. After cuffed endotracheal
intubation, mechanical ventilation (volume controlled,
tidal volume = 12 ml kg−1, respiratory rate = 10–
15 cycles min−1) was started with pigs in a restrained
dorsally recumbent position. Pancuronium (2 mg kg−1

loading, 0.5 mg kg−1 h−1 maintenance) was administered

intravenously to minimize skeletal muscle contraction.
The vital signs, including the surface electrocardiogram
(lead II), femoral arterial blood pressure (BP), heart
rate (HR), respiratory rate and core temperature, were
continuously monitored. Blood gases and electrolytes
were also monitored every 30 min and maintained
within acceptable physiological ranges (Kanlop et al.
2008). Under fluoroscopic guidance, catheters with 34
and 68 mm platinum-coated titanium coil electrodes
(Guidant Corp., St Paul, MN, USA) were inserted into
the right ventricular apex and the junction between
right atrium and superior vena cava, respectively. These
two electrodes were used to deliver the stimulus during
VFT and DFT determination (Kanlop et al. 2008;
Sungnoon et al. 2008). The chest was opened through a
median sternotomy, and the heart was suspended in a
pericardial cradle. The pacing electrodes were affixed to
the epicardium at the right ventricle (RV) outflow tract
and left ventricle (LV) apex for an ERP and diastolic
pacing threshold (DPT) determination. The left anterior
descending coronary artery (LAD) was identified and
dissected from surrounding tissues.

Study protocol

In the ischaemia–reperfusion study, pigs were divided
into two groups. Group I (n = 12) received rosiglitazone,
and group II (n = 10) received normal saline solution.
In each pig, the cardiac electrophysiological parameters,
including DPT, ERP, corrected QT interval (QTc), VFT
and DFT, were determined at the beginning of the study.
Then, pigs were randomly assigned to receive either
rosiglitazone potassium salt (Cayman Chemical, Ann
Arbor, MI, USA; 1 mg kg−1 dissolved in 30 ml sterile
normal saline solution) or the same volume of sterile
normal saline injected intravenously over 60 min. After
that, the LAD was ligated with sterile 4–0 silk suture
material 5 cm above a distal branch to perform a regional
occlusion (Kanlop et al. 2011). During the first 20 min of
occlusion, if spontaneous VF occurred, the defibrillation
shock was delivered to determine the DFT. If VF did not
occur within 20 min, VF was electrically induced, and the
DFT and VFT were determined using a three-reversal
up/down protocol (Kanlop et al. 2011). The ischaemic
period was sustained for 60 min and then the LAD ligation
was released to promote reperfusion for 120 min. All
studied parameters were determined again beginning at
60 min after reperfusion.

At the end of experiment, the heart was removed
for the determination of the myocardial infarction size.
Furthermore, isolated cardiac mitochondria taken from
the ischaemic and non-ischaemic areas in each heart
were used to determine cardiac mitochondrial function
(n = 4 in each group). In this study, another group of
four pigs without LAD occlusion were also studied for
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the electrophysiological effects of rosiglitazone in normal
hearts. In this group, haemodynamic parameters as well as
the DPT, ERP and DFT were determined before and after
rosiglitazone administration.

Diastolic pacing threshold determination

The DPT testing was performed by delivering a train of 10
S1 stimuli of a 5 ms square pulse via the electrode at the
tip of the RV catheter at 400 ms intervals. The current was
started at 0.1 mA and was increased in 0.1 mA steps until
all drive trains elicited a ventricular response (capture).
The DPT was defined as the minimal current strength
necessary to capture the ventricle (Shinlapawittayatorn
et al. 2006; Kanlop et al. 2008).

Effective refractory period determination

In each train of 10 S1 stimuli, an S2 stimulus (2 × DPT)
was introduced in late diastole of the last S1-paced beat
(350 ms after the R wave) to elicit a capture. The basic
S1–S2 coupling interval was decreased in 10 ms steps until
S2 failed to elicit a capture. The ERP was defined as the
longest S1–S2 interval at which an S2 stimulus fails to elicit
a ventricular response (Kanlop et al. 2008).

Ventricular fibrillation threshold determination

The heart was paced three times. The interval between
the last S1 and the mid-T wave was determined each time
and the average of S1–mid-T wave interval was used as a
coupling interval between the last S1 and S2 shock. The
VFT testing was performed by delivering S2 shocks which
started at 100 V. If this shock induced VF, decrements of
10 V steps were used for each successive shock until VF was
no longer induced. If 100 V did not induce VF, increments
of 10 V steps were used for each successive shock until VF
was induced. The lowest shock strength that could induce
VF was the VFT (Kanlop et al. 2008).

Defibrillation threshold determination

The defibrillation shock was delivered after 10 s of VF
to determine the DFT by using a three-reversal up/down
protocol (Kanlop et al. 2011). The DFT was defined as
the lowest energy required for successful defibrillation of
VF after three reversal points, when the next lower setting
failed to defibrillate the heart. During the VF event, if the
tested shock failed to defibrillate, a rescue shock (600–
700 V) was delivered to successfully defibrillate the heart.
A period of 4 min was allowed between each VF induction
so that the heart could recover (Kanlop et al. 2008).

Infarct size and area at risk (AAR) measurement

At the end of each experiment, the heart were removed
and irrigated with normal saline to wash out blood from
chambers and vessels. The LAD was occluded again at the

Table 1. Basic electrophysiological and haemodynamic
parameters in normal hearts without left anterior descending
coronary artery occlusion

After
rosiglitazone

Parameter Baseline administration

Heart rate (beats min−1) 110 ± 9 112 ± 5
Systolic blood pressure (mmHg) 88 ± 3 86 ± 2
Diastolic blood pressure

(mmHg)
58 ± 4 57 ± 2

Mean arterial blood pressure
(mmHg)

68 ± 4 67 ± 2

Effective refractory period (ms)
Right ventricular apex
(endocardium)

263 ± 19 265 ± 13

Right ventricular outflow
tract (epicardium)

265 ± 19 255 ± 13

Left ventricular apex
(epicardium)

255 ± 10 255 ± 10

Diastolic pacing threshold (mA)
Right ventricular apex
(endocardium)

0.18 ± 0.05 0.20 ± 0.00

Right ventricular outflow
tract (epicardium)

0.18 ± 0.05 0.20 ± 0.08

Left ventricular apex
(epicardium)

0.13 ± 0.05 0.15 ± 0.06

Corrected QT interval (ms) 530 ± 68 481 ± 36
QRS duration (ms) 62 ± 9 59 ± 7

Defibrillation threshold
Peak voltage (V) 340 ± 41 287 ± 32
Total energy (J) 9 ± 2 5 ± 3
Impedance (�) 63 ± 6 58 ± 7
Pulse width (ms) 17 ± 1 16 ± 2

same site previously done during the ischaemic period.
The catheters were inserted into the right and left coronary
ostia for Evans Blue dye infusion. The area which could
not be infused by Evans Blue was defined as the area of
no blood flow during the ischaemic period. The heart
was frozen and cut horizontally into 5-mm-thick slices,
starting from the apex until 5 mm above the occluding site.
Then, each slice was immersed in triphenyltetrazolium
chloride for at least 25 min, after which the area with
viable tissue could be seen in red. The area that was not
stained with Evans Blue was defined as the AAR. The area
which demonstrated neither blue nor red was defined as
the infarct site (Kanlop et al. 2011). The area measurement
was performed with Image tool software version 3.0 (The
University of Texas Health Science Center at San Antonio,
Texas, USA). The infarct size was calculated depending on
the weight of each slice as described previously (Kanlop
et al. 2011).

Cardiac mitochondrial isolation

Cardiac mitochondria were isolated from the ischaemic
and non-ischaemic regions, using the technique described

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



Exp Physiol 96.8 pp 778–789 Cardiac effects of rosiglitazone during ischaemia–reperfusion 781

Table 2. Basic electrophysiological and haemodynamic parameters in hearts during ischaemia–reperfusion protocol

Saline group Rosiglitazone group

Parameter Baseline Ischaemia Reperfusion Baseline Ischaemia Reperfusion

Heart rate (beats min−1) 107 ± 7 112 ± 8 117 ± 9 103 ± 17 113 ± 18 116 ± 21
Systolic blood pressure (mmHg) 104 ± 8 97 ± 11 93 ± 10 96 ± 15 91 ± 10 92 ± 14
Diastolic blood pressure (mmHg) 65 ± 7 63 ± 9 55 ± 8 60 ± 8 53 ± 5 53 ± 12
Mean arterial blood pressure (mmHg) 70 ± 25 67 ± 25 61 ± 23 66 ± 23 61 ± 20 60 ± 22
Corrected QT interval (ms) 463 ± 45 492 ± 55 495 ± 33 461 ± 47 455 ± 51 459 ± 48
QRS duration (ms) 55 ± 10 55 ± 9 58 ± 10 61 ± 13 61 ± 8 59 ± 10

Effective refractory period (ms)
Right ventricular apex (endocardium) 242 ± 17 252 ± 23 246 ± 27 260 ± 13 259 ± 7 248 ± 38
Right ventricular outflow tract (epicardium) 234 ± 28 241 ± 25 240 ± 21 253 ± 16 263 ± 16 257 ± 45
Left ventricular apex (epicardium) 226 ± 22 219 ± 38 238 ± 29 247 ± 20 239 ± 32 257 ± 45

Diastolic pacing threshold (mA)
Right ventricular apex (endocardium) 0.20 ± 0.05 0.51 ± 0.27 0.52 ± 0.18 0.25 ± 0.16 0.60 ± 0.61 0.60 ± 0.29
Right ventricular outflow tract (epicardium) 0.21 ± 0.14 0.26 ± 0.10 0.24 ± 0.09 0.25 ± 0.12 0.31 ± 0.16 0.32 ± 0.17
Left ventricular apex (epicardium) 0.19 ± 0.09 0.54 ± 0.44 1.03 ± 0.90 0.22 ± 0.13 0.58 ± 0.75 1.13 ± 1.06

Table 3. Ventricular fibrillation threshold and defibrillation threshold

Saline group Rosiglitazone group

Parameter Baseline Ischaemia Reperfusion Baseline Ischaemia Reperfusion

Ventricular fibrillation threshold
Peak voltage (V) 36 ± 12 30 ± 12 26 ± 5 32 ± 9 40 ± 16 42 ± 22
Total energy (J) 0.10 ± 0.07 0.07 ± 0.07 0.04 ± 0.02 0.04 ± 0.01 0.13 ± 0.11 0.15 ± 0.18
Impedance (�) 70 ± 7 65 ± 6 67 ± 6 74 ± 10 72 ± 8 68 ± 5
Pulse width (ms) 16 ± 3 15 ± 2 14 ± 2.65 17 ± 2 17 ± 3 16 ± 3

Defibrillation threshold
Peak voltage (V) 387 ± 160 382 ± 74 349 ± 92 486 ± 133 470 ± 112 384 ± 125
Total energy (J) 14 ± 7 11 ± 4 10 ± 5 19 ± 10 18 ± 9 12 ± 9
Impedance (�) 63 ± 10 61 ± 7 60 ± 8 63 ± 8 62 ± 9 61 ± 9
Pulse width (ms) 17 ± 2 16 ± 1 16 ± 2 17 ± 2 17 ± 2 16 ± 2

previously (Thummasorn et al. 2011), and the protein
concentration was determined according to bicinchoninic
acid assay (Thummasorn et al. 2011).

Reactive oxygen species measurement

The fluorescent dye dichlorohydro-fluorescein diacetate
(DCFDA) was used to determine the level of ROS
production in cardiac mitochondria (Thummasorn et al.
2011). The DCFDA could pass through the mitochondrial
membrane, and was oxidized by ROS in the mitochondria
into DCF. Fluorescence was determined atλexcitation 485 nm
and λemission 530 nm using a fluorescence microplate
reader. The ROS level was expressed as arbitrary units
of fluorescence intensity of DCF.

Measurement of mitochondrial membrane potential
changes (��m)

The dye 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
benzimidazolcarbocyanine iodide (JC-1) was used
to determined the change in the mitochondrial
membrane potential (Thummasorn et al. 2011). JC-1

was characterized as a cation and remained in the
mitochondrial matrix as a monomer (green fluorescence)
form. However, it could interact with anions in the
mitochondrial matrix to form an aggregate (red
fluorescence) form. JC-1 monomer fluorescence (green)
was excited at 485 nm and the emission detected at
530 nm. JC-1 aggregate fluorescence (red) was excited
at 485 nm and the emission fluorescence recorded at
590 nm. Mitochondrial depolarization was indicated by a
decrease in the red/green fluorescence intensity ratio.

Isolated rat cardiac mitochondria study protocol

To investigate the dose-dependent effect of rosiglitazone
on mitochondrial function, male Wistar rats (300–
350 g, ∼2 months old) were used for cardiac
mitochondrial isolation. Rats were deeply anesthetized
by intraperitonial injection of thiopental (0.5 mg/kg;
Research institute of antibiotics and biotransformations,
Roztoky, Czech Republic), after which the heart was
removed. Cardiac mitochondria were obtained using
the differential centrifugation technique as previously
described (Thummasorn et al. 2011). Isolated cardiac
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mitochondrial morphology was confirmed by using
an electron microscope. Isolated cardiac mitochondria
were divided into eight groups (n = 5 in each
group) as follows: (1) control group; (2) 2 mM H2O2-
treated group; (3) 10 μM rosiglitazone pretreated for
15 min; (4) 25 μM rosiglitazone pretreated for 15 min;
(5) 50 μM rosiglitazone pretreated for 15 min; (6) 10 μM

rosiglitazone pretreated for 15 min, followed by

Figure 1. Rosiglitazone (ROSI) and the occurrence of ventricular
fibrillation (VF)
Rosiglitazone significantly decreased the time interval from left
anterior coronary artery occlusion to the first spontaneous VF onset
(n = 12; A;

∗
P < 0.05 versus saline group, Mann–Whitney U test) and

increased the incidence of VF (n = 12; B), in comparison with the
saline group.

∗
P < 0.05 versus saline group (χ2 test).

5 min 2 mM H2O2 application; (7) 25 μM rosiglitazone
pretreated for 15 min, followed by 5 min 2 mM H2O2

application; and (8) 50 μM rosiglitazone pretreated for
15 min, followed by 5 min 2 mM H2O2 application.
Production of ROS and ��m were determined in
all groups. The 2 mM H2O2 was used because it has
been shown to be an optimal dose to cause cardiac
mitochondrial dysfunction (Thummasorn et al. 2011).

Statistical analysis

Data were expressed as means ± SD. Comparisons of
variables at baseline, ischaemic and reperfusion periods
(comparison within group) were performed using
the Wilcoxon signed ranks test. Comparisons among
groups were performed using the Mann–Whitney U test.
Comparisons of the incidence of VF among groups were
evaluated by χ2 test. A value of P < 0.05 was considered
statistically significant.

Results

The basic electrophysiological and haemodynamic
parameters in normal swine heart (i.e. without ischaemia–
reperfusion) are shown in Table 1. Acute intravenous
administration of rosiglitazone (1.0 mg kg−1) altered
neither hemodynamics nor cardiac electrophysiologic
parameters.

For the ischaemia–reperfusion experiment, the basic
electrophysiological and haemodynamic parameters prior
to and during ischaemia–reperfusion are shown in
Table 2. Neither saline nor rosiglitazone altered any of
the haemodynamic parameters during the ischaemia–
reperfusion period. The ERP during the ischaemic phase
tended to decrease in the ischaemic region (i.e. LV apex);
however, it did not reach statistical significance in either
the saline or the rosiglitazone group.

For the VFT, peak voltage and total delivered energy
during ischaemic as well as reperfusion periods were not
statistically different from the baseline values when treated
with rosiglitazone (Table 3). Similar to the VFT, the DFT
determined during ischaemic and reperfusion periods
were not different compared with the baseline value in
both saline- and rosiglitazone-treated groups (Table 3).

The incidence of spontaneous VF was also significantly
increased in rosiglitazone-treated pigs (seven of 12
pigs) compared with the saline group (one of 10 pigs;
Fig. 1A). Moreover, acute intravenous administration of
rosiglitazone significantly reduced the time interval from
LAD ligation to the onset of the first spontaneous VF
occurrence during ischaemia–reperfusion compared with
that in the saline group (Fig. 1B). However, the dispersion
of refractoriness as shown by the standard deviation of
the three ERPs measured at three different sites was not
different between the saline- and the rosiglitazone-treated
group (Fig. 2). Unlike the effect on VF incidence, the areas
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of myocardial infarction (i.e. the ratio of infarct size to
AAR) in the rosiglitazone group were decreased (P < 0.05)
compared with the saline group (Fig. 3).

In isolated cardiac mitochondria, rosiglitazone could
not prevent mitochondrial membrane potential changes
(Fig. 4A). Moreover, rosiglitazone could not reduce the

level of ROS production in the ischaemic myocardium
(Fig. 4B).

In rat isolated cardiac mitochondria treated with
rosiglitazone at 10, 25 and 50 μM, the drug did not
alter cardiac mitochondrial ROS level or membrane
potential changes, in comparison to the control group

Figure 2. Effect of rosiglitazone on the dispersion of the effective refractory period (ERP) during
ischaemia–reperfusion periods
Standard deviation of ERP at baseline and during ischaemia and reperfusion periods was not different in saline
group (n = 10; A) and the rosiglitazone group (n = 12; B), indicating that rosiglitazone did not cause any change
in the dispersion of refractoriness compared with the saline group.
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(Fig. 5). When cardiac mitochondria were under severe
oxidative stress caused by H2O2, i.e. conditions that mimic
ischaemia–reperfusion injury, cardiac mitochondrial
dysfunction was observed as indicated by a decrease
in the red/green fluorescence ratio, indicating cardiac
mitochondrial membrane depolarization (Fig. 5A) and
an increase in ROS level (Fig. 5B). None of the three
concentrations of rosiglitazone could prevent or attenuate
cardiac mitochondrial dysfunction caused by oxidative
stress in these isolated cardiac mitochondria (Fig. 5).

Discussion

The major findings of the present study are as
follows. In ischaemia–reperfusion of the swine heart,
acute intravenous administration of rosiglitazone
had the following effects: (1) it facilitated the
occurrence of ventricular fibrillation; (2) it reduced
the myocardial infarction area; and (3) it failed to
prevent cardiac mitochondrial ROS production and
mitochondrial depolarization caused by ischaemia–

Figure 3. Rosiglitazone and the infarct size
The infarct size in the rosiglitazone group (n = 12) was significantly
smaller than that in the saline group (n = 10).

∗
P < 0.05 versus saline

group (Mann–Whitney U test).

reperfusion injury. Furthermore, acute intravenous
administration of rosiglitazone did not alter the basic
cardiac electrophysiology and haemodynamic parameters
both in normal hearts and in hearts during ischaemia–
reperfusion.

In the present study, our finding that acute
administration of rosiglitazone did not alter
haemodynamic parameters in swine is consistent
with a previous report that rosiglitazone did not alter
the blood pressure (Lu et al. 2008). In addition to
haemodynamics, our study also demonstrated for the
first time that the basic cardiac electrophysiological
parameters as well as the defibrillation efficacy and the
VFT were not altered by rosiglitazone in both normal
conditions and ischaemia–reperfusion in swine hearts.

During the ischaemic period, our results clearly
demonstrated that pigs treated with rosiglitazone had
a higher incidence of VF than in the vehicle group.
This novel finding indicates that rosiglitazone could
facilitate VF initiation in the heart during ischaemia.
This adverse effect of rosiglitazone could be responsible
for the increased mortality associated with the use of
rosiglitazone reported in previous clinical trials (Diamond
et al. 2007; Nissen & Wolski, 2007; Cobitz et al. 2008).
Moreover, our results also demonstrated that pigs treated
with rosiglitazone also had a shorter time interval from
LAD occlusion to the onset of the first spontaneous VF.
This latter finding is also consistent with a previous report
which demonstrated that rosiglitazone decreased the time
to onset of VF during complete coronary occlusion (Lu
et al. 2008). Both the increased VF incidence and the
shorter interval to VF onset suggest that rosiglitazone is
proarrhythmic in this model of ischaemia–reperfusion in
swine hearts.

It has been proposed that rosiglitazone blocks KATP

channels, and thus alters the action potential shortening
during ischaemia and may promote arrhythmia by causing
a greater dispersion of refractoriness in myocardial tissue
(Janse, 1998). However, our findings do not support
this hypothesis, because the dispersion of refractoriness
observed in the present study was not different between
pigs treated with rosiglitazone and vehicle, suggesting that
the profibrillatory effect of rosiglitazone may not be due
to facilitating the increased dispersion of ERP during
ischaemia.

One possible mechanism of the profibrillatory effect
of rosiglitazone could be due to its effects on the cardiac
mitochondria. Increased ROS production and oscillation
of the mitochondrial membrane potential (��m) have
been shown to play an important role in the genesis of
cardiac arrhythmias (Aon et al. 2009). In the present
study, cardiac mitochondria isolated from ischaemic
and non-ischaemic areas of swine hearts demonstrated
that the clinically relevant dose of rosiglitazone used
in this study could not prevent the collapse of ��m
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and did not reduce the mitochondrial ROS level during
ischaemia–reperfusion injury. In rat isolated cardiac
mitochondria, our results demonstrated that rosiglitazone
at any tested concentrations could neither prevent
mitochondrial membrane potential depolarization nor
reduce mitochondrial ROS level against oxidative stress
caused by H2O2, which mimics ischaemia–reperfusion
injury. As cardiac mitochondrial ROS production and

mitochondrial depolarization have been shown to be
responsible for fatal arrhythmias (Aon et al. 2009), our
findings indicate that rosiglitazone could not prevent
the deterioration of mitochondrial function during
ischaemia–reperfusion injury.

The only beneficial effect of rosiglitazone found in
the present study is that it could significantly reduce
the myocardial infarct size. This finding is consistent

Figure 4. Effect of rosiglitazone on cardiac mitochondria after ischaemia–reperfusion in swine
Rosiglitazone neither prevented mitochondrial membrane depolarization (A) nor decreased mitochondrial ROS
production (B) in the ischaemic myocardium, in comparison to the saline group (n = 4).
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with previous in vivo studies showing that rosiglitazone
reduced the ratio of infarct size to the area at risk
(Sidell et al. 2002; Liu et al. 2004; Yue et al. 2005;
Tao et al. 2010; Zhang et al. 2010), suggesting that
rosiglitazone has an anti-apoptotic effect in myocardium
during ischaemia–reperfusion. As mitochondrial ROS
production is involved in cell apoptotic pathways (Loor

et al. 2011) and rosiglitazone could not prevent ROS
production, our findings suggest that anti-apoptotic
effect of rosiglitazone may not be direct, via the
mitochondria, but that it could be involved in the extrinsic
apoptotic signalling pathway, which is a mitochondria-
independent apoptosis pathway that mediates cellular
apoptosis by activating death receptors and transmiting

Figure 5. Effect of various concentrations of rosiglitazone on rat isolated cardiac mitochondrial function
Rosiglitazone neither prevented mitochondrial membrane depolarization (A) nor decreased mitochondrial ROS
production (B) under severe oxidative stress induced by H2O2, compared with the mitochondrial group. The eight
columns in the figure correspond to the eight groups described in the Methods.
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apoptotic signals after ligation with specific ligands (Ashe
& Berry, 2003; Delhalle et al. 2003). However, the
inflammatory response could also be responsible for the
infarct size reduction observed in this study. Previous
studies demonstrated that inflammation could play an
important role in myocardial infarction during ischaemia–
reperfusion (Werns & Lucchesi, 1987; Bonvini et al.
2005); therefore, inhibition of the inflammatory response
might reduce myocardial infarct size (Werns & Lucchesi,
1987). As rosiglitazone has been shown to inhibit the
inflammatory response by reducing the accumulation
of neutrophils and macrophages and the expression of
monocyte chemoattractant protein-1 (MCP-1) in the
ischaemic heart (Yue et al. 2001) and by inhibiting the
inflammatory cytokines tumour necrosis factor-α and
nuclear factor-κB (Shah et al. 2005), the infarct size
reduction found in this study could be due to the anti-
inflammatory effect of rosiglitazone. Future studies are
required to elucidate the anti-apoptotic mechanism of
rosiglitazone. Nevertheless, the controversy regarding the
cardioprotective effect of rosiglitazone by its ability to
decrease the infarct size (Sidell et al. 2002; Liu et al. 2004;
Yue et al. 2005; Tao et al. 2010; Zhang et al. 2010) and
the increased mortality with its use (Lygate et al. 2003;
Lu et al. 2008; Blasi et al. 2009) have converged into
the present study showing that rosiglitazone, despite its
infarct size reduction effect, facilitates the occurrence of
fatal arrhythmia during ischaemia–reperfusion injury, and
could be responsible for increased mortality in patients
using this drug, as shown in clinical trials (Diamond et al.
2007; Home et al. 2007; Lipscombe et al. 2007; Nissen &
Wolski, 2007).

Study limitation

In the present study, we did not assess the anti-
inflammatory signalling, cardiac function or structural
changes of cardiomyocytes. However, previous studies
demonstrated that rosiglitazone could improve cardiac
function during ischaemia–reperfusion (Geng et al. 2006;
Gonon et al. 2007), suggesting that rosiglitazone could
influence cardiac function during ischaemia–reperfusion
injury.
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During cardiac ischemia–reperfusion injury, reactive oxygen species (ROS) level is markedly increased,
leading to oxidative stress and mitochondrial dysfunction. Although granulocyte-colony stimulating factor
(G-CSF) is known to be cardioprotective, its effects on cardiac mitochondria during oxidative stress have
never been investigated. In this study, we discovered that G-CSF completely prevented mitochondrial
swelling and depolarization, and markedly reduced ROS production caused by H2O2-induced oxidative stress
in isolated cardiac mitochondria. Its effects were similar to those treated with cyclosporine A and 4′-
chlorodiazepam. These findings suggest that G-CSF could act directly on cardiac mitochondria to prevent
mitochondrial dysfunction caused by oxidative stress.

© 2011 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Ischemic heart disease has been a major health problem in most
countries around the world (Melberg et al., 2010). Pharmacological
intervention in ischemic heart disease is one of several means that has
been investigated extensively in an attempt to decrease myocardial
damage, infarct size, cardiac dysfunction, and fatal arrhythmia. In the
heart, mitochondria are known as the principal source of energy as
well as reactive oxygen species (ROS) production (Sucher et al., 2009).
Under stress condition such as ischemia–reperfusion injury, this
condition has been demonstrated to markedly cause severe oxidative
stress, an imbalance between the production of reactive oxygen
species and a biological system's ability to defend cell damage, leading
to mitochondrial dysfunction (Correa et al., 2008). Normally, the
defense mechanism is preserved by enzymes that decrease ROS
production in cardiac mitochondria. Disturbances in normal oxidative
phosphorylation of the electron transport chain during ischemia–
reperfusion have been shown to cause toxic effects through the

production of ROS that will eventually damage all components of the
cells.

A growing body of evidence has demonstrated the important
roles of mitochondria in the heart during ischemia–reperfusion
injury (Farber et al., 1981; Xiao et al., 2010). During ischemia, the
energy production is decreased due to reduced oxidative phos-
phorylation rate at the inner mitochondrial membrane, causing a
rapid increase in ROS production (Niizuma et al., 2009). When
ROS produced by the electron-transport chain is accumulated up
to a threshold level, it triggers the opening of the inner membrane
anion channel (IMAC) (Aon et al., 2003). The opening of the IMAC
allows the release of O2

− from the mitochondrial matrix, resulting
in mitochondrial membrane depolarization. Recently, the mito-
chondrial permeability transition pore (mPTP) has been proposed
to have an important role in cell apoptosis and necrosis
(Lemasters et al., 1998). The mitochondrial permeability transition
(MPT) caused by the opening of mPTP determines not only
whether cells will live or die, but also whether cell death occurs
by apoptosis or necrosis (Hirsch et al., 1997; Susin et al., 1997).
The burst of ROS production could cause further inhibition of
oxidative phosphorylation (Nulton-Persson and Szweda, 2001) and
increased permeability of the inner mitochondrial membrane via
the opening of mPTP (Zoratti and Szabo, 1995). Such events are
responsible for the uncoupling of oxidative phosphorylation,
mitochondrial membrane potential changes (ΔΨm), and mitochon-
drial swelling, leading to the release of cytochrome c, activation of

Mitochondrion 11 (2011) 457–466

Abbreviations: CDP, 4′-chlorodiazepam; CsA, cyclosporine A; G-CSF, Granulocyte-
colony stimulating factor; IMAC, inner membrane anion channel; I/R, ischemia–
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caspase pathways and cell death by necrosis and/or apoptosis
(Petronilli et al., 2001). Because of the deleterious effects of
oxidative stress, attempts to find drugs that can attenuate this
stress condition and prevent mitochondrial dysfunction have been
studied extensively (Aon et al., 2003; Brady et al., 2006; Chen et
al., 2008; Cortassa et al., 2004).

Granulocyte-colony stimulating factor (G-CSF) has recently been
shown to have cardioprotective effects including improved cardiac
function, increased myocardial blood supply, and reduced mortality
after cardiac injury under several conditions, including myocardial
ischemia (Cheng et al., 2008; Brunner et al., 2008; Okada et al., 2008).
Despite these beneficial cardioprotective effects, the effects of G-CSF
on cardiac mitochondria under oxidative stress have never been
investigated. In the present study, we tested the hypothesis that G-
CSF can protect mitochondrial swelling, prevent mitochondrial
depolarization, and reduce ROS production under hydrogen perox-
ide-induced oxidative stress condition in isolated cardiac mitochon-
dria. Isolated cardiac mitochondria were chosen as a study model
since the direct effect of pharmacological interventions on the
mitochondria could be directly assessed without the interference
from intracellular signaling (Bognar et al., 2006; Venditti et al., 2006;
Hofer et al., 2009).

2. Materials and methods

2.1. Animal preparation

All animal studies were approved by the Institutional Animal Care
and Use Committee at the Faculty of Medicine, Chiang Mai University.
Wistar rats (300–350 g) were obtained from the National Laboratory
Animal Center, Mahidol University, Bangkok, Thailand. They were
housed in a room maintained under constant environmental condi-
tions (temperature 22–25 °C and a constant 12-h light/dark cycle). All
animals received standard pelted rat diet and water ad libitum.

2.2. Isolated cardiac mitochondria preparation

Rats were anesthetized using an intraperitoneal injection of
thiopental (80 mg/kg). The hearts were removed and homogenized
in ice-cold buffer containing (in mmol/l) sucrose 300, TES 5, and EGTA
0.2, pH 7.2 (4 °C). The tissue were finely minced and homogenized by
the homogenizer. The homogenate was centrifuged at 800 g for 5 min
and the supernatant was collected and centrifuged at 8800 g for
5 min. Mitochondrial pellets were resuspended in an ice-cold buffer
and centrifuged one more time at 8800 g for 5 min (Larche et al.,
2006). Protein concentration was determined according to Bicinch-
oninic Acid (BCA) assay (Walker, 1994).

2.3. Experimental protocols

Isolated cardiac mitochondria from rat hearts were used in all
experiments. The first protocol investigated the protective effects of
G-CSF on oxidative stress-induced mitochondrial dysfunction. Oxida-
tive stress was induced by H2O2 application for 5 min in isolated
cardiac mitochondria. To test the effectiveness of H2O2 in causing
mitochondrial damage, H2O2 at concentrations of 0.05, 0.1, 0.5, 1.0
and 2.0 mM were used (n=5/group), and the assessment on
mitochondrial swelling, ROS production and mitochondrial mem-
brane potential changes was done according to the experimental
protocols listed in Sections 2.5, 2.6 and 2.7.

In the first protocol, cardiac mitochondria were randomly assigned
into eight treatment groups: H2O2 (2 mM), G-CSF (50 and 200 ng/ml),
H2O2 (2 mM) pre-treated with G-CSF (25, 50, 100 or 200 ng/ml), and
vehicle-treated mitochondria as a control group (n=8/group, see
Fig. 1A). In the second protocol, the mechanism of G-CSF on cardiac
mitochondria was investigated. Pharmacological interventions with

cyclosporine A (CsA) and 4′-chlorodiazepam (CDP) were used. CsA is
the mPTP blocker, whereas CDP is known to inhibit the opening of
IMAC. In this protocol, cardiac mitochondria were randomly assigned
into 12 groups: control (vehicle), G-CSF (effective dose of G-CSF
obtained from the first protocol), CsA (5 μM), CDP (100 μM), H2O2,
H2O2 pre-treated with G-CSF, H2O2 pre-treated with CsA, H2O2 pre-
treated with CDP, H2O2 pre-treated with (G-CSF+CsA), H2O2 pre-
treated with (G-CSF+CDP), H2O2 pre-treated with (CsA+CDP), and
H2O2 pre-treated with (G-CSF+CsA+CDP) (n=8/group, see
Fig. 1B). All groups were studied according to the experimental
protocols listed in Sections 2.5, 2.6, and 2.7.

The involvement of the effect of G-CSF on complexes I and III in
the electron transport chain was also investigated. Pharmacological
interventions with 2-μM rotenone (complex I inhibitor) and 2-μM
antimycin A (complex III inhibitor) were used for this study
(Fontaine et al., 1998; Marcil et al., 2006). In this protocol, cardiac
mitochondria were randomly assigned into eleven treatment
groups: control (vehicle), rotenone-treated cardiac mitochondria
for 5 min, antimycin A-treated cardiac mitochondria for 5 min, H2O2

pre-treated with rotenone, H2O2 pre-treated with antimycin A, H2O2

(2 mM), H2O2 pre-treated with G-CSF, H2O2-pretreated with G-CSF
and rotenone, respectively, H2O2-pretreated with G-CSF and anti-
mycin A, respectively, H2O2-pretreated with rotenone and G-CSF,
respectively and H2O2-pretreated with antimycin A and G-CSF,
respectively (n=8/group, see Fig. 1C). Since the electron transport
chain, particularly complexes I and III, is the main source of ROS
production, the level of ROS in cardiac mitochondria was deter-
mined in this study protocol.

2.4. Identification of cardiac mitochondria with electron microscopy

Electron microscopy was used to identify isolated mitochondria
from the hearts (Chelli et al., 2001). Isolated cardiac mitochondria
were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 at
4°. After rinsing in cacodylate buffer, mitochondrial pellets were
postfixed in 1% cacodylate-buffered osmium tetroxide for 2 h at room
temperature, and then dehydrated in a graded series of ethanol.
Mitochondria were embedded in Epon–Araldite. Ultrathin sections
were cut with a diamond knife, placed on copper grids, stained with
uranyl acetate and lead citrate, and observed with a transmission
electron microscope.

2.5. Effects of pharmacological interventions on cardiac mitochondrial
swelling

Cardiac mitochondria from all groups were assessed for mito-
chondrial swelling. In this study, swelling was assessed by measuring
the change in the absorbance of the suspension at 540 nm (A540)
using a microplate reader (Ruiz-Meana et al., 2006). Mitochondria
(0.4 mg/ml) were incubated in respiration buffer (containing 100 mM
KCl, 50 mM sucrose, 10 mM HEPES, and 5 mM KH2PO4, pH 7.4 at
37 °C) with an addition of 10 mM pyruvate/malate. Mitochondrial
swelling was indicated when the absorbance of the suspension
decreased.

2.6. Effects of pharmacological interventions on ROS production in
cardiac mitochondria

ROS production in mitochondria was measured using a fluores-
cent microplate reader with dichlorohydro-fluorescein diacetate
(DCFDA) (Novalija et al., 2003). Cardiac mitochondria (0.4 mg/ml)
were incubated at 25 °C with 2 μM DCFDA for 20 min. The
mitochondrial suspension was gently agitated and incubated at
room temperature for measurements. DCFDA passed through
membranes where it was oxidized in the presence of H2O2 to
DCF. Fluorescence was determined at λex 485 nm and λem 530 nm
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according to the spectral characteristics of DCF. The ROS level was
expressed as arbitrary units of fluorescence intensity of DCF.

2.7. Effects of pharmacological interventions on cardiac mitochondrial
membrane potential

The changes in mitochondrial membrane potential from all groups
of isolated mitochondria were monitored with the dye 5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide (JC-
1) (Tong et al., 2005; Di Lisa et al., 1995). The interaction of JC-1 with
mitochondrial membrane components can alter the fluorescence
properties associated with the monomer and aggregate. JC-1 has
fluorescence properties as cation. When an interaction between JC-1
and anion of O2

− within mitochondrial matrix occurs, aggregate
fluorescence form is seen. However, JC-1 monomer fluorescence form
is seen when the JC-1 has no interaction with anion within
mitochondrial matrix. The isolated cardiac mitochondria (0.4 mg/
ml)were stainedwith JC-1 (310 nM) at 37 °C for 30 min. The intensity
of fluorescencewas determined using a fluorescentmicroplate reader.
JC-1 monomer fluorescence (green) was excited at 485 nm and the
emission was detected at 530 nm. JC-1 aggregate fluorescence (red)
was excited at 485 nm and the emission fluorescence was recorded at
590 nm. Consequently, mitochondrial depolarization was indicated
by a decrease in the red/green fluorescence intensity ratio (i.e. ΔΨm).
The reduction in ΔΨm indicates mitochondrial membrane
depolarization.

2.8. Data analysis

All data were presented as means±SEM. Comparisons were made
by one-way ANOVA followed by the Fisher post-hoc test. A P
valueb0.05 was considered statistically significant.

3. Results

3.1. Effects of H2O2 on isolated cardiac mitochondria

H2O2 at 0.5 and 1.0 mM could only cause an increase in the ROS
level, but did cause neither absorbance (i.e. no mitochondrial
swelling) nor membrane potential changes, compared to the control
cardiac mitochondria (Fig. 2). However, an application of 2-mM H2O2

significantly reduced the absorbance (i.e. mitochondrial swelling),
increased ROS level andmitochondrial depolarization (Fig. 2). Since 2-
mM H2O2 could cause the changes in all determined parameters in
isolated cardiac mitochondria, this concentration of H2O2 was used in
all protocols in this study.

3.2. Effects of G-CSF on mitochondrial swelling

Transmission electron microscope was used to identify the cardiac
mitochondria (Fig. 3). The freshly isolated cardiac mitochondria are
shown in Fig. 3A. Applying 2-mM H2O2 to cardiac mitochondria
caused mitochondrial swelling with markedly unfolded cristae
(Fig. 3B). When G-CSF at 50 ng/ml was applied to cardiac mitochon-
dria 30 min prior to H2O2 application, the morphology of cardiac
mitochondria was well preserved (Fig. 3C), indicating the effective-
ness of G-CSF in preventing morphological change in cardiac
mitochondria from H2O2 application. Mitochondrial swelling was
quantitatively assessed by reduced absorbance of the mitochondrial
suspension. Applying H2O2 to mitochondria resulted in decreased

Fig. 1. Diagrams of the study protocols: (A) Effects of G-CSF on H2O2-induced
mitochondrial damage, (B) Effects of G-CSF, cyclosporine A (CsA), 4′-chlorodiazepam
(CDP) on H2O2-induced mitochondrial damage, (C) Effects of G-CSF on complexes I
and III.
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absorbance (Fig. 4), suggesting that H2O2 can significantly induce
mitochondrial swelling. G-CSF at 25 ng/ml did not prevent decreased
absorbance, whereas G-CSF at 50, 100, and 200 ng/ml effectively
prevented a reduction in the absorbance after H2O2 application
(Fig. 4). From this kinetic study, a time point of 4 min after H2O2

application was chosen to investigate the protective effect of G-CSF.
Without H2O2, G-CSF itself did not alter the absorbance, compared to
the control group (Fig. 5). When G-CSF was applied to cardiac
mitochondria prior to H2O2 application, G-CSF at concentrations of 50,
100, and 200 ng/ml significantly reduced mitochondrial swelling,
compared to the H2O2 group. The absorbance measured in these
mitochondria pretreated with G-CSF did not differ from that in the
control (G0) group (Fig. 5).

3.3. Effects of G-CSF on ROS production

At baseline, ROS levels in cardiac mitochondria in the groups
treated with G-CSF (50 and 200 ng/ml) were modestly higher than in
the control group (Fig. 6). When H2O2 was applied to the
mitochondrial suspension, the level of ROS was significantly
increased, compared to the control group. However, when G-CSF
was applied to cardiac mitochondria prior to H2O2 application, G-CSF
(25, 50, 100 and 200 ng/ml) significantly reduced ROS level,
compared to the H2O2 group. Furthermore, G-CSF at 50, 100, and
200 ng/ml decreased ROS levels more than G-CSF at 25 ng/ml.
Nevertheless, the ROS levels in cardiac mitochondria pretreated
with G-CSF at all concentrations were still higher than that in the
control (G0) group.

3.4. Effects of G-CSF on mitochondrial membrane potential changes
(ΔΨm)

At baseline, the ΔΨm in the G-CSF (50 and 200 ng/ml) groups did
not differ from the control group (Fig. 7). When H2O2 was added to
mitochondrial suspension, mitochondrial depolarization was ob-
served as indicated by a marked decrease in ΔΨm. However, when
G-CSF was applied to mitochondria prior to H2O2 application, G-CSF
(50, 100, and 200 ng/ml) significantly attenuated the changes in
ΔΨm, compared to the H2O2 treated group. The ΔΨm in these G-CSF
pretreated cardiac mitochondria did not differ from the control (G0)
group.

Fig. 2. Effects of H2O2 at various concentrations on (A) cardiac mitochondrial swelling,
(B) ROS level and (C) mitochondrial membrane potential change. H2O2 at 0.5 and
1.0 mM caused an increased ROS level, but neither caused mitochondrial swelling nor
membrane potential changes in cardiac mitochondria. However, 2-mM H2O2 caused
mitochondrial swelling, increased ROS level, and mitochondrial membrane depolar-
ization. M=control, MH(0.05, 0.1, 0.5, 1 and 2)=H2O2-treated mitochondria at 0.05,
0.1, 0.5, 1 and 2 mM, respectively. *pb0.05 vs. M group.

Fig. 3. Identification of the cardiac mitochondria with electron microscopy: (A) normal cardiac mitochondria, (B) cardiac mitochondria treated with 2-mM H2O2, (C) cardiac
mitochondria pretreated with G-CSF at 50 ng/ml followed by H2O2 application.
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3.5. Effect of G-CSF, CsA, and CDP on cardiac mitochondrial swelling

At baseline, G-CSF at 50 ng/ml (i.e. G50), CsA, and CDP did not
cause any changes in the absorbance of cardiac mitochondria (Fig. 8).
G-CSF at 50 ng/ml was chosen since it could effectively prevent
absorbance reduction after H2O2 application as demonstrated in the
previous protocol. When H2O2 was applied to mitochondrial suspen-
sion, absorbance was markedly decreased compared to the control
group. However, pretreating cardiac mitochondria with G-CSF or CsA
or CDP prior to H2O2 application could attenuate the reduction in the
absorbance, compared to the H2O2 group. No difference was found
among these G-CSF, CsA, and CDP pretreated groups. Furthermore, a
combination of (G-CSF+CsA) or (G-CSF+CDP) or (CsA+CDP) or (G-
CSF+CsA+CDP) could effectively prevent the absorbance reduction
in cardiac mitochondria caused by H2O2. The measured absorbance
did not differ among these groups, and did not differ from that of the
control group (Fig. 8).

3.6. Effects of G-CSF, CsA and CDP on ROS production

At baseline, G-CSF at 50 ng/ml and CsA caused a slight increase in
ROS production in isolated cardiac mitochondria (Fig. 9). The ROS
level was significantly increased in mitochondria treated with H2O2.
However, in cardiac mitochondria pretreated with G-CSF or CsA or
CDP prior to H2O2 application, the ROS level was significantly
decreased, compared to the H2O2 group. However, the reduction of
ROS level among these groups was not equal. CsA prevented ROS
production with greatest efficacy, followed by CDP and G-CSF. In
addition, when H2O2 was added to mitochondria pretreated with (G-
CSF+CsA) or (G-CSF+CDP) or (CsA+CDP) or (G-CSF+CsA+CDP),
the ROS level was significantly decreased, compared to the H2O2

group. However, the level of ROS production did not differ among
these combined treatment groups. Furthermore, the reduction in ROS
level in these combined treatment groups was similar to that in the
(CsA+H2O2) group (Fig. 9).

3.7. Effects of G-CSF, CsA, and CDP on mitochondrial membrane potential
changes (ΔΨm)

At baseline, G-CSF at 50 ng/ml and CDP alone did not cause any
changes in ΔΨm in cardiac mitochondria. However, CsA alone caused a
slight decrease in ΔΨm (mitochondrial depolarization) (Fig. 10). When
H2O2 was added to cardiac mitochondria, ΔΨm was significantly
altered, compared to the control group. However, applying H2O2 to
mitochondria pretreated with G-CSF or CsA or CDP did not alter the
ΔΨm.WhenH2O2wasadded tomitochondria pretreatedwith (G-CSF+
CsA) or (G-CSF+CDP) or (CsA+CDP) or (G-CSF+CsA+CDP), the
ΔΨm was also not altered, compared to the H2O2 group. No difference
was found for ΔΨm among these combined treatment groups.
Furthermore, the ΔΨm in these groups did not differ from that in the
control group (Fig. 10).

3.8. Effects of G-CSF on complexes I and III of the electron transport chain

At baseline, rotenone (2 μM) and antimycin A (2 μM) did not cause
any change in theROS level,whereasH2O2 caused an increase in theROS
level in cardiac mitochondria (Fig. 11). G-CSF could significantly
decrease the ROS level in cardiac mitochondria when it was applied to
the mitochondria before the addition of rotenone, antimycin A, and

Fig. 4. Kinetic study of the effects of G-CSF on cardiac mitochondrial swelling.
Mitochondrial swelling was quantitatively assessed by the reduction in the absorbance
of themitochondrial suspension. G0=cardiacmitochondria not treated byH2O2 or G-CSF,
(G0+H2O2)=cardiacmitochondria treatedwithH2O2, (G25, 50, 100, and 200+H2O2)=
mitochondria pretreated with G-CSF at 25, 50, 100, and 200 ng/ml followed by H2O2

application, respectively.

Fig. 5. Effects of G-CSF on cardiac mitochondrial swelling after 4-min H2O2 application. G0=cardiac mitochondria not treated by H2O2 or G-CSF, G50 and G200=cardiac
mitochondria treated with G-CSF 50 and 200 ng/ml, respectively, (G0+H2O2)=cardiac mitochondria treated with H2O2, (G25, 50, 100, and 200+H2O2)=cardiac mitochondria
pretreated with G-CSF at 25, 50, 100, and 200 ng/ml followed by H2O2 application, respectively. *Pb0.05 vs. G0 group, #Pb0.05 vs. (G0+H2O2) group.
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H2O2 (i.e. ROS level inMG,MGR, andMGAgroupswas lower than that in
the H2O2, MRH and MAH groups in Fig. 11). However, the effectiveness
of G-CSF in reducing the ROS level was decreased when G-CSF was
added to the mitochondria after rotenone and antimycin A application
since the ROS levels inMRGH andMAGHwere significantly higher than
those in the MG, MGRH and MGAH groups.

4. Discussion

Mitochondria have been shown to play a key role in cardiac
dysfunction caused by myocardial ischemia (Xiao et al., 2010). A
previous study demonstrated that oxidative stress occurring in
ischemic myocardium caused an increased ROS production in cardiac
mitochondria (Tompkins et al., 2006). The increased ROS level in one
or a few mitochondria has been shown to trigger the release of ROS
from neighboring mitochondria, a mechanism known as ROS-induced
ROS release (Zorov et al., 2006), resulting in a large amount of ROS
accumulated in the ischemic myocardium. The increased ROS level
could lead to the disruption of the electron transport chain in cardiac
mitochondria, causing cardiac mitochondrial dysfunction and even-
tually leading to myocardial cell death (Tompkins et al., 2006).

Pharmacological interventions to attenuate mitochondrial dysfunc-
tion have been shown to have cardioprotective effects, including
prevention of arrhythmia and reduction of infarct size (Matejikova
et al., 2009; Moncada, 2010).

Granulocyte-colony stimulating factor (G-CSF) has recently been
shown to improve cardiac function, increase myocardial blood supply,
and reduce mortality after cardiac injury under several conditions
including ischemic heart (Cheng et al., 2008; Brunner et al., 2008;
Okada et al., 2008). However, its effect on cardiac mitochondria
undergoing oxidative stress induced by H2O2 has never been
investigated. In the present study, we found that G-CSF could prevent
mitochondrial swelling, decrease ROS level, and attenuate mitochon-
drial membrane depolarization in cardiac mitochondria under
oxidative stress condition.

In the present study, the effective dose of G-CSF (50 ng/ml) could
successfully prevent mitochondrial damage. G-CSF at higher concen-
trations (up to 200 ng/ml) shared equally similar effects to G-CSF at
50 ng/ml. Although G-CSF could completely prevent mitochondrial
swelling and ΔΨm changes after oxidative stress induced by H2O2, it
could only decrease ROS to a certain level, which was still higher than
that in the control group. These findings indicate that G-CSF may act

Fig. 6. Effects of G-CSF on ROS level. *Pb0.05 vs. G0 group, #Pb0.05 vs. (G0+H2O2) group, † Pb0.05 vs. (G25+H2O2) group.

Fig. 7. Effects of G-CSF on cardiac mitochondrial membrane potential changes (ΔΨm). *Pb0.05 vs. G0 group, #Pb0.05 vs. (G0+H2O2) group.
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more effectively in preventing mitochondrial swelling and mitochon-
drial depolarization, but less effective in preventing ROS production.

Mitochondrial swelling is described as an increase of mitochon-
drial volume. The cause of mitochondrial swelling is due to the
prolonged opening of mPTP, which causes an increase of permeability
to solutes with molecular masses up to 1500 Da. Since mPTP opening
can be triggered by the increased ROS level (Hausenloy et al., 2003),
the prolonged mPTP opening can lead to free bi-directional move-
ment of low molecular weight molecules across the inner membrane,
while proteins remain in the matrix. Consequently, colloidal osmotic
pressure increases and causes mitochondrial swelling (the inner
membrane cristae unfolded), the rupture of outer mitochondrial
membrane, and the release of cytochrome c (Azzone and Azzi, 1965;
Crompton, 1999). In this study, G-CSF effectively prevented mito-
chondrial swelling caused by H2O2, and this protection is as effective
as the effect of the blocker of mPTP opening (CsA). These findings

suggested that G-CSF might act on mPTP, thus inhibiting the opening
of this pore and leading to the prevention of mitochondrial swelling.

Mitochondria are known as a major organelle for producing ROS in
cells. ROS is normally produced at sites of complexes I and III in the
electron transport chain (Chen et al., 2008). Under physiological
conditions, O2

− is transported to the electron transport chain for
oxidative phosphorylation in the mitochondria and converted into a
small amount of H2O2 (Chen et al., 2008). However, these ROS are
generally degraded by catalase and glutathione peroxidase in the
mitochondria. In some pathological conditions such as oxidative
stress, ROS production is markedly increased and the ROS degradation
process is not sufficiently maintained, resulting in an excess of ROS
including O2

−.
Under physiological conditions, O2

− can be released across the
inner mitochondrial membrane via IMAC, causing mitochondrial
membrane depolarization (Brady et al., 2006). The release of ROS via

Fig. 8. Effects of G-CSF, CsA, and CDP on cardiac mitochondrial swelling. *Pb0.05 vs. control group, #Pb0.05 vs. H2O2 group.

Fig. 9. Effects of G-CSF, CsA, and CDP on ROS level. *Pb0.05 vs. control group, #Pb0.05 vs. H2O2 group, †Pb0.05 vs. (CDP+H2O2), ‡Pb0.05 vs. (G-CSF+H2O2).
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IMAC opening could activate the IMAC of its neighboring mitochon-
dria, resulting in a great increase of ROS (Vanden Hoek et al., 1998).
This process is called ROS-induced ROS release mechanism, leading to
severe oxidative stress in cells (Zorov et al., 2000). IMAC opening is
normally terminated by a reduction of ROS level (i.e. via decreasing
ROS production and efflux from the mitochondrial matrix) and ROS
scavenging by the antioxidant enzymes (Cortassa et al., 2004). Aon et
al. (2003) clearly demonstrated in their excellent study that a certain
amount of ROS produced from the electron transport chain is required
to accumulate in the mitochondrial matrix up to a critical level in
order to trigger the opening of IMAC (Aon et al., 2003). Once the ROS
accumulation reaches a point of mitochondrial critical threshold,
mitochondrial depolarization is observed and the mitochondrial
membrane potential becomes unstable in almost the entire popula-
tion of mitochondria in the mitochondrial network (Aon et al., 2003).

In the present study, our finding indicated that H2O2 used in this
study could cause an increased ROS level in cardiac mitochondria,

which must be sufficiently high, resulting in the opening of IMAC and
eventually leading to a decrease in ΔΨm. Through this mechanism,
our findings that G-CSF, CsA, and CDP shared a similar efficacy in the
prevention of the mitochondrial depolarization, despite the fact that
they had different efficacy in the prevention of ROS production,
indicated that these pharmacological interventions can effectively
attenuate the ROS level in cardiac mitochondria to a level below the
critical threshold required for triggering the IMAC opening. Our
findings show that low concentrations of H2O2 (0.5 and 1 mM) could
increase the ROS level in cardiac mitochondria but did not cause
mitochondrial membrane potential changes, whereas high-concen-
tration (2 mM) of H2O2 could cause much increase in ROS level and
produced mitochondrial membrane depolarization, thus supporting
the critical threshold hypothesis.

In the present study, the ROS level was lowest in mitochondria
pretreated with CsA, followed by higher levels in the CDP and G-CSF
groups. Since the efficacy of G-CSF in preventing mitochondrial

Fig. 10. Effects of G-CSF, CsA, and CDP on cardiac mitochondrial membrane potential changes (ΔΨm). *Pb0.05 vs. control group, #Pb0.05 vs. H2O2 group.

Fig. 11. Effects of G-CSF on complexes I and III. M=healthy cardiac mitochondria, MR=cardiac mitochondria treated with 2-μM rotenone, MA=cardiac mitochondria treated with
2-μM antimycin A, MG=cardiac mitochondria treated with G-CSF 50 ng/ml, MGR=cardiac mitochondria pretreated with G-CSF, followed by rotenone application, respectively,
MGA=cardiac mitochondria pretreated with G-CSF, followed by antimycin A application, respectively, MRG=cardiac mitochondria pretreated with rotenone, followed by G-CSF
application, respectively, MAG=cardiac mitochondria pretreated with antimycin A, followed by G-CSF application, respectively. *pb0.05 vs. M, # pb0.05 vs. (M+H2O2), † pb0.05
vs. MR+H2O2, ‡ pb0.05 vs. MA+H2O2, + pb0.05 vs. MG+H2O2,≠ pb0.05 vs. MGR+H2O2, ¶ pb0.05 vs. MGA+H2O2.
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depolarization was similar to that of CsA, our findings suggest that the
decreased ROS level caused by G-CSF was sufficient to bring the ROS
level below the critical threshold. As a result, the trigger of IMAC
opening was inhibited, resulting in no change in ΔΨm after H2O2

application. All these findings suggest that the accumulation of ROS in
cardiac mitochondria up to a critical threshold level could be a key
determinant for the cardiac mitochondrial protection.

Without H2O2 application, ROS levels in the G-CSF and CsA groups
were modestly increased. This could be due to the fact that G-CSF
itself can increase ROS production by stimulating the angiogenic
factors production (Carrao et al., 2009). In cardiomyocytes, it has been
shown that G-CSF can directly stimulate ROS production, which plays
a pivotal role in triggering adaptations of the heart to ischemia
including growth of the coronary collaterals (Carrao et al., 2009).
However, the ROS level caused by G-CSF alone was not sufficient to
cause the opening of the IMAC.

Our results also showed that applying CsA alone could modestly
raise the ROS level in cardiac mitochondria. CsA is known to
effectively block the mPTP opening, therefore the release of ROS
from mitochondria can be blocked inside the matrix at some degree.
Our study also showed that CsA alone can cause a modest decrease in
ΔΨm, compared to the control group. This evidence suggests that
under physiological condition, mPTP flickering (i.e. opening and
closing) is essential for the exchange of metabolites between cardiac
mitochondria and cytosol, thus maintaining cardiac mitochondrial
membrane potential (Kroemer et al., 2007). Therefore, blocking the
opening of mPTP by CsA could prevent this exchange process,
resulting in a slight change in ΔΨm.

In the present study, CsA had the highest efficacy in preventing
ROS production in cardiac mitochondria. The lower efficacy of CDP
than CsA in preventing ROS production could be due to the fact that
blocking IMAC only prevents the release of ROS from the mitochon-
drial matrix, while the remaining ROS could still be released from the
intermembrane space and out of the mitochondria via mPTP. Thus,
ROS-induced ROS release mechanism could still occur within the
mitochondrial network, resulting in a higher level of ROS in the CDP
group. Since combined treatment with G-CSF and CDP could
effectively decrease ROS level to a similar degree as that in CsA,
these findings suggested that G-CSF may act as a blocker of mPTP
opening, but with less efficacy than CsA in preventing ROS production.

In the present study, our results indicated that the protective effect
of G-CSF on mitochondria could involve complexes I and III on the
electron transport chain. Complexes I and III are known as the main
sources of ROS production in the mitochondria (Andrukhiv et al.,
2006). In a previous study, Chen et al. reported that rotenone did not
alter net ROS generation in intact mitochondria (Chen et al., 2003).
However, under the pathological condition such as myocardial
ischemia, administration of rotenone could decrease the production
of ROS in mitochondria (Becker et al., 1999). Our results were
consistent with these previous reports. In the present study, although
rotenone has a tendency to decrease ROS production in cardiac
mitochondria pretreated with rotenone prior to H2O2 application,
compared to mitochondria treated with H2O2, it did not reach
statistical significance. Antimycin A is previously reported that it can
increase ROS production (Chen et al., 2008). In the present study,
antimycin A-treated cardiac mitochondria under the H2O2-induced
oxidative stress condition can increase ROS production compared to
the control group. Similar to rotenone, antimycin A did not alter ROS
level in normal cardiac mitochondria, and did not change ROS level
when H2O2 was applied. However, the ROS level measured in the
groups in which G-CSF was administered prior to the application of
rotenone and antimycin A was significantly lower than that in the
groups in which G-CSF was administered after rotenone and
antimycin A. This finding indicated that the effect of G-CSF on
mitochondria could involve complexes I and III activity in the electron
transport chain. It is also important to note that although these

findings indicate that G-CSF could affect complexes I and III activity,
future studies are needed to elucidate the definite mechanism of G-
CSF as well as its involvement on complexes IV and V in the electron
transport chain.

5. Conclusions

Under oxidative stress, G-CSF can effectively prevent mitochon-
drial swelling, mitochondrial membrane potential changes, and ROS
production in cardiac mitochondria. Its mechanism could be due to
the inhibition of mPTP opening and could involve the complexes I and
III activity on the electron transport chain. These beneficial effects of
G-CSF may be used to prevent cardiac mitochondrial damage under
oxidative stress conditions.

Disclosures

The authors have no conflict of interest to declare.

Acknowledgements

We would like to thank Punate Weerateerangkul from Cardiac
Electrophysiology Research and Training Center (CERT), Faculty of
Medicine, Chiang Mai University, for his technical assistance. This
study was supported by Thailand Research Fund grants RTA 5280006
(N.C.) and RMU 5180007 (S.C.).

References

Andrukhiv, A., Costa, A.D., West, I.C., Garlid, K.D., 2006. Opening mitoKATP increases
superoxide generation from complex I of the electron transport chain. Am. J.
Physiol. Heart Circ. Physiol. 291, H2067–H2074.

Aon, M.A., Cortassa, S., Marban, E., O'Rourke, B., 2003. Synchronized whole cell
oscillations in mitochondrial metabolism triggered by a local release of reactive
oxygen species in cardiac myocytes. J. Biol. Chem. 278, 44735–44744.

Azzone, G.F., Azzi, A., 1965. Volume changes in liver mitochondria. Proc. Natl. Acad. Sci.
U. S. A. 53, 1084–1089.

Becker, L.B., vanden Hoek, T.L., Shao, Z.H., Li, C.Q., Schumacker, P.T., 1999. Generation of
superoxide in cardiomyocytes during ischemia before reperfusion. Am. J. Physiol.
277, H2240–H2246.

Bognar, Z., Kalai, T., Palfi, A., Hanto, K., Bognar, B., Mark, L., Szabo, Z., Tapodi, A., Radnai,
B., Sarszegi, Z., Szanto, A., Gallyas Jr., F., Hideg, K., Sumegi, B., Varbiro, G., 2006. A
novel SOD-mimetic permeability transition inhibitor agent protects ischemic heart
by inhibiting both apoptotic and necrotic cell death. Free Radic. Biol. Med. 41,
835–848.

Brady, N.R., Hamacher-Brady, A., Westerhoff, H.V., Gottlieb, R.A., 2006. A wave of
reactive oxygen species (ROS)-induced ROS release in a sea of excitable
mitochondria. Antioxid. Redox Signal. 8, 1651–1665.

Brunner, S., Huber, B.C., Fischer, R., Groebner, M., Hacker, M., David, R., Zaruba, M.M.,
Vallaster, M., Rischpler, C., Wilke, A., Gerbitz, A., Franz,W.M., 2008. G-CSF treatment
after myocardial infarction: impact on bone marrow-derived vs cardiac progenitor
cells. Exp. Hematol. 36, 695–702.

Carrao, A.C., Chilian, W.M., Yun, J., Kolz, C., Rocic, P., Lehmann, K., van den Wijngaard, J.P.,
van Horssen, P., Spaan, J.A., Ohanyan, V., Pung, Y.F., Buschmann, I., 2009. Stimulation
of coronary collateral growth by granulocyte stimulating factor: role of reactive
oxygen species. Arterioscler. Thromb. Vasc. Biol. 29, 1817–1822.

Chelli, B., Falleni, A., Salvetti, F., Gremigni, V., Lucacchini, A., Martini, C., 2001.
Peripheral-type benzodiazepine receptor ligands: mitochondrial permeability
transition induction in rat cardiac tissue. Biochem. Pharmacol. 61, 695–705.

Chen, Q., Vazquez, E.J., Moghaddas, S., Hoppel, C.L., Lesnefsky, E.J., 2003. Production of
reactive oxygen species by mitochondria: central role of complex III. J. Biol. Chem.
278, 36027–36031.

Chen, Q., Moghaddas, S., Hoppel, C.L., Lesnefsky, E.J., 2008. Ischemic defects in the
electron transport chain increase the production of reactive oxygen species from
isolated rat heart mitochondria. Am. J. Physiol. Cell Physiol. 294, C460–C466.

Cheng, Z., Ou, L., Liu, Y., Liu, X., Li, F., Sun, B., Che, Y., Kong, D., Yu, Y., Steinhoff, G., 2008.
Granulocyte colony-stimulating factor exacerbates cardiac fibrosis after myocardial
infarction in a rat model of permanent occlusion. Cardiovasc. Res. 80, 425–434.

Correa, F., Garcia, N., Robles, C., Martinez-Abundis, E., Zazueta, C., 2008. Relationship
between oxidative stress andmitochondrial function in the post-conditioned heart.
J. Bioenerg. Biomembr. 40, 599–606.

Cortassa, S., Aon, M.A., Winslow, R.L., O'Rourke, B., 2004. A mitochondrial oscillator
dependent on reactive oxygen species. Biophys. J. 87, 2060–2073.

Crompton, M., 1999. The mitochondrial permeability transition pore and its role in cell
death. Biochem. J. 341, 233–249.

465S. Thummasorn et al. / Mitochondrion 11 (2011) 457–466



Author's personal copy

Di Lisa, F., Blank, P.S., Colonna, R., Gambassi, G., Silverman, H.S., Stern, M.D., Hansford,
R.G., 1995. Mitochondrial membrane potential in single living adult rat cardiac
myocytes exposed to anoxia or metabolic inhibition. J. Physiol. 486, 1–13.

Farber, J.L., Chien, K.R., Mittnacht Jr., S., 1981. Myocardial ischemia: the pathogenesis of
irreversible cell injury in ischemia. Am. J. Pathol. 102, 271–281.

Fontaine, E., Eriksson, O., Ichas, F., Bernardi, P., 1998. Regulation of the permeability
transition pore in skeletal muscle mitochondria. Modulation by electron flow
through the respiratory chain complex I. J. Biol. Chem. 273, 12662–12668.

Hausenloy, D.J., Duchen, M.R., Yellon, D.M., 2003. Inhibiting mitochondrial permeability
transition pore opening at reperfusion protects against ischaemia–reperfusion
injury. Cardiovasc. Res. 60, 617–625.

Hirsch, T., Marchetti, P., Susin, S.A., Dallaporta, B., Zamzami, N., Marzo, I., Geuskens, M.,
Kroemer, G., 1997. The apoptosis–necrosis paradox. Apoptogenic proteases
activated after mitochondrial permeability transition determine the mode of cell
death. Oncogene 15, 1573–1581.

Hofer, T., Servais, S., Seo, A.Y., Marzetti, E., Hiona, A., Upadhyay, S.J., Wohlgemuth, S.E.,
Leeuwenburgh, C., 2009. Bioenergetics and permeability transition pore opening in
heart subsarcolemmal and interfibrillar mitochondria: effects of aging and lifelong
calorie restriction. Mech. Ageing Dev. 130, 297–307.

Kroemer, G., Galluzzi, L., Brenner, C., 2007. Mitochondrial membrane permeabilization
in cell death. Physiol. Rev. 87, 99–163.

Larche, J., Lancel, S., Hassoun, S.M., Favory, R., Decoster, B., Marchetti, P., Chopin, C.,
Neviere, R., 2006. Inhibition of mitochondrial permeability transition prevents
sepsis-induced myocardial dysfunction and mortality. J. Am. Coll. Cardiol. 48,
377–385.

Lemasters, J.J., Nieminen, A.L., Qian, T., Trost, L.C., Elmore, S.P., Nishimura, Y., Crowe,
R.A., Cascio, W.E., Bradham, C.A., Brenner, D.A., Herman, B., 1998. The
mitochondrial permeability transition in cell death: a common mechanism in
necrosis, apoptosis and autophagy. Biochim. Biophys. Acta 1366, 177–196.

Marcil, M., Bourduas, K., Ascah, A., Burelle, Y., 2006. Exercise training induces
respiratory substrate-specific decrease in Ca2+-induced permeability transition
pore opening in heart mitochondria. Am. J. Physiol. Heart Circ. Physiol. 290,
H1549–H1557.

Matejikova, J., Ravingerova, T., Pancza, D., Carnicka, S., Kolar, F., 2009. Mitochondrial
KATP opening confers protection against lethal myocardial injury and ischaemia-
induced arrhythmias in the rat heart via PI3K/Akt-dependent and -independent
mechanisms. Can. J. Physiol. Pharmacol. 87, 1055–1062.

Melberg, T., Burman, R., Dickstein, K., 2010. The impact of the 2007 ESC-ACC-AHA-WHF
Universal definition on the incidence and classification of acute myocardial
infarction: a retrospective cohort study. Int. J. Cardiol. 139, 228–233.

Moncada, S., 2010. Mitochondria as pharmacological targets. Br. J. Pharmacol. 160,
217–219.

Niizuma, K., Endo, H., Chan, P.H., 2009. Oxidative stress and mitochondrial dysfunction
as determinants of ischemic neuronal death and survival. J. Neurochem. 109,
133–138.

Novalija, E., Kevin, L.G., Eells, J.T., Henry, M.M., Stowe, D.F., 2003. Anesthetic
preconditioning improves adenosine triphosphate synthesis and reduces reactive
oxygen species formation in mitochondria after ischemia by a redox dependent
mechanism. Anesthesiology 98, 1155–1163.

Nulton-Persson, A.C., Szweda, L.I., 2001. Modulation of mitochondrial function by
hydrogen peroxide. J. Biol. Chem. 276, 23357–23361.

Okada, H., Takemura, G., Li, Y., Ohno, T., Li, L., Maruyama, R., Esaki, M., Miyata, S.,
Kanamori, H., Ogino, A., Nakagawa, M., Minatoguchi, S., Fujiwara, T., Fujiwara, H.,
2008. Effect of a long-term treatment with a low-dose granulocyte colony-
stimulating factor on post-infarction process in the heart. J. Cell. Mol. Med. 12,
1272–1283.

Petronilli, V., Penzo, D., Scorrano, L., Bernardi, P., Di Lisa, F., 2001. The mitochondrial
permeability transition, release of cytochrome c and cell death. Correlation with
the duration of pore openings in situ. J. Biol. Chem. 276, 12030–12034.

Ruiz-Meana, M., Garcia-Dorado, D., Miro-Casas, E., Abellan, A., Soler-Soler, J., 2006.
Mitochondrial Ca2+ uptake during simulated ischemia does not affect permeabil-
ity transition pore opening upon simulated reperfusion. Cardiovasc. Res. 71,
715–724.

Sucher, R., Gehwolf, P., Kaier, T., Hermann, M., Maglione, M., Oberhuber, R., Ratschiller,
T., Kuznetsov, A.V., Bosch, F., Kozlov, A.V., Ashraf, M.I., Schneeberger, S., Brandacher,
G., Ollinger, R., Margreiter, R., Troppmair, J., 2009. Intracellular signaling pathways
control mitochondrial events associated with the development of ischemia/
reperfusion-associated damage. Transpl. Int. 22, 922–930.

Susin, S.A., Zamzami, N., Castedo, M., Daugas, E., Wang, H.G., Geley, S., Fassy, F., Reed,
J.C., Kroemer, G., 1997. The central executioner of apoptosis: multiple
connections between protease activation and mitochondria in Fas/APO-1/CD95-
and ceramide-induced apoptosis. J. Exp. Med. 186, 25–37.

Tompkins, A.J., Burwell, L.S., Digerness, S.B., Zaragoza, C., Holman, W.L., Brookes, P.S.,
2006. Mitochondrial dysfunction in cardiac ischemia–reperfusion injury: ROS from
complex I, without inhibition. Biochim. Biophys. Acta 1762, 223–231.

Tong, V., Teng, X.W., Chang, T.K., Abbott, F.S., 2005. Valproic acid II: effects on oxidative
stress, mitochondrial membrane potential, and cytotoxicity in glutathione-
depleted rat hepatocytes. Toxicol. Sci. 86, 436–443.

Vanden Hoek, T.L., Becker, L.B., Shao, Z., Li, C., Schumacker, P.T., 1998. Reactive oxygen
species released frommitochondria during brief hypoxia induce preconditioning in
cardiomyocytes. J. Biol. Chem. 273, 18092–18098.

Venditti, P., Pamplona, R., Portero-Otin, M., De Rosa, R., Di Meo, S., 2006. Effect of
experimental and cold exposure induced hyperthyroidism on H2O2 production and
susceptibility to oxidative stress of rat liver mitochondria. Arch. Biochem. Biophys.
447, 11–22.

Walker, J.M., 1994. The bicinchoninic acid (BCA) assay for protein quantitation.
Methods Mol. Biol. 32, 5–8.

Xiao, J., Liang, D., Zhang, H., Liu, Y., Li, F., Chen, Y.H., 2010. 4′-chlorodiazepam, a
translocator protein (18 kDa) antagonist, improves cardiac functional recovery
during postischemia reperfusion in rats. Exp. Biol. Med. (Maywood) 235, 478–486.

Zoratti, M., Szabo, I., 1995. Themitochondrial permeability transition. Biochim. Biophys.
Acta 1241, 139–176.

Zorov, D.B., Filburn, C.R., Klotz, L.O., Zweier, J.L., Sollott, S.J., 2000. Reactive oxygen
species (ROS)-induced ROS release: a new phenomenon accompanying induction
of the mitochondrial permeability transition in cardiac myocytes. J. Exp. Med. 192,
1001–1014.

Zorov, D.B., Juhaszova, M., Sollott, S.J., 2006. Mitochondrial ROS-induced ROS release: an
update and review. Biochim. Biophys. Acta 1757, 509–517.

466 S. Thummasorn et al. / Mitochondrion 11 (2011) 457–466



Granulocyte colony-stimulating factor stabilizes cardiac

electrophysiology and decreases infarct size during cardiac

ischaemic/reperfusion in swine

N. Kanlop,1,2,* S. Thommasorn,1,2,* S. Palee,1,2,* P. Weerateerangkul,1,2 S. Suwansirikul,3

S. Chattipakorn2,4 and N. Chattipakorn1,2,5

1 Cardiac Electrophysiology Unit, Department of Physiology, Chiang Mai University, Chiang Mai, Thailand

2 Cardiac Electrophysiology Research and Training Center, Chiang Mai University, Chiang Mai, Thailand

3 Department of Pathology, Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand

4 Department of Oral Biology, Faculty of Dentistry, Chiang Mai University, Chiang Mai, Thailand

5 Biomedical Engineering Center, Chiang Mai University, Chiang Mai, Thailand

Received 18 October 2010,

revision requested 5 November

2010,

final revision received 12 January

2011,

accepted 20 January 2011

Correspondence: N. Chattipakorn,

MD, PhD, Cardiac

Electrophysiology Research and

Training Center, Faculty of

Medicine, Chiang Mai University,

Chiang Mai 50200, Thailand.

E-mail: nchattip@gmail.com

*These authors contributed

equally in this work.

Abstract

Aim: Effects of granulocyte colony-stimulating factor (G-CSF) on cardiac

electrophysiology during ischaemic/reperfusion (I/R) period are unclear. We

hypothesized that G-CSF stabilizes cardiac electrophysiology during I/R

injury by prolonging the effective refractory period (ERP), increasing the

ventricular fibrillation threshold (VFT) and decreasing the defibrillation

threshold (DFT), and that the cardioprotection of G-CSF is via preventing

cardiac mitochondrial dysfunction.

Methods: In intact-heart protocol, pigs were infused with either G-CSF or

vehicle (n = 7 each group) without I/R induction. In I/R protocol, pigs were

infused with G-CSF (0.33 lg kg)1 min)1) or vehicle (n = 8 each group) for

30 min prior to a 45-min left anterior descending artery occlusion and at

reperfusion. Diastolic pacing threshold (DPT), ERP, VFT and DFT were

determined in all pigs before and during I/R period. Rat’s isolated cardiac

mitochondria were used to test the protective effect of G-CSF (100 nm) in

H2O2-induced mitochondrial oxidative damage.

Results: Neither G-CSF nor vehicle altered any parameter in intact-heart

pigs. During ischaemic period, G-CSF significantly increased the DPT, ERP

and VFT without altering the DFT. During reperfusion, G-CSF continued to

increase the DPT without altering other parameters. The infarct size was

significantly decreased in the G-CSF group, compared to the vehicle. G-CSF

could also prevent cardiac mitochondrial swelling, decrease ROS production,

and prevent mitochondrial membrane depolarization.

Conclusion: G-CSF increases the DPT, ERP and VFT and reduces the infarct

size, thus stabilizing the myocardial electrophysiology, and preventing fatal

arrhythmia during I/R. The protective mechanism could be via its effect in

preventing cardiac mitochondrial dysfunction.

Keywords granulocyte colony-stimulating factor, ischaemic/reperfusion

injury, mitochondria, oxidative stress, ventricular fibrillation.

Myocardial infarction remains the major problem in

many countries throughout the world. Previous studies

have demonstrated that myocardial injury during the

ischaemic-reperfusion injury could facilitate sponta-

neous ventricular fibrillation (VF), decrease the VF

threshold (VFT) and increase the defibrillation

Acta Physiol 2011, 202, 11–20
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threshold (DFT) (Qin et al., 2002, Anastasiou-Nana

et al. 2005). The association between arrhythmic events

and the infarct size during ischaemic/reperfusion (I/R)

has been demonstrated in which the reduction of the

infarct size could significantly ameliorate arrhythmic

events from myocardial ischaemia (Sobel et al. 1972,

Xiao et al. 2008).

Granulocyte colony-stimulating factor (G-CSF) is a

drug known to promote the proliferation, survival and

differentiation of haematopoietic cells, and has been

used as an adjuvant drug for stem cell therapy in the

treatment of acute and chronic myocardial infarction

(Fujita et al. 2007, Kastrup et al., 2006). Although

previous studies have shown that the combination of

G-CSF and stem cell therapy enhanced the regeneration

of myocardium and improved reperfusion function,

thus reducing the adverse events from myocardial

ischaemia (Fujita et al., 2007, Kastrup et al. 2006),

recent studies have demonstrated that G-CSF can exert

its own potential effects on the heart (Yagi et al. 2008,

Abdel-Latif et al. 2008). It has been shown that treating

acute MI patients with G-CSF resulted in improved left

ventricular function and decreased VF incidence (Baldo

et al., 2008, Engelmann et al. 2008). Despite these

potential benefits, some clinical reports demonstrated

otherwise (Ripa et al. 2006, Zohlnhofer et al. 2006,

2008). Nevertheless, the direct effect of G-CSF on the

susceptibility of VF induction and defibrillation efficacy

during ischaemia/reperfusion period has never been

investigated.

Growing evidence indicates the important role of

mitochondria in protection against arrhythmia. Cardiac

mitochondrial membrane potential dissipation has been

shown to be associated with cardiac arrhythmias, and

drugs that could prevent depolarization of mitochon-

drial membrane potential has been demonstrated to

prevent cardiac arrhythmia in the heart under various

stress conditions (Aon et al. 2008, O’Rourke et al.

2007, Akar et al., 2005, Aon et al., 2009). In cardiac

ischaemia/reperfusion (I/R) injury, reactive oxygen spe-

cies (ROS) have been shown to be mainly responsible

for cardiac and mitochondrial dysfunction (O’Rourke

et al. 2007, Aon et al., 2006, Akar et al., 2005). A

recent study also demonstrated that G-CSF could

protect cardiac mitochondrial damage during the early

phase of myocardial injury(Hiraumi et al. 2009).

In this study, the effects of G-CSF on cardiac

electrophysiology as well as the incidence of VF during

I/R period were investigated in swine. We hypothesized

that G-CSF increases the VFT and decreases the DFT,

leading to arrhythmia prevention and improved defi-

brillation efficacy. We also tested the hypothesis that

G-CSF protects the heart during I/R injury by prevent-

ing cardiac mitochondrial dysfunction. Isolated rat’s

cardiac mitochondria were used to test this hypothesis.

H2O2 was used to mimic the I/R injury by causing

oxidative damage in cardiac mitochondria (Yang and

Cortopassi, 1998).

Methods

Thirty domestic pigs (25–30 kg) of either sex were used

in this study. This study has been carried out in

accordance with the Guide for the Care and Use of

Laboratory Animal as adopted and promulgated by the

US National Institutes of Health and has been approved

by the Institutional Animal Care and Use Committees of

the Faculty of Medicine, Chiang Mai University. The

pigs were anesthetized by a combination of atropine

(0.04 mg kg)1), telazol (4.4 mg kg)1), and xylazine

(2.2 mg kg)1), and maintained by 1.5–3.0% isoflurane

delivered in 100% oxygen. The vital signs including

femoral arterial blood pressure (BP), heart rates (HR),

lead II electrocardiogram, respiratory rate and core

temperature were continuously monitored for the entire

study. The PaO2, end-tidal CO2 and blood gases were

measured and maintained under physiologic condition.

Under artificial respiration, a 34-mm platinum coated

titanium coil electrode catheter (Guidant Corp., St Paul,

MN, USA) was inserted into the right ventricular apex

and a 68-mm electrode catheter at the junction between

right atrium and superior vena cava (Chattipakorn

et al., 2006, Kanlop et al. 2008, Shinlapawittayatorn

et al., 2006, Sungnoon et al. 2008). These two elec-

trodes were used to deliver strong stimulus during VFT

and DFT determination. Median sternotomy was done

and the heart was suspended in a pericardial cradle. The

left anterior descending coronary artery (LAD) was

dissected from its surrounding tissues.

Two protocols were performed in this study; one in

pigs with normal hearts without ischaemia (n = 14) and

another in pigs with I/R hearts (n = 16). In each

experimental model, pigs were divided equally into

two groups; G-CSF and vehicle. In each pig, cardiac

electrophysiological parameters, including diastolic pac-

ing threshold (DPT), effective refractory period (ERP),

VFT and DFT were determined at the beginning of the

study. G-CSF (0.33 lg kg)1 min)1) (Takahama et al.,

2006) and vehicle (normal saline solution of similar

amount) were administered intravenously for 30 min in

G-CSF and vehicle groups, respectively. In the intact-

heart model, the cardiac electrophysiological parame-

ters were determined before and after the drug or

vehicle administration. In the I/R model, the LAD was

ligated at 5 cm above a distal branch of LAD to perform

a complete regional occlusion. The ischaemic period

was sustained for 45 min and then the LAD was

reperfused (Krug et al. 1966). During the first 20 min

of occlusion, defibrillation shock would be delivered to

terminate VF if VF spontaneously occurred. The time
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interval for the first VF to occur after LAD occlusion

was determined in each pig. Once the spontaneous VF

disappeared or did not occur within 20 min, VF would

be electrically induced for the VFT determination (Qin

et al. 2002a). The DFT was also determined simulta-

neously with VFT determination. At the time of

reperfusion, G-CSF or vehicle was infused again and

all parameters were determined at 30 min after the

reperfusion (Chattipakorn et al., 2006, Kanlop et al.,

2008). Illustration of the study in the ischaemic-reper-

fusion protocol is shown in Figure 1.

A train of 10 S1 stimuli (square, 5-ms pulse width,

500-ms interval) was delivered from the tip of RV

pacing electrode to determine the DPT. The pacing

current was initially at 0.1 mA and increased in 0.1-mA

steps until all stimuli exerted their ventricular responses.

This pacing current was defined as the DPT. The ERP

was determined by delivering an S2 stimulus after the

last S1. The S1–S2 interval was initially set at 350 ms

and was decremented in 10-ms steps until an S2

stimulus could not elicit a ventricular response. The

last S1–S2 interval that elicited a ventricular response

was defined as an ERP (Kanlop et al., 2008).

VFT and DFT determination protocol: VF was

induced by delivering a stimulus during the vulnerable

period (T-wave of lead II ECG). The coupling interval

for VF induction was determined by delivering a train of

10 S1s for three times and the interval between the last

S1 and the peak-T wave from each train was deter-

mined. The average value of these intervals was used as

a coupling interval to deliver an S2 stimulus for VF

induction (Kanlop et al., 2008, Chattipakorn et al.

2000a,b,c). A biphasic S2 shock (Ventak ECD, Guidant

Corp.) was delivered through shocking electrodes for

VFT and DFT determination. For VFT determination,

the S2 shock strength was initially at 100 V. This

strength was reduced or increased in 10-V steps

depending on whether VF induction was successful or

failed, respectively (Kanlop et al., 2008). The lowest

shock strength required for inducing VF was defined as

the VFT (Kanlop et al., 2008). There was a minimum

interval of 4 min between each VF episode to allow the

hemodynamic status to return to physiological condi-

tions (Sungnoon et al., 2008). The DFT was determined

using a three-reversal up/down protocol (Chattipakorn

et al., 2006, Shinlapawittayatorn et al., 2006). In brief,

the defibrillation shock was initially at 400 V and

delivered after 10 s of VF. The shock strength was

decreased or increased in 80-V steps depending on

whether the shock succeeded or failed to terminate VF,

respectively. This process was repeated with an incre-

ment or decrement of 40-V and 20-V steps. The lowest

shock strength required for successful defibrillation

after the third reversal was defined as the DFT (Chat-

tipakorn et al. 2006, Shinlapawittayatorn et al. 2006).

G-CSF preparation

G-CSF (Neupogen�, Thousand Oaks, CA, USA) was

used for intravenous infusion. A vial of Neupogen� of

1.0 mL contains 30 MU (=300 lg) of filgrastim. G-CSF

1.0 mL was diluted in 9 mL dextrose saline solution

(30 lg mL)1) and intravenously infused for 30 min at

the rate of 0.011 mL kg)1min)1 (0.33 lg kg)1 min)1)

(Takahama et al., 2006).

Infarct size and area at risk (AAR) measurement

At the end of each experiment, the heart was removed

and irrigated with normal saline to wash out blood

from chambers and vessels. The LAD was occluded

again at the same site previously done during the

ischaemic period. The catheters were inserted into

the right and left coronary ostia for Evan blue infusion.

The area which could not be infused by Evan blue was

defined as area of no blood flow during ischaemic

period. The heart was frozen and cut horizontally into

5-mm thick slices, starting from the apex until 5 mm

above the occluding site. Then, each slice was immersed

in Triphenyltetrazolium chloride (TTC) at least 25 min
Figure 1 Illustrated diagram of the ischaemic-reperfusion

protocol in swine.
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(Takahama et al., 2006, Khalil et al. 2006), after which

the area with viable tissue was seen in red. The area that

was not stained with Evan blue was defined as area at

risk (AAR). The area which demonstrated neither blue

nor red was defined as the infarct site. The area

measurements were performed with image tool soft-

ware version 3.0 (University of Texas Health Sciences

Center, San Antonio, TX, USA). The infarct site was

calculated depending on the weight of each slice

according to the formula of Riess et al. (2009):

Total infarct size¼
P½ðInfarct size of slice n=total areaÞ�weight of slice n�

Total weight of slices

Total AAR¼
P½ðAAR of slice n=total areaÞ�weight of slice n�

Total weight of slices

Cardiac mitochondria study protocol

In this protocol, cardiacmitochondriawere isolated from

the hearts of Wistar rats using the technique described

previously (Larche et al. 2006), and the protein concen-

tration was determined according to bicinchoninic acid

(BCA) assay (Walker 1994). The morphology of the

isolated cardiac mitochondria was confirmed using the

electron microscope. In this protocol, H2O2 (2 mm) was

used to mimic the oxidative stress condition occurring

during I/R injury (Yang & Cortopassi 1998a). Cardiac

mitochondria were divided into three treatment groups

(n = 5 in each group): (1) a control group, (2) H2O2

treated group, (3) G-CSF (100 nm) plus H2O2 treated

group. In group 2, cardiac mitochondria were incubated

with H2O2 for 5 min, whereas in group 3 cardiac

mitochondria were pre-treated with G-CSF (100 nm)

for 30 min followed by H2O2 application for another

5 min. At the end-point, cardiac mitochondria in each

group were determined for mitochondrial swelling,

mitochondrial ROS production, and mitochondrial

membrane potential changes.

Determination of cardiac mitochondrial swelling

The change in the absorbance of the mitochondrial

suspension (0.4 mg mL)1) at 540 nm (A540) was

determined using a microplate reader (Ruiz-Meana

et al. 2006). The decrease in the absorbance of the

mitochondrial suspension indicated mitochondrial

swelling.

Determination of cardiac mitochondrial ROS production

The dye dichlorohydro-fluorescein diacetate (DCFDA)

was used to determine the level of ROS production in

cardiac mitochondria (Novalija et al. 2003). DCFDA

could pass through the mitochondrial membrane, and

was oxidized by ROS in the mitochondria into DCF.

Fluorescence was determined at kex 485 nm and kem
530 nm using a fluorescence microplate reader. The

ROS level was expressed as arbitrary units of fluores-

cence intensity of DCF.

Determination of cardiac mitochondrial membrane

potential changes

The dye 5,5¢,6,6¢-tetrachloro-1,1¢,3,3¢-tetraethylbenzi-
midazolcarbocyanine iodide (JC-1) was used to deter-

mine the change in the mitochondrial membrane

potential (Di Lisa et al. 1995, Tong et al. 2005). JC-1

was characterized as a cation and remained in the

mitochondrial matrix as a monomer (green fluorescence)

form. However, it could interact with anions in the

mitochondrial matrix to form an aggregate (red fluores-

cence) form. JC-1 monomer fluorescence (green) was

excited at 485 nm and the emission was detected at

530 nm. JC-1 aggregate fluorescence (red) was excited

at 485 nm and the emission fluorescence was recorded at

590 nm. Mitochondrial depolarization was indicated by

a decrease in the red/green fluorescence intensity ratio.

Statistical analysis

Values were expressed as mean � SD. Analysis of

covariance (ancova) was used to assess whether the

inequality of the baseline values affected the results after

the treatment. Comparisons of variables before and

after the drugs or vehicle administration (comparison

within group) were performed individually in each

group using the paired, two-tailed student’s t-test.

Comparisons among treatments of cardiac mitochon-

dria were made by one-way anova followed by the

Fisher post-hoc test. P < 0.05 was considered statisti-

cally significant.

Results

In the intact-heart model, the baseline parameters such

as the DPT, ERP, HR, systolic BP and diastolic BP

between G-CSF and vehicle groups were not signifi-

cantly different. Neither G-CSF nor saline administra-

tion altered the HR, systolic BP and diastolic BP (data

not shown). The DPT was not changed after G-CSF or

saline infusion. The ERP was slightly increased in the

G-CSF group, however, it was not statistically signifi-

cant (Table 1). For the VFT and DFT measurements, all

determined parameters including the peak voltage, total

energy, pulse width and impedance after G-CSF or

saline infusion were not changed from their baseline

values (Table 1).
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In the I/R model, the baseline parameters such as the

DPT, ERP, HR, systolic BP and diastolic BP between

G-CSF and vehicle groups were not significantly differ-

ent (Table 2). In the G-CSF group, the DPT and ERP

were increased (P < 0.05) and the systolic BP was

decreased (P < 0.05) during LAD occlusion, compared

to the baseline. During reperfusion, the DPT was

significantly increased from that at the baseline and

ischaemic phase. The ERP which was significantly

increased from the baseline during the occlusion period

was returned to the baseline during the reperfusion

phase (Table 2). The systolic BP was still significantly

decreased (P < 0.05), compared to the baseline.

In the vehicle group, the DPT were increased

(P < 0.05) and the systolic and diastolic BP were

decreased (P < 0.05) during LAD occlusion, compared

to the baseline. The ERP was not changed from the

baseline during this phase. During reperfusion, the DPT

was not increased from its value at ischaemic phase, but

was still significantly higher than the DPT at the

baseline (Table 2). Similar to the ischaemic phase, the

ERP was not changed from the baseline during reper-

fusion.

During LAD occlusion, the incidence of VF between

G-CSF (5/8) and vehicle group (4/8) were not signifi-

cantly different. The time interval from the LAD

occlusion to the first VF occurrence of the G-CSF

(15 � 2 min) and vehicle (19 � 4 min) groups were not

significantly different.

For the VFT measurement during the ischaemic

period, both peak voltage and total energy of the VFT

in the G-CSF group were significantly increased from

the baseline (Fig. 2). During reperfusion, both peak

voltage and total energy of the VFT in the G-CSF group

were significantly decreased from the VFT during

ischaemia and were not significantly different from the

baseline. In the vehicle group, both peak voltage and

total energy of the VFT were not significantly changed

from the baseline throughout the entire study. The pulse

width and impedance for the VFT were neither changed

for the entire period of the study in both groups (data

not shown).

For the DFT determination, all parameters including

peak voltage, total energy (Fig. 3), pulse width and

impedance during occlusion and reperfusion were not

significantly different from the baseline parameters in

both experimental groups.

The area at risk in this study was not different

between the G-CSF-treated group and the vehicle-

treated group (P = 0.15, Fig. 4a). However, the size of

the infarct myocardium was significantly larger in the

vehicle-treated group than in the G-CSF-treated group

(Fig. 4b).

For cardiac mitochondrial study, H2O2 significantly

caused cardiac mitochondrial swelling, increased mito-

chondrial ROS level, and depolarized mitochondrial

Table 1 Electrophysiological parameters in the normal-heart

pigs without ischaemia/reperfusion induction protocol

Parameters

G-CSF group

(n = 7)

Vehicle group

(n = 7)

Baseline

Peak voltage (V) of VFT 47 � 8 47 � 8

Total energy (J) of VFT 0.2 � 0.06 0.2 � 0.06

Peak voltage (V) of DFT 518 � 77 518 � 77

Total energy (J) of DFT 21 � 7 20 � 7

DPT (mA) 0.3 � 0.1 0.3 � 0.1

ERP (ms) 284 � 53 282 � 53

After drug administration

Peak voltage (V) of VFT 48 � 6 46 � 6

Total energy (J) of VFT 0.2 � 0.04 0.2 � 0.04

Peak voltage (V) of DFT 514 � 57 502 � 57

Total energy (J) of DFT 21 � 5 20 � 5

DPT (mA) 0.3 � 0.2 0.3 � 0.2

ERP (ms) 301 � 36 285 � 40

VFT, ventricular fibrillation threshold; DFT, defibrillation

threshold; DPT, diastolic pacing threshold; ERP, effective

refractory period.

Table 2 Electrophysiological and hemodynamic parameters at

the baseline, ischaemia and reperfusion phases during the

G-CSF or vehicle administration in the ischaemia/reperfusion

protocol

Parameters

G-CSF group

(n = 8)

Vehicle group

(n = 8)

Pre-occlusion (baseline)

DPT (mA) 0.2 � 0.1 0.2 � 0.1

ERP (ms) 253 � 15 247 � 17

HR (beats min)1) 95 � 7 90 � 10

Systolic pressure (mmHg) 100 � 10 113 � 10

Diastolic pressure (mmHg) 66 � 10 73 � 13

Occlusion (ischaemia)

DPT (mA) 0.5 � 0.2* 0.5 � 0.2*

ERP (ms) 276 � 18* 254 � 15

HR (beats min)1) 92 � 16 98 � 14

Systolic pressure (mmHg) 85 � 16* 96 � 13*

Diastolic pressure (mmHg) 59 � 14 62 � 8*

Reperfusion

DPT (mA) 0.7 � 0.2*� 0.5 � 0.1*

ERP (ms) 245 � 31� 250 � 20

HR (beats min)1) 96 � 13 96 � 8

Systolic pressure (mmHg) 66 � 4* 73 � 5*

Diastolic pressure (mmHg) 55 � 9 60 � 12*

DPT, diastolic pacing threshold; ERP, effective refractory

period; HR, heart rate.

*P < 0.05 vs. the baseline in each group, �P < 0.05 vs.

ischaemic phase in each group.
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membrane potential (Fig. 5). When cardiac mitochon-

dria were pre-treated with G-CSF, it could protect

H2O2-induced mitochondrial swelling, decreased mito-

chondrial ROS level, and prevented mitochondrial

depolarization (Fig. 5).

Discussion

The major findings of this study are as follows: (1) In

intact heart, G-CSF did not affect any measured

electrophysiologic parameter, (2) The DPT was signif-

icantly and progressively increased from the baseline

during ischaemic and reperfusion phases in the G-CSF

group, (3) During the ischaemic period, the ERP and the

VFT in the G-CSF group were significantly increased

from the baseline, but returned to the baseline value

during reperfusion, (4) The DFT during ischaemia and

reperfusion was not altered from the baseline in both G-

CSF and vehicle groups, (5) G-CSF significantly

decreased the infarct size, and (6) G-CSF protected

cardiac mitochondrial swelling, decreased ROS level,

and prevented mitochondrial depolarization caused by

oxidative stress.

Previous clinical trials and a recent meta-analysis

found that when G-CSF was used as a purpose to

mobilize stem cell in patients with acute myocardial

infarction, no significant differences on cardiac function

or infarct size were found between G-CSF and Placebo

groups (Ripa et al. 2006, Zohlnhofer et al. 2006,

2008). However, the effects of acute G-CSF adminis-

tration on cardiac electrophysiology during cardiac

ischaemia/reperfusion have never been investigated.

Our study is the first study investigated the direct

effects of G-CSF on the cardiac electrophysiology and

the infarct size during cardiac I/R in a swine model. The

aim was to investigate the effect of G-CSF directly on

the electrophysiology and infarct size of the heart under

acute I/R condition, and without stem cell therapy for

myocardial recovery.

Several studies that directly investigated the direct

effect of G-CSF on the heart have reported that G-CSF

prevents adverse effects of acute myocardial infarction

such as ventricular arrhythmia and heart failure, and

improves cardiac function (Baldo et al. 2008, Ince et al.

2005, Kuhlmann et al. 2006). The proposed cardio-

protective mechanisms of G-CSF against I/R injury

include its ability to limit the infarct size (Takahama

(a)

(b)

Figure 2 Effects of G-CSF and vehicle on the ventricular

fibrillation threshold (VFT) at the baseline and during ischae-

mic and reperfusion periods. The peak voltage (a) and total

energy (b) after G-CSF infusion was significantly elevated,

compared to the baseline values. Vehicle did not alter the VFT.

*P < 0.05 compared to the baseline value.

(a)

(b)

Figure 3 Effects of G-CSF and vehicle on the defibrillation

threshold (DFT). The peak voltage (a) and total energy (b) after

either G-CSF or vehicle infusion were not significantly altered,

compared to the baseline values.
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et al., 2006). Thus, consistent with a previous report in

canine (Takahama et al., 2006), our results clearly

indicated that in this short period of acute myocardial

ischaemia, G-CSF could markedly reduce the infarct

size in the swine model.

In this study, the DPT was increased after LAD

occlusion in both G-CSF and saline groups. However, in

the former group, the DPT was further increased even

after reperfusion, whereas it was not changed in the

vehicle group. This finding indicates that G-CSF could

have electrophysiologically stabilized the myocardium

during I/R event by raising the DPT, thus preventing the

heart from arrhythmia susceptibility from this ischae-

mia/reperfusion injury. Furthermore, the ERP was

prolonged significantly during myocardial ischaemia in

the G-CSF treated groups. It is known that VF induction

can be facilitated by ERP shortening, and that ERP

prolongation could decrease the dispersion of refracto-

riness in the heart, thus impeding the VF induction

(Maass et al. 2009). Although the incidence of VF and

time interval from LAD occlusion to the first observed

VF between the G-CSF and vehicle groups were not

different in this study, the VFT was significantly

increased during the ischaemic period in the G-CSF

group. Since the VFT could effectively represent the

susceptibility of the heart to ventricular arrhythmia

induction, increased VFT by G-CSF suggested that

ischaemic myocardium had low susceptibility to VF

(a)

(b)

Figure 4 Effects of G-CSF and vehicle on the infarct size and

area at risk (AAR). The infarct size was prominent in the

vehicle group, whereas it was much smaller in the G-CSF

group. The AAR was not different between the two groups.

*P < 0.05 compared to the vehicle group.

(a) (b)

(c)

Figure 5 Effects of G-CSF on cardiac mitochondria. G-CSF could effectively prevent cardiac mitochondrial swelling (a), decrease

mitochondrial ROS level (b), as well as prevent mitochondrial depolarization (c) caused by H2O2-induced oxidative damage. M,

cardiac mitochondria; M + H2O2, cardiac mitochondria treated with H2O2; M + G-CSF + H2O2, cardiac mitochondria pre-treated

with G-CSF, followed by H2O2 treatment. *P < 0.05 vs. M, #P < 0.05 vs. M + H2O2.
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induction. Also, the VF incidence in our study is

different from a previous report that demonstrated a

reduction in VF incidence after G-CSF administration

(Takahama et al. 2006). This difference could be

due to the different sites of LAD occlusion since the

AAR in this study was 23 � 0.9%, whereas the AAR

in the previous study was �40% (Takahama et al.,

2006).

Mitochondria are vital organelles in many organs

including the heart. Previous studies demonstrated that

it played a vital role in determining cardiac arrhythmia

and cell death (Aon et al. 2008, O’Rourke et al. 2007,

Akar et al. 2005, Aon et al. 2009). During ischaemia/

reperfusion in the heart, ROS is known to be a major

cause of cardiac dysfunction and lethal arrhythmia

(O’Rourke et al. 2007, Aon et al. 2006, Akar et al.,

2005). In this study, we demonstrated that G-CSF could

protect cardiac mitochondrial damage during H2O2-

induced oxidative stress, by protecting cardiac mito-

chondrial swelling, decreasing mitochondrial ROS pro-

duction, and preventing cardiac mitochondrial

depolarization. It is important to note that G-CSF

could completely protect the cardiac mitochondria

against swelling (Fig. 5a) and membrane depolarization

(Fig. 5c) caused by oxidative stress in this study since no

statistical differences were found between cardiac

mitochondria in the control group (group 1) and cardiac

mitochondria pre-treated with G-CSF followed by

H2O2 treatment (group 3). All of these beneficial effects

could result in preserving cardiac mitochondrial func-

tion during severe oxidative stress condition as seen in

the heart during ischaemia/reperfusion injury. There-

fore, this role of G-CSF in preserving cardiac

mitochondrial function could be responsible for its

cardioprotection against ischaemia/reperfusion injury as

seen in a swine model in this study. Since species

differences could play an important role in the effect of

G-CSF, future studies including a direct investigation on

the role of cardiac mitochondria in the acute I/R model

are needed to verify this hypothesis. Furthermore, future

investigations on the role of G-CSF administered after

the occlusion are required to warrant its clinical benefits

in acute myocardial infarction.

Conclusion

G-CSF increases the DPT, ERP and the VFT, thus

stabilizing the myocardial electrophysiology during

acute myocardial ischaemia. However, the VF incidence

and the time to VF onset are not affected by G-CSF

administration. G-CSF also decreases the infarct size.

Since G-CSF could protect cardiac mitochondrial dys-

function caused by oxidative damage, this beneficial

effect could be responsible for its cardioprotection

during I/R injury.
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Aim: Chronic consumption of a high-fat (HF) diet contributes to peripheral insulin resistance and elevated
plasma corticosterone. However, the effect of HF consumption on the neurofunctional insulin receptors and
neuronal corticosterone level is unclear. We tested the hypothesis that HF consumption can lead to peripheral
insulin resistance, elevated neuronal corticosterone, and impaired neuronal responses to insulin.
Main methods: Male Wistar rats were fed with normal diet or HF diet for 4, 8 or 12 weeks. At the end of each
dietary period, plasma was collected for investigating peripheral insulin resistance parameters and
corticosterone. Brains were then rapidly removed for studying the function of neuronal insulin receptors
(IRs) by extracellular recording in CA1 hippocampus, neuronal IR signaling by immunoblot technique and
neuronal corticosterone.
Key findings: Elevated plasma corticosterone level was initially seen in 4-week HF-fed rats. Peripheral insulin
resistance developed at 8-week HF-fed rats. However, the elevated neuronal corticosterone level was found at
12-week HF consumption. The neuronal IR response demonstrated by insulin-mediated long-term depression
in CA1 hippocampus was diminished in 12-week HF-fed rats. The phosphorylation levels of neuronal IR, IR
substrate 1 and Akt/PKB were decreased in 12-week HF-fed rats with no change in these proteins. There was a
correlation among peripheral insulin resistance, neuronal stress (elevated neuronal corticosterone), and
neuronal insulin resistance in HF group.
Significance: Our findings suggest that HF consumption can lead to the elevation of corticosterone and
peripheral insulin resistance, which could contribute to neuronal insulin resistance and neuronal stress.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Insulin has been shown to play a role in synaptic plasticity by
facilitating clathrin-dependent internalization of alpha-amino-3
hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors,
causing long-term depression (LTD) in hippocampal CA1 neurons
(Ahmadian et al., 2004; Man et al., 2000). That evidence indicates that
the neurofunctional IRs in the CA1 hippocampus is insulin-mediated
LTD. Moreover, the activation of insulin receptors turns on the protein
kinase activity of the IR, which triggers cascades of signal transduction
through its downstream substrate molecules. Several insulin receptor
signaling pathways activated by IRs include insulin receptor sub-
strate-1 (IRS-1) (Olefsky, 1990). It has been demonstrated that rats
trained in a spatial learning task showed the learning-specific increase
in IRS-1 in the hippocampal synaptic membrane (Morris et al., 2004).

These findings suggest that IR signaling plays a role in learning and
memory bymodulating activities of synaptic plasticity such as insulin-
mediated LTD and by triggering signal transduction cascades such as
IR, IRS-1 and serine/threonine-specific protein kinase/protein kinase B
(Akt/PKB).

In hamsters with insulin resistance induced by fructose feeding, it
has been shown that hippocampal synaptic plasticity, an important
biological mechanism of learning and memory, was impaired (Mielke
et al., 2005). Excessive fat consumption has also been shown to play
an important part in the development of insulin resistance and type2
diabetes (Zierath et al., 1998). Several studies suggest that consump-
tion of a diet rich in fat for 3 months can develop peripheral insulin
resistance and impede cognitive performance (Greenwood and
Winocur, 2005; Kalmijn et al., 2004). These findings suggest that
the development of insulin resistance can mediate the cognitive
deficit associated with HF diet. However, the effect of HF diet on the
neurofunctional IRs is still unclear. In addition, the effects of time-
course of HF diet consumption on the neurofunctional IRs have never
been investigated. Therefore, in this study we tested the hypothesis
that HF consumption for a specific period of time can cause peripheral
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insulin resistance and can lead to impaired neuronal response to
insulin (or neuronal insulin resistance). We used an electrophysio-
logical study to investigate whether the neuronal responses to insulin
(insulin-mediated LTD) are altered by HF consumption at different
time course in order to detect the earliest stage of the disruption of the
neurofunctional IRs. We also examined the alteration of biochemical
activity of insulin receptor pathways: IR, IRS-1 and Akt/PKB, in the
brain following each time course of HF consumption.

Glucocorticoid participates in the control of homeostasis and
stress. Previous studies demonstrated that adrenal corticosteroid level
was increased in rodents with diabetes (Chan et al., 2005; Langley and
York, 1990). In addition, Stranahan and colleagues demonstrated that
diabetes could impair hippocampal function via glucocorticoid effects
(Stranahan et al., 2008a,b). Despite these findings, the correlation
among peripheral and neuronal insulin resistance, and the level of
corticosterone following HF consumption has not yet been investi-
gated. In this study, we also determined whether the neuronal insulin
resistance can develop with neuronal stress after HF consumption
by using the amount of neuronal corticosterone as an indicator of
neuronal stress.

Materials and methods

Animals and dietary protocols

All experiments were conducted in accordance with an approved
protocol from the Faculty of Medicine, Chiang Mai University
Institutional Animal Care and Use Committee, in compliance with
NIH guidelines. MaleWistar rats weighing ~200 g were obtained from
the National Animal Center, Salaya Campus, Mahidol University,
Thailand. All animals were individually housed in a temperature-
controlled environment with a 12:12 light–dark cycle. One week after
arrival, rats were randomly assigned to one of the two dietary groups
(n=43 in high-fat diet group and n=44 in normal diet group). The
normal-diet (ND) group received a standard laboratory chow, in
which 19.7% of total energy (%E) was from fat, with energy content
calculated at 4.02 kcal/g (Mouse Feed Food No.082, C.P. Company,
Bangkok, Thailand). The HF group consumed a diet containing fat,
mostly from lard (59.3% E), with energy content calculated at
5.35 kcal/g, for 12 weeks. The animals were maintained in individual
cages with unrestricted access to food and water. Body weight and
food intake were recorded daily. Blood samples were collected from
the tail at weeks 4, 8 and 12 after fasting for at least 5 h. Plasma was
separated and stored at−80 °C for subsequent biochemical analyses.
At the end of each experimental period (4, 8 and 12 weeks) of both
dietary regimens, animals were deeply anesthetized and decapitated.
The brain was rapidly removed for brain slice preparation and one
lobe of liver as well as visceral fat were removed, weighed and stored
at −80 °C for further biochemical analysis.

The oral glucose tolerance test (OGTT) was investigated in the 12-
week HF diet and 12-week ND group. After rats being on the dietary
for 12 weeks, animals were fast for 12 h before they were used in the
OGTT. An OGTT consisted of 2 g/kg body weight glucose feeding by
gavage. Blood was collected from a small cut at the tip of the tail
immediately before and at 15, 30, 60 and 120 min after glucose
feeding. The plasmawas stored at−80 °C until it was used for glucose
analysis with a commercially available kit (Biotech, Bangkok,
Thailand).

Analytical procedure for the level of glucose, triglyceride, insulin and
corticosterone in plasma and neuronal corticosterone

Fasted plasma glucose and triglyceride concentrations were
determined by colorimetric assay using commercially available kits
(Biotech, Bangkok, Thailand). Fasted plasma insulin level was
measured by Sandwich ELISA kits (LINCO Research, Missouri, USA).

Neuronal corticosterone levels from brain homogenate samples and
fasted plasma corticosterone levels were measured using an enzyme
imunoassay kit (Assay Designs Inc, Ann Arbor, MI, USA).

Determination of insulin resistance (HOMA index)

Insulin resistance was assessed by Homeostasis Model Assessment
(HOMA) (Appleton et al., 2005; Haffner et al., 1997) as amathematical
model describing the degree of insulin resistance, calculated from
fasting plasma insulin and fasting plasma glucose concentration. A
higher HOMA index indicates a higher degree of insulin resistance.

Analysis of liver triglyceride concentration

Tissue homogenates were prepared for triglyceride assay by a
modification of the method of Frayn and Maycock (Frayn et al., 1980).
The triglyceride concentration was analyzed with a commercially
available kit (Biotech, Bangkok, Thailand).

Brain slice preparation

At the end of weeks 4, 8 and 12, the animals were anesthetized
with isoflurane after fasting for at least 5 h. Brain slice preparation
was following our previous study (Chattipakorn and McMahon,
2002). Hippocampal slices were used for the extracellular recordings,
immunoprecipitation and immunoblotting.

Extracellular recording of hippocampal slices

To investigate insulin-induced long-term depression (LTD), the
hippocampal slices were transferred to a submersion recording
chamber and continuously perfused at 3–4 ml/min with standard
aCSF warmed to 25–28 °C. Field excitatory postsynaptic potentials
(fEPSPs) were evoked by stimulating the Schaffer collateral–commis-
sural pathway with a bipolar tungsten electrode, while recordings
were gathered from the stratum radiatum of the hippocampal CA1
region with micropipettes (3 Mohm) filled with 2 M NaCl. Stimulus
frequency was 0.033 Hz. The stimulus intensity was adjusted to yield
a fEPSP of 0.8–1.0 mV in amplitude. Hippocampal slices were perfused
with aCSF (as baseline condition) for 10 min and then perfused with
aCSF plus 500 nM insulin (as insulin stimulation) for 10 min, after
which the hippocampal slices were perfused with aCSF again (wash
out) and recorded for the next 30 min.

To investigate that the reduction of insulin-mediated LTD was the
result of an alteration of neuronal insulin signaling and not a non-
specific alteration of synaptic transmission following neuronal insulin
resistance, we examined the characterized form of synaptic plasticity
that may not depend upon insulin signaling, by measuring paired
pulse facilitation (PPF) and carbachol-induced LTD (mLTD). PPF is a
measurement of short-term potentiation, which may occur at the
presynaptic sites (Zucker and Regehr, 2002). PPF occurs following two
identical stimulations, separated by 50-msec, applied to the Schaffer
collateral. To investigate mLTD, the protocol was as following. The
stable 10-min baseline of CA1 fEPSPs was recorded by stimulating the
Schaffer collateral–commisural pathway with bipolar tungsten elec-
trode. Stimulus frequency was 0.1 Hz and stimulus intensity was
adjusted to yield fEPSPs of 0.8–1.0 mV amplitude. The cholinergic
agonist, carbachol 50 μM (Calbiochem, San Diego, CA, USA), was
superfused for 10 min to induce mLTD after which the carbachol was
washed out and recorded for the next 30 min.

All data were filtered at 3 kHz, digitized at 10 kHz, and stored on a
computer using pClamp 9.2 software (Axon Instruments, Foster City,
CA, USA). The initial slope of the fEPSPs was measured and plotted vs.
time using Origin 8.0 software.
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Preparationof brainhomogenates for immunoprecipitation, immunoblotting
and neuronal corticosterone measurement

To examine the alteration of neuronal insulin-mediated phos-
phorylation of the IR, the IRS-1 and the Akt/PKB following 4, 8 and
12 weeks of two dietary regimens, six brain slices per animal were
placed into either aCSF or aCSF plus 500 nM insulin (Humelin R, Eli
Lilly, Giessen, Germany) for 5 min. Then, three brain slices in each
conditioned group were homogenized in 500 μl of ice-cold brain slice
lysis buffer [1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% Triton X-100 and
supplemented with a protease inhibitor cocktail, Roche complete
mini-tablets, (Roche Molecular Biochemicals, Indianapolis, IN, USA)].
Next, the homogenates were centrifuged at 9000 g for 30 min at 4 °C
and the protein concentration was measured using the Bio-Rad DC
Protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). These
homogenates were then stored at −80 °C for further biochemical
analysis of the tyrosine phosphorylation of IR, IRS-1 and Akt/PKB.

To determine the level of IR, IRS-1 and Akt/PKB protein expression
as well as the level of neuronal corticosterone in the brain, another set
of three brain slices in aCSF was homogenized over ice in non-ionizing
lysis buffer containing: 100 mM NaCl, 25 mM EDTA, 10 mM Tris, 1%
Triton X-100, and 1% NP-40 supplemented with a protease inhibitor
cocktail (Roche Molecular Biochemicals). Then, homogenates were
stored at−80 °C for further western blot analysis of IR, IRS-1, Akt/PKB
and biochemical analysis of neuronal corticosterone levels.

Immunoprecipitation and immunoblotting

IRS-1 protein and tyrosine phosphorylation of IR and IRS-1 were
immunoprecipitated from brain homogenates with polyclonal anti-
bodies against each protein (1 μg antibody/500 μg total lysate). Rabbit
anti-IR and rabbit anti-IRS-1 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) with protein A agarose beads were used to prepare each
protein for immunoprecipitation as previously described (Mielke et
al., 2005). Then, the proteins were separated by electrophoresis with
SDS-Page on 10% polyacrylamide gels (Bio-Rad Laboratories) and
transferred to nitrocellulose membranes and immunoblotting was
conducted with anti IRS-1 rabbit and phosphotyrosine antibody
(rabbit polyclonal, 1:600 in TBST, Santa Cruz Biotechnology) to
determine the changes in IRS-1 level and insulin-mediated tyrosine
phosphorylation of the IR and IRS-1, respectively.

Akt/PKB in both serine 473 and threonine 308 kinases phosphor-
ylation were electrophoresed and immunoblotted with rabbit anti-
bodies Akt/PKB both serine 473 and threonine 308. Examination of
the levels of IRβ and Akt/PKB protein was conducted with homo-
genates prepared from another set of three brain slices. Both proteins
were resolved by the immunoprecipitation and immunoblot assay
conducted with rabbit anti-IR and rabbit anti-Akt/PKB (1:1000 in
TBST, Santa Cruz Biotechnology). For loading control, immunoblotting
for each membrane was completed incubation with anti-β-actin
(1:400; rabbit polyclonal; Sigma, Missouri, USA).

All membranes for visualizing the phosphorylation and the protein
levels of IR, IRS-1 and Akt/PKB were incubated with secondary goat
anti-rabbit antibody conjugated with horseradish peroxidase (1:8000
in TBST, Bio-Rad Laboratories) and Amersham ECL western blotting
detection reagents (GE Healthcare, Buckinghamshire, UK). Band
intensities were quantified by Scion Image and the results were
shown in average signal intensity (arbitrary) units.

Statistical analysis

Data were presented as means±SE. All statistical analyses were
performed using the program SPSS (version 16; SPSS, Chicago, IL,
USA). The significance of the difference between the means was
calculated by Student's t-test with pb0.05 for the OGTT test and two-
way ANOVA between treatment and time following with post-hoc

analysis for remaining parameters. Pearson's correlation analysis was
used to determine the relationship among the plasma parameters,
liver triglyceride content, visceral fat, body weight, and neuronal
corticosterone in hippocampus and the percentages of insulin-
mediated LTD in all animals.

Results

Peripheral insulin resistance developed in rats after 8-week HF feeding

The initial animal body weight was not different among experi-
mental groups. Animals fed with HF for 4 weeks had an increased in
body weight compared to rats fed with ND (Table 1). However, the
level of glucose, triglyceride, and insulin in plasma and HOMA index
did not differ between both dietary groups.

Animals in the 8-week and 12-week HF group had a significant
increase in body weight, visceral fat, fasted plasma glucose, plasma
insulin, liver triglyceride content and HOMA index compared to those
with ND feeding (pb0.05, Table 1). However, plasma triglyceride and
free fatty acid level were not significantly different between both
dietary groups.

In addition, we found that body weight, visceral fat and plasma
glucose level were increased in a time-dependent manner in both
dietary groups. However, the HOMA index was increased in a time-
dependent manner only in the HF group. The glucose responses
during the OGTT in the 12-week HF group was markedly increased at
15-, 30- and 60 min time points, compared to those in the ND group
(pb0.05). The total area under the glucose curve (AUCg) was also
significantly increased in the 12-week HF group (26.3±9.3 g/dl×min
vs. 21.2±5.7 g/dl×min of ND, pb0.05).

Rats fed with the HF diet consumed less food per day than those on
the ND (pb0.05). However, when the consumed food weights were
converted to caloric intake, rats fed with HF consumed more calories
per day than rats fed with ND (pb0.01).

HF feeding for 12 weeks reduced the ability of insulin to induce LTD in
hippocampal CA1 circuits

In all time courses (4-, 8- and 12-week) of ND-fed rats, we found
that insulin application to hippocampal slices reduced the size of the
fEPSP responses at 2–3 min after the start of insulin infusion with
maximum effects appearing over the following 10–15 min, and the
depression of fEPSPs was prominent and long lasted for 30–40 min
(Figs. 1 and 2A). In our set-up, 500 nM insulin added to the infusion
line required approximately 1 min to reach the slices.

In HF animals, the degree of insulin-mediated LTD observed from
slices of 4-week and 8-week HF animals was not significantly reduced
compared to the 4-week and 8-week ND animals (n=6–8 indepen-
dent slices per group, n=6 animals/group, Fig. 1). In the 12-week HF-
fed group, the amount of insulin-mediated LTD was significantly
diminished (pb0.05 vs. ND group, Fig. 2A). At 30-minute post-insulin
stimulation, the percentage reduction of the normalized fEPSP slope
from 12-week ND was 73.60±4.18% of the average slope recording
during the baseline level (n=16 independent slices, n=14 animals/
group), while the percentage reduction of fEPSPs of 12-week HF slices
was 9.34±3.09% of the values recorded before insulin application
(n=17 independent slices, n=13 animals/group) (Fig. 2A). Further-
more, we found that the average degree of insulin-mediated LTD at all
time courses of both dietary groups was significantly correlated with
several peripheral insulin resistance parameters (pb0.01; as shown in
Table 2).

We found no significant difference in the pair-pulsed facilitation
(PPF), which is a ratio of fEPSP slope2/fEPSP slope1, of slices recorded
at the baseline between both dietary groups at all time courses
(pN0.05). To confirm whether the impairment of the insulin-
mediated LTD in 12-week HF group could occur without the
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interruption of other forms of plasticity, the experiment of carbachol-
induced LTD was performed. We found that the degree of carbachol-
induced LTD in CA1 hippocampus of both 12-week HF and ND groups
was similar (Fig. 2B).

Depressed phosphorylation of insulin receptor (IR), insulin receptor
substrate-1 (IRS-1) and Akt/PKB levels in brain slices after 12-week HF
consumption

In order to compare neuronal insulin receptor signaling within 4-,
8- and 12-week time courses between HF and ND rats, we
investigated whether the protein levels of IR, IRS-1 and Akt/PKB
were down-regulated in relation to the reduction of the ability of
insulin-mediated LTD in CA1 hippocampus. We found that the levels
of the IR, IRS-1 and Akt/PKB from 4-, 8- and 12-week HF brain slices
were not significantly different from 4-, 8- and 12-week ND brains
(Fig. 3, n=4–8 animals/group).

Interestingly, the IRS-1 protein levels in the 12-week HF group
revealed a 20% reduction from those slices observed in the 12-week
ND group, however, it was not significantly different (p=0.1, n=8/
group, Fig. 3B). Although, there is no significant difference in the
expression of IRS-1 protein in both dietary groups at each time-
course, we found that the longer time of high-fat diet consumption
leads to the reduction of IRS-1 expression (pb0.05, Fig. 3B).

The phosphorylation status of IR, IRS-1 and Akt/PKB in the acutely
prepared brain slices under basal condition following the insulin
stimulation is illustrated in Fig. 4. The basal (non-insulin stimulated)
phosphorylation levels of IR and IRS-1 from the 4-, 8- and 12-week ND
and from the 4-, 8- and 12-week HF groups were weakly variable
detected by immunoprecipitation and phosphotyrosine immunoblot-
ting. The possible explanation of the variability of basal phosphory-
lation levels is that the different endogenous insulin levels in the

brainslices, could stimulate the phosphorylation of IR, IRS-1 and Akt/
PKB, even though there was no exogenous insulin application onto the
brainslices. However, insulin stimulation resulted in the strong
observable phosphorylation of IR, IRS-1 and Akt/PKB levels in 4-, 8-
and 12-week ND and 12-week HF groups (Fig. 4A–D). In 4-, 8- and 12-
week ND-fed rats, the exposure to insulin stimulation resulted in an
increase in IR, IRS-1 and Akt/PKB phosphorylation, compared to their
own basal condition. Interestingly, at 12-week feeding, the insulin-
stimulated IR phosphorylation was significantly lower in the HF group
(0.96±0.03) than in the ND group (1.28±0.06), accounting for ~25%
reduction (pb0.01, n=11/group, Fig. 4A). We also found that the
reduction of the insulin-stimulated IR phosphorylation in only high-
fat diet consumption group was a time-dependent manner (pb0.05,
Fig. 4A). Similarly, the insulin-stimulated IRS-1 phosphorylation was
significantly lower in the 12-week HF group (1.02±0.04) than in
the 12-week ND group (1.20±0.03), accounting for ~15% reduction
(pb0.01, Fig. 4B). From the brain slices of the 12-week HF group,
Akt/PKB phosphorylation of serine 473 was significantly decreased,
compared to that in the ND group (pb0.05, Fig. 4C), and the Akt/PKB
phosphorylation of threonine 308 was slightly decreased but did not
reach a statistical significance (p=0.05, Fig. 4D).

Increased plasma and neuronal corticosterone levels following
HF consumption

Lin and colleagues have shown that increased plasma corticoste-
rone level could induce peripheral insulin resistance (Lin et al., 2000;
Stranahan et al., 2008a,b). In the present study, we also found that the
levels of plasma corticosterone in HF-fed rats were significantly
higher than those in the ND rats starting from 4-week HF consump-
tion and remained higher throughout the course of the study (pb0.05,
Fig. 5A). The increased level of plasma corticosterone in these HF-fed

Table 1
Effect of 4-, 8- and 12-week HF diet feeding on body weight, visceral fat, fasted plasma glucose, triglyceride, free fatty acid, insulin, liver triglyceride and HOMA index. *, pb0.05
compared to ND group in each time course; a, pb0.05 compared to 4-week group of the same dietary regimen; b, pb0.05 compared to 8-week group of the same dietary regimen.

Parameters 4 weeks 8 weeks 12 weeks

ND HF ND HF ND HF

Body weight (g) 354.62±5.35 394.60±6.82 * 427.50±5.93 a 501.67±7.31 *,a 460.18±8.37 a,b 546.25±8.32 *,a,b

Visceral fat (g) 16.67±1.21 31.00±3.97 * 17.68±2.94 47.02±5.43 *,a 25.19±1.96 a 45.47±2.01 *,a

Glucose (mg/dl) 130.88±3.49 123.13±3.10 130.03±4.21 150.03±5.70 *,a 149.41±4.39 a 153.42±2.95 a

Triglyceride (mg%) 87.44±4.75 72.33±7.43 72.28±3.94 65.70±4.24 84.89±6.85 76.84±5.48
Free fatty acid (mM) 0.63±0.06 0.53±0.06 0.66±0.07 0.54±0.09 0.83±0.13 0.77±0.08
Insulin (ng/ml) 2.42±0.53 2.79±0.34 2.02±0.35 3.73±0.73* 2.14±0.54 4.23±0.59*
Liver triglyceride (mg/g tissue) 21.15±2.21 170.52±19.00* 18.51±1.94 171.10±27.11* 17.50±1.50 173.40±6.99*
HOMA index 17.15±4.51 17.10±3.72 16.35±3.56 31.42±7.10*,a 20.05±5.57 39.69±5.69*,a

Table 2
Correlation among peripheral insulin resistance parameters, % change of fEPSP slope in response to 500 nM insulin and neuronal corticosterone in rats that received normal diet or
high-fat diet for 4, 8 and 12 weeks. *, correlation is significant at the 0.05 level; **, correlation is significant at the 0.01 level.

Parameters % change of fEPSP
slope in response
to 500 nM insulin

Body
weight
(g)

Visceral fat
(g)

Plasma
glucose
(mg/dl)

Plasma
insulin
(ng/ml)

Liver triglyceride
content
(mg/g tissue)

HOMA index Plasma
corticosterone
(ng/ml)

Neuronal
corticosterone
(ng/mg protein)

% change of fEPSP slope
in response to 500 nM
insulin

1 −0.808** −0.622** 0.553** −0.440** −0.593 −0.634 −0.746** −0.652**

Body weight (g) −0.808** 1 0.775** 0.581** 0.532** 0.677** 0.684** 0.759** 0.452*
Visceral Fat (g) −0.622** 0.775** 1 0.553** 0.470** 0.791** 0.626** 0.725** 0.497**
Plasma glucose (mg/dl) −0.500** 0.581** 0.553** 1 0.201 0.412* 0.600** 0.571** 0.363
Plasma insulin (ng/ml) −0.440** 0.532** 0.470** 0.201 1 0.608** 0.589** 0.414* 0.475*
Liver triglyceride content
(mg/g tissue)

−0.593** 0.677** 0.791** 0.412* 0.608** 1 0.679** 0.697** 0.470*

HOMA index −0.634** 0.684** 0.626** 0.600** 0.589** 0.679** 1 0.585** 0.547**
Plasma corticosterone
(ng/ml)

−0.746** 0.759** 0.725** 0.571** 0.414** 0.697** 0.585** 1 0.387

Neuronal corticosterone
(ng/mg protein)

−0.652** 0.452** 0.497** 0.363 0.475* 0.471* 0.547** 0.387 1
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rats was in a time-dependent manner. Unlike plasma corticosterone,
the level of neuronal corticosteronewas significantly greater than that
in the ND group only in the 12-week HF-fed rats (Fig. 5B, pb0.01). Our
results also demonstrated that the decrease in neuronal insulin
receptor function was correlated well among an increase of all
parameters of peripheral insulin resistance, plasma corticosterone
and neuronal corticosterone (Table 2).

Discussion

The major findings in the present study are that in the HF fed rats,
1) elevated plasma corticosterone level was observed after 4-week HF
feeding; 2) peripheral insulin resistance was developed after 8-week
HF feeding; and 3) increased neuronal corticosterone level and the
occurrence of neuronal insulin resistance were observed after 12-
week HF feeding.

Earlier works found that HF diet causes insulin resistance
characterized by hyperinsulinemia, hyperlipidemia, elevated corti-
costeroids and decreased insulin sensitivity (Hummel et al., 1966;
Manco et al., 2004; Riccardi et al., 2004). In both basic and clinical
studies, it has been shown that the development of insulin resistance
is associated with HF consumption and is linked to cognitive deficits

(Greenwood and Winocur, 2005; Riccardi et al., 2004; Winocur and
Greenwood, 2005). While considerable research has examined both
the consequences and mechanisms of a diminished insulin response
in various peripheral tissues, only a few studies have investigated the
effects of this metabolic disruption within the CNS, particularly the
metabolic disturbance following the consumption of HF diets. In
addition, although much evidence suggests that neuronal insulin
signaling might play a role in neuronal plasticity (Park et al., 2001;
Wickelgren, 1998; Zhao and Alkon, 2001), the number of available
reports in an area of HF diet consumption and neuronal insulin
resistance is still limited.

Growing evidence demonstrates the influence of time-course
effects on the learning and memory processes caused by HF diet.
Previous studies demonstrated that rats fed with HF diet for 3 months
had cognitive impairment (Greenwood and Winocur, 1996), while
rats fed with HF diet for 8 months exhibited impaired learning ability
and reduced hippocampal synaptic plasticity (Stranahan et al., 2008a,
b). Despite these reports, the neurofunctional insulin resistance in
hippocampus in different time-course of HF consumption has not

Fig. 1. Four- and eight-week HF diet feeding had no effects on the ability of insulin-
mediated long-term depression (LTD) on fEPSPs in hippocampal CA1 regions. Panels A
and B represent responses before and after insulin stimulation in brain slices fromND and
HF groups. Panel A: Average normalized fEPSPs (fEPSPt/fEPSPowith fEPSPs being points at
which fEPSP slopes stabilized) from 4-week-ND-fed (n=6–8 independent slices per 6
animals) and 4-week-HF-fed (n=6–8 independent slices per 6 animals) brain slices Panel
B: Average normalized fEPSPs from 8-week-ND-fed (n=6–8 independent slices per 6
animals) and 8-week-HF-fed (n=6–8 independent slices per 6 animals) brain slices. Both
4-week and 8-week HF diets had no effect on the ability of insulin to depress fEPSPs.
Examples of averages of 20 consecutive traces taken from a slice treatedwith aCSF (basal)
and with 500 nM (insulin) are shown in the insets of Panels A and B.

Fig. 2. Panel A: Twelve-week-HF diet feeding significantly diminished the ability of
insulin-mediated long term depression (LTD) in CA1 hippocampus. A summary of
averages of 16–17 experiments (n=16–17 independent slices, n=13–14 animals/
group) shows that bath application of 500 nM insulin for 10 min produced a depression
of fEPSPs in 12-week-ND brain slices and the fEPSPs did not fully recover after washout
of insulin. However, 500 nM insulin-mediated LTD was significantly attenuated by 12-
week-HF diets. Panel B: Average normalized fEPSPs (fEPSPt/fEPSPo with fEPSPs being
points at which fEPSP slopes stabilized) from 12-week-ND-fed (n=17 independent
slices, n=14 animals/group) and 12-week-HF-fed (n=16 independent slices, n=13
animals/group) brain slices. Representative traces were indicated for 12-week ND
group and 12-week HF group (in upper panel). Carbachol-induced LTD (mLTD)
recorded from CA1 hippocampal slices harvested from 12-week ND and 12-week HF
diet, suggested no difference in mLTD occurring during the neuronal insulin resistance.
CCh, carbachol.
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been investigated. To determine the existence of neurofunctional
insulin resistance in the brain following HF diet consumption, we
determined the efficacy of the neurofunctional insulin receptor
characterized as insulin-mediated LTD in CA1 hippocampus and the
stimulated phosphorylation status of IR, IRS-1 and Akt/PKB in brain
slices harvested from control and HF fed rats. We demonstrated a
significant reduction of the insulin-mediated LTD in CA1 hippocampal
slices and the insulin-mediated phosphorylation of IR, IRS-1 and Akt/
PKB in 12-week HF-fed rats. Our findings suggest that the consump-
tion of HF diet for only 12 weeks can down-regulate the neuronal
insulin receptor sensitivity as well as the peripheral insulin sensitivity.
A previous study on hamsters with peripheral insulin resistance
resulting from a 6-week high-fructose diet has shown a reduction of
IR, IRS-1 and Akt/PKB phosphorylation in the brain and insulin-
mediated LTD in the hippocampus (Mielke et al., 2005). Our study
demonstrates that the development of neuronal insulin resistance
after HF consumption required a longer time than that after fructose
consumption.

Insulin has been shown to regulate the endocytosis of AMPA
receptors through calcium-dependent clathrin mediated internaliza-
tion of AMPA receptors at the postsynaptic sites, which causes the
depression of excitatory synaptic transmission (Ahmadian et al.,
2004; Beattie et al., 2000; Huang et al., 2004; Lin et al., 2000; Man
et al., 2000). In the present study, a significant reduction of insulin-
mediated LTD in hippocampal slices from the 12-week HF group was

observed. The reduction of insulin-mediated LTD was well correlated
with other peripheral insulin resistance such as an increase in visceral
fat, weight, plasma glucose, insulin level and liver triglyceride content.
These results suggest that changes in metabolic system are linked to
the neuronal function. The weakening of insulin-mediated LTD
indicated one of the functional consequences of impaired neuronal
insulin signaling. The reduced LTD induction could be due to the
significant decrease in insulin-induced phosphorylation of the insulin
receptor signaling: IR, IRS-1 and Akt/PKB in brain slices of the 12-
week HF group as seen in the present study (Fig. 4). Previous studies
demonstrated that the phosphorylation of Akt/PKB contributed to an
increase in the level of intracellular calcium (Sun et al., 2006; Viard
et al., 2004; Worrall and Olefsky, 2002). Thus, the reduction in Akt/
PKB phosphorylation of neuronal IR found in the present study could
lead to the decreased intracellular calcium and contributes to impair
calcium dependent clathrin-mediated internalization of AMPARs,
resulting in the decline of insulin-induced LTD in the 12-week HF
feeding rats.

Although it is possible that the diminished insulin-mediated LTD in
the HF group could be due to changes in synaptic transmission in CA1
hippocampus caused by HF, the unaltered PPF hippocampal CA1
regions in both dietary treatments suggested that HF feeding did not
affect presynaptic responses to electrical stimulation. Therefore, it
may be concluded that 12 weeks of HF feeding only significantly
affects the neuronal insulin receptor signaling function at the post-

Fig. 3. The protein levels of IR, IRS-1 and Akt/PKB were not changed following 4-, 8- and 12- week HF diet feeding. Panels A–C: Representive immunoblots indicate that the total
cellular amount of the IR (A), IRS-1 (B) and Akt/PKB (C) proteins were unchanged in the 4-, 8- and 12-week HF rat brain slices compared to the 4-, 8- and 12-week ND slices, and
the densitometric quantitation of blots from both groups was not different. All immunoblotting lanes were loadedwith equal amounts of protein (40 μg/lane). #, pb0.05 compared to
12-week group of the same dietary regimen. ND, normal diet fed group; HF, high-fat fed group; Negative (Neg), no proteins had been loaded.
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synaptic sites, but not at the pre-synaptic release in CA1 hippocam-
pus. Carbachol-induced LTD or muscarinic LTD (mLTD) in CA1
hippocampus, characterized as the other form of synaptic plasticity
(Scheiderer et al., 2006), is believed to be a substrate of learning and
memory at the molecular level (Scheiderer et al., 2006). We
demonstrated in this study that the reduction of neuronal insulin
response in the 12-week HF group was unaffected in mLTD,
suggesting that this form of synaptic plasticity may not require
neuronal insulin signaling. Our finding was similar to previous
reports, showing that the weakening of insulin-mediated LTD has
no effect upon the induction and maintenance of the LTP via a high-
frequency stimulation (Mielke et al., 2005, 2006), but was different
from the other previous study (Stranahan et al., 2008a,b). In that
study, Stranahan and colleague demonstrated that rats fed with high-
fat, high glucose for 8 months reduced LTP at schaffer-CA1 synapse
(Stranahan et al., 2008a,b). The differences in the results between
Stranahan study and our study may depend upon the differences in
dietary regimen and time-course of HF consumption.

In the present study, the phosphorylation of IR, IRS-1 and Akt/
PKB in brain slices was diminished at 12 weeks, whereas the levels of
IR, IRS-1 and Akt/PKB in brain slices were not altered by 4-, 8- and
12-week HF diet feeding (see Fig. 4). These changes in phosphor-
ylation of neuronal insulin signaling confirm the impairment of
insulin receptor function in the brain following 12-week HF feeding.

The unchanged levels of IR, IRS-1 and Akt/PKB proteins in the brain
following HF diet consumption in the present study are consistent
with those previously reported in the liver (Hahn-Obercyger et al.,
2009), in the skeletal muscle (Youngren et al., 2001) and in the
hippocampus (Banas et al., 2009). Furthermore, the impairment of
IR, IRS-1 and Akt/PKB protein kinase activity has been demonstrated
in the skeletal muscle (Barnard et al., 1992), fat (Boyd et al., 1990)
and liver tissues (Watarai et al., 1988) in 10–12 week consumption
of HF diets. All of these findings indicate that HF diet could cause
defective neuronal insulin receptor function, but not at the level of
protein expression.

In addition to the weakening of neurofunctional insulin receptors
and neuronal insulin signaling, our results demonstrated that the level
of plasma corticosterone was increased prior to the development of
peripheral insulin resistance in HF fed rats. It had been previously
described that corticosterone influences insulin sensitivity and that
enhancement of peripheral corticosterone could contribute to the
development of peripheral insulin resistance (Reynolds and Walker,
2003). Furthermore, it is known that the basal level of corticosteroids
physiologically protects neuronal damage, whereas the stress or high
level of corticosteroids can contribute to neuronal damage (McEwen,
2007). Several studies demonstrated that chronic exposure to high
level of corticosteroids can produce neuronal stress and neuronal loss
in CA3 pyramidal neurons of rodents (Sapolsky et al., 1985) and

Fig. 4. Insulin-induced tyrosine phosphorylation of both neuronal insulin receptor β subunit (IR), the substrate protein IRS-1 and Akt/PKB was weakened in the 12-week HF-fed
group. Panels A–D: Representive blots of tyrosine phosphorylation illustrated a marked decrease in the ability of insulin to stimulate IR (A), IRS-1 (B), serine 473 kinase of Akt/PKB
(C) and threonine 308 kinase of Akt/PKB (D) phosphorylation in brain slices harvested from the 4-, 8- and 12-week HF-fed group compared to the 4-, 8- and 12-week ND-fed group.
Densitometric quantitation of blots from insulin stimulated IR, IRS-1 and Akt/PKB was significantly greater in the 12-week ND-fed group than that in the 12-week HF-fed group. All
immunoblotting lanes were loaded with equal amounts of protein (20 μg/lane). *, pb0.05 compared to ND group in each time course; #, pb0.05 compared to 12-week group of the
same dietary regimen; ND, normal diet fed group; HF, high-fat fed group; Negative (Neg), no proteins had been loaded; -, no insulin stimulation; +, insulin stimulation.
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primates (Sapolsky et al., 1990; Uno et al., 1989). In addition, a
previous study demonstrated that corticosterone could induce insulin
resistance in the skeletal muscles (Zhao et al., 2009). Thus, the
elevation of neuronal corticosterone level found in our study could
also promote neuronal insulin resistance. Our findings suggest that
obesity following HF diet consumption could lead to neuronal insulin
resistance and neuronal stress as shown by an increased release of
neuronal corticosterone (Stranahan et al., 2008a,b).

Study limitation

The limitation of this study is that the morphological data on the
integrity of dendritic spines and terminals in the CA1 region of the
hippocampus were not investigated. However, the present study
demonstrated that the amount of insulin receptor was not different
between the high-fat fed and normal diet fed rats, suggesting that
the reduction of insulin-induced LTD in high-fat fed rats was due to
the decreased function of insulin signaling, as supported by the
decreased phosphorylated IR, IRS and Akt/PKB levels in the high-fat
fed rats.

Conclusion

The present study demonstrates that a significant modification of
important neuronal insulin receptor signaling can be induced by a fat-
enriched diet. Fed for 12 weeks, the HF diet clearly induces neuronal
insulin resistance, which is identified as a significant reduction in the
ability of insulin to induce LTD, and a reduction in the stimulated
phosphotyrosine activity of IR, IRS-1 and Akt/PKB in brain slices.
Twelve-week HF feeding not only causes neuronal insulin resistance,
but also leads to neuronal stress, as indicated by increased neuronal
corticisterone level. Since the defective insulin receptor signaling has
been shown to associate with the pathogenesis of Alzheimer's disease
(Watson and Craft, 2004), cognitive impairment (Greenwood and
Winocur, 1990, 1996, 2005; Winocur and Greenwood, 2005) and the
presence of cognitive impairment in patients with type II diabetes
(Gispen and Biessels, 2000), the neuronal insulin resistance develop-
ing after 12-week HF consumption could be responsible for the
impairment of cognition through the glucocorticoid-mediated effect
in this animal model.
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ABSTRACT
Mitochondrial benzodiazepine receptor (mBzR) is a type of peripheral
benzodiazepine receptor that is located in the outer membrane of
mitochondria. It is an 18-kDa protein that can form a multimeric
complex with voltage-dependent anion channel (32 kDa) and adenine
nucleotide translocator (30 kDa). mBzR is found in various species and
abundantly distributed in peripheral tissues, including the cardiovas-
cular system. The mitochondria are well known as the site of energy
production, and the heart is the organ that highly requires this energy
supply. In the past decades, it has been shown that mBzR plays a
critical role in regulating mitochondrial and heart functions. A growing
body of evidence demonstrates that mBzR is associated with regula-
tion of mitochondrial respiration, mitochondrial membrane potential,
apoptosis, and reactive oxygen species production. Moreover, mBzR
has been suggested to play a role in alteration of physiological effects
in the heart such as contractility and heart rate. mBzR is involved in the
pathologic condition such as ischemia/reperfusion injury, responses
to stress, and changes in electrophysiological properties and arrhyth-
mogenesis. In this review, evidence of the roles of mBzR in the heart
under both physiological and pathologic conditions is presented. Clin-
ical studies regarding the use of pharmacologic intervention involving
mBzR in the heart are also discussed as a possible target for the
treatment of electrical and mechanical dysfunction in the heart.

RÉSUMÉ
Le récepteur mitochondrial des benzodiazépines (mBzR) est un type de
récepteur périphérique des benzodiazépines situé dans la membrane
externe de lamitochondrie. C’est une protéine 18 kDa qui peut former un
complexe multimérique avec le canal anionique voltage-dépendant (32
kDa) et le translocateur des nucléotides adényliques (30 kDa). Le mBzR
se retrouve dans différentes espèces et est abondamment distribué dans
les tissus périphériques, incluant le système cardiovasculaire. Les mito-
chondries sont bien connues commeétant le site de production d’énergie,
et le cœur est l’organe qui requiert le plus grand approvisionnement
énergétique. Au cours des dernières décennies, il a été démontré que le
mBzR joue un rôle critique dans la régulation mitochondriale et les fonc-
tions du cœur. Un nombre croissant de preuves démontrent que le mBzR
est associé à la régulation de la respiration mitochondriale, au potentiel
de la membrane mitochondriale, à l’apoptose et à la production d’espèces
réactives de l’oxygène. De plus, lemBzR semble jouer un rôle dans lesmodi-
fications physiologiques du cœur comme la contractilité et la fréquence
cardiaque. Le mBzR est impliqué dans des pathologies tels les lésions
d’ischémie-reperfusion, les réponses au stress, et les changements dans
les propriétés électrophysiologiques et l’arythmogenèse. Dans cette re-
vue, les rôles du mBzR sur le cœur sont mis en évidence tant dans des
conditions physiologiques que pathologiques. Des études cliniques au
sujet de l’utilisation d’interventions pharmacologiques impliquant le
mBzR pour le cœur sont aussi discutées comme un objectif possible dans
le traitement des dysfonctions électriques et mécaniques du cœur.

Peripheral benzodiazepine receptor (PBR) is a receptor found
in peripheral tissues such as adrenal, kidney, and brain in var-
ious species and is found in abundance in cardiovascular sys-
tem.1-3 Initially discovered in rat peripheral tissues by
Braestrup and Squires during 1970s4 as benzodiazepine bind-
ing site, it is distinct from the central benzodiazepine receptors,
which are localized solely to neuronal cells in the central ner-

vous system. The majority of PBRs are located in the mito-
chondrial outer membrane and arenormally recognized as mi-
tochondrial benzodiazepine receptors (mBzRs).5,6 However,
several studies demonstrated that PBRs are also located outside
the mitochondria, such as in the nuclear fractions7 and plasma
membrane8 of various cell types). PBR is an 18-kDa protein
consisting of 169 amino acids9 that can form a protein complex
with voltage-dependent anion channel (VDAC; 32 kDa) at the
outer membrane and adenine nucleotide translocator (ANT;
30 kDa) at the inner membrane.6 Recently, PBR has been
renamed “translocator protein 18 kDa” (TSPO) by a group of
scientists to represent a specific structure and molecular func-
tion of PBR.10 The name indicates the location of proteins:
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mitochondrial translocator protein (mitoTSPO) and nuclear
translocator protein (nucTSPO). To date, “PBR” is also widely
accepted among the scientific community.
A growing body of evidence indicates that mBzR could play

vital regulatory and protective roles for cellular and organ func-
tions in various organs.11 These roles include cardioprotective
effects in the heart, steroidogenesis in the adrenal glands, astro-
cyte and microglia activation in the brain, and heme biosyn-
thesis in the liver.12-15 Under cardiac ischemia/reperfusion
(I/R) condition, it has been reported that mBzR plays an im-
portant role in the regulation of cardiac cell under this patho-
logic condition. The abnormality at the level of organelle such
as mitochondria in this condition can tremendously affect car-
diac electrophysiology as well as an excitation-contraction cou-
pling process in cardiomyocytes.
In this review, the roles of mBzR in the heart under physi-

ological conditions and during I/R injury are mainly discussed,
with a focus on its effects on cardioprotection, electrophysio-
logical alterations, reactive oxygen species (ROS) production,
and the undesired effect caused by mBzR stimulation in the
heart during I/R injury. The disputed findings regarding the
effects of mBzR ligands on cardiac electrophysiology under a
variety of stresses as well as several clinical studies available at
this time are also presented with the hope that they will encour-
age further studies to help elucidate themechanism ofmBzR in
the heart and to warrant its clinical usefulness as a potential
therapeutic target for the treatment of ischemic heart disease in
the near future.

Cardiac Mitochondrial Benzodiazepine Receptor
The mitoTSPO, or mBzR, is located on the mitochondrial

outer membrane of a cardiac cell and has a structure similar to
that found in the other peripheral tissues. mBzR is a 18-kDa
protein that can form a multimeric complex with VDAC and
ANT.mBzR itself hasminimal function in the interaction with
some ligands, but the forming of mBzR and other proteins has
been shown to drive drug-binding properties and functions. In
the heart, mBzR has been shown to be involved inmany critical
cellular controls, including apoptotic cell death, mitochondrial
membrane potential (��m) changes, mitochondrial permea-
bility, mitochondrial respiration, and intracellular calcium
overload and responses to stress.12 Endogenous ligands such as
protophophyrin IX, diazepam binding inhibitor, triakontatetran-
europeptide, and phospholipase A2 have been shown to affect
mBzR in these processes.12 In the past decades, a number of exog-
enous ligands have been synthesized and were specific to mBzR.
These include PK11195 [1-(2-chlorophenyl)-N-methyl-N-(1-
methyl-propyl)-3-isoquinoline carboxamide], 4=-chlorodiazepam
(4=-Cl-DZP) or Ro5-4864 [7-chloro-5-(4-chlorophenyl)-1,3-di-
hydro-1-methy-2H-1,4-benzodiazepin-2-one], SSR180575 (7-
chloro-N,N,5-trimethyl-4-oxo-3-phenyl-3, 5-dihydro-4H-pyr-
idazino[4,5-b]indole-1-acetamide), FGIN-1-27 [N,N-di-n-hexyl
2-(4-fluorophenyl)indole-3-acetamide], pyrrolo[2,1-d][1,5] ben-
zodiazepine derivative, and AHN086 [1-(2-isothiocyanatoethyl)-
7-chloro-1,3-dihydro-5-(4-chloro-phenyl)-2H-1 and 4-benzodi-
azepine-2-one HCl]. These ligands have been extensively
investigated for their cellular effects on mBzR in the heart.12,16,17

In thyroidectomized Holtzman adult male rats, it has been
shown that the mBzR binding sites with exogenous ligand (4=-
Cl-DZP) from cardiac ventricular homogenate were decreased,

whereas its affinity was increased.18 However, in the heart of
male mice after copulation, cardiac mBzR binding sites were
increased and its affinity was not altered.19 Stress has been
shown to influence mBzR binding affinity in the heart. In
cardiac membrane of rats, 2 and 4 hours after an 80-minute
session of inescapable tail shock–induced experiment, stress has
been shown to reduce mBzR levels.20 In mouse ventricles, the
density of mBzR was upregulated after an acute stress but was
downregulated after a repeated stressor.21,22 In a study using
stress induced by 6 and 12 hours of noise exposure, mBzR
binding sites were significantly decreased in the right atrial
“crude membranes” and “mitochondrial fractions.”23 This
change was related to the duration of noise stress without any
change in affinity. However, in this stress-induced condition,
mBzR reduction could be prevented by the administration of
mBzR ligands PK11195, 4=-Cl-DZP, and diazepam.23
In summary, mBzR levels could be increased after acute

stress, whereas they were downregulated after prolonged stim-
ulation. However, under myocardial I/R injury in rats, cardiac
mBzR binding sites and affinity were not altered.24 The pro-
posed mechanisms of mBzR density and affinity alterations in
the heart have been due mainly to hormonal and stress condi-
tions.25 However, the existence and the role of mBzR in the
cardiac innervations remain unknown and require further in-
vestigation. The conditioning effects onmBzR levels and affin-
ity are summarized in Table 1.

Physiological Effects of Mitochondrial
Benzodiazepine Receptor Activation in the Heart
A number of studies have demonstrated that mBzR has

strong physiological effects on the heart.12,26-36 Specific syn-
thetic mBzR ligands such as benzodiazepines have been shown
to affect cardiac chronotropy and inotropy.27-36 A possible in-
teraction between mBzR and voltage-gated Ca2� channel has
been reported and has been proposed to be responsible for the
alteration in cardiac action potential duration (APD) and con-
tractility.27 However, a definite mechanism of mBzR activa-
tion on the physiological effects in the heart remains contro-
versial because discrepancies in findings still largely exist.
Negative inotropic effect was observed with the use of

mBzR ligands (ie, 4=-Cl-DZP) in various models including
papillary muscle from right and left ventricles of guinea pigs,
isolated perfused rats and rabbit hearts, and isolated canine
right atrium.27-32Despite these findings,Weissman et al.35 and
Leeuwin et al.33 reported otherwise. The former study demon-
strated that 4=-Cl-DZP augmented the increase in inotropic
response that is initially induced by BAY K8644, a Ca2� chan-
nel activator, by 2-fold, whereas it did not have an inotropic
effect by itself.35 The latter study found that 4=-Cl-DZP had a
dose-dependent positive inotropic effect and increased coro-
nary blood flow in the isolated perfused rat hearts.33 These
responses were abolished in the presence of PK11195, the
mBzR ligand.33 However, Grupp et al. demonstrated that 4=-
Cl-DZP had no effects on inotropic response but induced a
dose-dependent increase of coronary flow rate in the isolated
perfused rat heart.34 These inconsistent findings, either posi-
tive, negative, or unchanged effects on inotropic response of
mBzR ligands, have not been elucidated. It could be due to the
differences in 4=-Cl-DZP doses, experimental models, and spe-
cies used in those studies. This effect is summarized in Table 2.

262.e4 Canadian Journal of Cardiology
Volume 27 2011



Although PK11195 and 4=-Cl-DZP seem to act differently,
they display the same affinity as that ofmBzR.37 PK11195 does
not change either inotropic effect or coronary flow rate by
itself, but it antagonized the negative inotropic response in
papillary muscle and abolished positive inotropic response
caused by 4=-Cl-DZP in isolated perfused rat heart.28,33 These
responses indicated that the effects of PK11195 may be depen-
dent on the actions of 4=-Cl-DZP. However, Edoute et al.30
demonstrated in an isolated perfused rat heart model that
PK11195 was a more potent depressant in heart functions than
4=-Cl-DZP in decreasing aortic flow, dP/dtmax, end-systolic
pressure, and stroke work. Furthermore, the differences in the
findings between the two mBzR ligands 4=-Cl-DZP and
PK11195 could be attributed to the nature of the ligand-recep-
tor interactions, which are enthalpy and entropy driven, the
basis of thermodynamic parameters for the binding equilib-
rium.37 4=-Cl-DZP has been classified as agonist and PK11195
has been classified as antagonist. However, this classification

was ambiguous,24,30,34,38,39 as in some physiological condi-
tions, these two ligands have been shown to have similar effects.
Furthermore, in the past few years, the mBzR ligands that
caused adverse effects in the heart have been identified as ago-
nist, whereas mBzR ligands that were shown to have protective
effects have been identified as antagonist.39,40

Although mBzR ligands have been shown to have no effect
on heart rate at low concentrations,30,34,35 several studies have
demonstrated that negative chronotropic could be found at
high concentrations (Table 2).31,32,36 In canine isolated right
atrium, 4=-Cl-DZP injected into sinus node decreased both
atrial rate and contractile force at the concentration of 100-
1000 �g.31 Using positron emission tomography technique in
canine living heart, Charbonneau et al.36 demonstrated that
the injection of 4=-Cl-DZP induced a significant drop in
heart rate. Recently, Brown et al. 32 reported that in intact
isolated perfused rabbit heart, high concentration of 4=-Cl-
DZP (ie, �24 �M) led to a negative chronotropic effect.

Table 1. Conditioning effects on mBzR levels and affinity

Conditions Models mBzR ligands mBzR levels mBzR affinity Reference

Thyroidectomized Cardiac ventricular
homogenate of
Holtzman adult male
rats

[3H]Ro5-4864 2 1 Kragie and Smiehorowski18

Copulation Male mice hearts [3H]Ro5-4864 1 ↔ Saano et al.19

Inescapable tail shock Rat cardiac membrane [3H]Ro5-4864 2 — Drugan et al.20

Inescapable tail shock Mouse cardiac ventricles [3H]Ro5-4864 1/2 ↔ Drugan et al.21

Acute maximum
extra shock

Mouse cardiac ventricles [3H]Ro5-4864 1 ↔ Basile et al.22

In vivo 6-, 12-hr
noise stress

Atrial crude membrane
and cardiac
mitochondrial
fractions

[3H]PK11195 2 ↔ Salvetti et al.23

Ischemia/reperfusion Mitochondria of Wistar
rat hearts

[3H]PK11195 ↔ ↔ Obame et al.24

Fearfulness Maudsley reactive rat
(a high level of
fearfulness) hearts

[3H]Ro5-4864 2 — Drugan et al.25

2, Decrease;1, increase;↔, no change;1/2, increase then decrease; —, not studied.

Table 2. Physiological effects of mBzR ligands in the heart

Ligands Properties Concentration Models Species

Physiological effects

ReferencesContractility Heart rate

4=-Cl-DZP mBzR antagonist 3 nM-3 �M Papillary muscle Guinea pig 2 — Mestre et al.,27, 28

�3 �M Papillary muscle Guinea pig 2 — Holck and Osterrieder29

�10 �M Isolated perfused heart Sprague-Dawley rat ↔ ↔ Grupp et al.34
10 �M Isolated perfused heart Sprague-Dawley rat 2 ↔ Edoute et al.30

10 �M Isolated atrium Guinea pig ↔ ↔ Weissman et al.35

24 �M Isolated perfused heart Rabbit 2 2 Brown et al.32

20-400 �M Isolated perfused heart Wistar rat 1 — Leeuwin et al.33

100-1000 �g/kg Isolated right atrium Canine 2 2 Saegusa et al.31

�200 �g/kg In vivo heart Canine — 2 Charbonneau et al.36

PK11195 mBzR agonist �3 �M Papillary muscle Guinea pig ↔ — Mestre et al.27,28

1 nM-10 �M Isolated perfused heart Sprague-Dawley rat ↔ ↔ Grupp et al.34

0.1 �M Isolated perfused heart Sprague-Dawley rat 2 ↔ Edoute et al.30

50 �M Isolated perfused heart Wistar rat ↔ — Leeuwin et al.33

Excess In vivo heart Canine — ↔ Charbonneau et al.36

PK11195 �
4=-Cl-DZP

PK (30 nM-3 �M)
4= (3 nM-3 �M)

Papillary muscle Guinea pig 1 — Mestre et al.28

PK (1 �M-50
�M), 4=
(20-400 �M)

Isolated perfused heart Wistar rat 2 — Leeuwin et al.33

2, Decrease;1, increase;↔, no change;1/2, increase then decrease; —, not studied.
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Furthermore, there are pieces of evidence to show that mBzR
ligands affect ion currents in the isolated cardiomyocytes, as
detailed in the following paragraph. Therefore, the decrease in
heart rate may be due to a reduction in net inward current
during phase 4 of the pacemaker cell, leading to a hyperpolar-
ization of the resting membrane potential.41

Because peripheral-type benzodiazepine binding sites are
pharmacologic receptors coupled to calcium channels, it has
been proposed that the binding of ligands to mBzR may play a
role in transportation of calcium in and out of the cell.27 This
hypothesis is supported by studies in isolated guinea pig and
rabbit ventricular myocytes.29,32 In a study by Holck and Os-
terrieder,29 4=-Cl-DZP at concentration �3 �M reduced in-
ward Ca2� current and rectified K� current in isolated guinea
pig cardiac myocytes. Brown et al. also demonstrated that 4=-
Cl-DZP (24�M) decreased Ca2� inward current during phase
2 of action potential in rabbit cardiomyocytes.32 In cardiomy-
ocytes, pyrrolo[2,1-d][1,5]benzodiazepine derivatives, anmBzR
ligand, decreased Ca2� current.17 The decrease in Ca2� cur-
rent then diminished the trigger for Ca2� release from the
sarcoplasmic reticulum, which explains the negative inotropic
effect of the compound.However, in Leeuwin et al.’s33 finding,
the positive inotropic effect of 4=-Cl-DZP was not clearly ex-
plained.
Table 2 summarizes the physiologic effects of mBzR activa-

tion reported to date. A high concentration of 4=-Cl-DZP
(�10 �M) was found to induce negative inotropic effect in
isolated perfused rat and rabbit hearts,30,32 except for one
study.33 In contrast, a low concentration of �10 �M did not
affect the contractility in either isolated perfused rat heart or
isolated atriummodels.34,35 Despite these reports, inconsistent
results derived from studies using the samemodel and the same
species still exist.27-29 Mestre et al. demonstrated that 4=-Cl-
DZP of�3 �M reduced contractility in papillary muscle,27,28

whereasHolck andOsterrieder reported that it did not alter the
contractility, the inward calcium current nor the inwardly rec-
tifying potassium current in isolated cardiac ventricular myo-
cytes.27-29 It is important to note that the negative chrono-
tropic effect of mBzR ligand 4=-Cl-DZP has been shown only
in the moderate-sized to large animal models (ie, canine31,36

and rabbit32), whereas no chronotropic effect was found in
rats30,34 and guinea pig.35

In summary, mBzR plays an important physiological role in
the heart. Findings from previous studies strongly indicate that
the physiological roles of mBzR in the heart differ in different
species, suggesting that its effects in the human heart could be
similar or different from those found in basic studies and will
need further validation in future studies.

Mitochondrial Benzodiazepine Receptor and
Ischemia/Reperfusion Injury
During myocardial I/R, mitochondria are known to be in-

volved in apoptotic or necrotic cell death. In the apoptosis
pathway, I/R injury causes mitochondrial swelling and release
of cytochrome c to the cytoplasm.42 The release of cytochrome
c and induction of apoptotic cell death have been shown to
involve in the opening of mitochondrial permeability transi-
tion pore (mPTP).43 mPTP is a multiprotein complex that can
form large nonselective pores in the mitochondrial inner mem-
brane. Opening of this pore allows free passage of any mole-

cules up to 1.5 kDa and also disrupts the permeability barrier of
the inner membrane. The major components of the mPTP
involve VDAC, ANT, and cycloplilin D, whereas mBzR,
hexokinase, creatine kinase, and Bcl2 have been shown to play
regulatory roles with this complex.44 Since a multimeric com-
plex of mBzRs has structurally linked to mPTP, it is believed
that both of them could play a role together in cardioprotective
effects.9

During I/R, the energy production is decreased due to the
reduced oxidative phosphorylation rate at the inner mitochon-
drial membrane. This event also rapidly induces ROS produc-
tion.45,46 ROS that is generated from the electron transport
chain and released to cytosol from any mitochondria can de-
stabilize its neighboring mitochondrial membrane by inducing
the release of ROS from these neighboring mitochondria. This
mechanism is known as ROS-induced ROS release.47 These
events lead to ��m and metabolic mitochondrial oscillation.
The loss of��m causes a rapid mitochondrial dysfunction and
leads to apoptotic and necrotic cell death.48

mBzR-mediated Cardioprotection Against
Ischemia/Reperfusion Injury
In I/R injury, the mBzR ligands 4=-Cl-DZP, SSR180575,

and PK11195 have been shown to improve cardiac functions
and reduce the incidence of arrhythmias.24,32,39,49,50 As shown
in Table 3, in both in vivo and ex vivo ischemia models, pre-
treatment with 4=-Cl-DZP before ischemia induction or at the
onset of reperfusion improved left ventricular developed pres-
sure (LVDP) and reduced apoptosis, infarct size, and postisch-
emic arrhythmias.24,32,39,49 Leducq et al. found that the new,
potent, and selective mBzR ligand SSR18057551,52 was able to
restore the left ventricular function after it was impaired during
reperfusion in low-flow and regional ischemia in rat and rabbit
models, respectively. The restoration behaved in a dose-depen-
dent manner, without changing the baseline values.49 Interest-
ingly, although PK11195 has been shown previously to antag-
onize the effects of 4=-Cl-DZP in intact isolated perfused
heart,33 it has been demonstrated to improve LVDP and dP/
dtmax and reduce infarct size under a pathologic condition (ie,
in isolated global ischemic rat heart).24 These cardioprotective
effects of PK11195 were similar to those with the administra-
tion of 4=-Cl-DZP alone, with co-treatment with 4=-Cl-DZP,
and with ischemic preconditioning.24 Moreover, in an isch-
emic phase induced by coronary artery ligation in dog, the
administration of PK11195 significantly increased the heart
rate and decreased the mean arterial blood pressure.50

The loss of mitochondrial integrity that resulted from cal-
cium overload has been shown to induce mPTP opening, lead-
ing to massive swelling of mitochondria, membrane rupture,
release of cytochrome c from mitochondria, and activation of
proapoptotic Bcl-2 family member proteins such as Bax. These
effects eventually cause cell death.53,54 In an in vivo rat model
of occlusion/reperfusion, the levels of cytosolic cytochrome c
and caspase-9 were significantly increased in a time-dependent
manner during reperfusion. In addition, the level of the reac-
tive 10- to 15-kDa form of Bax was increased in mitochondrial
extract with its sudden drop in cytosolic levels during reperfu-
sion.42 The activation of Bax that is translocated into the mi-
tochondria triggers mitochondrial membrane permeability,
regulates the release of cytochrome c, and supports the apop-
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tosome formation and apoptotic process during cardiac reper-
fusion. Recently, 4=-Cl-DZP has been shown to limit apoptosis
by reducing the release of apoptosis inducing factor and cyto-
chrome c from intermembrane space of mitochondria. These
resulted in the prevention of the redistribution of the Bcl-2
family proteins and reduction of the 10-kDa form of Bax dur-
ing I/R period.24 In addition, 4=-Cl-DZP administered before
ischemia or during reperfusion was able to reduce infarct size in
isolated myocardium and the effect was similar to that of isch-
emic preconditioning.24 Hence, it is possible that the protec-
tive effects against I/R injury induced by the mBzR ligands and
preconditioning could share common signaling pathways.24

It has been shown that the rise in end-diastolic pressure,
particularly during the ischemic phase, involves the combina-
tion of calcium overload and the depletion of ATP.55 Stabiliz-
ing effects of 4=-Cl-DZP on mitochondrial function have been
shown tomaintain energy supply by improving oxidative phos-
phorylation and maintaining mitochondrial yields during I/R
in rats.24 This protection against I/R was associated with an
increase in respiratory control ratio related to the increase in the
state 3 respiratory rate.24,56 Furthermore, the administration of
cyclosporin A (CsA), the mPTP blocker, did not change the
respiratory rate, indicating that the mitochondrial inner mem-
brane was not affected, thus confirming that mPTP opening
was not involved in this process.24 The effects of mBzR ligands
on I/R injury are summarized in Table 3. It is clear that the
definite mechanism regarding the role of mBzR and mPTP on
I/R injury process is still debated. Studies in mitochondria iso-
lated from I/R rat hearts showed that the administration of CsA
blocked Ca2�-induced mitochondrial swelling, whereas 4=-Cl-
DZP had no effect.24 However, previous studies demonstrated
that mBzR ligands such as 4=-Cl-DZP, PK11195, and
ANH086 by themselves could induce mPTP opening in a
dose-dependent manner and could induce mitochondrial
Ca2� release in rat cardiac mitochondrial fraction, and that
these effects were abolished by CsA or other mPTP inhibi-
tors.24,53,57,58 Further studies are needed to resolve these dis-
crepancies.
In summary, mBzR antagonists such as 4=-Cl-DZP demon-

strated its protection against I/R injury, whereas mBzR ago-
nists demonstrated opposite results. These effects include im-
proved cardiac function, reduced infarct size, and arrhythmia
prevention. The proposed mechanism of this protection of
mBzR antagonist against I/R injury is thought to be partly due
to its antiapoptotic effects, as well as its ability to stabilize mi-
tochondrial function.

mBzR and Cardiac Electrophysiological
Alterations
Cardiac arrhythmias are known to frequently occur during

myocardial I/R process.39 Growing evidence indicated that
mBzR plays an important role in this phenomenon.32,39,40,50

In isolated hearts with global ischemia, administration of
4=-Cl-DZP either before ischemia induction or prior to reper-
fusion can reduce the incidence of postischemic arrhyth-
mias.32,39 Moreover, it has been shown that PK11195, the
specific mBzR ligand, protected dogs from early and delayed
ventricular arrhythmias after 20 minutes of ischemia by left
anterior descending coronary artery (LAD) occlusion and sig-
nificantly prevented ventricular fibrillation after reperfusion.50Ta
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Under physiological condition, 4=-Cl-DZP has been shown
to decrease APD in a dose-dependent manner in guinea pig
papillary muscle27,28 and in isolated cardiomyocytes.29,32

However, in intact perfused rat heart, 4=-Cl-DZP had no effect
on sarcolemma ion channel and did not alter the action poten-
tial.39 Under pathologic conditions (ie, ischemia or flash-in-
duced stress), 4=-Cl-DZP rapidly prevented APD shortening,
facilitated normal action potential morphology, and prevented
postischemic tachyarrhythmias.39 Furthermore, when the bo-
lus dose was administered at the onset of reperfusion, 4=-Cl-
DZP could stabilize the action potential and completely pre-
vented arrhythmias.39 These effects of mBzR ligands on the
incidence of arrhythmias and cardiac electrophysiology are
summarized in Tables 3 and 4.
Although mBzR has a functional link with Ca2� channels,

its effects can be seen beyond the Ca2� channels. It has been
shown that the cardioprotective properties of Ca2� channel
blockers were effective only when given as preischemic treat-
ment; they were not effective when administered at the onset of
reperfusion.59,60 However, the administration of mBzR antag-
onist 4=-Cl-DZP as a pretreatment or a bolus at the onset of
reperfusion could successfully reduce the incidence of both
arrhythmia and mechanical dysfunction.32,39 Previous studies
demonstrated that mBzR was associated with the activation of
2 important channels atmitochondrial membrane—these were
mPTP, which was shown to be opened during reperfusion but
not during ischemia,61 and mitochondrial inner membrane
anion channel (IMAC), which might be activated during isch-
emia and early reperfusion.39 Furthermore, these 2 channels
have been implicated in ��m depolarization. Huser et al.

62

showed that ��m fluctuation in individual cardiac mitochon-
dria was caused by repetitive opening and closing of the mPTP,
oxidative stress, and/or cellular Ca2� overload. These events
initially triggered pore openings at shorter duration followed
by prolonged openings, resulting in the dissipation of ��m as
efflux of large solutes coincide with swelling of mitochondrial
and loss of ��m.

62 O’Rourke63 demonstrated that IMAC was
involved in ��m oscillation induced by substrate deprivation
and suggested that IMAC may be activated under metabolic
stress in intact cardiomyocytes. Still, the functional link be-
tween mBzR and mPTP or IMAC is unclear. In a patch-clamp
study of isolated mitoplasts, 4=-Cl-DZP has been shown to
inhibit mPTP and IMAC opening at nanomolar concentra-
tion.64 Nevertheless, previous studies have suggested that
mPTP was not involved in the arrhythmogenesis of I/R myo-
cardium. It has been shown that the mPTP blocker CsA could
well preserve rat cardiac mitochondria from Ca2�-induced
mPTP opening23,53 but did not prevent the loss of ��m and
did not completely reduce the incidence of postischemic ar-
rhythmias.32,39,65 Furthermore, it has been suggested that
IMAC activation during ischemia and early reperfusion could
be a precursor to the activation of mPTP.39,66

In summary, inactivation of mBzR can prevent mitochon-
drial dysfunction and cardiac electrophysiology alterations un-
der stresses such as I/R injury by stabilized ��m, preserved
cardiac action potential in both duration andmorphology, and
prevented postischemic arrhythmias. The proposed mecha-
nism of these actions has been related to IMAC and mPTP
inactivation, leading to the prevention of cellular deterioration
from I/R injury.

mBzR and ROS in the Heart
It is known that mitochondria, a vital source of energetic

pool in the cell during oxidative phosphorylation, are the main
source of ROS production.67 In cardiac cell, the population of
mitochondria in cytoplasm is �50% of the cell volume. A
small amount (1%-5%) of electrons that flow through the elec-
tron transport chain in the mitochondria and leak into the
cytoplasm and mitochondrial matrix contributes to ROS pro-
duction.66,68 ROS has been shown to play an important role as
the determinant of cell survival in ischemia.69-71 It has been
shown that ROS release during ischemic preconditioning can
act as signaling molecules that may activate protein kinase C
and mitochondrial ATP-sensitive potassium channels (mi-
toKATP). This results in the protection of cardiomyocytes
against injury.69,70,72-74 Despite that, an increase in ROS pro-
duction in postischemic hearts shows different effects. Under
physiological conditions, there is a balance between ROS pro-
duction and the intracellular ROS scavenging capacity.71

However, such a balance is upset under pathologic conditions.
It has been shown that oxidative stress is induced by an increase
in ROS production or a depletion of ROS scavengers or the
depletion of cytosolic reduced glutathione (GSH).75 These
ROS may lead to mitochondrial dysfunction, apoptotic cell
death, and persistent contractile dysfunction.45,66,67,76

In models of metabolic stress induction in the form of
substrate deprivation77,78 or localized ROS generations by
laser flash–induced stress,66,79 ROS was found to trigger
cellwide oscillations and collapse of ��m in the entire mi-
tochondrial network of isolated cardiomyocytes. Aon
et al.66 demonstrated that the effects of ROS generation
triggered by the flash on cellwide mitochondrial oscillation
were not abolished by either acute addition or the preincu-
bation of 1 �M CsA, the inhibitor of mPTP. These suggest
that mPTP was not involved in this process. Previous studies
demonstrated that ROS can trigger the opening of
IMAC.39,66 Aon et al.66 found that PK11195, which is one
of several classes of amphipathic inhibitors of IMAC, could
prevent the cellwide synchronized mitochondrial oscilla-
tions and ROS bursts after a flash. Although matrix ROS
was found to increase markedly in the flash region of the cell
during mitochondrial depolarization, these ROS did not
dissipate to other regions, confirming that PK11195 could
prevent ROS-induced ROS release in these cells.66 Consis-
tently, 4=-Cl-DZP has been shown to suppress the entire cell
oscillation of ��m, eliminate APD oscillation in isolated
cardiomyocytes,39 and improve mitochondrial phosphory-
lation rate.24,49

In summary, a high level of ROS following reperfusion can
greatly destabilize the system and produce changes in the car-
diac action potential, which may contribute to the genesis of
arrhythmia. Because these effects were abolished by mBzR an-
tagonists, it was proposed that mBzR activates IMAC, the pre-
cursor of mPTP opening, to release ROS and leads to neigh-
boring mitochondrial instability, known as ROS-induced
ROS release mechanism (Fig. 1). This process is the primary
cause of mitochondrial oscillation in the whole cell and cardiac
physiology alterations. Nevertheless, the modulations of mBzR
on mitochondrial ion channels and other proteins are still un-
clear and need further investigation.
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Adverse Effect of mBzR Stimulation in I/R Heart
With the use of mBzR agonists, important findings have

been reported regarding the adverse effects of mBzR stimula-
tion in the heart that underwent I/R injury. FGIN-1-27 is the
mBzR agonist that bound with high affinity to mBzR but not
to the central benzodiazepine receptors.80 It has been demon-
strated that adding FGIN-1-27 to the perfusate worsened the
effect of I/R on the heart, because an increased incidence of
arrhythmias was observed.39 Furthermore, hearts pretreated
with FGIN-1-27 have been shown to accelerate the APD short-
ening; reduce action potential amplitude (APA), upstroke ve-
locity (dF/dt), and time for the onset of inexcitability; and
eventually lead to arrhythmias.39 These findings have led to a
novel proposed mechanism of arrhythmogenesis in the myo-
cardium.39 At the mitochondria level, mBzR has been shown
to be involved in the oscillations of ��m in which 4=-Cl-DZP
abolished the flash-induced ��m oscillation, whereas FGIN-
1-27 caused permanent��m depolarization.

66 It has been pro-
posed that the mechanism of arrhythmogenesis involves the
loss of ��m, which induces mitochondrial network interac-
tion, uncoupling of metabolism, and whole-cell electrical and
mechanical dysfunction and results in the reentry of cardiac
arrhythmias in postischemic heart. This mechanism, proposed
by Akar et al. and called “metabolic sink/block,”39 is a block of
electrical propagation that is distinct from other existing con-
duction blocks (ie, gap junction block, anatomic block, and
dynamic functional block). Here, metabolic sink/block is de-
pendent on the formation of areas undergoing regional or tem-

poral changes in ��m. The loss of ��m induced by mBzR
agonist may lead to postischemic arrhythmias.39 Furthermore,
to investigate the correlation between ��m and APD, Akar
et al.39 demonstrated that glibenclamide, the ATP-sensitive
potassium channel (KATP) inhibitor, blunted the effects of
FGIN-1-27, which initially reduced APA and dF/dt in an iso-
lated ischemic rat heart study. This indicates that KATP activa-
tion was responsible for the ischemia-induced electrophysio-
logical changes in the hearts.
In summary, mitochondrial stress such as that under isch-

emia can lead to mitochondrial depolarization, failure of oxi-
dative phosphorylation, and depletion in energetic pool, result-
ing in an activation of sarcolemma KATP channels and changes
in the duration of cardiac action potential in individual cells or
myocardium, and leads to fatal arrhythmias. The mBzR antag-
onist 4=-Cl-DZP could blunt these effects through the inhibi-
tion of ��m depolarization, which has been shown to be more
effective in preventing postischemic electrical dysfunction by
preserving energy depletion and inhibition of sarcolemmal
KATP channels, whereas FGIN-1-27, an mBzR stimulator,
shows adverse effects (see Fig. 1).

Clinical Studies of Mitochondrial Benzodiazepine
Receptor in the Heart
Characterization and localization of mBzR in human using

noninvasive method had been reported in several studies. In a
report by Charbonneau et al.,36 11C-PK11195, the highly spe-

Figure 1. Hypothetical scheme of mitochondrial benzodiazepine receptor (mBzR) and other mitochondrial ion channels on the effect of reactive
oxygen species (ROS)-induced ROS release mechanism and the cardiac physiology alterations. Under stress condition, ROS is increased from
respiratory chain, and activation of mBzR leads to the opening of mitochondrial inner membrane anion channel (IMAC) and mitochondrial
permeability transition pore (mPTP). These processes result in the oscillation or collapse of mitochondrial membrane potential (��m) and
ROS-induced ROS release mechanism. The loss of mitochondria membrane integrity leads to the decrease of energy supply and activates
sarcolemma adenosine triphosphate (ATP)-sensitive potassium channel (KATP) channel, resulting in the change in cardiac action potential, and
finally leads to fatal arrhythmias. mBzR antagonists such as 4=-Cl-DZP that could inhibit ��m depolarization and prevent postischemic electrical
dysfunction are used for protective effect against arrhythmia. ANT, adenine nucleotide translocator; VDAC, voltage-dependent anion channel.
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cific activity and short-lived cyclotron isotope, was injected
into 7 normal male subjects, and positron emission tomogra-
phy was used to locate the distribution of the isotope. 11C-
PK11195 was found to be concentrated in the myocardium. In
an in vivo evaluation of biodistribution, displacement, andme-
tabolization, [123I]iodo-PK11195 has been shown to rapidly
decay into 2 polar metabolites on high-performance liquid
chromatography, in plasma samples of healthy volunteers.81,82

These results were similar to those in mice in which 2 polar
metabolites were found in the blood.81 Unlike in the blood,
only original radioactive compounds were found in the hearts
of healthy humans.81 These findings has led to the hypothesis
that either no metabolism of this isotope occurs in the heart or
metabolites of [123I]iodo-PK11195 that were found in the
blood do not enter the heart.81

In patients with coronary heart disease who were treated
intravenously with PK11195 at the concentration of 20mg, no
hemodynamic changes or anti-ischemic effects were ob-
served.83 These findings were different from those reported in
animal models, suggesting that the effects of this ligand could
vary among different species. Although the effects of other
mBzR ligands such as 4=-Cl-DZP have been shown to have
cardioprotective effects in various animal models in I/R injury,
none has been investigated in humans. This is partly due to the
fact that most studies were performed in in vitro or small ani-
mal models, without the supporting data from any preclinical
studies. It is known that the physiological roles of mBzR could
vary from species to species; therefore, future studies performed
in human-like animal models are needed prior to clinical stud-
ies to validate findings from previous studies. If the results
warrant its cardioprotective effects, clinical studies can be the
next step to investigate the effects of mBzR ligands, which have
been proved to have cardioprotective benefits in those animal
models to warrant the possibility of their clinical usefulness.

Conclusion
A growing body of evidence demonstrates the ability of

mBzR ligands to improve cardiac functions via mitochondrial
functions, despite some discrepancies in results. The improve-
ments were achieved bymBzR ligandsmaintaining energy sup-
ply, reducing calcium overload, preventing the mitochondrial
ROS-induced ROS release, and restoring normal electrical ac-
tivity in the heart. Given the important clinical implications of
these mBzR ligands, they may represent novel therapeutic
strategies for preventing electrical andmechanical dysfunctions
at the mitochondrial level in the heart in the near future.
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Summary

  Nitric oxide (NO), a vasoactive gas that can freely diffuse into the cell, has many physiological ef-
fects in various cell types. Since 1986, numerous studies of ischemic preconditioning against isch-
emia-reperfusion (I/R) injury have been undertaken and the roles of the NO signaling pathway 
in cardioprotection have been explored. Many studies have confirmed the effect of NO and that 
its relative signaling pathway is important for preconditioning of the cardioprotective effect. The 
NO signaling against I/R injury targeted on the mitochondria is believed to be the end-target for 
cardioprotection. If the NO signaling pathway is disrupted or inhibited, cardioprotection by pre-
conditioning disappears. During preconditioning, signaling is initiated from the sarcolemmal 
membrane, and then spread into the cytoplasm via many series of enzymes, including nitric oxide 
synthase (NOS), the NO-producing enzyme, soluble guanylyl cyclase (sGC), and protein kinase G 
(PKG). Finally, the signal is transmitted into the mitochondria, where the cardioprotective effect 
occurs. It is now well established that mitochondria act to protect the heart against I/R injury via 
the opening of the mitochondrial ATP-sensitive K+ channel and the inhibition of mitochondrial 
permeability transition (MPT). This knowledge may be useful in developing novel strategies for 
clinical cardioprotection from I/R injury.
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BACKGROUND

Acute myocardial infarction (MI) is one of the major causes 
of death worldwide [1]. Acute MI occurs when the large epi-
cardial coronary artery is occluded by a thrombotic blood 
clot or lipid accumulation. When the occlusion lasts over 
20–40 minutes, ischemic tissues become irreversibly dam-
aged, resulting in infarction [2]. The precise time to the de-
velopment of infarction varies between species. For exam-
ple, faster development is observed in small rodents with 
a high heart rate and low collateral blood flow, and slower 
development is found in larger animals [3]. The progres-
sive and irreversible damage incurred during myocardial 
ischemia can only be stopped by an immediate reperfusion. 
Despite this fact, severe and irreversible myocardium dam-
age during the ischemic phase could be caused by reperfu-
sion itself, referred to as reperfusion injury [4]. Irreversible 
reperfusion injury is defined as an injury caused by reper-
fusion after the ischemic episode, and results in the death 
and loss of cells that had only been reversibly injured and 
primed for death during the preceding ischemic episode [2].

During ischemia, the cardiomyocytes become depleted of ox-
ygen and energy. Higher CO2 and lactate production in the 
cell is associated with greater acidosis. The increased acido-
sis that is produced by anaerobic metabolism increases the 
influx of Na+ via the Na+/H+ exchanger and the depletion 
of ATP for Na+/K+ ATPase activity, which in turn inhibits the 
eradication of Na+ from the cell. This results in the accumu-
lation of Na+ in cytoplasm [5]. The large amount of Na+ in 
cytoplasm drives the reverse mode of the Na+/Ca2+ exchang-
er, leading to the overload of Ca2+. Finally, the elevated cyto-
solic Ca2+ levels contribute to the opening of a mitochondrial 
permeability transition pore (mPTP) and result in the death 
of cells [6]. Large infarct size and failure of infarct tissues to 
perform a physiological function may lead to heart failure. 
Protecting the heart from these harmful consequences of 
coronary occlusion has been the goal of ongoing research 
by a number of investigators for many decades [7–12]. In re-
cent years, cardiac ischemic preconditioning (i.e., the brief 
sequences of coronary occlusion and reperfusion before pro-
longed occlusion) has been extensively studied and found to 
be cardioprotective against ischemia/reperfusion (I/R) inju-
ry. Its various roles in cardioprotection involve many factors, 
including the nitric oxide signaling pathways [13]. In this re-
view, factors involving the cardioprotective process of ischemic 
preconditioning, particularly nitric oxide (NO), are present-
ed, the mechanisms of this process are explained, and clini-
cal implications for future therapeutic approaches involving 
the role of nitric oxide (NO) are discussed.

ISCHEMIC PRECONDITIONING

Ischemic preconditioning (IPC) is the induction of a brief 
episode of ischemia and reperfusion in myocardium to mark-
edly reduce tissue damage induced by prolonged ischemia 
[7]. Ischemic preconditioning as a potent cardioprotective 
method against I/R injury was first reported by Murry et al. in 
1986 [8]. In their study using dogs, four sequential episodes 
of 5-minute occlusion each followed by 5-minute reperfusion 
were induced in the left circumflex coronary artery, preceding 
a sustained 40-minute prolonged occlusion period. Another 
group of dogs were left on a prolonged coronary ligation with-
out IPC. After 4 days of reperfusion, the infarction generated 

in the former group was reduced by 75% compared to that of 
the latter group. In their study there was no significant differ-
ence in the collateral blood flows of both groups. These re-
sults suggested that the tolerance of cardiac tissue to I/R in-
jury is not related to the change of regional blood flow. This 
remarkable cardioprotection process has also been demon-
strated in various species of experimental animals, including 
rats, mice, rabbits, chicken, and swine [9–13].

Although many investigations have documented precondi-
tioning as an intervention capable of protecting the heart 
against I/R injury, the cardioprotective effect of IPC is rel-
atively short-lived and the underlying mechanism is not 
completely understood. More recently it was found that the 
fundamental processes and the end-target of cardioprotec-
tion of IPC mechanisms are related to the prevention of mi-
tochondrial permeability transition (MPT) [1]. Any drug 
that blocks MPT, such as cyclosporine A, is able to mimic 
the IPC effect [6]. The MPT and intramitochondrial signal-
ing against I/R injury will be described later in this review.

Even after IPC was first described by Murry et al. in 1986, 
its mechanisms remained largely unknown for several years. 
The only clue at the time from studies in various species 
was that IPC was not involved in the coronary blood flow 
through the damaged area [14]. However, in 1991 Liu et al. 
discovered that stimulation of cardiac Gi-coupled adenos-
ine receptor type 1 (A1) was necessary for the precondition-
ing effect [14]. The study also showed that IPC’s protection 
could be attenuated by an adenosine receptor antagonist, 
whereas the infusion of adenosine, or the A1-specific ago-
nist N6-1-(phenyl-2R-isopropyl) adenosine (R-PIA), could 
reduce the infarct size. Therefore, cardioprotection of IPC 
was achieved as ischemic myocardium rapidly degraded 
ATP to adenosine, which then accumulated in this area [7].

Bradykinin and opioid receptors are also involved in the 
IPC process [15–17]. During the preconditioning ischemia, 
bradykinin and endogenous opioid are released from the 
heart, together with the production of adenosine as a result 
of metabolic breakdown of ATP [7]. These 3 ligands acti-
vate their respective G-protein coupled receptors (GPCRs), 
which work on the other pathways to protect the heart from 
ischemic conditions [7]. Nevertheless, the protection of 
IPC could not be completely blocked if 1 of these 3 recep-
tors is inhibited. On the other hand, it was suggested that 
combining 2 or more of these receptors produces an in-
cremental cardioprotective effect against I/R injury of IPC 
[18]. Further research has shown that increasing the num-
ber of preconditioning cycles leads to greater resistance of 
the heart to I/R injury [19]. It was proposed that the addi-
tional brief I/R cycles produced more of the trigger sub-
stances, and more activities of these receptors could be ob-
served [19]. In addition to these substances and receptors, 
nitric oxide (NO) has been shown to play an important 
role in the cardioprotective process of IPC during myocar-
dial ischemia, which will be described later in this review.

NITRIC OXIDE IN THE HEART

NO is a signaling molecule that affects the cardiovascular 
system as a vasodilatator [20]. In hypertensive patients the 
level of NO metabolites (nitrite and nitrate) are found to be 
attenuated from their normal levels and inversely correlated 
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with blood pressure [21]. In the heart, NO is known to be 
an important regulator of cardiac contractility in physio-
logical condition [22]. In cardiomyocytes all 3 isozymes of 
NO synthase (NOS) are expressed – neuronal NOS (nNOS, 
NOS1), inducible NOS (iNOS, NOS2) and endothelial NOS 
(eNOS, NOS3) [22]. Despite the fact that NO is a highly dif-
fusible signaling molecule that can diffuse freely across the 
membranes, many studies have shown that the regulation 
of nNOS and eNOS are localized due to their compartmen-
talization. nNOS is located in the sarcoplasmic reticulum 
(SR), whereas eNOS is located in the caveolae of the sarco-
lemma [22]. Each type of NOS performs a different cardi-
ac contraction modulation. While nNOS signaling poten-
tiates the response of b-adrenergic stimulation [23], eNOS 
signaling depresses the functional regulation of b-adrener-
gic stimulation [24]. Although nNOS and eNOS are mem-
brane-bound enzymes and regulate cardiomyocytes under 
physiological condition, iNOS is a soluble enzyme and pro-
duces less expression in physiological condition [24]. Many 
factors appear to be involved in the regulation of iNOS in-
duction in response to cytokines or cardiac stress [25].

NOS produces NO from the conversion of L-arginine into 
citruline, using a large number of cofactors, including nic-
otinamide adenine dinucleotide phosphate (NADPH) and 
flavin mononucleotide (FMN) [25]. Then, the activation 
of soluble guanylyl cyclase (sGC) by NO leads to the for-
mation of cGMP from the nucleotide GTP [25]. cGMP-de-
pendent protein kinase (PKG) is further activated, initiat-
ing numerous physiological regulations in cardiomyocytes. 
As a result, L-type Ca2+ channel (LTCC) activity is depressed 
by NO via cGMP-dependent pathways [26–28]. Moreover, a 
phosphorylation of a1C subunit at position Ser533 of LTCC 
can be developed by the activated PKG, causing an inhi-
bition of L-type Ca2+ current (ICa,L) [26]. The rate of Ca2+ 
reuptake into SR, by the increased phosphorylation of phos-
pholamban, can be increased by NO signaling [29]. NO 
that is released from nNOS when it binds with the super-
oxide anion, can form peroxynitrite, which exerts this spe-
cific effect on phospholamban [29]. Apart from the studies 
of the effects of NO and cGMP on the Ca2+ channel, other 
cardiac ion channels have also been shown to be regulat-
ed by this pathway. The ATP-sensitive K+ channel is activat-
ed by NO donors, and this involves both activation of PKG 
and the cGMP-independent effect [30,31]. The hyperpo-
larization-activated pacemaker current (If) is also activated 
by NO and the cGMP-dependent pathway in isolated guin-
ea pig sinoatrial node cells and in human right atrial ap-
pendage cells [32,33].

ROLE OF NITRIC OXIDE SIGNALING PATHWAY IN THE 
CYTOSOLIC SIGNALING OF IPC

NO and its signaling pathway have been shown to be impor-
tant in cardioprotection against I/R injury [1]. Numerous 
studies have shown the cardioprotective effect of both en-
dogenous and exogenous NO on IPC (Table 1). In 1995 it 
was shown for the first time that NO has a cardioprotective 
effect against I/R injury, but another report in the same 
year showed the opposite result [34,35]. Williams et al. re-
ported that endogenous NO plays a critical role in the re-
duction of infarct size after a 30-minute period of ischemia 
and a 120-minute period of reperfusion in rabbit hearts 
in an in vivo model [34]. Using L-nitro-arginine (L-NA), a 

non-specific NOS inhibitor, to treat one group before coro-
nary occlusion and another group during reperfusion (with 
the same dose administered in each group), increased in-
farct areas in both groups were observed, compared to a 
vehicle-treated group. In addition, there was no significant 
difference in infarct sizes between the L-NA-treated groups 
before and after coronary occlusion [34]. Despite this re-
sult, Woolfson et al. reported that when the isolated rabbit 
heart was perfused with N (G)-nitro-L-arginine methyl es-
ter (L-NAME), the non-specific NOS inhibitor, at 10 min 
before the coronary occlusion and continued for 15 min 
of reperfusion period in 45 min of ischemia and 180 min 
of reperfusion episode, the infarct size was decreased com-
pared to the untreated group [35]. These inconsistent find-
ings could be due to use of different study models as well 
as differences in the duration of the treatment with NOS 
inhibitors and/or the duration of I/R episodes. Moreover, 
NO is claimed to be a pro-apoptotic factor when it reacts 
with superoxide anion to form peroxynitrite [36]. This re-
sult may be the cause of the myocardial injury in I/R condi-
tion found by Woolfson et al. [35], who also found that the 
NOS inhibitor could reduce infarct size in non-precondi-
tioned hearts after I/R injury [35]. Nevertheless, the mech-
anisms of NO in the heart are still unclear and need to be 
investigated further.

The cardioprotective effect of NO on I/R injury was also sup-
ported by Zhao et al. in 1997 [37], who suggested that mo-
nophosphoryl lipid A (MLA) has an IPC-mimetic effect due 
to an increase in iNOS activity after coronary occlusion and 
reperfusion in rabbit hearts [37], as well as discovering the 
important role of iNOS in the cardioprotective effect against 
I/R injury when aminoguanidine (AMG), the specific-iNOS 
inhibitor, was used. In groups treated with AMG alone or with 
MLA, the infarct size was significantly increased compared 
to the MLA-only treated group and was not different from 
the vehicle-treated group [37]. These results suggested that 
when iNOS is inhibited, the cardioprotective effect of MLA 
disappears. In a pacing-induced preconditioning model of 
the rat heart, NG-nitro-L-arginine (L-NNA), a non-specific 
NOS inhibitor, increased the release of lactate dehydroge-
nase, a marker of necrotic cell death, from the coronary-oc-
cluded ischemic area [38]. Yang et al. found that L-NAME 
could abolish the cardioprotective effect of adenosine recep-
tor agonist 5’-(N-ethylcarboxamido) adenosine (NECA) or 
bradykinin in the I/R model in rabbit hearts [39]. Prendes 
et al. demonstrated in 2007 that IPC increased cardiac con-
tractility after global ischemia and reperfusion in isolated 
rat hearts [40]; however, the effect of IPC disappeared when 
treated with L-NAME [40]. All of these studies demonstrated 
the cardioprotective effect of NO against I/R injury.

The role of exogenous NO in cardioprotection during isch-
emia was demonstrated by Nakano et al. [41], who found that 
S-nitroso-N-acetylpenicillamine (SNAP), an NO donor that 
serves as the resource of exogenous NO, was able to mimic 
preconditioning by decreasing infarct size in rabbit hearts 
after a long period of I/R without IPC, compared to those 
without SNAP infusion. The study also reported that protein 
kinase C (PKC) and free radicals or reactive oxygen species 
(ROS) were important for cardioprotection of the precon-
ditioning-mimetic effect of exogenous NO. When cheler-
ythrine, an inhibitor of PKC, or N-(2-mercaptopropionyl)-
glycine (MPG), a ROS scavenger, were combined with SNAP, 
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the cardioprotective effect of SNAP was eliminated, as shown 
by the enlargement of infarct size as compared to the SNAP-
only treated group [41].

The cardioprotective effects of NO have also been support-
ed by other studies [42,43]. Kanno et al. in 2000 showed that 
iNOS was overexpressed in eNOS knockout mice after 30 
minutes of ischemia followed by 60 minutes of reperfusion; 
however, nitrite formation and infract area were not differ-
ent from that of wild type mice [43]. The role of iNOS was 
also reported by Zhao et al. in 2000 [44], who found that an 
increase in iNOS expression could be induced by treating 
with 2-chloro-N6-cyclopentyladenosine (CCPA), an adenos-
ine A1 receptor agonist, while the effect disappeared when 
treated with 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), 
an adenosine A1 receptor antagonist [44]. CCPA was also 
found to reduce infarct size after I/R, while DPCPX or 
S-methylisothiourea (SMT), a specific iNOS inhibitor, can-
celled this effect [44]. Results of a study by Wang et al. in 
2002 supported the dominant effect of iNOS in precondi-
tioning [45]. It was discovered that IPC, with a sequence of 
6 cycles of 4-minute coronary occlusion and 4-minute reper-
fusion, increased the expressions of iNOS mRNA and pro-
tein at 3 hours after the last cycle of IPC [45]; however, the 
expression of eNOS remained unchanged [45]. Although 
iNOS has been shown to protect the heart against myocardial 

injury after I/R, in 2008 Heinzel et al. found that the treat-
ment of iNOS inhibitor aminoguanidine (AG) in the sus-
tained moderate regional ischemia by a reduction in cor-
onary artery pressure to ~45 mmHg for 6 h in miniswine, 
AG caused an increase in the cell shortening compared to a 
non-treated group combination with L-arginine in an isolat-
ed cardiomyocyte model [46]. This result suggests the role 
of iNOS in the attenuation of cardiac function after hypo-
perfused ischemia [46]. The role of iNOS in the late phase 
of IPC was also observed. Guo et al. found that iNOS knock-
out mice had larger infarct size than wild-type mice after be-
ing subjected to 30-min coronary occlusion and 24-h reper-
fusion in the presence of IPC (6 episodes of 4-min occlusion 
and 4-min reperfusion cycles) [47]. Moreover, at 24 h after 
I/R, wild-type mice with IPC had smaller infarct size than 
both non-IPC wild-type and iNOS knockout mice at 24 h af-
ter IPC [47]. This cardioprotective effect of iNOS was sup-
ported by the increased level of iNOS expression in the IPC 
group compared to the non-IPC group at 24 h after IPC [47].

The significance of eNOS on cardioprotection against I/R 
injury has also been investigated. Bell et al. reported that 
the infarct size in eNOS knockout mice was not different 
from that of wild-type mice after IPC [48]. This finding is 
consistent with a 2008 study by Guo et al., which reported 
that both eNOS-knockout mice and wild-type mice have a 

Source of NO Model of I/R Animal Models Effect of NO References

Endogenous
Isolated heart (coronary ligation)
Isolated heart (global ischemia)

Rabbit
Reduce infarct size (in both 

models of I/R injury)
[34]

Endogenous
Cultured embryonic ventricular 

myocyte
Chick Decrease cell death [58]

Endogenous Isolated heart (coronary ligation) Rat
Decrease cell death by decreasing 
of lactate dehydrogenase released

[38]

Endogenous Isolated heart (global ischemia) Rat
Improve cardiac function but do 

not change in cell viability
[40]

Endogenous In vivo (coronary ligation) Rabbit Reduce infarct size [62]

iNOS In vivo (coronary ligation) Rabbit Reduce infarct size [37]

iNOS Isolated heart (global ischemia) Mouse Reduce infarct size [44]

iNOS In vivo (coronary ligation) Mouse Reduce infarct size [82]

iNOS, eNOS
Isolated heart (global ischemia)

Isolated cardiomyocyte
Rat

Reduce infarct size
Decrease cell death

[61]

eNOS, iNOS and exogenous Isolated heart (global ischemia) Mouse Reduce infarct size [43]

eNOS Isolated heart (global ischemia) Mouse No response [48]

eNOS Isolated heart (global ischemia) Mouse Reduce infarct size [50]

Exogenous Isolated heart (coronary ligation) Rat Reduce infarct size [59]

Exogenous Heart slice Rat Decrease necrosis and apoptosis [60]

Exogenous Cultured neonatal cardiomyocyte Rat Decrease cell death [85]

Exogenous Isolated heart (coronary ligation) Rabbit Reduce infarct size [41]

Exogenous Isolated heart (coronary ligation) Rat Reduce infarct size [42]

Table 1. Effects of sources of NO in cardioprotection against ischemia-reperfusion injury.
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similar infarct size after I/R injury in the non-precondi-
tioned state [49]. In eNOS knockout mice, these findings 
suggested that the role of eNOS in preconditioning is less 
prominent than that of iNOS. Although the infarct size was 
reduced in the overexpressed eNOS compared to wild type 
mice, du Toit et al. found that there was no difference in the 
infarct size between IPC and non-IPC in this overexpressed 
eNOS mouse model [50]. It has been proposed that the 
heart with eNOS overexpression may be already maximal-
ly protected against I/R injury by elevated endogenous NO 
levels produced by eNOS in this model [50]. Nevertheless, 
it is not known whether exogenous NO would be benefi-
cial in overexpressed eNOS mice, and further studies are 
needed to investigate this possibility.

In biological systems, NO has also been found to be pro-
duced from enzyme-independent generation [51]. Under 
acidic conditions, such as intracellular acidosis from isch-
emia, NO can be generated in the tissues from the reduction 
of nitrite, NO2

– [52]. Zweier et al. found that although all 
NOS isoforms in the heart were totally blocked by L-NAME, 
the NO formation was partially inhibited in the hearts af-
ter 30 min of ischemia [53]. They also reported that in the 
I/R condition of 30-min ischemia followed by 45-min re-
perfusion, the time course of the recovery of rate pressure 
product in L-NAME-treated hearts were higher than in the 
untreated group; however, when L-NAME was combined 
with nitrite, the time course of the recovery of rate pressure 
product decreased [53]. This finding suggested that nitrite 
can reverse the inhibitory effect of NOS inhibitor, indicat-
ing the enzyme-independent generation of NO as a possi-
ble mechanism protecting against myocardial I/R injury.

The cardioprotective mechanisms of NO beyond the 
cGMP/PKG-dependent pathway have also been reported. 
Since NO can modify the structure of protein through the 
mechanism called S-nitrosylation, some recent studies have 

also demonstrated the cardioprotective effect of NO via 
this mechanism [54,55]. S-nitrosylation occurs when NO, 
from NO sources such as NOS, acts through the post-trans-
lational modification of cysteine thiol on the targeted pro-
teins that colocalized with it to form S-nitrosothiol (SNO), 
resulting in a change in their protein functions [56,57]. A 
study by Sun et al. in 2007 reported that when treated with 
S-nitrosoglutathione (GSNO) (i.e., the exogenous source of 
NO for S-nitrosylation), the infarct area was smaller than in 
the untreated group after 20 min of no-flow ischemia and 
20 min of reperfusion in isolated mouse hearts [54]. Lin 
et al. in 2009, using female ovariectomized mice, demon-
strated that 17b-estradiol (E2) and the estrogen receptor-
b-selective agonist 2,2-bis(4-hydroxyphenyl)-proprionitrite 
(DPN) decreased the infarct size in the heart after being 
subjected to 20 min of ischemia followed by 30 min of re-
perfusion [55]. Proteomic analysis also demonstrated that 
an increase in S-nitrosylation of a number of proteins could 
be found in the DPN- and E2-treated hearts, as well as in the 
preconditioning group [55]. This finding suggests that the 
increased SNO protein from DPN and E2 treatment after 

Figure 1.  The schematic diagram represents the 
ischemic preconditioning pathway 
in cardiomyocytes. IPC induces 
cardiomyocytes to release adenosine, 
bradykinin and endogenous opioid which 
occupy their specific G-protein coupled 
receptors. After that, the signal will 
pass into the cytosol via the activation 
of the enzyme series including PI3K, 
PDKs, Akt and NOS. The latter enzyme 
produces NO which acts as signaling 
molecule to activate sGC and resulted 
in the cGMP formation. Then, cGMP 
activates PKG which has the separated 
mechanism on the mitochondria, the 
direct and indirect mechanism. The direct 
mechanism of PKG is on the R1 protein 
on outer mitochondrial membrane which 
then activates the opening of mitoK

ATP
 

channel on the inner mitochondrial 
membrane via the phosphorylation of 
PKCε1. The indirect mechanism of PKG is 
the phosphorylation of ERK and GSK3β 
which then act on mitoK

ATP
 channel. 

However, the mechanism of how GSK3β 
activates the opening of mitoK

ATP
 

channel is still unclear. After the mitoK
ATP

 
channel opening, K+ then enters the 
mitochondrial matrix and H+ is ejected 
out of the matrix to balance the positive 
charge. When H+ level decreases, the 
electron transport chain is interrupted 
and leads to the formation of superoxide 
anion and then H

2
O

2
. Finally, H

2
O

2
 will 

act as signaling molecule to activate 
PKCε2 which then inhibits the opening 
of mitochondrial permeable transition 
pore (mPTP). This inhibition of mPTP 
opening helps to protect mitochondrial 
damage during I/R injury. (Modified with 
permission from [63]).
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I/R could lead to cardioprotection against myocardial inju-
ry [55]. Therefore, the S-nitrosylation by NO could be one 
of the major targets for cardioprotection against I/R injury.

NITRIC OXIDE AND INTRAMITOCHONDRIAL SIGNALING OF IPC

A growing body of evidence demonstrates the important 
relationship among NO, ROS, and ischemic precondition-
ing[41,58–62]. In 2003 Lebuffe et al. found that H2O2 and 
NO were important for preconditioning-like cardioprotection 
[58]. Furthermore, when the mitochondrial ATP-sensitive 
K+ (mitoKATP) channel was inhibited by 5-hydroxydecanoate 
(5-HD) in the IPC model, the cardioprotective effect of IPC 
disappeared [58], suggesting the importance of the mitoKATP 
channel in cardioprotection against I/R injury.

Recent research on the mechanisms of IPC suggests that 
during a brief episode of ischemia, 3 ligands are released 
from the cardiomyocytes, and long sequences of activities 
are found here [7]. These ligands (bradykinin, endogenous 
opioid, and adenosine), occupying their respective G-protein 
coupled receptors (GPCRs), result in activations of phos-
phatidylinositol 3-kinase (PI3K) and series of phospholip-
id-dependent kinase (PDK) (Figure 1). PDK causes phos-
phorylation and activation of Akt, where the latter induces 
further phosphorylation onto NOS, causing NO to be gen-
erated. After that, sGC, activated by NO, transforms GTP 
into cGMP, in which PKG is finally activated. In the last step 
of cytosolic signaling, PKG then reacts on mitochondria, re-
sulting in the opening of the mitoKATP channel (Figure 1) 
[63]. The opening of the mitoKATP channel leads to the in-
hibition of the mitochondrial permeability transition pore 
(mPTP), resulting in the protection of mitochondria from 
damage during ischemia. Thus, a cGMP-dependent mech-
anism has been proposed as the main pathway to activate 
the mitoKATP channel via phosphorylation by PKG [60,62].

In mitochondria, the mPTP has also been shown to play 
a critical role in I/R injury. The mPTP is the megachan-
nel that is the formation of 3 specific components, includ-
ing the voltage-dependent anion channel (VDAC), the ad-
enosine nucleotide transporter (ANT), and cyclophilin D 
[64]. Currently, the molecular structure of this pore is still 
under debate [64]. A high concentration of calcium, in-
cluding calcium overload due to myocardial ischemia, has 
been shown to trigger the opening of mPTP [65]. Previous 
studies demonstrated that cyclosporine A, the mPTP in-
hibitor, could protect the heart from myocardial I/R inju-
ry [66,67]. In 2002, Hausenloy et al. proposed that the in-
hibition of mPTP opening could be the end-target of IPC 
[68]. Therefore, if mPTP opening is inhibited or interrupt-
ed by the process of mitoKATP channel opening, mitochon-
drial damage from I/R injury could be prevented, result-
ing in cardioprotection against I/R injury.

Exogenous NO by SNAP can increase ROS generation in 
isolated rat cardiomyocytes [59]. However, when SNAP was 
co-incubated with 5-HD, the ROS production decreased. On 
the other hand, when treated with diazoxide, the mitoKATP 
channel opener, without the treatment of SNAP, the ROS 
production was instead increased [59]. These findings sug-
gested a relationship between NO, mitoKATP channel, and 
ROS production, in which ROS production via the open-
ing of mitoKATP channel is activated by NO.

Growing evidence supports the proposed hypothesis that 
the NO-cGMP-PKG pathway causes the mitoKATP channel 
opening [58,60,62,69,70]. In this pathway, PKG was pro-
posed as the last step in the signaling process before the 
involvement of mitochondria (Figure 1). This hypothesis 
was established when it was shown that exogenous PKG plus 
cGMP, when added to the isolated mitochondria, causes the 
increase of mitochondrial matrices due to the opening of 
the mitoKATP channel [71]. Furthermore, this effect could 
be reversed by several substances such as KT5823 (the spe-
cific PKG inhibitor), 5-HD or glibenclamide (the mitoKATP 
channel inhibitors), and eV1-2 (the protein kinase C e iso-
form [PKCe]-specific inhibitor) [71].

The mitoKATP channel is located in the mitochondrial in-
ner membrane (MIM); however, PKG is a cytosolic enzyme 
that is unable to cross the mitochondrial outer membrane 
(MOM). Therefore, how PKG interacts with the mitoKATP 
channel remains unknown. It has been proposed that phos-
phorylation of serine or threonine by an unknown protein 
called R1, located on MOM, is a necessary step taken by 
PKG (Figure 1) [63]. The PKG-dependent mitoKATP chan-
nel opening seems to require the intact MOM, and is re-
versed by Ser/Thr phosphatase PP2A [63]. The phosphor-
ylation of this unknown protein R1 causes the signal to be 
transmitted to PKCe on the MIM, leading to phosphoryla-
tion and opening of the mitoKATP channel (Figure 1).

The confirmation of the presence of R1 was demonstrat-
ed by Costa and Garlid in 2008 [72], who used mitochon-
dria and mitoplast (mitochondria without MOM) to test 
the effects of many specific activators and inhibitors on in-
tramitochondrial signaling [72]. By using phorbol 12-my-
ristate-13-acetate (PMA), a PKCe activator that can cross the 
MOM, they found that it caused mitochondria matrix swell-
ing due to the opening of the mitoKATP channel in both mi-
tochondria and mitoplast. However, when treated with iso-
lated PKG, the swelling was observed in mitochondria but 
not in mitoplast [72]. Both the effects of PMA and PKG, 
nonetheless, could be removed when treated with the PKCe 
phosphatase PP2A [72]. This clearly shows that the specif-
ic protein R1 located in MOM has the ability to interact 
with PKG, as well as the ability to open the mitoKATP chan-
nel. PKG itself does not directly open the mitoKATP chan-
nel, and does not cause the mitochondrial matrix swelling 
in the mitoplast [72].

Another mechanism by which PKG mediates the opening 
of the mitoKATP channel was demonstrated by Das et al. in 
2008 and 2009 [73,74]. The 2008 study demonstrated that 
the expression of ERK and GSK3b protein in the ischemia-
reoxygenation condition was increased in mouse cardiomy-
ocytes treated with sildenafil citrate, the phosphodiesterase 
type 5 (PDE-5) inhibitor [73]. They also demonstrated that 
when treated with the combination of PD98059, an ERK in-
hibitor, and sildenafil citrate, the level of necrosis and apop-
tosis increased compared to sildenafil citrate treated alone 
in ischemia-reoxygenation cardiomyocytes [73]. In 2009, 
their subsequent study demonstrated that after treatment 
with sildenafil citrate for 24 h, the phosphorylation of ERK 
and GSK3b increased in the intact mouse heart [74]; how-
ever, when treated with PD98059, the phosphorylation of 
ERK and GSK3b decreased and were not different from the 
control. These findings suggested that GSK3b is downstream 
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of ERK [74], and led the researchers to propose a mecha-
nism downstream from PKG, in which ERK and GSK3b pro-
tect the heart against I/R injury via the opening of the mi-
toKATP channel (Figure 1).

GSK3b, a multifunctional Ser/Thr kinase, is one of the main 
target signaling cascades in cardioprotection against I/R in-
jury [75]. This protein was originally found to be involved 
in the disruption of glycogen synthesis via the inhibition of 
glycogen synthase, and was named glycogen synthase kinase 
(GSK) [75,76]. The role of GSK3b phosphorylation in the 
inhibition of mPTP opening in the heart was first reported 
by Juhaszova et al. in 2004 [77], showing that the threshold 
for mPTP opening was increased when GSK3b was knock-
down via RNAi in isolated neonatal rat cardiomyocytes [77]. 
The GSK3b inhibitors were also reported to have a cardio-
protective effect against I/R injury [78]. A 2002 study by 
Tong et al. demonstrated that pretreatment with lithium 
as well as SB216763, the GSK3b inhibitors, could decrease 
the infarct size after 20-min global ischemia and 30-min re-
perfusion in isolated rat hearts [78]. A 2006 in vivo study 
in rats by Nishihara et al. also supports the hypothesis that 
the GSK3b inhibitor SB216763 can limit infarct size after 
20-min LAD occlusion and 40-min reperfusion in a dose-
dependent manner [79]. Moreover, a study by Gross et al. 
in 2004 found that SB216763 and another GSK3b inhibi-
tor, SB415286, when administered for 10 min before isch-
emia or 5 min before reperfusion, could decrease infarct 
size, and that infarct size was not different between pre- and 
post-treatment in 30-min ischemia and 2-hr reperfusion in 
rats [80]. In 2008, Obame et al. demonstrated that the car-
dioprotective effect of the GSK3b inhibitor against I/R in-
jury was related to the inhibition of mPTP opening [81].

In mitochondria, the opening of the mitoKATP channel leads 
to an increase in K+ influx, causing swelling and alkaliniza-
tion of the mitochondrial matrix. The increased K+ influx 
then replaces H+ in the electron transport chain, and as a 
result, superoxide anion, the first ROS that appears in the 
mitochondria, is produced [63]. The superoxide anion 
then reacts with H2O to form H2O2, which directly activates 
PKCe on the MIM. Two isoforms of PKCe are found in MIM 
– PKCe1 and PKCe2 [63]. PKCe1, located close to the mito-
KATP channel, causes the phosphorylation and opening of 
the mitoKATP channel. The other isoform, PKCe2, is locat-
ed close to mPTP, and its activation causes the inhibition of 
mPTP opening [63]. A growing body of evidence currently 
supports this cardioprotective effect against I/R injury by 
the ROS production in mitochondria from the opening of 
the mitoKATP channel [72,82,83]. The end-target effect of 
mPTP inhibition allows cells to survive due to an inhibition 
of the released apoptotic signal from mitochondria by the 
MPT process (the summarized diagram of the pathway is 
shown in Figure 1) [1,84]. Moreover, the irreversible mPTP 
opening can lead to the reduction of ATP production by 
abolishing mitochondrial membrane potential, which final-
ly results in necrotic cell death from energy depletion [69]. 
Despite the inhibition of MPT by the opening of mitoKATP 
channels, a 2008 study by Rickover et al. demonstrated that 
exogenous NO from SNP decreased intracellular Ca2+ over-
load in cardiomyocytes after ischemia-reoxygenation [85]. 
Since the intracellular Ca2+ overload can directly activate 
mPTP opening, the reduction of intracellular Ca2+ could 
attenuate the activation of mPTP in I/R condition [86].

RESEARCH TRANSLATION OF NITRIC OXIDE AGAINST I/R 
INJURY

NO-mediated signaling is intimately involved in the path-
way that triggers protection against I/R injury. The precon-
ditioning pathway initiates on the sarcolemmal membrane 
of cardiomyocytes, and carries messages to intracellular 
enzyme cascading, and, finally, to mitochondria. During 
the IPC process, myocardial resistance to hypoxic condi-
tions can occur as a result of a brief ischemia before the 
reperfusion episode. Unfortunately, IPC is not feasible in 
patients presenting at the hospital with an acute MI. The 
goal of effective treatment of acute MI in humans, there-
fore, is to induce an IPC-like effect that can help myocar-
dium to survive the prolonged ischemic process, similar to 
that in preconditioning.

Enhancing the NO signaling pathway could become a wide-
ly accepted method for mimicking the preconditioning ef-
fect, as this signaling plays an important role in both phys-
iological and pathological conditions. Drugs such as NO 
donor or PDE-5 inhibitor are widely used to interrupt the 
NO signaling pathway. Many studies have found that silde-
nafil citrate, the PDE-5 inhibitor used for treatment of erec-
tile dysfunction, has abilities to attenuate ischemic cardio-
myopathy and reduce cell death from hypoxic conditions 
[87–90]. Ockaili et al. demonstrated that sildenafil citrate 
was able to decrease infarct size after coronary artery oc-
clusion in rabbits, and that the effect was blocked by inhib-
iting mitoKATP channel (5-HD) [87]. Another study by this 
team showed that the expression of iNOS and eNOS mRNA 
and protein in isolated mouse hearts could be increased by 
sildenafil citrate [88]. The level of eNOS mRNA increased 
transiently and peaked at 45 minutes after the sample was 
treated with the drug [88]. The rate of iNOS mRNA ex-
pression was slower, but the peak was higher than that of 
eNOS. Moreover, a significant increase in iNOS and eNOS 
proteins was detected 24 hours after treatment with silde-
nafil citrate. The cardioprotective effect against I/R injury 
induced by sildenafil citrate was eliminated by 1400W, the 
specific iNOS inhibitor [88]. Das et al. demonstrated that, 
in an isolated ventricular myocyte, necrosis and apoptosis 
were reduced, whereas the expression of iNOS and eNOS 
was elevated, when sildenafil citrate was applied after an 
ischemia-reoxygenation [89].

CONCLUSIONS

Since sildenafil citrate and other PDE-5 inhibitors have been 
approved by the U.S. Food and Drug Administration (FDA) 
as a vasoactive drug for the treatment of erectile dysfunction, 
the drugs may be useful for cardioprotection against I/R in-
jury. Moreover, other pharmacological agents that are relat-
ed to the NO signaling pathway, including NO donors such 
as nitroglycerin or drugs that have been shown to have posi-
tive effects on NO signaling in b-blockers such as nebivolol, 
could also impart the NO-related cardioprotection against 
ischemic cell death [91,92]. According to our understanding 
of the IPC mechanism, the drugs that regulate some parts 
of its cascade, including adenosine, bradykinin, opioid ag-
onists, or PI3K-Akt activators, could be applied in clinical 
practice as possible cardioprotective agents against I/R in-
jury [93]. However, clinical trials of these agents against I/R 
injury have not yet been conducted. Future demonstration 
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of the cardioprotective effect of pharmacological IPC in pa-
tients should be explored, and this could have an enormous 
impact on development of drugs for clinical application of 
pharmacological preconditioning.
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Effects of cilostazol in the heart
Natnicha Kanlopa,b, Siriporn Chattipakornb,c and Nipon Chattipakorna,b,d

Cilostazol is a selective phosphodiesterase 3 (PDE3)

inhibitor approved by the Food and Drug Administration for

treatment of intermittent claudication. It has also been used

in bradyarrhythmic patients to increase heart rates.

Recently, cilostazol has been shown to prevent ventricular

fibrillation in patients with Brugada syndrome. Cilostazol is

hypothesized to suppress transient outward potassium (Ito)

current and increase inward calcium current, thus,

maintaining the dome (phase 2) of action potential,

decreasing transmural dispersion of repolarization and

preventing ventricular fibrillation. Although many PDE3

inhibitors have been shown to increase cardiac arrhythmia

in heart failure, cilostazol has presented effects that are

different from other PDE3 inhibitors, especially adenosine

uptake inhibition. Owing to this effect, cilostazol could be an

effective cardioprotective drug, with its beneficial effects in

preventing arrhythmia. In this review, the cardiac

electrophysiological effects of cilostazol are presented and

its possible cardioprotective effects, particularly in

preventing ventricular fibrillation, are discussed, with

emphasis on the need to further verify its clinical benefits.
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Introduction
Cilostazol (PLETAL or PLETAAL) is a quinolinone

derivative and a selective phosphodiesterase 3 (PDE3)

inhibitor. In humans, the PDE3 isoenzyme is mainly

found in platelets, in vascular smooth muscle, in the

liver, in the smooth muscle of the airway, in T lympho-

cytes, in adipose tissue and in cardiac tissue [1]. Because

of its potent vasodilation effect and antiplatelet aggrega-

tion, cilostazol has been approved by the US Food and

Drug Administration (FDA) for claudication treatment to

relieve leg pain symptoms, allowing greater tolerance in

patients with chronic arterial occlusion [2,3]. Although

cilostazol has been used mainly in intermittent claudica-

tion (chronic arterial occlusion), it has been shown to be

useful in preventing embolic stroke in arrhythmic

patients [4], and could decrease the wall thickness of

coronary arteries in type 2 diabetic patients [5]. In

addition, it has been found that cilostazol could affect

the automaticity of the heart and also increase heart rate,

leading to an improvement of bradyarrhythmias [4],

including bradycardic atrial fibrillation, atrioventricular

block and sick sinus syndrome (SSS) [6–11]. Recently, a

case report of Brugada syndrome patients showed that the

oral administration of cilostazol at therapeutic dose could

prevent the frequency of ventricular fibrillation in these

patients [12]. The report suggested that, in addition to

its vasodilating effect, cilistazol could potentially have

antiarrhythmic effects.

In recent decades, PDE3 inhibitors such as milrinone and

vesnarinone have been shown to be arrhythmogenic and

to increase mortality rate in heart failure patients [13,14].

The proposed mechanism for this undesirable effect was

the drug’s effects in increasing the cyclic AMP (cAMP)

level [13,14]. Thus, according to the FDA, all PDE3

inhibitors, including cilostazol, are contraindicated in

chronic heart failure patients of any severity because of

the recognition that they increased the mortality rates in

this group of patients [15]. Despite the fact that cilostazol

is a PDE3 inhibitor, it is important to note that its roles in

the heart are different from those of other PDE3 inhibi-

tors. Cilostazol has been demonstrated to not only inhibit

PDE3 but also to inhibit adenosine uptake, resulting in a

reduction of cyclic adenosine monophosphate (cAMP)

level [16–19]. Therefore, unlike other PDE3 inhibitors,

these actions of cilostazol may be beneficial in cardio-

protection [16–19].

Although the vasodilation and antiplatelet aggregation

effects of cilostazol have been extensively investigated

and reviewed [20–23], it is still unclear whether cilostazol

would have beneficial or adverse effects on the heart. As

cilostazol is currently of interest to many investigators

and because it could have different effects on the heart

compared with other PDE3 inhibitors, this review will

present the roles of this PDE3 inhibitor and its arrhyth-

mogenic effect on the heart. The electrophysiological
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and cardioprotective effects of cilostazol, on the basis of

its cellular mechanism, which is different from that of

other PDE3 inhibitory drugs, will be discussed. The

mechanisms of cilostazol on arrhythmogenic prevention,

particularly its role on ventricular fibrillation prevention

in Brugada syndrome, will also be presented. With

increasing knowledge and understanding of its mechan-

isms, cilostazol may be clinically useful for arrhythmia

prevention in the future. Finally, the ultimate goal of

this review is to provide the pathophysiological basis for

future investigations to comprehend the rationale of the

study design that verifies the effects of cilostazol in a

heart failure model.

Phosphodiesterase 3 inhibitor and the heart
PDE is the enzyme that hydrolyses cAMP and cyclic

guanosine monophosphate (cGMP) to their inactive

state, thus regulating levels of intracellular cAMP and

cGMP. PDE has been classified into 11 isoenzymes,

depending on the differences of the affinity for cAMP,

cGMP and the physiochemical and pharmacological

properties of PDE [1,24]. Generally, once adenylate

cyclase and guanylate cyclase pathways are generated

by the induction of extracellular signals, ATP and GTP

are then changed to cAMP and cGMP, respectively,

depending on their corresponding pathways. cAMP

and cGMP are the second messengers that mediate

biological responses. The active forms of both cAMP

and cGMP are converted to their inactive forms by PDE

[1,24].

PDE3 belongs to the PDE family that has high affinity for

both cAMP and cGMP [1]. As the binding of cGMP at the

active site of PDE3 can competitively inhibit cAMP

hydrolysis, this enzyme is also defined as cGMP-inhib-

ited PDE [1]. However, the amount of cAMP that is

hydrolyzed by PDE3 is 10 times greater than that of

cGMP [1]. The increased level of intracellular cAMP

could activate cAMP-dependent protein kinase A

(PK-A), leading to phosphorylation of important proteins

or receptors in the heart, which involve a diversity of

cellular functions (Fig. 1). In a sinoatrial node, cAMP

enables a signal transduction involving the activated

PK-A, the L-type Ca2þchannel (ICaL), and a component

of a delay rectifier potassium channel (IKs). Therefore,

drugs that block PDE3 pathways would cause a positive

chronotropic effect [6,8,9,11].

PDE3 is primarily associated with the regulation of

contractile function in the heart. When the activity of

PK-A in the myocardium is raised by the increased

intracellular cAMP from the PDE3 inhibitor, phosphoryl-

ation of ICaL channels in sarcolemmal membrane and

ryanodine receptor (RyR) occurs. The Ca2þ influx

through ICaL channels trigger a release of Ca2þ from

sarcoplasmic reticulum via RyR. The binding of this

increased cytoplasmic Ca2þconcentration to troponin C

activates actin–myosin cross-bridge formation, thus, eli-

citing the contractile function [25]. In many studies, the

benefits of inotropic action of PDE3 inhibitors such as

amrinone, enoximone and milrinone in chronic heart

failure patients have been demonstrated, for example,

the reduction of left ventricular end-diastolic pressure

and the increase in ejection fraction and stroke volume

[26–31]. It has been observed that the use of PDE3

inhibitors actually produce desirable effects in the short

term, however, deleterious effects arise over time

[26–28].

Undesirable effects of phosphodiesterase 3
inhibitors in the heart
The adverse effects of PDE3 inhibitors on the heart have

been demonstrated, especially the acceleration of the

progression of heart failure and the induction of ventri-

cular tachyarrhythmia [13,14,32,33]. The remarkable

clinical studies that demonstrated the significant increase

in cardiovascular mortality were the Prospective

Randomized Milrinone Survival Evaluation (PROMISE)

[14] and the Vesnarinone trial (VEST) [13] studies, which

reported increased cardiovascular mortality due to PDE3

inhibitor administration. In the latter study, 120mg of

vesnarinone was suddenly withdrawn due to its severe

adverse effect. These reports were consistent with the

data of the randomized controlled trial that investigated

the effects of PDE3 inhibitors versus placebo in chronic

heart failure patients [32].

As the deleterious effects of PDE3 inhibitors could be

due to the exertion of cAMP, it is interesting to explore

the signal pathway that causes changes in the level of

cAMP. The b-adrenergic agonist, which shows undesir-

able effects, including mortality rates and progressive

heart failure, also behaves in a manner similar to the

PDE3 inhibitors [34,35]. It has been shown that the

b-adrenergic antagonist can decrease intracellular cAMP

content in cardiac myocytes by decreasing the transmem-

brane signal, hence, improving the symptoms and the

survival rate in heart failure. The studies of PDE3

inhibitors adjuvant to the b-adrenergic antagonist have

shown an improvement of the ejection fraction and

functional status in patients with dilated cardiomyopathy

and chronic heart failure [36–39].

Previous studies have demonstrated that the level of

cAMP was lower in failing hearts than in normal hearts,

which could be an adaptive body response to protect

myocardial cells from further injury [32]. Several studies

demonstrated that cAMP could be the substrate that

caused adverse effects on the failing heart [32,34,35].

The reduction of cAMP in heart failure may be caused by

the downregulation of b-adrenoreceptors, enhanced

expression of Gi-protein or increased b-adrenoreceptor
kinase [40]. In heart failure, there are disturbances of

Ca2þ modulation in which abnormal expression and

function of a sarco/endoplasmic reticulum ATPase

(SERCA) plays an important role [41]. Schmidt et al.
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[42] demonstrated that an impaired SERCA function in

human end-stage heart failure patients could be due to

the reduction of cAMP-dependent phosphorylation of

the phospholamban. These situations altered intra-

cellular Ca2þ homeostasis by reducing systolic peak

Ca2þ, increasing diastolic Ca2þ and sustaining diastolic

Ca2þ sequestration, thus producing electrophysiological

abnormality in the heart [42].

As a result of intracellular cAMP and Ca2þ dynamic

disturbances, PDE3 inhibitors can cause ventricular

arrhythmia by several mechanisms. First, the increased

intracellular cAMP,which triggers early and delayed after-

depolarizations (DADs), could provoke a slow conduction

and alter refractoriness in depolarized tissues [43]. Second,

an abnormal Ca2þ homeostasis due to the increased intra-

cellular cAMP, that is, an abnormal increase in RyR2

opening probability during diastole, which is induced by

chronic PK-A-mediated hyperphosphorylation in failing

hearts [43,44]. This condition can promote the occurrence

of DAD via transient activation of a Ca2þ-dependent

inward current [43,44]. Third, the higher myocardial

oxygen consumption due to the inotropic effect of these

PDE3 inhibitors can increase the frequencyof arrhythmias

[33,45]. One should be aware of these adverse effects of

PDE3 inhibitors if they are to be used as inotropic drugs,

particularly in heart failure patients [13,33,34,46–48].

Cilostazol and its dual inhibitory effect in the
heart
Cilostazol is a quinolinone derivative that selectively inhi-

bits PDE3. Because of its potent vasodilating and anti-

thrombotic effects, cilostazol has been used for effective

treatment of intermittent claudication, a manifestation of

chronic arterial occlusive disease. As cilostazol is a PDE3

inhibitor, it falls into the same category as the other PDE3

inhibitors whose use the FDA prohibits with heart failure

patients [2]. Currently, there is no study that directly

investigates the effect of cilostazol in heart failure.

Growing evidence has demonstrated that cilostazol could

have many potential benefits on the heart and that the

90 Journal of Cardiovascular Medicine 2011, Vol 12 No 2

Fig. 1

Effect of phosphodiesterase 3 (PDE3) inhibitors in cardiomyocytes. The pathway can be directly activated by signals through adenylyl cyclase or the
b-adrenergic receptor. The myocardium uptakes adenosines (ADs) to synthesize ATP. Then, the adenylate cyclase enzyme converts ATP to cyclic
AMP (cAMP). The increasing of cAMP can lead to many physiological responses via the activation of cAMP-dependent protein kinase A (PK-A). This
PK-A can phosphorylate L-type Ca2þchannels and ryanodine receptors to stimulate Ca2þ-induced Ca2þ-release mechanism, leading to cardiac
contraction. During the cardiac relaxation period, the phosphorylation of phospholamban by PK-A can elicit Ca2þ reuptake through Ca2þ-ATPase on
the sarcoplasmic reticulum. Under physiological condition, cAMP is hydrolyzed to an inactive product (50AMP) by PDE3 enzyme. Therefore, inhibition
of PDE3 (i.e. by PDE3 inhibitors) can cause an increased cAMP level, thus enhancing the cAMP action, especially the positive inotropic effect. In
heart failure, this is an undesired effect caused by PDE3 inhibitors.
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prohibition of its use should be reinvestigated and recon-

sidered [4,6,8–11,16,21,23,46,49,50]. This is due to the

findings that although cilostazol is a PDE3 inhibitor, its

effects on the heart could be different from other PDE3

inhibitors (Fig. 2) [16,17]. One such piece of evidence is

the finding that the positive inotropic effect caused by

cilostazol was much less than that caused by milrinone

[16,19,21]. It has been shown that cilostazol has a dual

inhibitory effect, in which it not only selectively inhibits

PDE3 but also inhibits adenosine uptake into cardiac

myocytes [17]. The latter mechanism is only found in

cilostozol and not in other PDE3 inhibitors [17].

In the myocardium, adenosine acts on the A1 receptor

which then activates Gi-protein. As a result, the adenylate

cyclase pathway is inhibited by adenosine through the

adenosine A1-receptor, thus, attenuating the positive

inotropy. In addition, the inhibitory effect of cilostazol

on adenosine uptake could lead to low intracellular

adenosine level, resulting in decreased cAMP level

[17,19]. Thus, this effect could attenuate the inotropic

effect, compared with other PDE3 inhibitors (Fig. 2).

However, this effect is different in pacemaker cells, in

which the ATP and adenine derivatives potentially

enhance the negative chronotropic effect [51]. Therefore,

cilostazol could cause a positive chronotropic effect due

to its inhibitory effect on adenosine uptake. Furthermore,

if adenosine uptake into cardiomyocytes is inhibited,

adenosine in the interstitial space and blood circulation

will be increased, resulting in an activation of adenosine

A2-receptors in platelets and vascular smooth muscle

and causing vasodilation and antiplatelet aggregation

[16,19,21]. Therefore, unlike other PDE3 inhibitors that

have been shown to cause an increase in mortality rate in

heart failure patients and induced tachyarrhythmia via

cAMP [19,32,33,52], cilostazol may provide the beneficial

effects of PDE3 inhibitors, without needing to be over-

concerned about its adverse effects in heart failure

patients, due to its mechanism as described above. It

is important to note that current evidence regarding

cilostazol and tachyarrhythmia is still limited and unclear.

Nevertheless, recent evidence has indicated that cilos-

tazol could lower, at least not increase, major cardiovas-

cular events in patients with coronary artery or peripheral

artery disease [53–56].

Cilostazol and bradyarrhythmia
For symptomatic bradycardia, the implantation of a car-

diac pacemaker is the first-line regimen of treatment

[57,58]. Nevertheless, the overuse of hospitalization

and long bed rest is still a cost burden. Therefore,

alternative therapies have been proposed, especially

in terms of medication use. Recently, theophylline, a
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Fig. 2

Effects of cilostazol in cardiomyocytes. Unlike other phosphodiesterase 3 (PDE3) inhibitors, cilostazol has a dual inhibitory effect. In addition to
inhibition of PDE3, cilostazol also inhibits cellular adenosine uptake. As the intracellular adenosines (ADs) are reduced, the cAMPs would be
decreased. Although adenylate cyclase can still function normally when the PDE3 is inhibited, the cyclic AMP (cAMP) level will not be sufficiently
increased in this case. Furthermore, cAMP signaling can be attenuated due to the accumulation of adenosines outside the cell, resulting in the
attenuation of the adenylate cyclase activity pathway through the Gi-protein of the A1-receptor. This dual inhibitory effect of cilostazol may be
responsible for diminished inotropic effect, compared with other PDE3 inhibitors. PK-A, cAMP-dependent protein kinase A.
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nonselective PDE inhibitor, had been shown to have

clinical efficacy in bradyarrhythmia treatment [4]. How-

ever, it had produced adverse reactions in which it

increased the number and degree of ventricular arrhyth-

mias. Previous studies also demonstrated that amrinone, a

PDE3 inhibitor, decreased the effective refractory period

of the right atrium and functional refractory period of the

atrioventricular node [4,33,59,60]. In studies using milri-

none, there was a trend toward a lower corrected sinus-

node recovery time and maximal 1 : 1 atrioventricular

conduction [33]. These findings suggested that PDE3

inhibitors could have positive chronotropic and dromo-

tropic effects.

Atarashi et al. [4] demonstrated that cilostazol increased

heart rates and improved the symptoms in patients with

bradyarrhythmia, bradycardic atrial fibrillation, SSS and

Wenckebach-type atrioventricular block. In patients

with third-degree atrioventricular block, cilostazol also

increased heart rates and additionally increased ventri-

cular escape rate, without abolishment of atrioventricular

block or change in the frequency of premature ventricular

beats [6]. Furthermore, cilostazol has been shown to

decrease atrial natriuretic peptide and brain natriuretic

peptide concentration [6,7], the hormones that are pre-

sent in atrioventricular asynchrony and heart failure

patients [61].

Investigations of the roles of cilostazol on heart rate

variability (HRV) have shown that cilostazol significantly

improved the slow heart rate, the frequency domain in

SSS and bradycardic atrial fibrillation patients [9,11].

Although the mechanism underlying the chronotropic

effect of PDE3 inhibitors has been clarified, the direct

mechanism of cilostazol is still unclear, as there is no

cardiac electrophysiological study regarding the effect

of cilostazol. Nevertheless, the positive chronotropic

effect of cilostazol has been proposed to be due to several

mechanisms. Cilostazol causes an increased coronary

blood flow and blood supply to the sinus node or the

atrioventricular node in patients who have bradyarrhyth-

mia arising from the ischemic process [4]. Cilostazol

also antagonizes ATP, which is a factor causing sinus

bradyarrhythmia and atrioventricular delays [4]. It is

known that ATP and adenosine produce a negative

chronotropic effect by causing a hyperpolarization of

maximum diastolic potential. The hyperpolarization

occurs when adenosine or ATP induces a time-depen-

dent inwardly rectifying outward Kþ current [61]. It has

also been proposed that adenosine inhibits noradrena-

line release [51,61]. Furthermore, cilostazol can inhibit

the adenosine uptake, resulting in a strong positive

chronotropic effect (Fig. 2). It has been shown that

the increase of cAMP in nodal cells caused by cilostazol

could also cause adrenergic stimulation [4]. In addition, it

is known that cilostazol causes systemic vasodilatation,

thus producing a reflex adrenergic stimulation [4].

Although the positive dromotropic effect of PDE3

inhibitors is still unclear, it is possible that the negative

dromotropic effect of adenosine is antagonized by

cilostazol [62]. Despite the fact that cilostazol has a

positive chronotropy and some evidence has suggested

its possible undesired tachyarrhythmic effect [8,63–65],

recent reports and meta-analysis have indicated that it

could either lower the incidence of cardiac death and

major cardiac events or, at least, that it did not increase

major cardiovascular events or mortality in patients trea-

ted for coronary artery disease and peripheral vascular

disease [53–56].

Cilostazol and ventricular tachyarrhythmia
Brugada syndrome is another cardiac electrophysio-

logical abnormality caused by an abnormal SCN5A gene

[66]. It causes a decreased sodium current and gives

prominent transient outward potassium current (Ito) in

the epicardium rather than in the endocardium, wherein

this imbalance of current induces a prominent notch in

phase 1 of the action potential. Consequently, the loss of

the dome of action potential in the ventricular epicar-

dium, but not endocardium, produces ST elevation

and develops transmural dispersion of repolarization,

which is vulnerable to ventricular fibrillation induction

[66–72].

In a recent case report of Brugada syndrome patients who

experienced several episodes of ventricular fibrillation

and retained implantable cardioverter defibrillators

(ICDs), it was found that the ventricular fibrillation

episode was completely abolished after being treated

with cilostazol at 200mg/day [12]. However, when cilos-

tazol was discontinued, ventricular fibrillation recurred

even when being treated at 100mg/day. After 200mg/day

of cilostazol was readministered, ventricular fibrillation

disappeared. In a 1-year follow-up in three ICD

implanted patients, no ventricular fibrillation was

observed with cilostazol treatment [12]. This report

strongly indicates the need for further investigation

regarding the beneficial effects of cilostazol in preventing

ventricular tachyarrhythmia. Supporting this notion is a

recent report by Kanlop et al. [73] who demonstrated

in swine that intravenous administration of cilostazol

(6mg/kg) could increase the ventricular fibrillation

threshold, as well as improve defibrillation efficacy.

Several mechanisms have been proposed to explain the

effects of cilostazol in preventing ventricular fibrillation

in those cases with Brugada syndrome. Cilostazol has the

ability to accelerate heart rate, which can suppress the

transient outward Kþ channel (Ito) [12]. If Ito is sup-

pressed, other channels that always open following the

Ito will be decelerated. This effect can prolong the action

potential duration. Also, cilostazol can increase intracellu-

lar cAMP, which can lead to an increase in intracellular

Ca2þ. This effect could preserve the dome of an action

potential and normalizes the ST segment, thus prevent-

ing arrhythmia [12].

92 Journal of Cardiovascular Medicine 2011, Vol 12 No 2
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The sympatovagal imbalance during a nocturnal period

indicated by an increased vagal tone and a decreased

sympathetic tone has been proposed as a major factor in

aggravating arrhythmia in Brugada patients [74,75]. HRV

in Brugada patients demonstrated a nocturnal standard

deviation of averaged N–N intervals (SDANN), an ultra-

low-frequency (ULF) and a low-frequency component

were lowered, whereas a high-frequency component was

increased in patients who showed deleterious symptoms

[74,75]. The results also demonstrated the association

between a ST segment elevation following ventricular

fibrillation events and an increased vagal activity

[74,75]. It is possible that the inhibition of adenosine

uptake by cilostazol could prevent vagal hyperactivity in

Brugada syndrome. Furthermore, the PDE3 inhibitory

effects of cilostazol could improve the sympathetic tone

through the adenylate cyclase pathway by increasing

cAMP levels. These dual mechanisms could, therefore,

maintain a sympatovagal balance in Brugada syndrome.

However, the hypothesis that cilostazol can improve

HRV in Brugada patients needs to be validated in future

studies.

In contrast to the report by Tsuchiya [12], Abud et al.
[76] have demonstrated that cilostazol failed to prevent

ventricular fibrillation in Brugada patients. As the

ventricular tachyarrhythmia in Brugada syndrome

could originate in the ventricle or in the atrium, as

atrial fibrillation precipitating ventricular fibrillation

[77], it is possible that the different genotypes of

Brugada syndrome, as presenting with or without atrial

fibrillation [76,78], might affect the result of cilostazol

treatment in different ways. Therefore, it may be

concluded that cilostazol could be useful for treating

ventricular fibrillation in Brugada syndrome if the

arrhythmia originates in the ventricle. However, in

atrial fibrillation-precipitated ventricular fibrillation

cases, cilostazol may not prevent the occurrence of

ventricular fibrillation [76].

Conclusion
Cilostazol has been shown to affect cardiac electrophysio-

logical properties by increasing inward Ca2þ current and

decreasing outward potassium current (Ito), thus, mini-

mizing the ventricular arrhythmia induction. Cilostazol

increases intracellular cAMP in myocardial cells to a

lesser degree, compared with other PDE3 inhibitors,

and inhibits adenosine uptake in myocardial cells. It

has also been shown to be beneficial in bradyarrhythmias.

Furthermore, despite its positive chronotropic effect,

recent reports have indicated that it did not increase

major cardiovascular events when used in patients with

coronary artery or peripheral artery diseases. All of these

effects of cilostazol could be beneficial in arrhythmia

prevention, even in heart failure. Future investigations

on the effects of cilostazol in the heart failure model are

needed to warrant its possible clinical benefits.
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Abstract
Rosiglitazone is a synthetic agonist of peroxisome 
proliferator-activated receptor γ which is used to im-
prove insulin resistance in patients with type Ⅱ diabe-
tes. Rosiglitazone exerts its glucose-lowering effects by 
improving insulin sensitivity. Data from various studies 
in the past decade suggest that the therapeutic effects 
of rosiglitazone reach far beyond its use as an insulin 
sensitizer since it also has other benefits on the car-
diovascular system such as improvement of contractile 
dysfunction, inhibition of the inflammatory response by 
reducing neutrophil and macrophage accumulation, and 
the protection of myocardial injury during ischemic/re-
perfusion in different animal models. Previous clinical 
studies in type Ⅱ diabetes patients demonstrated that 
rosiglitazone played an important role in protecting 

against arteriosclerosis by normalizing the metabolic 
disorders and reducing chronic inflammation of the 
vascular system. Despite these benefits, inconsistent 
findings have been reported, and growing evidence has 
demonstrated adverse effects of rosiglitazone on the 
cardiovascular system, including increased risk of acute 
myocardial infarction, heart failure and chronic heart 
failure. As a result, rosiglitazone has been recently 
withdrawn from EU countries. Nevertheless, the effect 
of rosiglitazone on ischemic heart disease has not yet 
been firmly established. Future prospective clinical tri-
als designed for the specific purpose of establishing the 
cardiovascular benefit or risk of rosiglitazone would be 
the best way to resolve the uncertainties regarding the 
safety of rosiglitazone in patients with heart disease.

© 2011 Baishideng. All rights reserved.

Key words: Rosiglitazone; Ischemic reperfusion injury; 
Heart disease; Type Ⅱ diabetic; Thiazolidinediones 

Peer reviewer: Antigone Lazou, Professor of Physiology, Lab 
of Animal Physiology, Sch of Biology,Aristotle University of 
Thessaloniki, Thessaloniki 54124, Greece

Palee S, Chattipakorn S, Phrommintikul A, Chattipakorn N. 
PPARγ activator, rosiglitazone: Is it beneficial or harmful to the 
cardiovascular system? World J Cardiol 2011; 3(5): 144-152  
Available from: URL: http://www.wjgnet.com/1949-8462/full/
v3/i5/144.htm  DOI: http://dx.doi.org/10.4330/wjc.v3.i5.144

INTRODUCTION
Type Ⅱ diabetes mellitus (T2DM) is a disease whose 
incidence is dramatically increasing and requires continu-
ing medical management in many countries[1,2]. T2DM is 
characterized by insulin resistance and impaired glucose 
tolerance[3]. The development of  T2DM involves 3 meta-
bolic defects that include insulin resistance, alterations in 
hepatic glucose production and β-cell deficiency[4]. The 
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earliest defect seen in the development of  T2DM is in-
sulin resistance[4]. In this state, the β-cells produce large 
amounts of  insulin reaching a supraphysiologic level as a 
compensatory response to peripheral tissue insulin resis-
tance. If  insulin resistance is left untreated, the β-cells be-
gin to fail to produce insulin, resulting in a state of  rela-
tive insulin deficiency[4]. T2DM is known to develop after 
this phase. T2DM patients have a 2- to 4-fold increased 
risk of  developing coronary artery disease, unstable an-
gina and myocardial infarction (MI)[5,6]. Furthermore, 
T2DM patients have been shown to have a worse prog-
nosis than non-diabetic patients after a cardiovascular 
event[7,8].

Thiazolidinediones (TZDs) are an oral medication 
developed to reduce insulin resistance in T2DM patients 
and have been used since 1997[9]. TZDs exert their prop-
erties by stimulating a nuclear hormone receptor, the 
peroxisome proliferator-activated receptor γ (PPARγ)[10]. 
Troglitazone was the first drug developed but was with-
drawn from the market due to liver toxicity[9]. Currently, 
pioglitazone and rosiglitazone are the only compounds 
that are available for clinical use[9]. However, the effects 
of  rosiglitazone have been controversial regarding car-
diovascular effects in both animal and clinical studies[11-59]. 
On the positive side, rosiglitazone has been shown to 
exert its potent insulin sensitization by improving insulin 
resistance in T2DM[10,60]. Various studies demonstrated 
that the therapeutic effects of  rosiglitazone could reach 
far beyond its action as an insulin sensitizer because it 
has other therapeutic effects on many organs especially in 
the cardiovascular system in both animal models and hu-
mans[11-59]. Nevertheless, in the past decade growing evi-
dence from both basic and clinical studies indicates that 
rosiglitazone could be harmful to the heart[11-25]. Because 
of  its serious undesired effects, rosiglitazone has been 
recently withdrawn from the EU market[61], and is under 
close monitoring by the US Food and Drug Administra-
tion[62,63]. 

In this review, we aim to summarize and discuss the 
overall benefits as well as the adverse effects of  rosigli-
tazone on the heart from both pre-clinical and clinical 
reports. Understanding the inconsistent findings as well 
as the limitations found in each study using rosiglitazone 
should allow investigators to carefully design future stud-
ies that hopefully can clarify previous inconsistent find-
ings, and to indicate whether rosiglitazone should be used 
in patients. 

BENEFICIAL EFFECTS OF 

ROSIGLITAZONE ON THE 

CARDIOVASCULAR SYSTEM
Previous studies reported that rosiglitazone had beneficial 
effects on the cardiovascular system in in vitro, in vivo and 
clinical studies. These beneficial effects of  rosiglitazone 
are summarized in Table 1. In rat models of  ischemic/
reperfusion (I/R) injury, pretreatment with rosiglitazone 

reduced the infarct size and improved ischemia/reper-
fusion-induced myocardial contractile dysfunction[26,46,48]. 
Rosiglitazone treatment also improved left ventricular 
(LV) systolic pressure and positive and negative maximal 
values of  the first derivative of  LV pressure (dP/dt) dur-
ing I/R injury[32,46]. In addition, in both obese and normal 
rats rosiglitazone could decrease systolic blood pressure, 
improve contractile function and normalize the insulin 
level[31,44,45]. These findings suggested that rosiglitazone 
could prevent the development of  hypertension associ-
ated with insulin resistance. This notion was supported 
by the finding that rosiglitazone treatment could enhance 
nitric oxide (NO)-mediated arteriolar dilation[28]. Further-
more the accumulation of  neutrophils and macrophages 
and expression of  monocyte chemoattractant factor 
(MCP)-1 in the ischemic heart was diminished by rosigli-
tazone[46]. Likewise, rosiglitazone treatment in diabetic rat 
and mouse models reduced the blood levels of  glucose, 
triglycerides, and free fatty acids, and enhanced cardiac 
glucose oxidation in the ischemic myocardium[26,50]. Rosi-
glitazone treatment also reduced myocardial apoptosis 
and infarction size post I/R injury by restoring the bal-
ance between the pro-apoptotic and anti-apoptotic mito-
gen-activated protein kinase (MAPK) signaling pathway, 
increasing phosphatidylinositol-3-kinase-Akt phosphory-
lation, and inhibiting p42/44 MAPK[26,35,38,41,59].

In in vitro studies, incubation of  a rat cardiomyoblast 
cell line with rosiglitazone demonstrated cardioprotective 
effects against oxidative stress, and the antioxidant en-
zyme heme oxygenase 1 was upregulated in these cells af-
ter rosiglitazone treatment[40]. Furthermore, rosiglitazone 
could inhibit cardiac fibroblast proliferation, increase 
connective tissue growth factor expression and decrease 
NO production induced by advanced glycation endprod-
ucts in cultured neonatal rat cardiac fibroblasts[37]. In ad-
dition, rosiglitazone could prevent cardiac hypertrophy by 
inhibiting angiotensin Ⅱ[27,32,54].

Many clinical studies reported that the beneficial ef-
fects of  rosiglitazone on the cardiovascular system were 
similar to those from animal studies. Rosiglitazone ther-
apy has been shown to reduce cardiovascular complica-
tions associated with T2DM[47,49,58]. Data from preliminary 
studies in patients who underwent coronary angioplasty 
and stent implantation demonstrated that rosiglitazone 
treatment for 6 mo led to a lower occurrence of  resteno-
sis and a lower degree of  stenosis of  the luminal diam-
eter after angioplasty[64]. Furthermore, a study in patients 
with T2DM demonstrated that treatment with 4 mg/d 
of  rosiglitazone for 12 wk decreased not only insulin 
resistance but also pulse wave velocity, which is a direct 
parameter of  arterial stiffness in patients with diabetes 
and coronary arteries disease (CAD)[58]. Rosiglitazone 
has been shown to reduce plasma levels of  C-reactive 
protein[5,51,56,58], matrix metalloproteinase-9 and MCP-1[58] 
in T2DM patients, suggesting that rosiglitazone plays an 
important role in protecting against arteriosclerosis by 
normalizing metabolic disorders and reducing chronic 
inflammation of  the vascular system. Rosiglitazone treat-
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Table 1  Reports of the beneficial effects of rosiglitazone on the cardiovascular system in pre-clinical and clinical studies

Models Dose of rosiglitazone Major findings Interpretation Ref.

Cultured neonatal rat 
cardiomyocytes

5 μmol/L; pretreated 
for 30 min before 
stimulation with 
Ang Ⅱ (1 μmol/L) 
for 48 h

Inhibited Ang Ⅱ-induced upregulation of skeletal 
α-actin and ANP genes, and prevent an increase in 
cell surface area

Rosiglitazone involved in the inhibition 
of cardiac hypertrophy

[27]

Isolated and cultured 
neonatal rat ventricular 
myocytes

1, 5, 10 μmol/L; 
pretreated for 48 h

Accelerated Ca2+ transient decay rates Cardioprotective effects of rosiglitazone 
may be mediated via NF-κB

[43]

Increased SERCA2 mRNA levels
Upregulation of IL-6 secretion
Enhanced TNF-α- and lipopolysaccharide-induced 
NF-κB-dependent transcription

Isolated and cultured 
adult rat ventricular 
myocytes

10-8-10-5 mol; 
pretreated for 24 h

Did not increase protein synthesis Rosiglitazone did not directly induce 
cardiomyocyte hypertrophy in 
cardiomyocytes

[30]

Did not attenuate hypertrophic response to 
noradrenaline, phorbol-12-myristate13-acetate and 
endothelin-1

Cultured neonatal rat 
ventricular myocytes

10 μmol/L; 
pretreated for 24 h

Inhibited the endothelin-1-induced increase in protein 
synthesis, surface area, calcineurin enzymatic activity, 
and protein expression

Rosiglitazone inhibited endothelin-
1-induced cardiac hypertrophy via 
calcineurin/nuclear factor of activated 
T-cells pathway

[29]

Inhibited the nuclear translocation of NFATc4
Enhanced the association between PPARγ and 
calcineurin/nuclear factor of activated T-cells

Cultured rat 
cardiomyoblast cell 
line H9c2(2-1)

100 μmol/L; 
pretreated for 24 h

Increased expression of heme oxygenase 1 Rosiglitazone had cardioprotective 
effects against oxidative stress

[40]

Increased cell viability under oxidative stress induced 
by H2O2

Cultured neonatal rat 
cardiac fibroblasts

0.1, 1, 10 μmol/L 
pretreated for 48 h

Inhibited cardiac fibroblast proliferation Rosiglitazone could prevent myocardial 
fibrosis

[37]

Increased connective tissue growth factor expression 
Decreased nitric oxide production induced by 
advanced glycation endproducts

Cultured neonatal rat 
ventricular myocytes

1 μmol/L; pretreated 
for 30 min prior to 
H2O2 treatment

Decrease cell apoptosis Rosiglitazone protected cells from 
oxidative stress through upregulating 
Bcl-2 expression

[42]

Increase Bcl-2 protein content

Cultured neonatal rat 
cardiac myocytes

0.1, 1, 3, 10, 
30 μmol/L; 
pretreated for 
30 min before 
hypoxia

Decreased cytoplasmic accumulation of histone-
associated DNA fragments

Rosiglitazone protected cardiac 
myocytes against I/R injury by 
facilitating Akt rephosphorylation

[35]

Increased reoxygenation-induced rephosphorylation 
of Akt
Did not alter phosphorylation of the MAP kinases 
ERK1/2 and c-Jun N-terminal kinase 

Fatty Zucker rats 7-7.5 μmol/L 
per kilogram 
po; 9-12 wk

Decreased systolic blood pressure Rosiglitazone prevented the 
development of HT and endothelial 
dysfunction associated with insulin 
resistance

[45]

Decreased fasting hyperinsulinemia
Improved mesenteric arteries contraction and relaxation

Rats with I/R injury 3 mg/kg per day 
po; pretreated for 
7 d; 1 and 3 mg/kg 
iv given during I/R

Improved left ventricular systolic pressure, dP/dtmax 
and dP/dtmin

Rosiglitazone decreased infarct size 
and improved contractile dysfunction 
during I/R possibly via inhibition of the 
inflammatory response

[46]

Reduced neutrophils and macrophages accumulation
Reduced the infarct size
Downregulation of CD11b/CD18
Upregulation of L-selectin on neutrophils and monocytes

Fatty Zucker rats with 
I/R injury (Ex vivo 
model)

3 mg/kg po; 7 or 
14 d prior to 
isolated perfuse 
heart study

Normalized the insulin resistance Rosiglitazone protected obese rat heart 
from I/R injury

[44]

Restored GLUT4 protein levels
Improved contractile function
Prevented greater loss of ATP

I/R injury in isolated 
perfused normal and 
STZ- induced diabetic 
rat hearts (Ex vivo 
model)

1 μmol/L given 
prior to ischemia; 
10 μmol/kg per day 
po after STZ 
injection for 4 wk

Inhibited activating protein-1 DNA-binding activity Rosiglitazone attenuated postischemic 
myocardial injury in isolated rat heart

[34]

Inhibited of Jun NH2-terminal kinase phosphorylation
Reduced lactate levels and lactate dehydrogenase 
activity

Sprague-Dawley rats 5 mg/kg per day 
po; 7 d 

Reduced systolic blood pressure Rosiglitazone prevented the 
development of hypertension and 
endothelial dysfunction

[31]

reduced vascular DNA synthesis, expression of cyclin 
D1 and cdk4, AT1 receptors, vascular cell adhesion 
molecule-1, and platelet and endothelial cell adhesion 
molecule, and NF-κB activity

T2DM mice 3 mg/kg per day 
po; 7 d

Did not affect serum glucose and insulin Rosiglitazone enhanced nitric oxide 
mediation of coronary arteriolar 
dilations via attenuating oxidative stress 
in T2DM mice

[28]

Increased serum 8-isoprostane and dihydroethydine-
detectable superoxide production
Enhanced catalase and reduced NAD(P)H oxidase 
activity
Did not affect SOD activity
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Hypercholesterolemic 
New Zealand rabbits 
with I/R injury

3 mg/kg per day 
po; 5 wk prior to 
I/R

Attenuated postischemic myocardial nitrative stress Rosiglitazone attenuated arteriosclerosis 
and prevented I/R-induced myocardial 
apoptosis

[38]

Restored a beneficial balance between pro- and anti-
apoptotic MAPK signaling
Reduced postischemic myocardial apoptosis
Improved cardiac functional recovery

Zucker diabetic fatty 
rats with I/R injury

3 mg/kg per day 
po; 8 d prior to I/R

Reduced blood glucose, triglycerides, and free fatty 
acids levels

Rosiglitazone protected heart against 
I/R injury

[26]

Enhanced cardiac glucose oxidation
Increased Akt phosphorylation (Akt-pS473) and its 
downstream targets (glycogen synthase kinase-3β and 
FKHR-pS256) (forkhead transcription factor)
Reduced apoptotic cardiomyocytes and myocardial 
infarct size

Sprague-Dawley rats 
with I/R injury

3 mg/kg per day 
po; 7 d prior to I/R

Reduced infarct size Rosiglitazone attenuated myocardial I/R 
injury possibly via increase expression of 
AT2 and inhibition of p42/44 MAPK

[41]

Decreased myocardial expression of AT1 receptors
Increased AT2 mRNA and protein expression
Inhibited p42/44 MAPK
Did not alter Akt1 expression

Sprague-Dawley rats 
with I/R injury

3 mg/kg per day 
po for 8 wk prior to 
I/R

Improved left ventricular dP/dtmax and dP/dtmin Rosiglitazone had a beneficial effect on 
post-infarct ventricular remodeling, but 
had a neutral effect on mortality

[32]

Inhibited myocardial angiotensin Ⅱ and aldosterone
No significant effects on myocardial AT1 and AT2 mRNA

WT and eNOS 
knockout mice with 
I/R injury

3 mg/kg ip; 
pretreated for 
45 min prior to I/R

WT mice: increased the recovery of left ventricular 
function and coronary flow following ischemia 

Rosiglitazone protected the heart 
against I/R injury via nitric oxide by 
phosphorylation of eNOS

[48]

eNOS knockout mice: suppressed the recovery of 
myocardial function following ischemia

Isolated perfused 
hearts from T2DM 
mice

23 mg/kg per day 
po; pretreated for 
5 wk

Normalized plasma glucose and lipid concentrations Rosiglitazone improved cardiac 
efficiency and ventricular function

[50]

Restored rates of cardiac glucose and fatty acid oxidation
Improved cardiac efficiency due to decrease in unloaded 
myocardial oxygen consumption 
Improved functional recovery after low-flow ischemia

WT and APN 
knockdown/knockout 
mice with myocardial 
infarction

20 mg/kg per day 
po; pretreated 
72 h prior to MI 
and continuously 
treated until 7 and 
14 d

Improved the postischemic survival rate of WT mice 
at 14 d of treatment

APN was crucial for cardioprotective 
effects of rosiglitazone in myocardial 
infarction

[57]

Increased adipocyte APN expression
Elevated plasma APN levels 
Reduced infarct size
Decreased apoptosis and oxidative stress 
Improved cardiac function

Hypercholesterolemic 
rats

4 mg/kg per day 
po; pretreated for 
5 mo

Reduced Ang Ⅱ level Rosiglitazone protected the heart against 
cardiac hypertrophy via improved lipid 
profile, reduced Ang-Ⅱ and increase AT2 
expression

[54]

Upregulated AT2 
Improved lipid metabolism

Mice with I/R injury 3 mg/kg per day 
po; pretreated for 
14 d prior to I/R

Reduced ratio of infarct size to ischemic area (area at risk) Cardioprotective effects of rosiglitazone 
against I/R injury were mediated via a 
PI3K/Akt/GSK-3α-dependent pathway

[59]

Reduced the occurrence ventricular fibrillation
Attenuated cardiac apoptosis
Increased levels of p-Akt and p-GSK-3α

T2DM patients 
(n = 21)

4 mg/d; 6 mo Weight loss (first 12 wk) Rosiglitazone amplified some of the 
positive benefits of lifestyle intervention

[55]

Decreased waist circumference
Decreased systolic and diastolic blood pressure
Reduced HbA1c

Randomized, double-
blind, placebo-
controlled study in 
T2DM (n = 357)

4 or 8 mg/d; 26 wk Reduced C-reactive protein, matrix metalloproteinase-9 
and white blood cell levels

Rosiglitazone had beneficial effects on 
overall cardiovascular risk

[49]

Did not alter interleukin-6 level

Randomized, double-
blind in CAD patients 
without diabetes 
(n = 40, control = 44)

4 mg/d for 8 wk 
followed by 
8 mg/d for 4 wk

Reduced E-selectin Rosiglitazone reduces markers of 
endothelial cell activation and levels of 
acute-phase reactants in CAD patients 
without DM

[56]

Reduced von Willebrand 
Reduced C-reactive protein & fibrinogen 
Reduced homeostasis model of insulin resistance index 
Elevation of LDL and triglyceride level

Randomized, double-
blind, placebo-
controlled study in 
T2DM with CAD 
patients (n = 54)

4-8 mg/d; 16 wk Improved glycemic control and whole-body insulin 
sensitivity

Rosiglitazone facilitated myocardial 
glucose storage and utilization in T2DM 
with CAD patients

[36]

Increased myocardial glucose uptake in both ischemic 
and non-ischemic regions

Randomized controlled 
trial in patients with 
impaired glucose 
tolerance (n = 2365, 
control = 2634)

8 mg/d; 3 yr Facilitated normoglycemic Rosiglitazone reduced incidence of 
T2DM and increased normoglycemia

[47]

Did not alter cardiovascular event
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Randomized, double-
blind, placebo-
controlled trial in 
patients with T2DM 
(n = 70, control =16)

8 mg/d; 6 mo Decreased plasma glucose and HbA1c with a trend to 
decrease HOMA index

Rosiglitazone improved endothelial 
function and C-reactive protein in 
patients with T2DM

[51]

Decreased C-peptide and fasting insulin
Reduced C-reactive protein 
Improved endothelium-dependent dilation

Randomized, 
controlled trial 
in patient with 
T2DM with CAD 
(Rosiglitazone; n = 25)

4 mg/d; 12 wk Decreased insulin resistance Rosiglitazone prevented arteriosclerosis 
by normalizing metabolic disorders and 
reducing chronic inflammation of the 
vascular system

[58]

Decreased pulse wave velocity
Reduced plasma levels of C-reactive protein and 
monocyte chemoattractant protein 1

Prospective and cross-
sectional study in 
T2DM (Rosiglitazone; 
n = 22, metformin/
rosiglitazone; n = 100)

Treated with 
rosiglitazone 6 mo

Decreased endotoxin Lower endotoxin and higher adiponectin 
in the groups treated with rosiglitazone 
may be responsible for the improved 
insulin sensitivity

[39]

Increased adiponectin levels

Comprehensive 
meta-analysis of 
randomized clinical 
trials (n = 42922, 
control = 45483)

Results of 164 trials 
with duration > 
4 wk

The OR for all-cause and cardiovascular mortality with 
rosiglitazone was 0.93 and 0.94, respectively

Rosiglitazone did not increase risk of MI 
or cardiovascular mortality 

[52]

The OR for nonfatal MI and heart failure with 
rosiglitazone was 1.14 (0.9-1.45) and 1.69 (1.21-2.36), 
respectively 
The risk of heart failure was higher when rosiglitazone 
was administered as add-on therapy to insulin

Ang: Angiotensin; ANP: Atrial natriuretic peptide; OR: Odds ratio; T2DM: Type 2 diabetes mellitus; Hb: Hemoglobin; HOMA: Homeostatic Model of 
Insulin Resistance; CAD: Coronary artery disease; WT: Wild-type; APN: Adiponectin; eNOS: Endothelial nitric oxide synthase; GSK: Glycogen synthase 
kinase; LDL: Low density lipoprotein; AT: Angiotensin receptor type; SOD: Superoxide dismutase; MAPK: Mitogen-activated protein kinase; PI3K: 
Phosphatidyl inositol-3-kinase; STZ: Streptozotocin; I/R: Ischemia/reperfusion; TNF: Tumor necrosis factor; IL: Interleukin; NF: Nuclear factor; SERCA: 
sarcoendoplasmic reticulum calcium ATPase; HT: Hypertension; NFAT: nuclear factor of activated T cells; ERK: Extracellular signal-regulated kinase; 
PPAR: Peroxisome proliferator-activated receptor; MI: Myocardial infarction. 

ment in patients with T2DM with/without CAD has also 
been shown to improve myocardial glucose uptake and 
utilization[36,47]. Rosiglitazone decreased both systolic and 
diastolic pressure[53,55], suggesting that this drug could im-
prove systolic and diastolic function. All of  these findings 
indicate that in addition to improving insulin resistance in 
T2DM patients, rosiglitazone also has the beneficial ef-
fects on overall cardiovascular risk.

ADVERSE EFFECTS OF ROSIGLITAZONE 

ON THE CARDIOVASCULAR SYSTEM
Despite these previously mentioned beneficial effects of  
rosiglitazone on the cardiovascular system, growing evi-
dence indicates other adverse cardiovascular outcomes. 
The effect of  rosiglitazone in increasing mortality in 
post-MI rats was first reported by Lygate et al[21] in 2003. 
Later, more studies, including clinical trials, demonstrated 
undesirable effects of  rosiglitazone on the cardiovascular 
system. These findings suggested that rosiglitazone treat-
ment may be harmful and should be used with caution 
in cardiovascular patients. A summary of  reports on the 
adverse effects of  rosiglitazone in various models as well 
as clinical studies are shown in Table 2.

Rosiglitazone treatment has been shown to induce 
apoptotic cell death in cultured vascular smooth muscle 
cell by increasing caspase 3 activity and the cytoplasmic 
histone-associated DNA fragmentation via the proapo-
totic extracellular signal-regulated kinase 1/2-independent 
pathway[17]. Likewise, in an in vivo I/R injury model, it has 
been demonstrated that rosiglitazone therapy for 8 wk 
in non-diabetic rats with MI did not reduce either LV in-

farct size or LV hypertrophy, and increased mortality rate 
after I/R injury[21]. These findings suggested that rosigli-
tazone did not have cardioprotective effects in myocar-
dial I/R injury. Furthermore, rosiglitazone treatment has 
been shown to increase cardiac phosphorylation of  the 
p38MAPK signaling pathway[15], suggesting that rosigli-
tazone could facilitate cardiomyocyte apoptosis. In addi-
tion, rosiglitazone has been shown to be associated with 
an increased incidence of  cardiac hypertrophy due to the 
increased expression of  atrial natriuretic peptide, B-type 
natriuretic peptide, collagen Ⅰ and Ⅲ and fibronectin[16], 
leading to cardiac hypertrophy. The deterioration in cardi-
ac function was also found in mice and rats when treated 
with rosiglitazone[12,24]. 

In a large animal model, which is more similar to a 
human, a recent study in swine has demonstrated that 
intravenous administration of  rosiglitazone at clinically 
relevant doses attenuated epicardial monophasic action 
potential shortening during ischemia, possibly via block-
ade of  cardiac ATP-sensitive potassium channels, and 
increased the propensity for ventricular fibrillation[20].

Growing evidence from recent clinical trials suggest 
that rosiglitazone could have serious harmful effects 
on the cardiovascular system[11,13,14,18,19,22,23,65]. The meta-
analysis by Nissen et al[11] was the first report raising 
concerns about the cardiovascular safety profile of  rosi-
glitazone. In a meta-analysis, Nissen et al[11] demonstrated 
that T2DM patients who received rosiglitazone treatment 
had a significantly increased risk of  MI, heart failure and 
cardiovascular mortality. Although the method and statis-
tical analysis used in this study have been criticized[14,52,66], 
the subsequent meta-analyses showed similar concerns 
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Table 2  Reports of the adverse effects of rosiglitazone on the cardiovascular system in pre-clinical and clinical studies

Model Dose of rosiglitazone Major findings Interpretation Ref.

Isolated and cultured 
vascular smooth 
muscle cells

1-10 μmol/L; 
incubated for 24 h

Induced cell death in a concentration-dependent 
manner

Rosiglitazone induced apoptotic cell death 
through an ERK1/2-independent pathway

[17]

Increased caspase 3 activity and the cytoplasmic 
histone-associated DNA fragmentation
PD98059 (MAPKK inhibitor) did not abolish 
rosiglitazone induced ERK1/2 activation 
(proapoptotic effects)

Rats with I/R injury 3 mg/kg per day po; 
pretreated for 14 d 
prior to I/R

Did not reduce left ventricular infarct size or 
hypertrophy

Rosiglitazone did not prevent left 
ventricular remodeling, but was associated 
with increased mortality after myocardial 
infarction

[21]

Increased mortality rate
Improved ejection fraction and prevented an 
increase left ventricular end diastolic pressure

Swine with I/R injury 3 mg/kg per day po; 
pretreated for 8 d 
prior to I/R

Increased expression of PPARγ Rosiglitazone had no cardioprotective 
effects in a swine model of myocardial I/R 
injury

[25]

Had no effect on myocardial contractile function 
Did not alter substrate uptake and proinflammatory 
cytokines expression

PPARγ-knockout 
(CM-PGKO) mouse

10 mg/kg per day po; 
4 wk

Increased phosphorylation of p38 mitogen-
activated protein kinase

Rosiglitazone caused cardiac hypertrophy 
at least partially independent of PPARγ in 
cardiomyocytes

[15]

Induced phosphorylation of extracellular signal-
related kinase 1/2
Did not affect phosphorylation of c-Jun N-terminal 
kinases
Induced cardiac hypertrophy

Wild type and PPARγ 
overexpression mice

10 mg/kg per day po; 
15 d

Increased lipid accumulation Rosiglitazone and PPARγ overexpression 
could be harmful to cardiac function

[24]

Increased size of the heart
Decreased fractional shortening
Increased CD36 expression

Swine with I/R injury 0.1, 1.0 10 mg/kg iv; 
pretreated for 60 min

Attenuated MAP shortening during ischemia by 
blocking cardiac KATP channels

Rosiglitazone promoted onset of ventricular 
fibrillation during cardiac ischemia

[20]

Increased propensity for ventricular fibrillation 
during myocardial ischemia

Sprague-Dawley rats 15 mg/kg per day po; 
21 d 

Induced eccentric heart hypertrophy associated 
with increased expression of ANP, BNP, 
collagen Ⅰ and Ⅲ and fibronectin

Rosiglitazone induced cardiac hypertrophy 
via the mTOR pathway

[16]

Reduced heart rate and increased stroke volume
Increased heart glycogen content, myofibrillar 
protein content and turnover
Reduced glycogen phosphorylase expression and 
activity

Meta-analysis in T2DM 
(n = 15 565, control = 
12 282)

Received rosiglitazone 
more than 24 wk

Increased the risk of myocardial infarction Rosiglitazone increased in the risk of 
myocardial infarction and borderline 
increased in risk of cardiovascular death

[11]

Increased cardiovascular death incidence

RECORD study 
(n = 4447)

Received rosiglitazone 
with mean follow-up 
time of 3.75 yr

Increased the risk of heart failure Rosiglitazone increased risk of heart 
failure, but did not increase the risk of 
cardiovascular death or all cause mortality

[18]

RECORD study 
(n = 4447)

Received rosiglitazone 
with mean follow-up 
time of 5.5 yr

Increased the risk of heart failure Rosiglitazone increased risk of heart failure [65]

Suggestion of contraindication for 
rosiglitazone to be used in patients 
developing symptomatic heart failure

Case-control analysis of 
a retrospective cohort 
study (n = 159 026)

Treated with TZDs at 
least 1 yr

Increased risk of heart failure Rosiglitazone was associated with risk of 
heart failure, acute myocardial infarction, 
and mortality

[19]

Increased mortality
Increased risk of acute myocardial infarction

Retrospective, double-
blind, randomized 
clinical studies with 
rosiglitazone (n = 14 237)

Received rosiglitazone 
24-52 wk

Increased heart failure incidence Rosiglitazone increased the risk of heart 
failure and myocardial infarction

[13]

Increased events of myocardial ischemia

A meta-analysis of 
randomized controlled 
trials (n = 6421, 
control = 7870)

Received rosiglitazone 
at least 12 mo

Increased risk of myocardial infarction and heart 
failure

Rosiglitazone increased risk of myocardial 
infarction and heart failure, without 
increased risk of cardiovascular mortality

[23]

No increased risk of cardiovascular mortality

I/R: Ischemia/reperfusion; PPAR: Peroxisome proliferator-activated receptor; T2DM: Type 2 diabetes mellitus; RECORD: Rosiglitazone Evaluated for 
Cardiac Outcomes and Regulation of Glycaemia in Diabetes; ANP: Atrial natriuretic peptide; BNP: B-type natriuretic peptide; ERK: Extracellular signal-
regulated kinase; TZD: Thiazolidinedione; mTOR: Mammalian Target of Rapamycin pathway
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regarding MI and heart failure, but not cardiovascular 
mortality[23,52,65]. 

Lipscombe et al[19] also demonstrated that rosiglitazone 
therapy in patients with T2DM was associated with a sig-
nificantly increased risk of  congestive heart failure, acute 
MI, and death. Similarly, results from a meta-analysis dem-
onstrated that rosiglitazone treatment for at least 12 mo 
was associated with a significantly increased risk of  MI 
and heart failure[23]. A retrospective analysis also suggested 
that rosiglitazone may increase the risk of  heart failure[13]. 
These data from the clinical trials and meta-analysis in re-
cent years strongly indicated that rosiglitazone could have 
adverse effects on the cardiovascular outcome due to in-
creased risk of  MI and heart failure, resulting in increased 
mortality in patients treated over a long period with rosi-
glitazone[14,18,22,23]. A meta-analysis demonstrated that pa-
tients treated with both rosiglitazone and pioglitazone had 
a 1.7-fold increase in risk of  congestive heart failure with 
a slightly greater increase in risk with rosiglitazone than 
with pioglitazone (1.3-fold)[67].

The association between TZDs and heart failure is 
well recognized as a class effect. An increased plasma 
volume rather than direct effects on cardiac function is 
thought to be the mechanism responsible for heart fail-
ure[12]. Fluid retention is mediated through increased sodi-
um reabsorption of  the renal PPARγ-dependent pathway 
in the collecting tubules[68].

Unlike the mechanism responsible for heart failure, 
the mechanism of  increased MI risk of  rosiglitazone is 
still controversial. An unfavorable effect of  the lipid pro-
file has been proposed, in which rosiglitazone increases 
low density lipoprotein cholesterol to a greater extent 
than pioglitazone, and decreases the triglyceride level to a 
smaller extent than pioglitazone[69].

DISCREPANCY IN FINDINGS FROM 

ROSIGLITAZONE USE
As summarized in Table 1 for the beneficial effects and 
Table 2 for the adverse effects of  rosiglitazone, these 
controversial reports are still debated. Although each side 
for and against the use of  rosiglitazone has its own sup-
porting documentation, the growing number of  reports 
of  serious adverse cardiovascular effects cannot be taken 
lightly. It is possible that the controversy on the cardio-
vascular effects of  rosiglitazone could be due to differ-
ences in species which could have different drug me-
tabolism, different experimental models, different drug 
administration methods as well as different time intervals 
of  drug treatment which relates to the effects of  the 
drug. The differences in patients’ clinical characteristics 
may also contribute to the differences in outcomes, in 
which older patients with preexisting cardiovascular dis-
ease are more likely to have serious cardiovascular events. 

Regardless of  this controversy, since evidence from 
clinical reports indicated potential cardiovascular risks 
of  rosiglitazone, the European Medicines Agency sug-
gested that the anti-diabetes drug rosiglitazone (Avandia®)  

should be suspended from the EU market due to its ex-
cessive cardiovascular risk[61,70]. As a result, rosiglitazone 
has been withdrawn from the EU market[61]. However, 
rosiglitazone is still available in the US but remains under 
close monitoring from the US Food and Drug Adminis-
tration[61-63,71]. 

CONCLUSION
Rosiglitazone is a potent agent in the treatment of  hyper-
glycemia in patients with T2DM because it is an insulin 
sensitizer and improves glucose uptake. Despite previ-
ous reports on its beneficial effects, growing evidence 
indicates that rosiglitazone increases cardiovascular risks 
in patients taking this drug. Although this drug has been 
withdrawn from the EU market, it is still can be used 
elsewhere. It is important that future large clinical trials 
should be done to evaluate the definitive cardiovascular 
outcome of  the drug and the interplay between rosigli-
tazone and other available anti-hyperglycemic agents. In 
addition, large meta-analyses are also essential and must 
be carefully interpreted in order to elucidate the effects 
of  rosiglitazone on cardiovascular risks and outcomes.
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Abstract
Iron overload can lead to iron deposits in many tis-
sues, particularly in the heart. It has also been shown 
to be associated with elevated oxidative stress in tis-
sues. Elevated cardiac iron deposits can lead to iron 
overload cardiomyopathy, a condition which provokes 
mortality due to heart failure in iron-overloaded pa-
tients. Currently, the mechanism of iron uptake into 
cardiomyocytes is still not clearly understood. Growing 
evidence suggests L-type Ca2+ channels (LTCCs) as a 
possible pathway for ferrous iron (Fe2+) uptake into 
cardiomyocytes under iron overload conditions. Never-
theless, controversy still exists since some findings on 
pharmacological interventions and those using different 
cell types do not support LTCC’s role as a portal for iron 
uptake in cardiac cells. Recently, T-type Ca2+ channels 

(TTCC) have been shown to play an important role in 
the diseased heart. Although TTCC and iron uptake in 
cardiomyocytes has not been investigated greatly, a re-
cent finding indicated that TTCC could be an important 
portal in thalassemic hearts. In this review, comprehen-
sive findings collected from previous studies as well as 
a discussion of the controversy regarding iron uptake 
mechanisms into cardiomyocytes via  calcium channels 
are presented with the hope that understanding the 
cellular iron uptake mechanism in cardiomyocytes will 
lead to improved treatment and prevention strategies, 
particularly in iron-overloaded patients.
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INTRODUCTION
Iron (Fe) is an essential element for all living organisms 
and plays a central role in many Fe-containing proteins 
such as in iron storage proteins (ferritin and hemosid-
erin), energy metabolism (cytochromes, mitochondrial 
aconitase and Fe-S proteins of  the electron transport 
chain), cellular respiration (hemoglobin and myoglo-
bin), and DNA synthesis (ribonucleotide reductase)[1-3]. 
However, under iron overload conditions the regulatory 
mechanism which keeps the balance between iron uptake 
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and iron excretion could be disrupted, causing an eleva-
tion of  non-transferrin bound iron (NTBI) in the plasma 
of  iron-overloaded patients[4,5]. NTBI is toxic and par-
ticipates in the production of  harmful hydroxyl radicals, 
which could cause severe cellular damage and organ dys-
function[1,2,6,7].

An excess of  plasma iron can lead to iron accumula-
tion in many organs including the heart[5]. Excessive iron 
accumulation in the heart can cause cardiac cellular dam-
age known as iron-overload cardiomyopathy. This cardiac 
complication causes 71% of  all deaths in thalassemia ma-
jor patients[8]. Although iron chelation therapy is widely 
used for treating iron overload patients, iron overload 
cardiomyopathy is still the most common cause of  mor-
tality in these patients[9,10]. Even though the fundamental 
mechanisms for excessive iron uptake in the heart have 
been investigated for decades, the precise mechanism un-
derlying cardiomyocyte dysfunction induced by iron over-
load is not clearly understood. Although several NTBI 
transporters have been proposed and are responsible for 
cellular iron uptake, recent evidence suggests that calcium 
channels may play an important role as a portal for car-
diac iron uptake[11].

In this review, the role of  L-type Ca2+ channels (LTCC) 
as well as T-type Ca2+ channels (TTCC) as iron transport-
ers into the heart are presented. The consistent findings 
as well as discrepancies of  results among various stud-
ies on iron uptake into cardiomyocytes via these calcium 
channels under various conditions are comprehensively 
reviewed and discussed.

LTCCS AS A PORTAL FOR IRON UPTAKE 

INTO CARDIOMYOCYTES
The L-type Ca2+ channel is a voltage-gated ion channel 
that plays a central role in cardiac and smooth muscle 
contraction[12]. LTCCs are heterotetrameric polypeptide 
complexes that are composed of  α1, α2/δ, β, and, in 
some tissues, γ subunits[12]. The Ca2+ channel α1 subunit 
(170-240 ku) is organized into four homologous motifs 
(Ⅰ-Ⅳ), with six transmembrane segments (S1-S6)[12]. Re-
cently, 10 α1 subunit genes have been identified includ-
ing Cav1.1 (α1S), 1.2 (α1C), 1.3 (α1D), 1.4 (α1F), Cav2.1 
(α1A), 2.2 (α1B), 2.3 (α1E), Cav3.1 (α1G), 3.2 (α1H), 
and 3.3 (α1I). For LTCCs, these can be divided into 4 
classes: Cav1.1 (α1S), 1.2 (α1C), 1.3 (α1D), and 1.4 (α1F). 
In cardiac muscles, only the α1C (dihydropyridine-sensi-
tive) subunit is expressed in high levels and is also called 
a high-voltage-activated channel[12]. LTCCs can be found 
in the heart and are primarily used for Ca2+ transport as 
well as playing an important role in the electrical activity 
of  the heart. However, previous studies have shown that 
LTCCs can also transport other divalent cations including 
Fe2+[13-15].

Several findings have been shown to support the role 
of  LTCC in myocardial iron transport[11,15]. A study in an 
iron loaded perfused rat heart showed that iron uptake 
was increased by the LTCC agonist, Bay K 8644 and iron 

uptake was inhibited by the LTCC blocker, nifedipine[15]. 
Oudit et al[16] demonstrated that treatments with LTCC 
blockers such as amlodipine and verapamil could lead 
to the inhibition of  LTCC current in cardiomyocytes, 
reduced myocardial iron accumulation, decreased oxida-
tive stress and improved survival in iron-loaded mice. In 
addition, iron overloaded transgenic mice with cardiac-
specific overexpression of  LTCC were shown to have 
increased myocardial iron accumulation and oxidative 
stress, resulting in impaired cardiac function in compari-
son with control mice[16]. Furthermore, since the LTCC 
does not contain iron responsive elements (IREs) in the 
LTCC mRNA, it is not regulated by cellular iron levels 
under an iron overload condition. As a result, L-type 
Ca2+ currents were not decreased in iron overload condi-
tions[16], confirming that the expression of  LTCC was not 
regulated by the IRE. Furthermore, it has been shown 
in iron overloaded rats that the LTCC blocker diazepam 
could reduce mortality from iron overload without inhi-
bition of  iron absorption or urinary iron excretion[17].

In addition to the heart, a previous study also demon-
strated that LTCC blockers verapamil and amlodipine did 
not decrease iron accumulation in the liver of  mice with 
iron overload, and hypothesized that this was due to the 
fact that hepatocytes express minimal levels of  LTCC[16]. 
However, a recent study by Ludwiczek and colleagues 
demonstrated that the LTCC blocker nifedipine could 
reduce iron accumulation in the liver of  wild-type mice, 
but had no effect in divalent metal transporter 1 (DMT1) 
deficient mice, suggesting that this effect of  nifedipine-
mediated modulation of  iron transport is via DMT1[18]. 
Nevertheless, these findings suggest that nifedipine could 
possibly be beneficial in iron overload cardiomyopathy.

DISCREPANCIES IN FINDINGS ON IRON 

UPTAKE INTO CARDIOMYOCYTES VIA 

LTCC
It is important to realize that not all reports regarding 
the mechanisms of  iron uptake via LTCC are consistent. 
Despite strong evidence supporting the role of  LTCC 
as a route for NTBI transport in the heart, Parkes and 
colleagues demonstrated otherwise[19]. In cultured rat 
neonatal myocytes, they demonstrated that LTCC block-
ers (nifedipine, verapamil, and diltiazem) did not alter 
iron uptake in these cells[19]. Our recent findings also 
demonstrated that the LTCC blocker verapamil could not 
prevent iron uptake into cultured adult mouse cardio-
myocytes[20].

Several reasons to explain these inconsistent results 
may be drawn from previous reports. Most studies that 
support the role of  LTCC for iron uptake in cardiomyo-
cytes used freshly prepared cardiomyocytes taken from 
isolated perfused hearts[15] or in vivo[16]. However, a report 
that failed to show the role of  LTCC in iron uptake into 
cardiomyocytes used cultured cardiomyocytes[19,20].

In cultured cardiomyocytes, it is possible that LTCC 
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may not fully develop compared with isolated cardiomyo-
cytes obtained from the heart. If  fully developed, it is 
also possible that the LTCC in cultured cardiomyocytes 
may not function properly. Furthermore, the ages of  
cultured cardiomyocytes could have played a role in this 
discrepancy.

In the light of  these inconsistent findings, it is possi-
ble that cardiomyocytes obtained from different methods 
may have different cellular characteristics and properties. 
All of  these proposed hypotheses have not been tested 
and will need to be further investigated to elucidate the 
definite mechanism of  iron uptake into the heart and re-
solve these existing discrepancies.

TTCC AS A PORTAL FOR IRON UPTAKE 

INTO CARDIOMYOCYTES
TTCC have three isoforms: Cav3.1 (α1G), 3.2 (α1H), and 
3.3 (α1I) that are localized to the brain, kidney, and heart 
and are also called low-voltage-activated channels[21]. It 
has been shown that only Cav3.1 and Cav3.2 are expressed 
in the heart[21]. TTCCs have been reported to be func-
tionally expressed only in embryonic hearts and disappear 
in adults[22]. TTCC can be found abundantly only in sino-
atrial pacemaker cells and Purkinje fibers of  many species 
in adult hearts and are important for the maintenance of  
pacemaker activity[21,23]. However, TTCC currents and ex-
pression have been demonstrated to reappear and play an 
important pathological role in diseased hearts with con-
ditions such as ventricular hypertrophy[21,24,25] and post-
myocardial infarction[26]. The increased TTCC expression 
has been shown to contribute to the progression of  heart 
failure[21].

Growing evidence indicates that TTCC blockers 
could be beneficial in diseased hearts. Recently, Horiba 
and colleagues demonstrated that the blockade of  Ca2+ 
entry into cardiomyocytes via TTCC using the TTCC 
blocker efonidipine could block signal transduction in-
volved in cardiac hypertrophy[27]. In addition, a study in a 
mouse model of  dilated cardiomyopathy has shown that 
a TTCC blocker could restore the resting membrane po-
tential, and reduce the number of  premature ventricular 
contractions and ventricular tachycardia, thus reducing 
the incidence of  sudden death in these mice[28]. These 
findings suggest that TTCC blockade may be potentially 
useful for the prevention of  sudden death in patients 
with heart failure[28]. It is known that iron overload condi-
tions can lead to increased iron uptake into cardiomyo-
cytes, resulting in cardiac hypertrophy and failure[29-32]. 
However, it is not known if  TTCC blockers could be 
cardioprotective in this type of  cardiomyopathy. 

Recently, our study using cultured cardiomyocytes 
taken from the heart of  thalassemic mice demonstrated 
that intracellular iron accumulation in cultured ventricular 
myocytes of  thalassemic mice was significantly higher 
than in wild type (WT) cells[20]. These findings suggest that 
thalassemic cardiomyocytes could have pathways which 
can greatly uptake iron into the cells more than that in 

WT cells. In addition, under an iron overloaded condition, 
our results demonstrated that the TTCC blocker, efoni-
dipine, could prevent iron uptake into cultured thalassemic 
cardiomyocytes[20]. Although efonidipine is not a selective 
TTCC blocker and could also block LTCC, its efficacy in 
blocking TTCC is greater than that of  LTCC[21]. In that 
study, since verapamil could not prevent iron uptake when 
efonidipine could, these findings suggested that TTCC 
could play a significant role in iron uptake into cardiomyo-
cytes in this thalassemic cardiomyocyte model[20]. More-
over, our microarray data demonstrated that the TTCC 
genes were up-regulated in thalassemic hearts, which is 
well correlated with the iron uptake results, suggesting 
that TTCCs could play an important role in iron uptake in 
thalassemic hearts, and that their re-expression could be 
due to the pathological state of  a thalassemic heart itself  
or from the iron-overloaded condition, or both.

Since iron overload patients can develop cardiomyop-
athy and heart failure[33-35], it is important that the associa-
tion between iron overload, TTCC expression/function 
and cardiac complications be determined. Future studies 
in both basic and clinical research are needed to warrant 
the clinical usefulness of  TTCC blockers in the preven-
tion and treatment of  iron overload cardiomyopathy par-
ticularly in thalassemia patients. 

CONCLUSION
Iron overload is a serious and fatal complication in many 
diseases including iron-overload cardiomyopathy in thal-
assemia patients. Although pathways for cellular iron up-
take have been investigated for many decades, its mecha-
nism is still not clearly understood. In the past few years, 
findings regarding new possible pathways for cellular iron 
uptake have been suspected, including LTCC and TTCC. 
However, their definite roles as iron transporters in car-
diomyocytes are still debated. Understanding the mecha-
nism by which iron enters cardiac cells is very important, 
since it will provide us with the knowledge to be used in 
developing better treatment and prevention strategies in 
iron overloaded patients.
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Iron overload conditions can be found in patients with

thalassemia who receive regular blood transfusion (1, 2).

Under physiologic condition, plasma transferrin binds to

plasma iron, resulting in iron uptake into cells via endo-

cytosis of transferrin–transferrin receptor pathway, thus

reducing plasma free-iron level (3). Under iron excess

condition, non-transferrin-bound iron (NTBI) can be

found in plasma and can lead to iron accumulation in

various organs (4–6). In the heart, iron deposit can lead

to iron overload cardiomyopathy, a condition that is

mainly responsible for cardiac dysfunction and mortality

in patients with thalassemia (5–7). Although pathways of

iron entry into the heart have been investigated for dec-

ades, the precise mechanisms by which NTBI gets into

cardiomyocytes under iron overload conditions are still

not clearly understood.

Several cellular iron transporters such as divalent

metal transporter-1 (DMT1) and transferrin receptor
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(TfR1) have been shown to be portals for iron transport

into cells such as enterocytes and hepatocytes (3). How-

ever, in the heart, it has been shown that under iron-

loading conditions, TfR1 or DMT1 mRNA and protein

expressions were suppressed (8–11), suggesting that they

may not be the major portals for iron entry in cardio-

myocytes under iron-overload conditions. However, its

role in thalassemic cardiomyocytes is not known.

In the past decades, L-type calcium channels (LTCC)

has been proposed as a possible portal for iron uptake in

cardiomyocytes (12, 13). The role of LTCC in mediating

iron uptake into cardiomyocytes has been demonstrated

using LTCC agonist to increase iron uptake in isolated

perfused rat heart (12) and LTCC blockers to reduce

intracellular myocardial iron accumulation in an in vivo

model (13). Despite this evidence regarding the role of

LTCC as an iron portal, inconsistent findings exist that

failed to demonstrate LTCC as a portal for iron uptake

into cardiomyocytes (14). Furthermore, NTBI transpor-

tation via LTCC into thalassemic cardiomyocytes has

never been investigated.

In the heart, T-type Ca2+ channels (TTCC) have been

reported to exist and contribute to cardiac electrical

activity during early embryonic state (15). However,

under physiologic condition, they normally disappear

shortly after birth and cannot be found in the cardio-

myocytes (16). However, TTCC current has been shown

to reappear in ventricular myocytes under some patho-

logical processes such as ventricular hypertrophy (17)

and postmyocardial infarction (18). However, the re-

expression of TTCC in thalassemic hearts as well as the

role of TTCC as a portal for iron uptake in ventricular

thalassemic cardiomyocytes has never been investigated.

It is not known whether iron uptake mechanism in

thalassemic cardiomyocytes would be similar or different

than that in normal cardiomyocytes. Therefore, in this

study, we sought to determine the iron uptake mecha-

nisms using cultured thalassemic cardiomyocytes pre-

pared from the hearts of adult b-thalassemic mice. We

investigated the effects of LTCC and TTCC blockers,

TfR1 blocker, DMT1 blocker, and iron chelator on iron

uptake into thalassemic cardiomyocytes. Iron uptake was

determined under various iron-loaded concentrations. In

addition, microarray analysis on thalassemic hearts was

performed to identify the up-regulation and down-regula-

tion of genes that regulate iron transport and cardiac ion

channels, compared to the wild-type hearts.

Materials and methods

Animal models

All animal studies were approved by the Institutional

Animal Care and Use Committee (IACUC) of the Fac-

ulty of Medicine, Chiang Mai University (No. 44 ⁄ 2552)
in compliance with NIH guidelines. The investigation

conforms with the Guide for the Care and Use of Labora-

tory Animals published by the US National Institutes of

Health (NIH Publication No. 85-23, revised 1996). Three

types of adult C57 ⁄BL6 mice (9–12 months old): wild

type (mub+ ⁄+, WT, n = 42), heterozygous bKO type

(mubth-3 ⁄+, HT, n = 43), and double heterozygous bKO

with HbE (hubE ⁄+, mubTh-3 ⁄+, DH, n = 38), were used

in this study (19, 20). All animals were housed in temper-

ature- and humidity-controlled rooms with 12-h light ⁄
dark cycles. We have shown previously that HT mice

had reduced hemoglobin level, increased serum iron (SI),

increased reactive oxygen species (ROS) production, and

depressed heart rate variability (HRV) (21), the clinical

pictures that are similar to thalassemia intermedia in

patients with thalassemia. Furthermore, our previous

study demonstrated that the DH mice with depressed

HRV had normal hemoglobin level, SI, and ROS pro-

duction, indicating the altered cardiac autonomic control

(21). Each mouse was genetically characterized prior to

its entry into the study (19, 20).

Cultured cardiomyocytes

Primary cultured cardiomyocytes were obtained from HT,

DH, and WT adult C57 ⁄BL6 mice at 9–12 months of age.

Each mouse was anesthetized with isoflurane (Abbott

Laboratories, Chicago, IL, USA) and the heart was

removed. The ventricles were cut and incubated in Ca2+-

Mg2+ free Hank’s balanced salt solution containing

2 mg ⁄ml collagenase type 2 (PAA Laboratories, New

Bedford, MA, USA) for 15 min. Cardiomyocytes were

isolated by incubation with 0.25% trypsin–EDTA (Sigma-

Aldrich, St. Louis, MO, USA) for 15 min. The cell suspen-

sion was centrifuged at 521 g for 5 min. After the

centrifugation, the cell pellets were mixed and resuspended

in completed M199 medium containing 20% fetal bovine

serum with 1% penicillin–streptomycin (22). The cell sus-

pension was plated on culture flask and incubated at 37�C
in a humidified atmosphere with 5% CO2 for 10 d.

Although these 10-d-old cardiomyocytes have been shown

to undergo a morphological transformation and increase

cell size, their cardiac phenotype is well preserved (23–25).

Immunocytochemistry methods

To identify the cardiomyocytes in cultured cells, the

immunocytochemistry methods were used (26). All geno-

types of cultured cardiomyocytes (WT, HT, and DH)

were trypsinized, washed, and centrifuged at 3000 g for

5 min at 25�C. Then, the cells were plated on coverslip

overnight, before they were fixed with 4% paraformalde-

hyde for 30 min and kept frozen until they were used for
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immunocytochemistry. The cells were washed three times

with Tris-buffered saline (TBS) and incubated for 1 h

with blocking solution (BS) containing 1.5% normal goat

serum in TBS. To identify the cardiomyocytes, those

fixed cells were subject to immunostaining with primary

antibodies directed against myosin light chain-2 (MLC-2)

(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and

GATA-binding protein-4 (GATA-4) (Santa Cruz Bio-

technology). Both MLC-2 and GATA-4 have been

shown to be the markers for cardiomyocytes (27).

Iron treatment of the cardiomyocytes

Ferric ammonium citrate (FAC) at various concentrations

ranging from 0 to 2284.8 lm (0–160 lg ⁄ml) co-adminis-

tered with 1 mm ascorbic acid (AA), which represents

ascorbate-reduced form of iron (Fe2+), was added to the

culture medium of all types of cardiomyocytes for 48 h.

The amount of iron uptake into cultured cells was

detected using Calcein-AM fluorescence assay (28, 29).

Pharmacological interventions of iron uptake into
cardiomyocytes

To determine the effect of iron chelator desferoxamine

(DFO: Novartis Ltd., East Hanover, CA, USA) on iron-

loaded cardiomyocytes, the cells were loaded with a com-

bination of 285.6 lm FAC + 1 mm AA (or 20 lg ⁄ml

Fe2+), i.e. a concentration similar to the plasma iron

level in patients with thalassemia (8), and DFO at con-

centrations of 142.8 and 285.6 lm for 48 h (11, 14).

To determine the roles of LTCC, TTCC, TfR1, and

DMT1 on iron uptake, the cells were exposed to (i) various

concentrations of LTCC blocker (verapamil) (Sigma-

Aldrich) ranging from 0 to 80 lm and (ii) various concen-

trations of TTCC blocker (efonidipine) (Sigma-Aldrich)

ranging from 0 to 20 lm. Although efonidipine can block

both LTCC and TTCC, it has been shown that efonidipine

could block TTCC more effectively than LTCC (30).

Comparisons between the effects of verapamil and efonidi-

pine on iron uptake would allow us to differentiate the

effects of these two calcium channel blockers, (iii) anti-

TfR1 antibody (Santa Cruz Biotechnology) at 5 and

10 lg ⁄ml and (iv) ebselen [DMT1 blocker (31)] at 12.5 and

25 lm, for 60 min, before loaded with FAC + 1 mm AA,

which represents Fe2+, at 285.6 lm for 48 h (14). Then,

the cells were analyzed for the iron uptake into cardio-

myocytes by using Calcein-AM fluorescence assay (28, 29).

Cell viability determination with methyl thiazol
tetrazolium (MTT) assay

In the present study, MTT assay was used to determine

the viability of cells and the toxicity of all substances

used in cultured cardiomyocytes (32). After the cardio-

myocytes had been plated in a multiwell microtiter plate

at 5000 cells ⁄well and incubated at 37�C for 24 h, they

were treated with FAC + 1 mm AA solutions at various

concentrations of 0–2284.8 lm (Fe2+, 0–160 lg ⁄ml), or

iron chelator solutions (DFO) at concentrations of

0–285.6 lm, or LTCC blocker solutions (verapamil) at

concentrations of 0–80 lm, or TTCC blocker solutions

(efonidipine) at concentrations of 0–20 lm, or anti-TfR1

antibody at 5–10 lg ⁄ml, or ebselen at 12.5–25 lm, and

plated at 37�C for 48 h. After each treatment, cultured

cardiomyocytes were treated with MTT reagents to

investigate the cell viability. The MTT reagent at

5 mg ⁄ml (15 lL) was added to the treated cells and

further incubated for 4 h. The reaction product, blue-

colored formazan, was extracted with dimethyl sulphox-

ide (DMSO) (200 lL), and the absorbance was read at

540 ⁄ 630 nm using a microtiter plate reader (Synergy HT

BIO-TEK, Winooski, VT, USA). Viable cells reduced

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-

lium bromide] from a yellow water-soluble dye to an

insoluble formazan product of dark blue color (32). The

number of viable cells was normalized and compared

with untreated cells, and the data were expressed as

percentage of cell viability (32). All samples were assayed

in triplicate, and the mean for each experiment was

determined.

Calcein-AM fluorescence assay

To determine the amount of iron uptake into cardio-

myocytes, the Calcein-AM fluorescence assay was used

(28, 29). Calcein-AM could easily diffuse into the cell

through the cell membrane of viable cells owing to its

enhanced hydrophobicity compared to Calcein. After

Calcein-AM permeated into the cytoplasm, it was

hydrolyzed by esterases to become Calcein, which

remained inside the cell. Fluorescence intensity of

Calcein was quenched by labile iron inside the cell (28,

29). If the labile iron level inside the cells was high,

the fluorescence intensity would be low and vice versa.

After the iron-loaded treatments, cells were washed

with phosphate-buffered saline (PBS) and incubated

with the fluorescent metal sensor, calcein-AM (5 lm)
(Sigma-Aldrich), at 37�C for 30 min. Cells were washed

with PBS and were measured for the fluorescence

intensity with fluorescence plate reader at 485-nm

excitation and 530-nm emission filters (28, 29). Calcein-

loaded cells that were shown in the form of fluores-

cence intensity (FI) were inversely correlated with

intracellular iron. During the assay, cell viability was

always greater than 95% and was unchanged through-

out the process.
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RNA isolation for microarray analysis

The heart samples of HT (n = 5) and WT (n = 4)

mice were removed. The RNeasy RNA isolation kit

(Qiagen, Valencia, CA, USA) was used to obtain total

heart RNA, and the RNase-free DNase (Qiagen) was

used to remove the residual DNA from the sample.

The optical density (OD) measurements at 260 and

280 nm were used to determine RNA concentration and

purity (33). All samples had an OD260 ⁄OD280 ratio of

1.80 or higher.

Microarray studies were performed by Codelink�
Expression Bioarray System (Amersham Biosciences,

Buckinghamshire, UK). Heart specimens derived from

HT and WT C57BL ⁄ 6 mice were subject to total RNA

extraction. In each sample, 100 ng of total RNA was

amplified using the Codelink Expression Assay Reagent

kit (Amersham Biosciences), following the manufac-

turer’s instructions. The in vitro transcription reaction

was conducted with labeling of the cRNA by biotinyla-

tion. The labeled and amplified cRNA was hybridized

to Codelink Uniset Mouse 20K I Bioarray slide (20 000

genes, Amersham Biosciences) at 37�C for 18 h, accord-

ing to Codelink hybridization protocol. The arrays were

washed and then stained with 2 lg ⁄ml cyanine5-strepta-

vidin (Amersham Biosciences). The GenePix Array

Scanner (Molecular Devices, Sunnyvale, CA, USA) was

used to scan the arrays. Samples were analyzed using

Wayne State University Intelligent Biosystems Software

(Department of Computer Science, Wayne State Univer-

sity, MI, USA).

Statistical analysis

All iron uptake experiments were performed in triplicate.

Data were reported as the mean ± standard error of

mean (SEM) and were processed using SPSS (Statistical

Package for Social Sciences, Chicago, IL, USA) release

13.0 for Windows. One-way anova analyses and

Student’s t-test were performed for group comparisons.

P-value <0.05 was considered statistical significance.

Results

Identification of cardiomyocytes and effects of iron
overload in cardiomyocytes

Positive staining of both MLC-2 and GATA-4 was

found in all types (WT, HT, and DH) of cultured cells,

indicating that these cells were cardiomyocytes (Fig. 1).

Negative control without primary antibody incubation

was also performed and demonstrated that no positive

staining was observed. At the baseline level, intracellu-

lar iron accumulation in the cultured ventricular myo-

cytes of thalassemic (both HT and DH) mice was

significantly higher than those of WT cells (Fig. 2).

Under iron-overload condition, iron uptake into all

types of cardiomyocytes was in a dose-dependent man-

ner (Fig. 2).

Effects of iron chelator, deferoxamine (DFO), on iron
uptake in cardiomyocytes

When DFO was added, it could chelate ascorbate-

reduced form of iron from culture medium and led to an

increase in Calcein fluorescence intensity, indicating that

DFO treatment could decrease iron entry into cultured

cardiomyocytes (Fig. 3). This effect of DFO was also in

a dose-dependent manner. This finding suggested that

DFO could inhibit ascorbate-reduced form of iron

uptake into all types of cultured cardiomyocytes and

confirmed that the Calcein-AM method used in this

study is an appropriate method for measuring intracellu-

lar labile iron in thalassemic cardiomyocytes.

Effect of LTCC blocker, verapamil, on iron uptake in
cardiomyocytes

To investigate whether LTCC was a possible portal for

iron uptake into cardiomyocytes in this cultured cardio-

myocyte model, verapamil, the LTCC blocker, co-admin-

istered with FAC + AA was added to all types of

cultured cardiomyocytes. Our results demonstrated that

verapamil, at various concentrations, could not prevent

ascorbate-reduced form of iron uptake into any types of

cardiomyocytes (Fig. 4). These findings suggested that

iron uptake mechanisms in cultured cardiomyocytes were

not mainly mediated by LTCC.

Effects of TfR1 and DMT1 on iron uptake into
cardiomyocytes

Although previous studies demonstrated that TfR1 and

DMT1 expressions in the heart were limited under

iron-overload condition (8–11), those studies were car-

ried in normal cardiomyocytes. Their roles in thalasse-

mic cardiomyocytes have never been tested. To test

whether TfR1 and DMT1 are involved in iron uptake

into thalassemic cardiomyocytes, anti-TfR1 antibody

and ebselen (DMT1 blocker) (34) were used to deter-

mine the roles of TfR1 and DMT1 for iron uptake into

iron-loaded cardiomyocytes. Our results demonstrated

that anti-TfR1 antibody at concentrations of 5 and

10 lg ⁄ml and ebselen at concentration of 12.5 and

25 lm could not prevent iron uptake into any types of

cardiomyocytes (Fig. 5). These findings indicate that

TfR1 and DMT1 were not the common pathways for

iron uptake into cultured cardiomyocytes under iron-

overload condition.

Kumfu et al. Iron uptake and T-type calcium channel

ª 2010 John Wiley & Sons A/S 159



Effects of TTCC blocker, efonidipine, on iron uptake in
cardiomyocytes

The role of TTCC on ascorbate-reduced form of iron

transportation in ventricular thalassemic cardiomyocytes

has never been investigated. Therefore, we further inves-

tigated whether TTCC was a possible portal for iron

uptake in this cultured cardiomyocyte model. To test this

hypothesis, efonidipine, the TTCC blocker, co-adminis-

tered with FAC + AA was added to all types of cul-

tured cardiomyocytes. Our results demonstrated that

efonidipine, at all tested concentrations, could prevent

ascorbate-reduced form of iron uptake into all types of

cardiomyocytes (P < 0.05) (Fig. 6). Moreover, efonidi-

pine at 20 lm could prevent iron uptake into HT cardio-

myocytes greater than that in DH and WT cells

(P < 0.05). Furthermore, efonidipine at 10 lm could

prevent iron uptake into HT cells greater than that in

WT cells (P < 0.05). These findings suggested that iron

uptake mechanisms in cultured thalassemic cardiomyo-

cytes were mainly mediated by TTCC.

Cytotoxic effects of treated reagents in
cardiomyocytes

The cytotoxic effect of all reagents used in this study

(FAC + AA, DFO, verapamil, efonidipine, anti-TfR1

A E
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D

F

G

H
Figure 1 Immunoperoxidase staining of cul-

tured cardiomyocytes. Negative control without

primary antibody for myosin light chain 2 (MLC-

2) is shown in (A). Positive MLC-2 staining can

be seen in the cytoplasm of cardiomyocytes

taken from (B) wild type (WT), (C) double het-

erozygous bKO with HbE (DH), and (D) heterozy-

gous bKO type (HT). Negative control without

primary antibody for GATA-binding protein 4

(GATA-4) is shown in (E). Positive GATA-4 stain-

ing can be seen in the nucleus of cardiomyo-

cytes taken from WT (F), DH (G), and HT (H).
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antibody, and ebselen) on cardiomyocytes was tested by

the MTT assay. We found that cell viability of cardio-

myocytes was greater than 95% in all treatments, indi-

cating that there was no cytotoxic effect on cultured

cardiomyocytes treated with various concentrations of

reagents used in this study.

Figure 2 Iron uptake into cardiomyocytes (n = 9 ⁄ group). Cardiomyo-
cytes from WT (black bar), DH (white bar), and HT (dashed bar)

were plated and loaded with various concentrations of ferric ammo-

nium citrates with 1 mM ascorbic acid (FAC ± AA) for 48 h. Iron

uptake into cardiomyocytes was determined using Calcein-AM fluo-

rescence assay. Data were presented as mean ± SEM. *P < 0.01

vs. WT cells.

Figure 3 Effects of an iron chelator, desferoxamine (DFO), on iron

uptake into cardiomyocytes (n = 9 ⁄ group). Cardiomyocytes from WT

(black bar), DH (white bar), and HT (dashed bar) were plated and

loaded with the combination of 285.6 lM (20 lg ⁄ml) ferric ammonium
citrate with 1 mM ascorbic acid (FAC ± AA) and various concentrations

of DFO (0–285.6 lM) for 48 h. Cellular iron uptake into cardiomyocytes

was determined using Calcein-AM fluorescence assay. Data were pre-

sented as mean ± SEM. *P < 0.05 vs. control (non-iron-treated group)

of the same cell type, #P < 0.05 vs. iron-treated group of the same

cell type without DFO, �P < 0.01 vs. DFO 10-lg ⁄ml group of the

same cell type.

Figure 4 Effects of LTCC blocker, verapamil (V), on iron uptake into

cardiomyocytes (n = 9 ⁄ group). Cardiomyocytes from WT (black bar),

DH (white bar), and HT (dashed bar) were plated and exposed to vari-

ous concentrations of verapamil (0–80 lM) for 60 min before loaded

with 285.6 lM (20 lg ⁄ml) ferric ammonium citrate with 1 mM ascorbic

acid (FAC ± AA) for 48 h. Cellular iron uptake was determined using

Calcein-AM fluorescence assay. Data were presented as mean ± -

SEM. *P < 0.05 vs. control (non-iron-treated group) of the same cell

type.

Figure 5 Effects of anti-TfR1 antibody and divalent metal transporter1

(DMT1) blocker on iron uptake into cardiomyocytes (n = 6 ⁄ group).
Cardiomyocytes from WT (black bar), DH (white bar), and HT (dashed

bar) were plated and the cells were exposed to various concentrations

of anti-TfR1 antibody (aTfR, 5 and 10 lg ⁄ml) or Ebselen (DMT1

blocker, 12.5 and 25 lM) for 60 min, before loaded with 285.6 lM

(20 lg ⁄ml) ferric ammonium citrate with 1 mM ascorbic acid

(FAC ± AA) for 48 h. Cellular iron uptake was determined using Calce-

in-AM fluorescence assay. Data were presented as mean ± SEM.

*P < 0.05 vs. control (non-iron-treated group) of the same cell type.
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Identification and validation of changes in gene
expressions in thalassemic hearts

Microarray study was performed to investigate gene

expressions in the heart tissues of the HT thalassemic

mice, compared to those in WT mice. In the HT hearts,

a number of transporters and ion channels were up-regu-

lated (Table 1). Up-regulations of different subunits of

calcium channel were demonstrated in the HT hearts.

These include up-regulated TTCC genes such as voltage-

dependent T-type alpha 1G subunit (Cacna1g) and

voltage-dependent T-type alpha 1H subunit (Cacna1h)

calcium channels, which were increased in the HT hearts,

compared to those in WT. However, LTCC genes in HT

hearts were not different from those in WT hearts. In

addition, the up-regulations of zinc transporter such as

solute carrier family 39 (zinc transporter) member 5

(Slc39a5), solute carrier family 39 (zinc transporter)

member 3 (Slc39a3), solute carrier family 30 (zinc trans-

porter) member 6 (Slc30a6), and solute carrier family 39

(zinc transporter) member 8 (Slc39a8) were found. Trans-

ferrin receptor2 (TfR2) and musculus mRNA for trans-

ferrin receptor were also up-regulated in HT hearts,

compared to those in the WT hearts.

Down-regulations of DMT family were observed in

the HT hearts (Table 2), such as solute carrier family 11

(proton-coupled DMT), member 1 (Slc11a1), and solute

carrier family 11 (proton-coupled DMT), member 2

(Slc11a2). These down-regulations of DMT genes agreed

well with our data, showing that DMT1 blocker could

not prevent iron uptake into thalassemic cardiomyocytes.

Furthermore, we also found the down-regulation of iron

exporter ferroportin or solute carrier family 40 [iron-reg-

ulated transporter (ferroportin)], member 1 (Slc40a1) in

the HT hearts.

Figure 6 Effects of T-type calcium channel blocker, efonidipine (E),

on iron uptake into cardiomyocytes (n = 5 ⁄ group). Cardiomyocytes
from WT (black bar), DH (white bar), and HT (dashed bar) were plated

and exposed to various concentrations of efonidipine (0–20 lM) for

60 min, before loaded with 285.6 lM (20 lg ⁄ml) ferric ammonium cit-

rate with 1 mM ascorbic acid (FAC ± AA) for 48 h. Cellular iron uptake

was determined using Calcein-AM fluorescence assay. Data were pre-

sented as mean ± SEM. *P < 0.05 vs. control (non-iron-treated group)

of the same cell type. #P < 0.05 vs. iron-treated group of the same

cell type without efonidipine. �P < 0.01 vs. the other efonidipine con-

centration of the same cell-type group.

Table 1 Genes with up-regulated expression in HT heart tissues,

compared to WT

Gene name Accession Fold change

Calcium channel mRNA AF217002.1 1.519295

Calcium channel, voltage-dependent,

T-type, alpha 1G subunit (Cacna1g)

NM_009783.1 1.463021

Calcium channel, voltage-dependent,

T-type, alpha 1H subunit (Cacna1h)

NM_021415.2 1.281072

Calcium channel, voltage-dependent,

alpha 2 ⁄ delta subunit 2 (Cacna2d2)
NM_020263.2 2.391459

Solute carrier family 30 (zinc

transporter), member 6 (Slc30a6)

NM_144798.2 1.675099

Solute carrier family 39 (zinc

transporter), member 5 (Slc39a5)

NM_028051.1 2.159819

Solute carrier family 39 (zinc

transporter), member 8 (Slc39a8)

NM_026228.2 1.753658

Solute carrier family 39 (zinc

transporter), member 3 (Slc39a3)

NM_134135.1 1.787308

Musculus mRNA for transferrin

receptor

X57349.1 1.557613

Transferrin receptor 2 (Trfr2) NM_015799.2 1.602854

Table 2 Genes with down-regulated expression in HT heart tissues,

compared to WT

Gene name Accession Fold change

Calcium channel, voltage-dependent,

gamma subunit 3 (Cacng3)

NM_019430.1 )6.718658

Calcium channel, voltage-dependent,

gamma subunit 7 (Cacng7)

NM_133189.1 )5.312569

Solute carrier family 11 [proton-coupled

divalent metal ion transporters (DMT)],

member 1 (Slc11a1)

NM_013612.1 )1.491265

Solute carrier family 11 [proton-coupled

divalent metal ion transporters (DMT)],

member 2 (Slc11a2)

NM_008732.1 )1.693117

Solute carrier family 30 (zinc

transporter), member 7 (Slc30a7)

NM_023214.3 )2.242076

Solute carrier family 40 [iron-regulated

transporter (ferroportin)], member 1

(Slc40a1)

NM_016917.1 )1.421172

DMT, divalent metal transporter.
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Discussion

Iron-overload cardiomyopathy has been responsible for

cardiovascular morbidity and mortality in patients with

thalassemia for many decades (1, 2). Currently, the defi-

nite mechanism of iron entry into cardiomyocytes is not

clearly understood. The precise mechanism of iron

uptake into the heart is crucial as it could provide new

approaches for the treatment of iron-overloaded patients.

Although a number of studies have been carried out to

investigate the iron uptake mechanism in the heart, they

were performed in normal hearts. It is not known

whether iron entry into cardiac cells is similar or differ-

ent in thalassemic cardiomyocytes. Our study is the first

study that a mouse model of b-thalassemia, in which the

HT mice showed a pathophysiology resembling that of

human patients with b-thalassemia intermedia (19, 20,

35), was used to investigate the possible pathways of iron

uptake into thalassemic cardiomyocytes.

In the present study, the major findings are that (i)

iron accumulation at the baseline in the cultured ventric-

ular cardiomyocytes of thalassemic mice was significantly

higher than that of WT cells; (ii) DFO could prevent

iron uptake into the cells; (iii) the iron uptake into car-

diomyocytes could not be blocked by LTCC blocker

(verapamil), anti-TfR1 antibody nor DMT1 blocker; (iv)

the iron uptake into cardiomyocytes could be prevented

by TTCC blocker, efonidipine; and (v) up-regulated

genes of TTCC, zinc transporter, and TfR2 were found

in thalassemic cardiomyocytes.

We previously demonstrated that HT mice had a sig-

nificant increase in serum iron, compared to the DH and

WT mice (21). In the present study, the baseline of iron

accumulation in HT cardiomyocytes which was greater

than that in WT could be directly attributed to the high

level of serum iron and high iron accumulation in heart

tissue (36). Under the normal condition, iron uptake

(iron accumulation) into the cultured ventricular cardio-

myocytes of both types of thalassemic mice was signifi-

cantly greater than that of WT cells. These findings

suggest that thalassemic cardiomyocytes could have path-

ways that can greatly uptake iron into the cells more

than that in the WT cells. To confirm that iron is uptak-

en into all types of cultured cardiomyocytes, iron chela-

tor DFO was used and the results showed that DFO

could block iron uptake into all types of cultured cardio-

myocytes.

Verapamil did not block iron uptake in cultured
thalassemic cardiomyocytes

Calcium channel blockers have been widely used to treat

cardiovascular diseases for many decades (37, 38).

Recent evidence demonstrated that, under the conditions

of iron overload, LTCC may be a critical transporter of

iron into cardiomyocytes (12, 13). In the present study,

by using the LTCC blocker, our results demonstrated

that verapamil could not block iron uptake into any

types of cultured cardiomyocytes. These findings sug-

gested that an iron uptake mechanism in cultured cardio-

myocytes is not mainly via LTCC and indicated that it

may be mediated through other pathways rather than

LTCC. Our findings were consistent with a previous

study in providing evidence for ascorbate-reduced form

of iron transport in the heart (14). Parkes et al. (14)

demonstrated that the applications of LTCC blockers

(nifedipine, verapamil, diltiazem) failed to alter the iron

uptake rates in cultured rat neonatal myocytes. However,

several studies using isolated perfused hearts (12) or

in vivo heart models (13) demonstrated that LTCC is a

possible pathway for iron uptake in the heart. The dis-

crepancy in findings regarding the effects of LTCC

blocker on iron uptake between ours and others could be

attributed to the different experimental models used in

those studies. It is also possible that the function or

activity in transporting iron of LTCC in our cultured

cardiomyocytes could be different than that in the in vivo

or isolated cardiomyocyte models reported in the previ-

ous studies (12, 13).

TfR1 and DMT1 were not the main portals for iron
uptake in cultured thalassemic cardiomyocytes

Because LTCC blocker could not prevent iron uptake

into cardiomyocytes, free excess iron should enter the

cells via other pathways. The two most common and

possible pathways are via DMT1 and TfR1. In the

hearts, previous studies demonstrated the evidence that

both DMT1 and TfR1 were not the portals for iron

uptake in the heart under iron-overload condition (8,

9). However, their role as iron transporters in thalasse-

mic cardiomyocytes has never been investigated. In the

present study, anti-TfR1 antibody and ebselen, i.e.

DMT1 blocker, were used to prevent iron uptake via

TfR1 and DMT1. The results showed that neither anti-

TfR1 antibody nor ebselen could block iron uptake

into any types of cultured cardiomyocytes. These find-

ings suggested that TfR1 and DMT1 did not play a

major role in iron uptake into cultured cardiomyocytes

under iron-overload conditions. These findings were

consistent with a previous study which demonstrated

that TfR1 and ⁄or DMT1 mRNA as well as their pro-

tein expressions were suppressed in cultured neonatal

rat cardiomyocytes (8) and in normal adult rat hearts

(9) under iron-loaded conditions. Supporting these find-

ings is also from our microarray data which demon-

strated that DMT1 and 2 mRNA expressions in the

HT heart were down-regulated, compared to that in the

WT hearts.
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Efonidipine could prevent iron uptake in cultured
thalassemic cardiomyocytes

TTCCs are abundantly expressed in the embryonic car-

diomyocytes, but their expression is suppressed in the

adult cells (16). However, TTCC has been shown to

re-express in pathologic hearts such as hypertrophied

and failing ventricles, and the resultant T-type Ca2+ cur-

rents (ICa,T) are thought to be involved in the pathologi-

cal process (17, 18). In our cultured cardiomyocyte

model, the results showed that TTCC blocker, efonidi-

pine, could prevent iron uptake into cultured cardiomyo-

cytes, with most effectiveness in HT cardiomyocytes.

Although efonidipine is not a selective TTCC blocker

and could also block LTCC, its efficacy in blocking

TTCC is greater than that of LTCC (30). Because verap-

amil could not prevent iron uptake when efonidipine

could, these findings suggested that TTCC could play a

significant role in iron uptake into cardiomyocytes in this

model. Moreover, our microarray data demonstrated

that the TTCC genes were up-regulated in the HT hearts,

which is well correlated with iron uptake result, suggest-

ing that TTCCs play an important role in iron uptake in

thalassemic hearts, and that their re-expression could be

attributed to the pathological state of thalassemic hearts

itself or from the iron-overload condition, or both.

Microarray findings indicate other possible iron
uptake pathways

As our study demonstrated that TTCC was the main

portal for iron uptake in cultured thalassemic cardio-

myocytes, we used the microarray assay to investigate

the changes of genes of all possible iron transporters in

the hearts of thalassemic mice, especially the TTCC

genes. Despite enormous amount of information

obtained from the microarray assay, we found that sev-

eral iron transporters in the hearts, including TTCC,

TfR2, and zinc transporter, were markedly up-regulated

in the HT hearts, whereas ferroportin was down-regu-

lated in the HT hearts. The findings that TTCC genes

were upregulated in the thalassemic hearts correlated

well with the pharmacological study in the present study

that TTCC blocker could prevent iron uptake into the

hearts and may well explain the greater amount of iron

uptake found in cultured thalassemic cardiomyocytes,

compared to the wild-type cells. In addition to TTCC

up-regulated genes, microarray data also provided other

possible pathways for iron uptake into these cultured

thalassemic cardiomyocytes. These include the up-regu-

lated zinc transporter and TfR2 genes. With these valu-

able data from microarray analysis, future studies are

required to investigate the roles of zinc transporter and

TfR2 in cellular iron uptake in both normal and thalas-

semic hearts.

Study limitation

Our finding that TTCC was a major portal for iron entry

in the cultured ventricular myocytes of thalassemic mice

could be a disease- and species-specific finding and that

it could be different in a different study model. Further-

more, because our findings were based on the in vitro

study, it is possible that similar or different results can

be observed in an in vivo model. Future in vivo studies

are needed to warrant the findings obtained from our

in vitro model.

Conclusion

This study demonstrated that iron uptake under iron-

overload condition in the cultured ventricular myocytes

of thalassemic mice was greater than that of wild-type

cells. TTCC could be one of the main portals for iron

uptake into cultured thalassemic cardiomyocytes, as

demonstrated by the prevention of iron uptake by TTCC

blocker and the up-regulated genes of TTCC from thal-

assemic mouse hearts. However, microarray data also

provide other possible pathways such as zinc transporter

and TfR2, as indicated by an up-regulation of these

genes in thalassemic hearts. Future studies are required

to investigate the possible roles of these transporters in

iron uptake mechanisms in thalassemic hearts.
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Abstract

Urocortins, a novel member of the corticotrophin-releasing factor (CRF) family, have been shown in animal and human studies to possess
several beneficial effects in stress, cardiovascular and renal function, and inflammatory responses via CRF receptors. In the heart, urocortins
have been demonstrated to produce cardioprotective effects during ischemia and reperfusion injury. Urocortins have also exerted effects on
hemodynamic, endocrine and renal parameters in experimental animal heart failure models. In humans, plasma urocortin levels have been
shown to significantly increase in systolic heart failure patients. This growing evidence suggests that urocortins may have a prognostic value
as well as being a potential therapeutic treatment for heart failure and myocardial infarction patients. Currently, only a few clinical studies on
urocortins are available. In this review article, the role of urocortins in the heart has been summarized. Their possible beneficial roles in heart
failure and myocardial infarction have been discussed, based on relevant published articles from both basic and clinical studies available to
date.
© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Urocortins; Corticotropin-releasing factor; CRF receptor; Heart failure; Myocardial infarction; Ischemia–reperfusion injury

1. Introduction

Heart failure and ischemic heart disease are common
cardiac syndromes, in which an increased incidence has been
shown in most nations around the world. The progress of
these clinical syndromes can lead to left ventricular
dysfunction; including systolic and diastolic dysfunction,
and sudden cardiac death. To prevent the progression of the
diseases, their identification at an early stage is crucial, since
late stage heart failure has been shown to have poor prognosis
with high mortality [1]. In past decades, several cardiac

markers were shown to have a predictive value regarding the
progression and prognosis in myocardial infarction and heart
failure patients. These markers included NT-proBNP [2],
cardiac troponin [3], hs-CRP [4], and creatine kinase [5].
Recently, the novel cardioprotective peptides, “urocortins”,
have been demonstrated to possess potential value as an early
diagnostic marker in heart failure [6]. In this review article,
the roles of urocortins as an early cardiac marker as well as
their effects in heart failure and ischemic heart disease from
animal and clinical studies are presented. In addition, the
roles of urocortins, which point to a future clinical research
and therapeutic application, are also discussed.

2. Urocortins

Urocortins, 40 amino acid peptides, are a member of the
hypothalamic corticotropin-releasing factor (CRF) family. The
CRF family consists of CRF, fish urotensin I, frog sauvagine,
urocortin I, urocortin II (stresscopin-related peptide, SRP), and
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urocortin III (stresscopin, SCP) [7–10]. The actions of the
CRF family peptides are mediated via CRF receptors that are
derived from two distinct genes; CRF type1 receptor and CRF
type2 receptor [11,12]. Rat urocortin I was first discovered in
1995 from a discretemidbrain region [9]. Its structure is related
to urotensin (65% sequence identified) and corticotropin-
releasing factor (CRF) (45% sequence identified) [9]. Human
urocortin I was identified later by the molecular cloning
technique [10]. Regarding its sequence, it was 63% identical to
fish urotensin I and 43% identical to CRF at the amino acid
level. In rat, the rank orders of mRNA expression of CRF and
urocortin I as well as their receptors in each of the tissue types
have been shown as follows: the majority of CRF mRNAwas
found in the brain, whereas the majority of urocortin I mRNA
was found in both the heart and brain [13]. Recently, new
members of this family, urocortin II and urocortin III, have
been identified from human libraries and the genome database
[23]. Urocortin II and urocortin III have approximately 20–
40% homology with CRF and urocortin I. The homology
between urocortin II and urocortin III is approximately 40%. In
2001, human versions of these novel urocortins were also
isolated, including a stresscopin-related peptide, which is
equivalent to urocortin II, and a stresscopin that is equivalent to
urocortin III [7,8,14].
Although urocortins share moderate sequence identity

with one another and with CRF, each urocortin has a unique
anatomical distribution under the control of different genes.
In humans, urocortin I is detected in the brain, placenta,
gastrointestinal tract, synovial tissue, lymphocytes, adipose
tissue, endothelial cells, immunological tissues, and heart
[15–21]. In the brain, urocortin I was detectable at the
Edinger–Wesphal nucleus, the lateral superior olive, the
supraoptic nucleus (SON), the lateral hypothalamic area, and
most caudal part of several brainstem and spinal cord
motoneuron nuclei [12,22]. In the nervous system, urocortin
I has been shown to enhance anxiety and suppress appetite
via the CRF type1 receptor [23]. The finding of urocortin
mRNA expression in synovium tissues in rheumatoid
arthritis and osteoarthritis patients suggests that urocortin
may also act as an immune-inflammatory mediator [19].
Urocortin I activates the pituitary–adrenal axis inducing the
release of adrenocorticotropic hormone (ACTH), and
increasing plasma cortisol, and atrial natriuretic peptide in
animal models [24–27]. In humans, the biological effects of
urocortin I infusion in healthy males include increased
plasma level of ACTH and cortisol. These effects of
urocortin I are mediated via the CRF type1 receptor [28].
Similar to urocortin I, urocortin II is expressed in the heart
and discrete areas of the central nervous system of rats,
including stress-related cell groups in the hypothalamus,
brainstem and spinal cord [8,29]. Urocortin III is also
expressed in the brain and peripheral tissues such as gastro-
intestinal tract, pancreas, and skin. However, the expression
of urocortin III is considerably lower than that of urocortin II
[7,30–32]. In humans, urocortin III was present in both the
ventricles and atria [33]. However, the highest levels were

found in all regions of the pituitary and hypothalamus [32].
Urocortin III was also distributed in other tissues, such as the
lung, pancreas, liver, spleen and skeletal muscle, and present
in human plasma and urine [33].

3. CRF receptors for urocortins

CRF receptors consist of two types of seven-transmem-
brane-spanning G-protein receptors, which are coupled to
adrenylyl cyclase: CRF type1 and CRF type2 receptors. The
CRF type1 receptor is found predominantly in the pituitary and
brain regions, whereas the CRF type2 receptor is highly
expressed in peripheral tissues including the heart
[8,13,29,34]. The CRF type1 receptor has a single functional
form: CRF type1 (alpha) receptor, whereas the CRF type2
receptor has three isoforms: CRF type2 (alpha) receptor, CRF
type2 (beta) receptor and CRF type2 (gamma) receptor
[11,35,36]. The CRF type1 receptor implicates in adrenocorti-
cotropic hormone (ACTH) release and anxiety-like effect,
while the CRF type2 receptor contributes to anxiolysis,
appetite-inhibition, vasodilatation, positive inotropic action on
the myocardium, and dearousal effects [12]. CRF and
urocortin I can bind to both CRF type1 and type2 receptors
[9]. Urocortin II and urocortin III bind to only the CRF type2
receptor [7,8]. The CRF type2 receptor binds to urocortin I,
urocortin II and urocortin III, with approximately 40-fold
greater affinity than CRF [9].
CRF type2 receptors have different tissue distributions. In

rats, the CRF type2 (alpha) receptor is highly expressed in
the brain, while the CRF type2 (beta) receptor is expressed in
the brain, heart, lung, gastrointestinal tract, and skeletal
muscle [37]. The CRF type2 (gamma) receptor has only been
detected in the brain [38]. The cDNA sequence in the
protein-coding region of rat tissue is 94% identical to the
CRF type2 (beta) receptor [39,40]. The CRF type2 (beta)
receptor has 10-fold higher affinity to urocortin than CRF in
rat models [9], whereas the CRF type1 receptor shows little
ligand selectivity for urocortin [10]. In the rat's heart, only
the CRF type2 (beta) receptor is found. The high level of
urocortin mRNA detected in the heart was related to the high
expression of CRF type2 (beta) receptor coupling in the heart
tissue of rats [13]. In the human heart, however, only the
alpha type of CRF type2 receptor is found [41,42].

4. Urocortins and the heart

Kimura et al. reported that urocortins and the CRF type2
(alpha) receptor were detected in all chambers of four human
hearts, and detected with highest intensity in the left ventricle,
whereas CRF was not detected in cardiac myocytes [17]. In
their study, detection of the CRF type1 receptor was weak in
the left atrium, left ventricle and right ventricle [17]. Since the
CRF type2 (alpha) receptor was detected predominantly in
the left ventricle, it has been suggested that urocortins, not
CRF,may have an important role on cardiac function [17]. By
using radioligand binding techniques, Wiley and Davenport
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demonstrated that urocortins have a high affinity to the CRF
type2 (alpha) receptor in human left ventricular myocardium,
intramyocardial blood vessels and within the medial layer of
internal mammary arteries [43].
Currently, urocortins are overwhelmingly shown to affect

cardiovascular physiology in normal animals, and pacing-
induced heart failure in animal models and clinical studies
[26,27,44,45]. The cardiovascular effects of urocortins
include a dose-dependent increase in heart rate, cardiac
output, and coronary blood flow [26]. Interestingly,
urocortins have been shown to possess an anti-apoptotic
effect in myocardium that has undergone ischemia–reperfu-
sion injury [26,44,45]. Urocortin and CRF also exerted
coronary vasodilatation and positive inotropic effect. These
physiological effects of urocortin have been shown to last
longer than the action of CRF [46].
The high dose administration of urocortin I in rats has

been reported to decrease arterial pressure via vasodilatation,
as revealed by a decrease in total peripheral resistance and
slightly increased cardiac output [47]. The dilator action of
urocortin I is mostly manifested in the heart and stomach
[48]. In mice, urocortin I increases cardiac contractility, heart
rate, and vasodilatation [46]. However, these effects were not
found in CRF type2 receptor-deficient mice [49,50]. These
data indicate that actions of urocortin I in peripheral tissues
are expressed via the CRF type2 receptor. Urocortin I has
also been shown to enhance cardiac output, protect myocytes
from ischemia–reperfusion injury, stimulate cardiac natriure-
tic peptide secretion, induce vasodilatation, especially in the
coronary arteries of normal and heart failure models
[26,27,44–46,51–54], and decrease left atrial pressure and
peripheral vascular resistance [27,27,47].
Urocortin II exerts positive inotropic effect via CRF type2

receptor-mediated stimulation and enhances contractility of
rabbit ventricular myocytes [55]. Urocortin III causes an
increase in cardiac output and a decrease in peripheral
resistance and left atrial pressure in heart failure sheep [56].
Since these cardiovascular effects are beneficial in reducing
preload and afterload to the heart, researchers are currently
investigating the roles of urocortins in heart failure using
animal models as well as heart failure patients [6,27,47,56,57].

5. Urocortins and heart failure

Rademaker et al. investigated the effects of urocortin
administration in both normal and pacing-induced heart failure
sheep [27,47,56,57]. Urocortin I, urocortin II and urocortin III
induced an immediate increase in cardiac output and a decrease
in peripheral resistance and left atrial pressure. In normal sheep,
however, only slight changes in peripheral resistance and atrial
pressure were found. Interestingly, urocortin I, urocortin II and
urocortin III caused a dose-dependent decrease in plasma
vasopressin, endothelin-1, renin, aldosterone, epinephrine,
plasma atrial and brain natriuretic peptide levels in heart failure
sheep, whereas adrenocorticotropic hormone and cortisol levels
were increased. These urocortins also increased urine output,

sodium excretion, and creatinine clearance [47,56,57]. Uro-
cortin infusion in normal sheep resulted in a similar rise in
cortisol and vasopressin, a decrease in aldosterone, and no
significant effects on plasma renin activity and natriuretic
peptides. Nevertheless, long-term peripheral and central
administration of urocortin caused an increase in arterial
pressure and heart rate in 15 normal ewes [58]. Furthermore,
Mackay et al. also demonstrated that urocortin II caused a
reduction in arterial pressure and increased heart rate in fifty
adult heart failure rats [59]. These reports, using animal models,
support the role of urocortins in arterial pressure and
intravascular volume homeostasis in heart failure.
Currently, there are only a few clinical studies of urocortin

available. In a cross-sectional study by Ng et al., investigation
was carried out on plasma urocortin in 119 patientswith systolic
heart failure and 212 healthy individuals (LVEFN50%) [6].
They reported that urocortin was elevated in systolic heart
failure (LVEF≤45%), especially in NYHA functional classes
I–II [6]. The relative increase in plasma urocortin level was
greater in males than in females, but the level decreased with
increasing age, especially in heart failure groups. The decreased
urocortin levels, with increasing NYHA class, were reinforced
by a significant correlation between urocortin and ejection
fraction in heart failure patients. From these findings, it was
suggested that the urocortin level complementedNT-proBNP in
the early diagnosis of mild clinical heart failure [6]. An
increased plasma urocortin level in mild stage systolic heart
failure, and the reduced level when heart failure progresses,
could have potential clinical benefits if warranted, since these
findings may be used for the diagnosis of early heart failure and
as a prognostic indicator for heart failure progression. Recently,
Davis et al. investigated the effects of urocortin II infusion in 8
healthy unmedicated men [60]. They found that urocortin II
induced an increase in cardiac output, heart rate, and left
ventricular ejection fraction, while decreasing systemic vas-
cular resistance. These effects also increased plasma renin
activity, angiotensin II and norepinephrine [60]. Although the
clinical benefits of urocortins are still unclear, due to the small
number of clinical studies, the growing body of evidence
indicates the need to warrant their clinical significance by
performing more clinical studies in the future, including those
that investigate the plasma profile of urocortin in heart failure
patients with long-term follow up.

6. Urocortins and myocardial ischemia

Apoptosis is known to implicate the pathogenesis of
cardiovascular diseases such as myocardial infarction [61]. It
causes the loss of cardiac myocytes and worsens the cardiac
function. While hypoxia induces both necrotic and apoptotic
forms of cell death in cardiac myocytes, the degree of cardiac
dysfunction after ischemia–reperfusion injury reflects the
level of myocardial injury and cell death [62].
In experimental studies, the increased urocortin level had

been expressed when cardiac cells were exposed to thermal
shock and ischemia [63,64]. Brar et al. studied urocortin
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against the damaging effects of ischemia–reperfusion injury in
rat hearts [44]. They demonstrated that exogenous urocortin
caused increased cardiac contractility and vasodilatation,
especially in coronary arteries, and protected the heart during
ischemia by reducing the number of cell deaths induced by
hypoxia [44]. Urocortin prevented neonatal rat myocytes from
cell death when it was administered prior to stimulated
hypoxia/ischemia, and at the point of reoxygenation after
stimulated hypoxia/ischemia [44]. It acted via a p42/p44
MAPK-dependent signaling pathway in in vitro and in vivo
adult rat hearts with ischemia–reperfusion injury [54]. In
cardiac myocytes of rats, Okosi et al. demonstrated that the
urocortin mRNA level was increased by thermal shock and
that exogenous urocortin protected cardiac myocytes from cell
death induced by hypoxia [64]. Exogenous urocortin also
protected cardiac myocytes against necrotic cell death from a
reduction in LDH release [64]. Other protective roles of
urocortin in ischemia–reperfusion injury include inhibiting
free radical activities, preventing mitochondrial damage, and
activating the phosphatidylinositol 3-OH kinase and PKC-
epsilon in mice [65–69]. The infarction size and mean arterial
pressurewere significantly decreased in rat hearts that received
urocortin [54,69].
Urocortin increased interleukin-6 levels from peripheral

blood mononuclear cells [19]. In mice, it reduced lipopoly-
saccharide-induced serum TNF-alpha and interleukin-1 beta
levels [19,70]. Honjo et al. demonstrated that urocortin mRNA
expression is also upregulated by TNF-alpha and IFN-gamma
[18], suggesting that urocortin could have an anti-oxidative
effect against oxidative stress in inflammatory lesions [18].
Urocortin has also been shown to reduce necrotic and
apoptotic cell death in isolated rat hearts exposed to
ischemia–reperfusion injury, and partially prevent the deple-
tion of cellular energy stores, with enhancement of ventricular
function [62].
In murine hearts, Brar et al. demonstrated that urocortin II

and urocortin III protected murine cardiomyocytes from
ischemia–reperfusion injury and reduced the percentage of
infarct size [29]. These effects have been demonstrated to act
via the ERK1/2-p42 signaling pathway and CRF type2
receptor mediated in the heart [29].

7. Future role and clinical application of urocortins

Previous studies have demonstrated the beneficial effects of
urocortin, including coronary vasodilatation, increased cardiac
contractility, coronary blood flow and conductance, cardiac
output, and heart rate as well as protection against ischemia–
reperfusion injury [26,27,29,44,45,47,56,57,63,64]. Theoreti-
cally, these effects are useful in the treatment of cardiovascular
disorders, particularly heart failure and conditions associated
with ischemia–reperfusion such as myocardial infarction.
Practically, the role of urocortins in heart failure and ischemic
heart disease is still unclear. Therefore, caution should be taken
despite growing evidence of the beneficial effects of
urocortins. For example, exogenous urocortin I could cause

undesired effects when treating ischemia–reperfusion injury,
since it could increase the plasma ACTH level via CRF type1
receptor activation [28]. Since most reports were performed in
experimental animal models, with only a few clinical studies,
large prospective clinical studies with long-term follow up are
needed to warrant the clinical significance of urocortins.

References

[1] Minino AM, Arias E, Kochanek KD, Murphy SL, Smith BL. Deaths:
final data for 2000. Natl Vital Stat Rep 2002;50:1–119.

[2] Cowie MR, Struthers AD, Wood DA, et al. Value of natriuretic
peptides in assessment of patients with possible new heart failure in
primary care. Lancet 1997;350:1349–53.

[3] Mair J. Cardiac troponin I and troponin T: are enzymes still relevant as
cardiac markers. Clin Chim Acta 1997;257:99–115.

[4] Rifai N, Ridker PM. High-sensitivity C-reactive protein: a novel and
promising marker of coronary heart disease. Clin Chem 2001;47:403–411.

[5] Adams JE, Abendschein DR, Jaffe AS. Biochemical markers of
myocardial injury. Is MB creatine kinase the choice for the 1990s.
Circulation 1993;88:750–63.

[6] Ng LL, Loke IW, O'Brien RJ, Squire IB, Davies JE. Plasma urocortin
in human systolic heart failure. Clin Sci (Lond) 2004;106:383–8.

[7] Lewis K, Li C, Perrin MH, et al. Identification of urocortin III, an
additional member of the corticotropin-releasing factor (CRF) family
with high affinity for the CRF2 receptor. Proc Natl Acad Sci U S A
2001;98:7570–5.

[8] Reyes TM, Lewis K, Perrin MH, et al. Urocortin II: a member of the
corticotropin-releasing factor (CRF) neuropeptide family that is
selectively bound by type 2 CRF receptors. Proc Natl Acad Sci U S A
2001;98:2843–8.

[9] Vaughan J, Donaldson C, Bittencourt J, et al. Urocortin, a mammalian
neuropeptide related to fish urotensin I and to corticotropin-releasing
factor. Nature 1995;378:287–92.

[10] Donaldson CJ, Sutton SW, Perrin MH, et al. Cloning and characteriza-
tion of human urocortin. Endocrinology 1996;137:2167–70.

[11] Lovenberg TW, Liaw CW, Grigoriadis DE, et al. Cloning and
characterization of a functionally distinct corticotropin-releasing factor
receptor subtype from rat brain. ProcNatlAcadSciUSA1995;92:836–40.

[12] Skelton KH, Owens MJ, Nemeroff CB. The neurobiology of urocortin.
Regul Pept 2000;93:85–92.

[13] Baigent SM, Lowry PJ. mRNA expression profiles for corticotrophin-
releasing factor (CRF), urocortin, CRF receptors and CRF-binding
protein in peripheral rat tissues. J Mol Endocrinol 2000;25:43–52.

[14] Scarabelli TM, Knight R, Stephanou A, et al. Clinical implications
of apoptosis in ischemic myocardium. Curr Probl Cardiol 2006;31:
181–264.

[15] Seres J, Bornstein SR, Seres P, et al. Corticotropin-releasing hormone
system in human adipose tissue. J Clin Endocrinol Metab 2004;89:
965–970.

[16] Bamberger CM, Wald M, Bamberger AM, Ergun S, Beil FU, Schulte
HM. Human lymphocytes produce urocortin, but not corticotropin-
releasing hormone. J Clin Endocrinol Metab 1998;83:708–711.

[17] Kimura Y, Takahashi K, Totsune K, et al. Expression of urocortin and
corticotropin-releasing factor receptor subtypes in the human heart.
J Clin Endocrinol Metab 2002;87:340–346.

[18] Honjo T, Inoue N, Shiraki R, et al. Endothelial urocortin has potent
antioxidative properties and is upregulated by inflammatory cytokines
and pitavastatin. J Vasc Res 2006;43:131–138.

[19] Kohno M, Kawahito Y, Tsubouchi Y, et al. Urocortin expression in
synovium of patients with rheumatoid arthritis and osteoarthritis: relation
to inflammatory activity. J Clin Endocrinol Metab 2001;86:4344–4352.

[20] Petraglia F, Florio P, Gallo R, et al. Human placenta and fetal
membranes express human urocortin mRNA and peptide. J Clin
Endocrinol Metab 1996;81:3807–3810.

310 P. Boonprasert et al. / International Journal of Cardiology 127 (2008) 307–312



Author's personal copy

[21] Takahashi K, Totsune K, Sone M, et al. Regional distribution of
urocortin-like immunoreactivity and expression of urocortin mRNA in
the human brain. Peptides 1998;19:643–647.

[22] Bittencourt JC, Vaughan J, Arias C, Rissman RA, Vale WW,
Sawchenko PE. Urocortin expression in rat brain: evidence against a
pervasive relationship of urocortin-containing projections with targets
bearing type 2 CRF receptors. J Comp Neurol 1999;415:285–312.

[23] Scarabelli T, Knight R. Urocortins: take them to heart. Curr Med Chem
Cardiovasc Hematol Agents 2004;2:335–342.

[24] Holmberg BJ, Morrison CD, Keisler DH. Endocrine responses
of ovariectomized ewes to i.c.v. infusion of urocortin. J Endocrinol
2001;171:517–524.

[25] Ikeda K, Tojo K, Sato S, et al. Urocortin, a newly identified
corticotropin-releasing factor-related mammalian peptide, stimulates
atrial natriuretic peptide and brain natriuretic peptide secretions from
neonatal rat cardiomyocytes. BiochemBiophys Res Commun 1998;250:
298–304.

[26] Parkes DG, Vaughan J, Rivier J, Vale WW, May CN. Cardiac inotropic
actions of urocortin in conscious sheep. Am J Physiol 1997;272:
H2115–22.

[27] Rademaker MT, Charles CJ, Espiner EA, et al. Beneficial hemody-
namic, endocrine, and renal effects of urocortin in experimental heart
failure: comparison with normal sheep. J Am Coll Cardiol 2002;40:
1495–1505.

[28] Davis ME, Pemberton CJ, Yandle TG, et al. Urocortin-1 infusion in
normal humans. J Clin Endocrinol Metab 2004;89:1402–1409.

[29] Brar BK, Jonassen AK, Egorina EM, et al. Urocortin-II and urocortin-
III are cardioprotective against ischemia reperfusion injury: an
essential endogenous cardioprotective role for corticotropin releasing
factor receptor type 2 in the murine heart. Endocrinology 2004;145:
24–35.

[30] Hsu SY, Hsueh AJ. Human stresscopin and stresscopin-related peptide
are selective ligands for the type 2 corticotropin-releasing hormone
receptor. Nat Med 2001;7:605–611.

[31] Li C, Chen P, Vaughan J, et al. Urocortin III is expressed in pancreatic
beta-cells and stimulates insulin and glucagon secretion. Endocrinol-
ogy 2003;144:3216–3224.

[32] Li C, Vaughan J, Sawchenko PE, Vale WW. Urocortin III-
immunoreactive projections in rat brain: partial overlap with sites of
type 2 corticotrophin-releasing factor receptor expression. J Neurosci
2002;22:991–1001.

[33] Takahashi K, Totsune K, Murakami O, et al. Expression of urocortin
III/stresscopin in human heart and kidney. J Clin Endocrinol Metab
2004;89:1897–1903.

[34] Iino K, Sasano H, Oki Y, et al. Urocortin expression in the human
central nervous system. Clin Endocrinol (Oxf) 1999;50:107–114.

[35] Chang CP, Pearse RV, O'Connell S, Rosenfeld MG. Identification of a
seven transmembrane helix receptor for corticotropin-releasing factor
and sauvagine in mammalian brain. Neuron 1993;11:1187–1195.

[36] Kishimoto T, Pearse RV, Lin CR, Rosenfeld MG. A sauvagine/
corticotropin-releasing factor receptor expressed in heart and skeletal
muscle. Proc Natl Acad Sci U S A 1995;92:1108–1112.

[37] Lovenberg TW, Chalmers DT, Liu C, de Souza EB. CRF2 alpha and
CRF2 beta receptor mRNAs are differentially distributed between the
rat central nervous system and peripheral tissues. Endocrinology
1995;136:4139–4142.

[38] Kostich WA, Chen A, Sperle K, Largent BL. Molecular identifica-
tion and analysis of a novel human corticotropin-releasing factor
(CRF) receptor: the CRF2gamma receptor. Mol Endocrinol 1998;12:
1077–1085.

[39] Liaw CW, Lovenberg TW, Barry G, Oltersdorf T, Grigoriadis DE, de
Souza EB. Cloning and characterization of the human corticotropin-
releasing factor-2 receptor complementary deoxyribonucleic acid.
Endocrinology 1996;137:72–77.

[40] Nishikimi T, Miyata A, Horio T, et al. Urocortin, a member of the
corticotropin-releasing factor family, in normal and diseased heart. Am
J Physiol Heart Circ Physiol 2000;279:H3031–9.

[41] Chen R, Lewis KA, Perrin MH, Vale WW. Expression cloning of a
human corticotropin-releasing-factor receptor. Proc Natl Acad Sci
U S A 1993;90:8967–8971.

[42] Stenzel P, Kesterson R, Yeung W, Cone RD, Rittenberg MB, Stenzel-
Poore MP. Identification of a novel murine receptor for corticotropin-
releasing hormone expressed in the heart. Mol Endocrinol 1995;9:
637–45.

[43] Wiley KE, Davenport AP. CRF2 receptors are highly expressed in the
human cardiovascular system and their cognate ligands urocortins 2
and 3 are potent vasodilators. Br J Pharmacol 2004;143:508–14.

[44] Brar BK, Jonassen AK, Stephanou A, et al. Urocortin protects against
ischemic and reperfusion injury via a MAPK-dependent pathway.
J Biol Chem 2000;275:8508–14.

[45] Charles CJ, Rademaker MT, Richards AM. Urocortins: putative role in
cardiovascular disease. Curr Med Chem Cardiovasc Hematol Agents
2004;2:43–7.

[46] Terui K, Higashiyama A, Horiba N, Furukawa KI, Motomura S, Suda
T. Coronary vasodilation and positive inotropism by urocortin in the
isolated rat heart. J Endocrinol 2001;169:177–83.

[47] Rademaker MT, Charles CJ, Espiner EA, Frampton CM, Lainchbury
JG, Richards AM. Four-day urocortin-I administration has sustained
beneficial haemodynamic, hormonal, and renal effects in experimental
heart failure. Eur Heart J 2005;26:2055–62.

[48] Abdelrahman AM, Pang CC. Regional haemodynamic effects of
urocortin in the anaesthetized rat. Eur J Pharmacol 2003;466:317–21.

[49] Bale TL, Picetti R, Contarino A, K oob GF, Vale WW, Lee KF. Mice
deficient for both corticotropin-releasing factor receptor 1 (CRFR1)
and CRFR2 have an impaired stress response and display sexually
dichotomous anxiety-like behavior. J Neurosci 2002;22:193–9.

[50] Coste SC, Kesterson RA, Heldwein KA, et al. Abnormal adaptations to
stress and impaired cardiovascular function in mice lacking cortico-
tropin-releasing hormone receptor-2. Nat Genet 2000;24:403–9.

[51] Gordon JM, Dusting GJ, Woodman OL, Ritchie RH. Cardioprotective
action of CRF peptide urocortin against simulated ischemia in adult rat
cardiomyocytes. Am J Physiol Heart Circ Physiol 2003;284:H330–6.

[52] Huang Y, Chan FL, Lau CW, et al. Urocortin-induced endothelium-
dependent relaxation of rat coronary artery: role of nitric oxide and K+

channels. Br J Pharmacol 2002;135:1467–76.
[53] Latchman DS. Urocortin protects against ischemic injury via a MAPK-

dependent pathway. Trends Cardiovasc Med 2001;11:167–9.
[54] Schulman D, Latchman DS, Yellon DM. Urocortin protects the heart

from reperfusion injury via upregulation of p42/p44 MAPK signaling
pathway. Am J Physiol Heart Circ Physiol 2002;283:H1481–8.

[55] Yang LZ, Kockskamper J, Heinzel FR, et al. Urocortin II enhances
contractility in rabbit ventricular myocytes via CRF(2) receptor-
mediated stimulation of protein kinase A. Cardiovasc Res 2006;69:
402–11.

[56] Rademaker MT, Cameron VA, Charles CJ, Richards AM. Urocortin 3:
haemodynamic, hormonal, and renal effects in experimental heart
failure. Eur Heart J 2006;27:2088–98.

[57] Rademaker MT, Cameron VA, Charles CJ, Richards AM. Integrated
hemodynamic, hormonal, and renal actions of urocortin 2 in normal
and paced sheep: beneficial effects in heart failure. Circulation
2005;112:3624–32.

[58] Weisinger RS, Blair-West JR, Burns P, et al. Cardiovascular effects of
long-term central and peripheral administration of urocortin, cortico-
tropin-releasing factor, and adrenocorticotropin in sheep. Endocrinol-
ogy 2004;145:5598–5604.

[59] Mackay KB, Stiefel TH, Ling N, Foster AC. Effects of a selective
agonist and antagonist of CRF2 receptors on cardiovascular function in
the rat. Eur J Pharmacol 2003;469:111–115.

[60] Davis ME, Pemberton CJ, Yandle TG, et al. Urocortin 2 infusion in
healthy humans: hemodynamic, neurohormonal, and renal responses.
J Am Coll Cardiol 2007;49:461–471.

[61] Hausenloy DJ, Yellon DM. New directions for protecting the heart
against ischaemia–reperfusion injury: targeting the Reperfusion Injury
Salvage Kinase (RISK)-pathway. Cardiovasc Res 2004;61:448–460.

311P. Boonprasert et al. / International Journal of Cardiology 127 (2008) 307–312



Author's personal copy

[62] Scarabelli TM, Pasini E, Stephanou A, et al. Urocortin promotes
hemodynamic and bioenergetic recovery and improves cell survival in
the isolated rat heart exposed to ischemia/reperfusion. J Am Coll
Cardiol 2002;40:155–161.

[63] Brar BK, Stephanou A, Okosi A, et al. CRH-like peptides protect
cardiac myocytes from lethal ischaemic injury. Mol Cell Endocrinol
1999;158:55–63.

[64] Okosi A, Brar BK, Chan M, et al. Expression and protective effects of
urocortin in cardiac myocytes. Neuropeptides 1998;32:167–171.

[65] Brar BK, Stephanou A, Knight R, Latchman DS. Activation of protein
kinase B/Akt by urocortin is essential for its ability to protect cardiac
cells against hypoxia/reoxygenation-induced cell death. J Mol Cell
Cardiol 2002;34:483–492.

[66] Garcia-Villalon AL, Amezquita YM, Monge L, et al. Mechanisms of
the protective effects of urocortin on coronary endothelial function

during ischemia–reperfusion in rat isolated hearts. Br J Pharmacol
2005;145:490–494.

[67] Lawrence KM, Kabir AM, Bellahcene M, et al. Cardioprotection
mediated by urocortin is dependent on PKCepsilon activation. FASEB
J 2005;19:831–833.

[68] Lawrence KM, Townsend PA, Davidson SM, et al. The cardioprotec-
tive effect of urocortin during ischaemia/reperfusion involves the
prevention of mitochondrial damage. Biochem Biophys Res Commun
2004;321:479–486.

[69] Liu CN, Yang C, Liu XY, Li S. In vivo protective effects of urocortin
on ischemia–reperfusion injury in rat heart via free radical mechan-
isms. Can J Physiol Pharmacol 2005;83:459–465.

[70] Agnello D, Bertini R, Sacco S, Meazza C, Villa P, Ghezzi P.
Corticosteroid-independent inhibition of tumor necrosis factor produc-
tion by the neuropeptide urocortin. Am J Physiol 1998;275:E757–E762.

312 P. Boonprasert et al. / International Journal of Cardiology 127 (2008) 307–312































Heart rate variability in beta-thalassemia patients
Wasarut Rutjanaprom1,2, Natnicha Kanlop1,2, Pimlak Charoenkwan3, Rekwan Sittiwangkul3,
Somdet Srichairatanakool2,4, Adisak Tantiworawit5, Arintaya Phrommintikul5, Siriporn Chattipakorn2,
Suthat Fucharoen6, Nipon Chattipakorn1,2

1Cardiac Electrophysiology Unit, Department of Physiology; 2Cardiac Electrophysiology Research and Training Center; 3Department of

Pediatrics; 4Department of Biochemistry; 5Department of Internal Medicine, Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand;
6Thalassemia Research Center, Institute of Science and Technology for Research and Development, Mahidol University, Bangkok, Thailand

Cardiac failure remains the major cause of death in

patients with transfusion-dependent b-thalassemia (thal-

assemia major, TM) (1–3). The major complication of

long-term red blood cell transfusion is iron deposition,

which in the heart causes a functional impairment (4).

This cardiac complication due to iron overload can be

prevented by intensive iron chelation (4–6). Currently,

many available tests, such as serum ferritin level and

endomyocardial biopsy, are not definitely representative

(7, 8). Furthermore, both endomyocardial and liver biop-

sies for iron measurement are invasive. Conventional

electrocardiography is not helpful since the majority of

patients with asymptomatic cardiomyopathy is virtually

absent of any abnormal electrocardiogram (ECG), while

echocardiographic finding is thought to be late, already

indicating poor prognosis in TM patients (9). Although

T2-star magnetic resonance (MR-T2*) has been demon-

strated to be promising in giving an early diagnosis on

iron overload cardiomyopathy (10), its use is currently

strictly limited by its availability and cost. Due to this

limitations, cardiac T2* is currently not considered as a

practical approach for general use in evaluating cardiac

iron status in thalassemia patients, particularly for those

in the second and third-world countries. Furthermore,

current cardiac T2* cannot be used to evaluate the car-

diac autonomic disturbances occurring in the heart. For

biochemical analysis, non-transferrin-bound iron (NTBI)

has been shown to be the good theoretical predictor (11,

12). However, it still remains available only in the

research lab and the link between NTBI and cardiac

iron ⁄dysfunction has not been established clinically (11,

13, 14). Therefore, a reliable non-invasive, low-cost, and
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easily access diagnostic test that can be used to detect an

early development of cardiac involvement in this group

of patients during the early stage of the disease is needed

so that intensive chelation can be properly provided.

Recently, heart rate variability (HRV) has been used

to determine the cardiac autonomic function in patients

with postmyocardial infarction (15) and heart failure

(16), and has been demonstrated as a strong risk predic-

tor in those patients. Despite its clinical significance,

there are only a few cross-sectional studies investigating

HRV in TM patients (17–20). In the present study, HRV

was investigated in TM patients, and the relationships

between HRV and hematological and biochemical

parameters as well as left ventricular functions were stud-

ied during a 6-month follow-up period.

Materials and methods

Study protocol

The study protocol was reviewed and approved by the

institutional ethic committee of the Faculty of Medicine,

Chiang Mai University. All participants gave written

informed consent prior to the study entry. Thirty-four

TM patients (14 homozygous beta-thalassemia and 20

Hb E ⁄beta-thalassemia) and 20 healthy subjects were

prospectively evaluated. All patients were treated with

blood transfusion and desferrioxamine for iron chelation.

The inclusion criteria for patient entry into the trial were

diagnosed TM patients currently treated with regular

blood transfusion and age ‡10 yr. Exclusion criteria were

as follows: patients who were lost to follow up; patients

taking any antiarrhythmic drug and ⁄or cardiovascular

medication that could affect sympatho-vagal balance in

the past 3 months; alanine aminotransferase (ALT)

>300 U ⁄L; serum creatinine >2 mg ⁄dL; and patients

with symptoms and signs of heart disease as evaluated

by chest film and ECG. Laboratory profiles, echocardi-

ography as well as 24-h Holter ECG recording for HRV

analysis in each patient were collected at the time of

entry and at 6-month follow-up. Twenty healthy subjects

with matched age (10 males; 17 ± 5 yr) were included as

the control group for one-time HRV study. The primary

end point of the study was death or ventricular arrhyth-

mias which required intervention during study, and

the secondary end point was the ending of a 6-month

follow-up.

Heart rate variability measurement

Twenty-four-hour ECG was recorded for HRV determi-

nation. The recordings were reviewed and the classifica-

tion of each beat was manually checked and corrected

before the HRV was determined by the analysis

software. HRV parameters were categorized into two

categories, time domain and frequency domain.

Time-domain HRV parameters determined in the pres-

ent study were the standard deviation of all normal sinus

R-R intervals in the entire 24-h recording (SDNN), the

standard deviation of all average normal sinus R-R inter-

vals for all 5-min segment in the 24-h recordings

(SDANN), the average of the standard deviations of all

R-R intervals for all 5-min segments in the 24-h record-

ings (ASDNN), and the root mean square of the mean

of the squared differences of two consecutive R-R inter-

vals (rMSSD). Frequency-domain HRV parameters

including low-frequency power (LF), high-frequency

power (HF), and the LF ⁄HF ratio were also determined.

Laboratory profiles

Hemoglobin (Hb), hematocrit (Hct), serum ferritin,

plasma NTBI, and the production of reactive oxygen

species (ROS) were determined in each patient at the

date of entry and at 6-month follow-up.

Quantification of plasma NTBI

Plasma NTBI was evaluated as previously described by

Singh et al. (21). At the beginning, a small volume of

aluminum chloride solution (a final concentration of

200 lm) was added to 450-lL plasma and incubated at

room temperature for 1 h. After 50 lL of 800-mm nitril-

otriacetic acid (NTA) (a final concentration of 80 mm)

solution pH 7.0 was added, the mixture was incubated

for 30 min at room temperature to produce a ferric-nitri-

lotriacetate complex, Fe3+-(NTA)2. Then, the Fe3+-

(NTA)2 was separated from plasma proteins by spinning

plasma mixture through the membrane filter (30-kDa

cut-off, polysulfone type, 0.5-mL capacity) at 12 000 g,

15�C for 45 min. Ultrafiltrate was injected into non-

metallic 50-lL loop and analyzed with the high perfor-

mance liquid chromatography (HPLC) technique. HPLC

requirements were composed of glass analytical column

(ChromSep-ODS1, 100 · 3.0 mm, 5 lm) connected with

guard column (10· 3.0 mm, 5 lm) and mobile-phase sol-

vent (3 mm CP22 in 19% acetronitrile buffered with

5 mm MOPS pH 7.0). Having been isocratically eluted

with the mobile-phase solvent at a flow rate of

1.0 mL ⁄min, NTBI as Fe3+-(NTA)2 was fractionated on

the column, then immediately on-column derivatized

with CP22 to form a Fe3+-(CP22)3 complex. Resulting

orange-colored Fe3+-(CP22)3 product was on-line

detected at 450 nm with the SpecMonitor� 2300 flow-cell

detector (LDC Milton-Roy Inc., FL, USA). The NTBI

peak height was integrated and recorded for further

determination of NTBI concentration from the calibra-

tion curve. Calibration curve was produced by plotting
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obtained peak height values on y-axis against iron con-

centration on x-axis. Equation of linear regression line

was used to calculate plasma NTBI concentration.

Flow cytometric determination of erythrocyte oxida-
tive stress

The production of ROS was measured using the method

previously described (22). Two microliter blood was

diluted with 9 mL of Ca2+- and Mg2+-free Dulbecco’s

phosphate buffered saline (D-PBS) to a concentration of

1 · 106 RBCs ⁄mL, and was incubated with 20-lL
DCFH-DA (10 mg ⁄mL in methanol) under 5%CO2

atmosphere at 37�C for 15 min. The solution was centri-

fuged at 3000 g for 15 min at 15�C. RBC pellet was

resuspended in 2-mL PBS and centrifuged. Finally, the

pellet was resuspended in 1-mL PBS and divided into

two cell fractions (500 lL each). The oxidative stress

level represented as fluorescence intensity (FI) was deter-

mined in the cells with the induction of 3% H2O2

(35 lL) by flow cytometry.

Echocardiographic studies

Tissue Doppler and M-mode echocardiography were

used to determine cardiac function in all patients.

Cardiac chamber was measured by left ventricular end-

diastolic dimension (LVEDD) and left ventricular end-

systolic dimension (LVESD). Cardiac index (CI), left

ventricular ejection fraction (LVEF), and fractional

shortening (FS) were used to measure the cardiac

function.

Statistical analysis

Numerical data are presented as mean ± standard devia-

tion. Differences between TM patients and the control

group were performed using the non-parametric Mann–

Whitney U test. The Wilcoxon signed rank test was used

to test differences between measured parameters at base-

line and at follow-up in TM patients. The correlations

between the HRV parameters and the hematologic and

echocardiographic parameters were determined by Pear-

son test. A P value less than 0.05 was considered statisti-

cally significant. Statistical analysis was performed with

the use of spss version 13.0 for Windows (SPSS Inc.,

Chicago, IL, USA).

Results

Characteristics of patients are shown in Table 1. There

were no significant differences in age and gender between

the TM group and the control group. Twenty-eight

patients (82%) underwent splenectomy. In the last

12 months prior to the study entry, all patients received

blood transfusion (10 ± 6 times) and desferrioxamine

for iron chelation. Desferrioxamime was planned to be

given as per standard protocol. However, due to prob-

lems with availability of infusion equipment and patient

compliance, only the minority received proper dose.

Fourteen of 34 patients received 30–50 mg ⁄kg ⁄d of des-

ferrioxamine regularly (i.e. >3 times ⁄wk). Mean heart

rate of TM patients was significantly higher, whereas Hb

and hematocrit (Hct) were significantly lower, compared

to the control group. All time-domain HRV parameters

(SDNN, SDANN, ASDNN, and rMSSD) were signifi-

cantly decreased in the TM group, compared to the con-

trol group. Frequency-domain HRV parameters, both

Table 1 Demographic, time-domain and frequency-domain HRV

parameters of thalassemia major (TM) patients at entry and the con-

trol subjects

Parameters
TM group
at entry

Control
group P value

Number of subjects 34 20 –

Age (yr) 19 ± 10 17 ± 5 NS

Gender

Male (%) 17 (50) 10 (50) NS

Female (%) 17 (50) 10 (50) NS

Splenectomy (%) 28 (82) – –

Number of blood

transfusion (last

12 months)

10 ± 6 – –

Heart rate (bpm) 94 ± 11 81 ± 10 0.000

Hemoglobin (g ⁄ dL) 6.7 ± 1.4 14.7 ± 1.7 0.000

Hematocrit (%) 21.9 ± 4.7 43.1 ± 4.1 0.000

MCV 73.6 ± 6.2 88.5 ± 4.5 0.000

BSA- normalized O2 delivery 457 ± 123 461 ± 139 NS

Echocardiographic values

LVEDD (mm) 49.6 ± 6.1 50.3 ± 5.8 NS

LVESD (mm) 31.2 ± 4.7 30.7 ± 5.0 NS

Cardiac index 5.2 ± 1.0 5.4 ± 1.1 NS

LVEF (%) 63.9 ± 7.6 65.9 ± 8.7 NS

FS (%) 35.8 ± 6.1 36.6 ± 6.8 NS

Cardiac thoracic ratio (%) 53 ± 4 52 ± 4

Time domain

SDNN (m s) 92 ± 25 170 ± 51 0.000

SDANN (m s) 85 ± 24 157 ± 57 0.000

ASDNN (m s) 34 ± 11 74 ± 16 0.000

rMSSD (m s) 20 ± 8 53 ± 16 0.000

Frequency domain

LF (m s2) 12 ± 4 26 ± 8 0.000

HF (ms2) 10 ± 5 25 ± 6 0.000

LF ⁄HF ratio 1.3 ± 0.5 1.0 ± 0.3 0.031

SDNN, standard deviation of all normal sinus R-R intervals in the

entire 24-h recording; SDANN, standard deviation of all averaged nor-

mal sinus R-R intervals for all 5-min segment in the 24-h recordings;

ASDNN, average of the standard deviations of all R-R intervals for all

5-min segments in the 24-h recordings; rMSSD, root mean square of

the mean of the squared differences of two consecutive R-R intervals;

LF, low frequency power; HF, high frequency power.
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LF and HF, of TM group were also significantly

decreased while LF ⁄HF ratio was significantly increased

compared to the control group. Although 10 TM

patients with depressed HRV had asymptomatic mild left

ventricular hypertrophy (LVH) diagnosed by echocardi-

ography, there was no difference between HRV of TM

patients with and without LVH (not shown).

After 6-month follow-up with the same treatment regi-

men of blood transfusion (6 ± 2 times ⁄ 6 months) and

iron chelation, none had ventricular arrhythmias or died.

Although all HRV parameters at 6-month follow-up

were significantly decreased compared to the control

group, they were significantly improved compared to the

HRV at entry (Table 2). For hematologic parameters,

Hb level, serum ferritin, and ROS were significantly

higher than the levels at entry. The Hct and NTBI levels

were slightly increased but did not reach statistical signif-

icance, whereas the heart rate was not altered. All mea-

sured echocardiographic parameters (LVEDD, LVESD,

CI, LVEF, and FS) were not changed at 6-month

follow-up, indicating that cardiac function was not dete-

riorated during the follow-up period.

All improved HRV parameters was found to be signifi-

cantly correlated with Hb and Hct levels (Table 3). How-

ever, there were no correlations between HRV

parameters and serum ferritin, NTBI, ROS, O2 delivery

as well as the number of blood transfusion prior to the

enrollment. None of the echocardiographic parameters

was correlated with HRV.

Discussion

In the present study, the major findings include: (1) all

time-domain and frequency-domain HRV parameters are

significantly depressed in TM patients while LF ⁄HF ratio

was significantly increased, compared to the control and

(2) within the TM group, improved HRV parameters

were correlated with improved Hb and Hct levels.

Sympatho-vagal imbalance can affect cardiac electro-

physiology and may lead to increase mortality due to

cardiac autonomic dysfunction (23–28). HRV measure-

ment has been used to assess cardiac autonomic dysfunc-

tion in various disorders such as myocardial infarction

(29–31), heart failure (32–37), cardiac transplantation

(38–40), diabetic neuropathy (41), and HIV infection

(42). Numerous studies have confirmed that decreased

HRV in the time or frequency domain, measured after

myocardial infarction and heart failure is associated with

increased risk of mortality (23–28). In TM patients, pre-

vious cross-sectional studies have shown that both time-

domain and frequency-domain HRV parameters were

significantly decreased in patients with TM, and that

they had no correlation with any hematologic, biochemi-

cal or echocardiographic parameters (18, 19). However,

no prospective study has been done to investigate HRV

and its relationship to the changes of hematologic values

during treatment.

Table 2 HRV, hematologic, and echocardiographic parameters of TM

patients at entry and at 6-month follow-up

Parameters
TM group
at entry

TM group at
6-months P value

Hematologic values

Hemoglobin (g ⁄ dL) 6.7 ± 1.4 7.2 ± 1.2 0.023

Hematocrit (%) 21.9 ± 4.7 22.6 ± 4.0 NS

MCV 73.6 ± 6.2 74.1 ± 5.6 NS

Serum ferritin (ng ⁄ dL) 4492 ± 2710 5296 ± 3867 0.037

NTBI (lm) 5.1 ± 4.2 5.7 ± 3.6 NS

ROS (FI unit) 16 ± 11 34 ± 14 0.000

BSA-normalized O2 delivery 457 ± 123 445 ± 92 NS

Echocardiographic values

LVEDD (mm) 49.6 ± 6.1 49.0 ± 5.8 NS

LVESD (mm) 31.2 ± 4.7 31.7 ± 4.8 NS

Cardiac index 5.2 ± 1.0 5.0 ± 0.9 NS

LVEF (%) 63.9 ± 7.6 62.8 ± 5.7 NS

FS (%) 35.8 ± 6.1 36.1 ± 4.3 NS

Heart rate (bpm) 94 ± 11 95 ± 8 NS

Cardiac thoracic ratio (%) 53 ± 4 53 ± 4 NS

Time domain

SDNN (m s) 92 ± 25 113 ± 19 0.000

SDANN (m s) 85 ± 24 105 ± 19 0.000

ASDNN (m s) 34 ± 11 43 ± 13 0.003

rMSSD (m s) 20 ± 8 28 ± 15 0.001

Frequency domain

LF (m s2) 12 ± 4 14 ± 4 0.023

HF (m s2) 10 ± 5 14 ± 7 0.002

LF ⁄HF ratio 1.3 ± 0.5 1.2 ± 0.4 0.041

NTBI, non-transferrin-bound iron; ROS, production of reactive oxygen

species; LVEF, left ventricular ejection fraction; FS, fractional shorten-

ing; LVEDD, left ventricular end-diastolic dimension; LVESD, left

ventricular end-systolic dimension.

Table 3 The correlations between HRV parameters and Hb and Hct

in TM patients

R Hemoglobin Hematocrit

Time domain

SDNN 0.505* 0.554*

SDANN 0.492* 0.493*

ASDNN 0.527* 0.548*

rMSSD 0.309� 0.300�

Frequency domain

LF 0.478* 0.506*

HF 0.373� 0.285�

* P < 0.001; � P < 0.05

SDNN, standard deviation of all normal sinus R-R intervals in the

entire 24-h recording; SDANN, standard deviation of all averaged

normal sinus R-R intervals for all 5-min segment in the 24-h record-

ings; ASDNN, average of the standard deviations of all R-R intervals

for all 5-min segments in the 24-h recordings; rMSSD, root mean

square of the mean of the squared differences of two consecutive

R-R intervals; LF, low frequency power; HF, high frequency power.
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In the present study, we determined for the first time a

disturbance of HRV indices with a 6-month follow-up

period in TM patients. Consistent with previous cross-

sectional studies, all time-domain and frequency-domain

HRV parameters were depressed in the TM group at the

initial study enrollment, compared to the control. These

indices indicated that cardiac autonomic functions, both

sympathetic and parasympathetic activities, might be

impaired in TM patients. Moreover, sympatho-vagal

imbalance which is designated by an increased LF ⁄HF

ratio is still observed in the TM group. Since heart rate

was increased in TM patients, indicating high sympa-

thetic activity and ⁄or low parasympathetic activity,

whereas both LF and HF were depressed, this sym-

patho-vagal imbalance in the TM group could be mainly

due to depressed parasympathetic activity. However, it is

premature at this time to conclude that HRV is abso-

lutely ‘impaired’ in this population since it could repre-

sent a normal physiologic adaptation to anemia and that

the spectrum of abnormalities observed in the TM

patients in the present study might be reproduced in the

control population when the Hb and Hct are low.

At 6-month follow-up, Hb was significantly improved

in these TM patients. As there was no change in the

treatment plan, increased Hb and serum ferritin may

have been a trial effect when a transfusion plan was

strictly followed as patients were closely monitored. All

HRV parameters were also significantly improved. In

addition, the LF ⁄HF ratio was decreased, indicating an

improvement of sympatho-vagal balance. The finding

that heart rate was not changed at 6-month follow-up

despite increased Hb, LF, HF, and decreased LF ⁄HF

ratio further emphasizes the significant contribution of

improved cardiac parasympathetic activity in these TM

patients.

In the present study, the production of ROS after

blood transfusion was significantly increased during the

6-month follow-up period, indicating oxidative damage.

Both NTBI, and echocardiographic parameters

(LVEDD, LVESV, CI, LVEF, and FS) were not altered

at 6-month follow-up, indicating that they may not be

sensitive enough to detect early cardiac disturbance in

TM patients with preclinical stage of heart disease.

Although there were 10 TM patients diagnosed asymp-

tomatic mild LVH with no clinical sign of heart diseases

or cardiac dysfunction, HRV parameters of those with

and without mild LVH were not significantly different,

indicating that asymptomatic mild LVH may be too mild

to affect already depressed HRV in TM patients. Despite

this finding, the number of asymptomatic mild LVH

included in this study was still small and could be prema-

ture for this assumption.

Significant correlations between all HRV parameters,

and Hb and Hct levels were found in the present study.

However, no correlation between HRV indices and other

measured parameters were observed. These findings sug-

gest that blood transfusion therapy not only improved

an anemic condition but also mainly increased cardiac

parasympathetic activity, represented by an increased HF

component. Previous studies in patients with sickle cell

anemia and vitamin B-12 deficiency have indicated that

chronic anemia may affect the cardiac autonomic dys-

function (43, 44). Similarly, in the present study,

improved sympatho-vagal imbalance may be explained

by improved anemic condition as seen at 6-month fol-

low-up in TM patients.

It is important to note that the patient population in

the present study was significantly undertransfused com-

pared to the European and North American manage-

ment practices with a mean pre-transfusion Hb level at

an average of 2.5 g ⁄dL lower. This disparity could be

responsible for the effect of Hb observed in this trial but

not others. At the Hb levels observed in the present pop-

ulation, erythropoetic drive was not inhibited and the

patients were likely to be hypermetabolic. Furthermore,

this degree of anemia could create a chronically elevated

cardiac output and possibly responsible for the increased

sympatho-vagal tone as well as the LV dilation and

LVH observed in some patients in the present study.

Also, improved Hb level in this study could be a trial

effect, with patients subtly shortening their transfusion

intervals (on average) because of closer monitoring. It

could also represent improved red cell survival, in which

lower levels of circulating free Hb might mediate HRV

by affecting NO bioavailability.

Although HRV has been demonstrated in many stud-

ies to be a good predictor of mortality, it is possible that

the predictive value of depressed HRV can be much dif-

ferent in the TM population than any of the non-anemic

disease cohorts where it predicts mortality. Future stud-

ies with long-term follow-up are needed to investigate

the predictive value of HRV in thalassemia population.

Study limitation

The identification of the amount of iron accumulation in

the myocardium was not determined in the present

study. Future studies are needed to determine the corre-

lation between HRV parameters and the amount of iron

deposit in the heart to warrant its clinical significance.

Furthermore, cardiac complication was not observed

during a 6-month follow-up period in this study. There-

fore, HRV as a predictor of cardiac complication could

not be tested. Long-term follow-up is needed to investi-

gate the benefit in risk stratification of HRV. In the pres-

ent study, many TM patients were under chelated due to

the cost and patients’ compliances related to chelator

administration. Since the use of oral iron chelators was
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limited during the study period, all patients in this study

received desferrioxamine monotherapy.

Conclusion

In TM patients, HRV was significantly depressed, indi-

cating cardiac autonomic disturbance in these patients.

Sympatho-vagal imbalance was markedly improved after

Hb level was increased, suggesting that an anemic condi-

tion greatly influences cardiac autonomic function in TM

patients. Blood transfusion not only maintains the level

of Hb, but also reduced HRV disturbance. The improve-

ment of sympatho-vagal imbalance, which is designated

by decreased LF ⁄HF ratio, could be mainly due to an

enhanced cardiac parasympathetic activity.
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Abstract

The benefits of omega-3 (ie, eicosapentaenoic acid and docosahexaenoic acid [DHA]) and
omega-6 (ie, linoleic acid and arachidonic acid [AA]) fatty acids on reducing cardiac mortality are
still debated. In this study, we tested the hypothesis that high levels of omega-3 and omega-6 fatty
acids in heart tissues are associated with low cardiac mortality in Thai cadavers. One hundred fresh
cadavers were examined in this study. The cause of death, history of coronary heart disease (CHD),
and fish consumption habits were obtained from death certificates, cadaver medical record profiles,
and a questionnaire to a person who lived with the subject before death. In each cadaver, biopsies of
cardiac tissues were taken from the interventricular septum for measurement of fatty acid. Of the 100
cadavers (average age, 69 ± 13 years), 60 were men. The frequency of fish consumption was directly
associated with omega-3 and omega-6 fatty acids in heart tissues (P b .01). History of CHD and
cause of death (cardiac vs noncardiac) were not significantly associated with levels of omega-3 or
omega-6 fatty acids. However, in cadavers with a history of CHD, high levels of omega-3 and
omega-6, particularly DHA and AA, were associated with low cardiac mortality (P b .05). Fish
consumption is associated with levels of omega-3 and omega-6 fatty acids in heart tissues. Although
omega-3 and omega-6 fatty acids are not associated with cardiac mortality in the overall studied
population, their low levels (especially DHA and AA) in heart tissues are associated with high
cardiac mortality in cadavers with a history of CHD.
© 2009 Elsevier Inc. All rights reserved.

Keywords: Cadaver; Omega-3; Omega-6; Fatty acids; Heart; Cardiac mortality
Abbreviations: AA, arachidonic acid; CHD, coronary heart disease; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid;

HPLC, high-performance liquid chromatography; LA, linoleic acid; MMC-FA, methyl-7-methoxycoumarin fatty
acid; PUFA, polyunsaturated fatty acids; VT, ventricular tachycardia.

1. Introduction

Cardiovascular mortality is the major health concern in
most nations around the world. In the past few decades, diet
and food supplements have become an important issue in
preventive medicine, particularly in cardiovascular diseases
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[1-5]. A growing body of evidence from both basic and
clinical studies has demonstrated that omega-3 long-chain
polyunsaturated fatty acids (PUFA) prevent cardiac arrhyth-
mia and reduce cardiovascular mortality [1,3,6-16]. These
omega-3 fatty acids, including eicosapentaenoic (EPA;
C20:5 omega-3) and docosahexaenoic acid (DHA; C22:6
omega-3), are mainly obtained in the diet from the
consumption of fatty fish and fish oils. In the heart, both
EPA and DHA are incorporated into the cell membrane of
cardiomyocytes.
Previous studies have demonstrated that consumption of

food supplements containing omega-3 fatty acid signifi-
cantly increases the amount of EPA and DHA incorporated
into the heart tissue [17-19]. Studies using isolated cardiac
myocytes demonstrated that during ischemia EPA and DHA
are released from myocardial membrane and exert anti-
arrhythmic effects by prolonging the refractory periods of
cardiac action potentials [20,21]. Clinical studies have also
demonstrated an increase of EPA and DHA levels in heart
tissues after ingestion of omega-3 supplements and the
significance of EPA and DHA in preventing cardiac
tachyarrhythmias [17,19].
Unlike omega-3 fatty acids, the cardioprotective roles of

omega-6 fatty acids (ie, linoleic acid [LA] and arachidonic
acid [AA]) are still debated [22-29]. However, a recent
American Heart Association Science Advisory Statement
supports the benefits of omega-6 fatty acids in reducing the
risk of coronary heart disease (CHD) [30]. Despite these
growing bodies of evidence regarding the clinical benefit of
omega-3 and omega-6 fatty acids on the heart, information
on the significance of the levels of these fatty acids in human
heart tissues and their association with mortality is still
limited. Furthermore, many studies use food supplements to
investigate the role of these long-chained PUFA in reducing
cardiovascular mortality and preventing arrhythmia
[8,11,16,19,31-33]. The direct association between omega-
3 and omega-6 fatty acid levels in human heart tissues and
cardiac mortality in the general population without food
supplements has never been reported.
Because of a limited source of information regarding the

natural levels (ie, without food supplement) of these fatty
acids in the heart in the general population and their
association with cardiac mortality, it was the intent of this
study to directly determine the levels of omega-3 (DHA and
EPA) and omega-6 (LA and AA) fatty acids in heart tissues
taken from cadavers who died from both cardiac and
noncardiac causes. In this study, we tested the hypothesis
that the omega-3 and omega-6 fatty acid contents in the heart
are associated with fish consumption and that high levels of
omega-3 and omega-6 fatty acids in heart tissues are
associated with low cardiac mortality. Because it is known
that both omega-3 and omega-6 fatty acids are essential in
cardiomyocytes and that they exert beneficial effects
including arrhythmia prevention and mortality reduction,
the direct measurement of omega-3 and omega-6 fatty acids
in cardiac tissues would allow us to investigate whether they

would have direct association with cardiac mortality. To
reach this goal, heart tissues from cadavers were examined.
To seek the association between fish consumption and the
levels of omega-3 and omega-6 fatty acids in heart tissues,
the history of fish consumption habits in each cadaver prior
to death was determined. This study also investigated
whether cadavers with high levels of omega-3 and omega-
6 fatty acids in heart tissues would be less likely to die from
cardiac cause as compared with those with low levels of
these fatty acids in heart tissues.

2. Methods and materials

2.1. Cadaver selection

This study was approved by the Ethics Committee at the
Faculty of Medicine, Chiang Mai University. Consent was
obtained from a spouse or close relative of the deceased.
Subjects were cadavers who had died within 24 hours of
notification. The bodies were immediately frozen and
delivered to the Department of Anatomy, Faculty of
Medicine, Chiang Mai University. The cadaver's fish
consumption habits were obtained from a spouse/close
relative who had lived with the subject for at least 6 months
before death. The cause of death and history of heart disease
for each cadaver were obtained from the death certificate
designated by the attending physician who signed the
certificate. If additional information was needed, the
attending physician was contacted to confirm the definite
cause of death. Cases with undetermined cause of death were
excluded from the study group.
Cardiac tissues were collected from 100 cadavers. The

tissue (approximately 75 mg) was taken from the interven-
tricular septum of fresh cadaveric hearts [17] at the
Department of Anatomy and was immediately frozen at
−86°C. The interventricular septum was chosen for a region
of biopsy because a previous report demonstrated that the
level of omega-3 and omega-6 fatty acids in heart tissues
biopsied from this region was correlated with the levels of
fatty acids supplement [17].

2.2. Extraction of cardiac lipids

Heart tissues were weighed and lyophilized overnight.
After lyophilization, saline solution was used to suspend the
tissue samples with 10 to 15 seconds of sonication [17].
Lipid extraction was performed using the technique
described previously [34]. In brief, total lipid in the heart
tissues was extracted with chloroform/methanol (2:1,
vol/vol) solvent in a proportion of 1:5 (wt/vol) in a
screw-cap tube overnight. The mixture was centrifuged at
3000 rpm, 4°C for 20 minutes to sediment tissue pellet.
Chloroform-extractable lipid (upper layer) was transferred
to a new test tube and evaporated to dryness under nitrogen
gas stream. Before analysis, residue was reconstituted in
methanol, and concentrations of PUFA, cholesterol, and
triglyceride were measured as described below.
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2.3. Determination of PUFA concentrations

2.3.1. Saponification
Lipids extracted from myocardial tissues were dissolved

in methanol and saponified with the 10% potassium
hydroxide (KOH) solution in methanol (with the help of
phenolphthalein as an indicator) or triethylamine at 80°C for
15 minutes [35]. The solvent was evaporated by a rotary
evaporator or by blowing down with nitrogen gas, and the
residual fatty acid salt was analyzed using the precolumn
derivatization high-performance liquid chromatography
(precolumn HPLC) technique.

2.3.2. Precolumn HPLC analysis of omega-3 and omega-6
fatty acids
Isopropanol (AnalaR grade), methanol (AnalaR grade),

acetonitrile (HPLC grade), and dichlorimethane (AnalaR
grade) were purchased from the Merck Chemicals Company
(Darmstadt, Germany). Boron trifluoride (14%), butylated
hydroxytoluene, methyl acetate, 4-bromomethyl-7-methox-
ycoumarin, and 18-crown-6 ether were purchased from the
Sigma-Aldrich Chemicals Co (St. Louis, Mo). Docosahex-
aenoic acid, EPA, LA, and AA (Sigma-Aldrich Chemicals
Co) were used as reference standards. L-α-phosphatidylcho-
line diheptadecanoic acid (Sigma-Aldrich Chemicals Co)was
used as an internal standard. Butylated hydroxytoluene was
added as an antioxidant to all organic solvents at 50 mg/L.
For derivatization, the method was slightly modified from

that reported by Wolf and Korf [36,37]. The residual fatty
acid salt of tissue extract, internal standard, and dichlor-
omethane were mixed for 15 minutes and evaporated under
nitrogen. The derivatizing agent was prepared by mixing
40 μL of solution A (5 mg of Br-MMC in 5 mL dry
acetonitrile), 2 μL of solution B (13 mg of 18-crown-6 in
5 mL acetonitrile), and 2 mL acetonitrile. The working
derivatizing solution (100 μL) and potassium carbonate (2-
4 mg) were then added to the mixture, sonicated rapidly (3
strokes, 30 seconds per stroke), and heated for 15 minutes at
60°C. After cooling, the solution containing methyl-7-
methoxycoumarin fatty acid (MMC-FA) derivative was
passed through 0.22-μm nylon-membrane filter and ana-
lyzed with the HPLC method.
The HPLC system (Waters Corporation Milford, Mass)

with 2 dual-piston high-pressure pumps (Waters 600
Controller with a binary gradient device), Rheodyne 7125
manual injector (20-μL loop), and fluorescence detector
(Waters 474FL Detector) were used in this study. After 20
μL of sample was injected, the MMC-FA derivatives were
adsorbed on the column (NovaPak C18, 7.3% carbon load,
3.9 × 150 mm, 4 μm; Part number WAT036975, Waters
Corporation) housed in an oven cabinet (Waters Column
Oven) at 30°C. The continuous gradient elution (70%-100%
acetonitrile) was performed at a flow rate of 1 mL/min from
0 to 30 minutes. Eluates were monitored online with a
fluorescence detector (λexcitation 362 nm, λemission 415 nm).
Peak area of the eluted fatty acids was recorded and

integrated with the Waters Millenium 32 HPLC Software.
Persisting fatty acids were identified by comparison with
known standard fatty acids and quantified from the curves
constructed from different concentrations of EPA, DHA,
AA, and LA.
High-performance liquid chromatography was used for

fatty acid determination in this study for several reasons.
Although gas chromatography/mass spectrometry and gas
chromatography/flame ionization detection are commonly
used for quantitation of fatty acids [38-40], however, the gas
chromatograph was not available. In comparison to a gas
chromatograph, HPLC with UV or fluorometric detection is
easy to operate and can be used as an alternative way to
measure very small amounts of fatty acids. Because fatty
acids are nonchromophoric and nonfluorophoric, they were
labeled with a fluorogenic 4-bromomethyl-7-methoxycou-
marin to produce esters of MMC-FA, which are strongly
fluorescent (λexcitation 362 nm, λemission 415 nm). The HPLC
analysis established by Wolf and Korf [36] can be adapted to
very low levels (nanogram range) of fatty acids. In the past
decade, simple and highly sensitive HPLC analysis with
fluorescent detection has been used for the analysis of fatty
acids in many laboratories [41-43], and the results obtained
by the HPLC technique have been shown to be similar to
those obtained by gas chromatography analysis [44].
In this study, PUFA from the extracts were identified by

comparison with known standard fatty acids, and their
concentrations were determined from standard curves. The
PUFA composition was reported as weight percent of total
PUFA, and the levels of omega-3 and omega-6 fatty acid
components as well as the cholesterol and triglyceride levels
in each specimen were obtained using this method.

2.4. Determination of triglyceride and cholesterol contents
in heart tissues

2.4.1. Analysis of triglyceride concentration
Triglycerides assay was based on the enzymatic determi-

nation of glycerol using the enzyme glycerol phosphate
oxidase after hydrolysis by lipoprotein lipase [45,46]. In
principle, triglyceride was hydrolyzed by lipase enzyme to
release glycerol and fatty acids. The glycerol was catalyzed
by glycerol kinase and then glycerol phosphate oxidase to
produce hydrogen peroxide. The hydrogen peroxide was
oxidized by peroxidase and gave electron to 4-aminoanti-
pyrin in the presence of phenol to form a red-colored
quinoneimine product. In assay procedure, specimen (10 μL)
was added to triglyceride enzyme reagent (BioTechnical Co,
Bangkok, Thailand) containing lipase, glycerol kinase,
glycerol phosphate oxidase/horse-radish peroxidase/p-ami-
noantipyrine (1.0 mL) and incubated at 37°C for 10 minutes.
Optical density of the product was measured at 505 nm
against reagent blank using a double-beam scanning
UV-VIS spectrophotometer (PharmaSpec Model UV-1700,
Shimadzu Corporation, Kyoto, Japan). Concentrations of the
triglyceride were determined from a calibration curve
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constructed from different triglyceride concentrations. The
amounts of cardiac triglyceride were calculated and
expressed as milligram per gram tissue dry weight.

2.4.2. Analysis of total cholesterol concentration
Estimation of total cholesterol concentrations is based on

the method established by Richmond [47]. Cholesterol ester
was first hydrolyzed by cholesterol esterase to release
unesterified cholesterol and fatty acid. The unesterified
cholesterol was then oxidized by cholesterol oxidase to
generate cholestynone and hydrogen peroxide. In the
presence of peroxidase, p-aminoantipyrine, and phenol,
the hydrogen peroxide was oxidized to produce red-colored
quinoneimine. In the assay procedure, specimen (10 μL)
was added to 1.0 mL cholesterol enzyme reagent (Bio-
Technical Co) containing cholesterol esterase/cholesterol
oxidase/horse-radish peroxidase/p-aminoantipyrine and in-
cubated at 37°C for 10 minutes. The optical density of the
colored product was measured at 505 nm against reagent
blank using a double-beam scanning UV-VIS spectropho-
tometer (PharmaSpec Model UV-1700, Shimadzu Corpo-
ration). Concentrations of the cholesterol were determined
from a calibration curve constructed from different
cholesterol concentrations. Amounts of cardiac cholesterol
were calculated and expressed as milligram per gram tissue
dry weight.

2.5. Statistical analyses

Three outcome factors were set as fish consumption
habits (≤2 fish-meal/wk vs N2 fish-meal/wk), history of
heart disease (with vs without), and causes of death (cardiac
vs noncardiac cause). The level of omega-3 and omega-6
fatty acids, triglyceride, and cholesterol in each outcome
factor category was compared by 2-sample Wilcoxon rank
sum test. Fisher exact and χ2 tests were used to analyze the
difference in gender between the 2 groups. Student t test
and 2-sample Wilcoxon rank sum tests were used for
analyzing the difference in age between the 2 groups [48].
All analyses were performed using Intercooled Stata
(version 8.0, Stata Corp, College station, Tex). All
measurements were considered to be statistically significant
when the P b .05.

3. Results

3.1. Omega-3 and omega-6 fatty acids in the heart and fish
consumption habits

The age and gender were not different between the 2
groups. The total measured omega fatty acids in the heart
tissues taken from cadavers who consumed more than 2 fish-
meal/wk were significantly higher than those who ate 2 or
less fish-meal/wk (Table 1). The levels of both omega-3 (ie,
EPA + DHA) and omega-6 (AA + LA) fatty acids in the
heart were also significantly higher in the group that
consumed fish more frequently. For omega-3 fatty acid

levels, the DHA level was significantly higher in those who
consumed more than 2 fish-meal/wk. The EPA level,
however, was not significantly different between the 2
groups. For omega-6 fatty acid levels, the AA level was
significantly higher in those who consumed more than 2 fish-
meal/wk. The LA level was not significantly different
between the 2 groups. The levels of triglyceride and
cholesterol in the heart tissues were not different between
the 2 groups. No gender differences were found for the levels
of omega-3 and omega-6 fatty acids, as well as the
cholesterol and triglyceride levels in heart tissue of cadavers
(data not shown).

Table 1
Contents of fatty acids in heart tissues and the fish consumption habits

Fatty acids ≤2 Fish-meal/wk a N2 Fish-meal/wk b P

Age .556 c

Mean (SD) 68 (14) 70 (11)
Median
(range)

70 (26-104) 71 (49-97)

Gender, n (%) .155 d

Male 37 (69) 21 (46)
Female 17 (31) 25 (54)
Total measured
omega fatty
acids e

.007 c

Mean (SD) 525.3 (322.8) 745.9 (404.0)
Median (range) 404.8 (57.4-1503.1) 700.5 (148.0-1385.3)

Omega-3
(EPA + DHA)

.008 c

Mean (SD) 96.0 (62.3) 138.7 (84.3)
Median (range) 84.5 (7.5-330.7) 119.6 (23.9-381.2)

Omega-6
(AA + LA)

.009 c

Mean (SD) 429.3 (279.7) 607.2 (335.2)
Median (range) 322.3 (49.9-1172.4) 612.3 (35.8-1168.2)
EPA .127 c

Mean (SD) 4.5 (10.3) 2.5 (6.0)
Median (range) 0 (0-69.0) 0 (0-32.00)
DHA .006 c

Mean (SD) 91.6 (62.8) 136.2 (84.0)
Median (range) 84.5 (5.8-330.7) 115.8 (20.5-349.2)
AA .004 c

Mean (SD) 240.3 (193.5) 383.9 (245.2)
Median (range) 168.7 (8.9-824.5) 376.15 (32.3-784.6)
LA .178 c

Mean (SD) 189.0 (107.7) 223.3 (122.6)
Median (range) 178.1 (23.0-505.4) 235.6 (0-477.3)
Triglyceride .950 c

Mean (SD) 1500.8 (186.3) 1495.4 (167.7)
Median (range) 1466.8 (1134.8-2049.6) 1497 (1193.4-1947.4)
Cholesterol .986 c

Mean (SD) 1196.4 (233.0) 1188.8 (232.6)
Median (range) 1136.1 (830.2-1717.0) 1153.0 (688.3-1996.8)

Parameters with P b .05 indicate significant difference between the
2 groups.

a n = 54.
b n = 46.
c Two-sample Wilcoxon rank sum test.
d Fisher exact test.
e Total measured omega fatty acids: EPA + DHA + AA + LA.
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3.2. Omega-3 and omega-6 fatty acid contents in heart
tissues and history of CHD

To seek the relationship between the levels of omega-3
and omega-6 fatty acids in the heart tissues and the history of
CHD, cadavers were classified into 2 groups: one with a
history of CHD and the other without a history of CHD
(Table 2). Age and gender were not different between the 2
groups. Neither omega-3 nor omega-6 levels measured in
this study were different between cadavers with a history of
CHD and those without CHD. Similarly, the total measured

omega fatty acids, triglyceride, and cholesterol were not
significantly different between the 2 groups.

3.3. Omega fatty acid contents in heart tissues and
cardiac mortality

The association between omega fatty acid levels in heart
tissues and cardiac mortality was investigated by dividing
cadavers into 2 groups based on the cause of mortality, (ie,
cardiac and noncardiac causes; Table 3). Both age and
gender were not significantly different between the 2 groups.

Table 2
Fatty acids contents in heart tissues classified by the history of CHD

No history of CHD a With history of CHDb P

Age .418 c

Mean (SD) 68 (14) 71 (11)
Median
(range)

71 (26-104) 74 (51-97)

Gender, n (%) .671 d

Male 48 (63) 14 (58)
Female 28 (37) 10 (42)
Total measured
omega fatty
acids e

.448 f

Mean (SD) 616.6 (385.4) 659.0 (355.2)
Median
(range)

575.2 (99.0-1503.1) 671.9 (57.4-1283.7)

Omega-3
(EPA + DHA)

.122 f

Mean (SD) 111.31 (79.0) 129.4 (64.9)
Median (range) 97.3 (13.6-318.2) 135.55 (7.5-234.2)
Omega-6
(AA + LA)

.675 f

Mean (SD) 505.3 (321.5) 529.6 (311.2)
Median (range) 478.6 (35.8-1172.4) 532.0 (49.9-1065.1)
EPA .707 f

Mean (SD) 3.9 (9.4) 2.5 (5.3)
Median (range) 0 (0-69.1) 0 (0-18.6)
DHA .120 f

Mean (SD) 107.5 (79.2) 126.8 (65.3)
Median (range) 94.7 (10.9-349.2) 131.7 (5.8-232.2)
AA .859 f

Mean (SD) 305.6 (233.3) 308.6 (220.6)
Median (range) 259.4 (32.3-824.5) 246.0 (8.9-714.5)
LA .272 f

Mean (SD) 199.7 (177.0) 203.0 (111.3)
Median (range) 205.5 (0-505.4) 234.5 (23.0-422.9)
Triglyceride .465 f

Mean (SD) 1507.4 (189.1) 1469.5 (131.3)
Median (range) 1483.5 (1134.8-2049.6) 1460.9 (1225.4-1761.8)
Cholesterol .397 f

Mean (SD) 1178.1 (211.8) 1239.9 (285.9)
Median (range) 1135.5 (688.3-1717.0) 1210.0 (830.2-1996.8)

Parameters with P b .05 indicate significant difference between the 2 groups.
None of the determined parameters was significantly different between the
2 groups as indicated by P N .05.

a n = 76.
b n = 24.
c Student t test.
d χ2 test.
e Total measured omega fatty acids: EPA + DHA + AA + LA.
f Two-sample Wilcoxon rank sum test.

Table 3
Fatty acids contents in heart tissues classified by causes of death

Noncardiac mortality a Cardiac mortality b P

Age .926 c

Mean (SD) 69 (13) 69 (13)
Median (range) 71 (26-104) 67 (51-97)
Gender, n (%) .526 d

Male 54 (61) 8 (73)
Female 35 (39) 3 (27)
Total measured
omega fatty
acids e

.381 c

Mean (SD) 640.9 (382.7) 512.9 (320.9)
Median
(range)

608.1 (99.0-1503.1) 436.8 (57.4-1097.7)

Omega-3
(EPA+DHA)

.415 c

Mean (SD) 118.0 (76.5) 96.6 (71.3)
Median (range) 104.8 (13.6-381.2) 71.0 (7.5-234.2)

Omega-6
(AA + LA)

.293 c

Mean (SD) 522.9 (319.6) 416.3 (298.2)
Median
(range)

501.4 (35.8-1172.4) 325.5 (49.9-920.0)

EPA .551 c

Mean (SD) 3.6 (8.9) 3.4 (6.4)
Median (range) 0 (0-69.1) 0 (0-18.6)
DHA .447 c

Mean (SD) 114.4 (77.1) 93.2 (69.1)
Median
(range)

102.9 (10.9-349.2) 71.0 (5.8-215.6)

AA .067 c

Mean (SD) 320.8 (233.8) 189.3 (149.1)
Median (range) 272.7 (32.3-824.5) 167.2 (8.9-442.7)
LA .620 c

Mean (SD) 202.1 (110.7) 227.1 (153.7)
Median (range) 216.4 (0-505.4) 180.3 (23.0-477.3)
Triglyceride .197 c

Mean (SD) 1506.0 (182.4) 1436.5 (114.2)
Median (range) 1503.8 (1134.8-2049.6) 1421.0 (1288.2-1676.7)
Cholesterol .250 c

Mean (SD) 1182.2 (225.0) 1279.7 (276.9)
Median (range) 1147.3 (688.3-1996.8) 1424.7 (849.6-1602.3)

Parameters with P b .05 indicate significant difference between the 2 groups.
None of the determined parameters was significantly different between the
2 groups as indicated by P N .05.

a n = 89.
b n = 11.
c Two-sample Wilcoxon rank sum test.
d Fisher exact test.
e Total measured omega fatty acids: EPA + DHA + AA + LA.
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Both omega-3 and omega-6 fatty acids measured in the heart
tissues were not different between cadavers with cardiac
mortality and those with noncardiac mortality. The total
measured omega fatty acid levels, triglyceride, and choles-
terol were also not significantly different between the
2 groups.

3.4. Omega fatty acid contents in heart tissues and the cause
of death in cadavers with a history of CHD

In cadavers with a history of heart disease, we sought to
determine the association between omega-3 and omega-6
fatty acid contents in the hearts and cardiac mortality in this
group (Table 4). Cadavers with a history of heart disease
were classified into 2 groups by cause of death (ie, cardiac
vs noncardiac mortality). Age and gender were not
significantly different between the 2 groups. The total
measured omega fatty acid levels in the heart were
significantly lower in cadavers in the cardiac mortality
group than in the noncardiac mortality group. The levels of
omega-3 (EPA + DHA) and omega-6 (AA + LA) fatty
acids were also significantly lower in the group with
cardiac mortality. Although the EPA level was not different
between the 2 groups, the DHA level was significantly
lower in cadavers with cardiac mortality. Similar to the
DHA level, the AA level in the heart was also significantly
lower in the cardiac mortality group. Both triglyceride and
cholesterol levels in the heart tissues were not different
between the 2 groups.

4. Discussion

The major findings of this study are as follows: (1) both
omega-3 (EPA + DHA) and omega-6 (AA + LA) fatty
acids levels in the heart tissues, especially the DHA and
AA, are associated with fish consumption and (2) in heart
tissues taken from cadavers with CHD, low levels of both
omega-3 (EPA + DHA) and omega-6 (AA + LA) in the
heart, specifically the DHA and AA, are associated with
cardiac mortality.
Epidemiologic studies have reported that there is an

association between consumption of fish that is rich in omega-
3 fatty acids and cardiovascular disease [1,14,15,49,50].
Basic and clinical studies have also demonstrated the
correlation between omega-3 supplements and an increase
in omega-3 contents in both plasma and cardiac tissues
[17-19]. In this study, the total measured omega fatty acids
and the levels of omega-3 (ie, EPA + DHA) and omega-6 (ie,
AA + LA) fatty acids in the heart tissues of cadavers are
associated with fish consumption habits. However, for the
omega-3 fatty acids, only the DHA level in the heart is
associated with fish consumption habits. This association is
not observed for EPA level in the heart tissues. For omega-6
fatty acids, only the AA level in heart tissues is associated
with fish consumption habits. The LA levels are not different
between the 2 groups.

A number of studies have demonstrated the significance
of omega-3 fatty acid supplements in reducing mortality
[1,8,11]. Epidemiologic studies also support these findings
[50,51]. For omega-6 fatty acids, there are reports that
suggest reducing their intake [22-24,29], reports indicating
no significant effects [25-28], and recommending increasing
their intake to reduce the risk of CHD [52-55]. Despite this
growing body of evidence and controversy, direct associa-
tion between omega-3 fatty acids content in the heart tissues
and cardiac mortality in the general population without food
supplements has never been tested.

Table 4
Fatty acids contents in heart tissues in cadavers with heart disease classified
by the causes of death

Cardiac cause a Noncardiac cause b P

Age .591 c

Mean (SD) 69 (14) 71 (8)
Median
(range)

67 (51-97) 74 (57-82)

Gender, n (%) .678 d

Male 6 (67) 8 (53)
Female 3 (33) 7 (47)
Total measured
omega fatty
acids e

.016 c

Mean (SD) 435.1 (278.3) 793.3 (333.9)
Median
(range)

396.5 (57.4-885.7) 829.1 (265.9-1283.7)

Omega-3
(EPA + DHA)

.040 c

Mean (SD) 92.01 (72.9) 151.8 (49.5)
Median (range) 71.0 (7.5-234.2) 155.3 (55.3-232.2)

Omega-6
(AA + LA)

.022 c

Mean (SD) 343.0 (265.2) 641.5 (288.2)
Median (range) 319.0 (49.9-845.8) 656.8 (210.6-1065.1)
EPA .070 c

Mean (SD) 4.2 (6.9) 1.5 (4.1)
Median (range) 0.6 (0-18.6) 0 (0-13.4)
DHA .034 c

Mean (SD) 87.8 (69.9) 150.1 (51.5)
Median (range) 71.0 (5.8-215.6) 155.3 (46.0-232.2)
AA .005 c

Mean (SD) 154.6 (134.1) 401.0 (212.8)
Median (range) 145.2 (8.9-422.9) 400.8 (74.0-714.5)
LA .245 c

Mean (SD) 188.4 (136.5) 240.5 (92.7)
Median (range) 151.9 (23.0-422.9) 272.6 (88.1-360.2)
Triglyceride .456 c

Mean (SD) 1446.9 (124.0) 1483.1 (137.9)
Median (range) 1435.5 (1288.2-1676.7) 1503.8 (1225.4-1676.7)
Cholesterol
Mean (SD) 1283.9 (282.0) 1213.5 (294.7)
Median (range) 1424.7 (849.6-1602.3) 1189.5 (830.2-1996.8) .355 c

Parameters with P b .05 indicate significant difference between the
2 groups.

a n = 9.
b n = 15.
c Two-sample Wilcoxon rank sum test.
d Fisher exact test.
e Total measured omega fatty acids: EPA + DHA + AA + LA.
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This study is the first to investigate this relationship.
When the cadavers were classified into 2 groups based on the
history of CHD, the levels of omega-3 and omega-6 fatty
acids in heart tissues were not different between the groups
with and without the history of CHD. Similarly, when the
cause of mortality was used to classify the sources of heart
tissues, no significant difference was found for the omega-3
and omega-6 contents in the hearts between cardiac and
noncardiac mortality groups. However, only when cadavers
with a history of CHD were categorized into 2 groups using
the causes of death, we found that the group with cardiac
mortality had lower levels of omega-3 (EPA + DHA) and
omega-6 (AA + LA) fatty acids as well as total measured
omega fatty acids in the hearts. More importantly, we found
that the DHA and AA levels in heart tissues were
significantly lower in the cardiac mortality group. All of
these findings suggest that both omega-3 and omega-6
contents in the heart may not protect against all-cause
mortality. However, the cardiac mortality prevention of
omega-3 and omega-6 fatty acids, particularly the DHA and
AA levels in the heart, is notably effective only in those who
already have pathological hearts.
Raitt et al [56] previously reported that omega-3

supplements in patients with implantable cardioverter
defibrillator and with a history of ventricular tachycardia
(VT) or ventricular fibrillation do not reduce the risk of VT
or ventricular fibrillation, compared with a placebo. In
addition, they found that fish oil may be pro-arrhythmic in
implantable cardioverter defibrillator patients with a history
of VT prior to receiving this supplement. Their findings
indicated that the type of arrhythmia is important in
determining the beneficial effects of omega-3 fatty acids in
the heart [56].
In this study, our findings also indicate that omega-3

fatty acids may be beneficial only in those with underlying
heart disease. These findings also suggest that the
underlying pathology of the heart is an important parameter
in determining whether an omega-3 supplement is benefi-
cial. This hypothesis has recently been elucidated by Ruijter
et al, who proposed that omega-3 fatty acids could be either
pro- or anti-arrhythmic, depending on the underlying
mechanisms of arrhythmias in each individual [57].
In addition to the importance of DHA, our study also

indicates a similar importance of AA, an omega-6 fatty acid,
in the heart. The association between its low levels and
cardiac mortality in cadavers with a history of heart disease
suggests that it could play an equally important role to DHA
in cardioprotective effects. A recent American Heart
Association Science Advisory Statement clearly indicates
the cardioprotective benefits of omega-6 fatty acids in
reducing the risk of cardiovascular disease [30] and supports
our findings.
In the past decades, a number of studies have emphasized

the clinical significance of omega-3 fatty acids in preventing
arrhythmias and heart disease, as well as reducing mortality
[1,14,15,49,50]. The results of this study demonstrate the

possibly equal importance of AA, an omega-6 fatty acid, in
reducing cardiac mortality. Further studies with a large
population are needed to verify the clinical significance of
the findings presented in this study.
There are several limitations in this study. First, the

population in this study is small, particularly in those with a
history of CHD. Second, detailed demographic data such as
history of drugs taken, underlying diseases, and history of
arrhythmias are not included. In addition, our study was
designed to study omega-3 fatty acids, particularly DHA and
EPA, and omega-6 fatty acids (ie, AA and LA) in the heart
tissues of cadavers. Therefore, other fatty acids were not
investigated in this study.
The levels of omega-3 (EPA + DHA) and omega-6 (AA +

LA) in the heart are associated with the amount of fish
consumption. In cadavers with a history of CHD, these levels
are associated with cardiac mortality. These findings indicate
that both omega-3 and omega-6 fatty acids, particularly
DHA and AA, could be useful in reducing cardiac mortality
in those with a history of CHD.
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Abstract Objective: Sudden cardiac death in obesity is frequently associated with sympathetic activation due

to an elevated plasma free-fatty acid (FFA) level. Curcuminoids, the phenolic yellowish pigments of

turmeric, display antioxidative and lipid-lowering activities. We hypothesized that curcuminoids ame-

liorate cardiac sympathovagal disturbance in high-fat–induced obese rats.

Methods: Male Wistar rats were divided into five groups. A normal-diet control (NDC) group re-

ceived a normal-fat diet (12% calories as fat) and a high-fat–diet control (HDC) group received

a high-fat diet (60% calories as fat) for 12 wk. Three other groups received high-fat diets with curcu-

minoid supplement at concentrations of 30 mg (HD30), 60 mg (HD60), and 90 mg (HD90) per kilogram

of body weight every day for 12 wk. Heart rate variability was determined to assess cardiac autonomic

status at weeks 0 and 12.

Results: Body weight, visceral fat mass, plasma FFA, and glucose levels increased significantly in

the HDC group compared with the NDC group. Low frequency power in normalized units (LFnu)

and the ratio of LF to high-frequency power (HF) in the HDC group were significantly higher, whereas

HFnu in the HDC group was significantly lower than in the NDC group. Plasma FFA levels correlated

significantly with LFnu and LF/HF ratio. Compared with the HDC group, plasma FFA, glucose levels,

LFnu, and LF/HF ratio were significantly decreased in the HF30, HF60, and HF90 groups.

Conclusion: Elevated plasma FFA in high-fat–induced obese rats is associated with an increased LF/

HF ratio, an expression of sympathovagal disturbance. Curcuminoid supplementation ameliorates car-

diac autonomic imbalance in high-fat–fed rats, probably due to its lipid-lowering effect. � 2009

Elsevier Inc. All rights reserved.

Keywords: Curcuminoids; Obesity; Heart rate variability; Sympathovagal disturbance

Introduction

Risk of acute coronary syndrome and other cardiovascular

complications has increased along with a growing obesity ep-

idemic. Premature ventricular contractions causing arrhyth-

mia and sudden death also frequently occur in obese people

[1]. Although the exact mechanism remains unknown, re-

ports have indicated that obesity raises the risk of cardiovas-

cular diseases partly through its effects on vascular risk

factors such as hypertension, dyslipidemia, insulin resis-

tance, glucose intolerance, and type 2 diabetes [2,3].

Hyperlipidemia, particularly increased plasma free fatty

acid (FFA) levels, is common in obese subjects [4]. Elevated

plasma FFAs are associated with a larger number of ventric-

ular premature complexes in normal subjects and non-ische-

mic diabetic patients [5]. Although several risk factors may

contribute to these events, sympathetic nervous system acti-

vation has been proposed as responsible for arrhythmia in

obesity [5–7]. Previous studies have demonstrated that portal
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fatty acid infusion can stimulate sympathetic nervous system

activity [8]. Furthermore, Verwaerde et al. [9] demonstrated

that tachycardia induced by acute elevation of plasma FFA

concentrations in dogs was mainly caused by impairment

of parasympathetic control. These findings indicate the im-

portant role of fatty acids in autonomic control.

Currently, analysis of heart rate variability (HRV) is

widely used to assess the autonomic nervous system and pro-

vides information on risk of cardiovascular diseases and mor-

tality [10,11]. Decreased HRV, an expression of an

exaggerated cardiac sympathetic nervous system, is associ-

ated with increased cardiovascular mortality [11–13]. Previ-

ous studies have demonstrated that elevated plasma FFA

levels stimulate cardiac sympathetic nervous activity in

healthy subjects [14] and in non–insulin-dependent diabetic

(NIDDM) patients [7]. Blood pressure variability and HRV

study also show that increased plasma FFAs in rats signifi-

cantly increases low-frequency power in normalized units

(LFnu) and decreases high-frequency power in normalized

units (HFnu), causing a significant increase in the LF/HF ra-

tio [15]. This finding indicates that an elevated level of

plasma FFA is strongly linked to a reduced vagal component

of the cardiac baroreflex and inversely correlated with baror-

eflex sensitivity.

Curcuminoids, a group of phenolic compounds isolated

from the rhizome of the plant Curcuma longa Linn., have

been reported as an efficient antioxidant, anticarcinogenic,

anti-inflammatory, and hypoglycemic agent [16–24]. Curcu-

minoids exert hypocholesterolemic actions on lipid metabo-

lism [25,26]. Furthermore, dietary curcuminoids have been

shown to prevent liver triacylglycerol accumulation and epi-

didymal adipose tissue weight gain and decrease plasma very

low-density lipoprotein/triacylglycerol in rats fed a high-fat

diet [27]. However, the role of curcuminoids on plasma

FFA is not known.

We tested the hypotheses that 1) curcuminoids decrease

plasma FFA concentrations of high-fat–induced obese rats

and 2) curcuminoids ameliorate cardiac sympathovagal dis-

turbance in obese rats and that this effect is associated with

a lipid-lowering action. HRV measurement was employed

to assess cardiac autonomic status.

Materials and methods

Animals

Male Wistar rats (100–120 g) from the National Animal

Center, Salaya Campus, Mahidol University, Thailand,

were housed in the animal facility, where the temperature

was maintained at approximately 24–25 �C with 12-h dark/

light cycle. The experimental protocol adhered to the Guide

for the Care and Use of Animals in compliance with the Na-

tional Institutes of Health guideline for the care and treatment

of animals and followed Faculty of Medicine, Chiang Mai

University, standard operating procedures for animal care

and research.

Study protocol

Sixty rats were randomly selected and divided into five

groups (n¼ 12 each). The normal-diet control (NDC) group

received standard rat chow (C.P. Mice Feed Food no. 082;

Bangkok, Thailand; energy content 3.8 kcal/g) containing

fat for 12% of total energy. The high-fat–diet control

(HDC) group consumed a high-fat diet comprised of fat for

60% of total energy with energy content calculated at

5.6 kcal/g [28] (Table 1). The curcuminoid-supplemented

groups received a high-fat diet and 30, 60, or 90 mg of curcu-

minoids per kilogram of body weight (HF30, HF60, HF90).

Curcuminoids (Sigma Chemical, St. Louis, MO, USA) were

dissolved in a 0.5% tragacanth (Fluka Chemical, Milwaukee,

WI, USA) suspension, and a 2% curcuminoid solution was

administered daily at different doses (30, 60, or 90 mg/kg

body weight) for 12 wk by oral gavage. The NDC and HFC

groups were given the same dose of vehicle (0.5% tragacanth

suspension). Animals had free access to food andwater. Body

weight and food intake were recorded daily. Spectral analysis

of HRV was performed to determine sympathetic activity be-

fore treatment with curcuminoids or vehicle and at week 12.

At the end of week 12, animals were fasted overnight and

anesthetized deeply. The abdominal cavity was opened fol-

lowing abdominal median line. Blood samples were collected

from the right atrium. Samples for assay of glucose were kept

on ice in tubes precoated with sodium fluoride. Samples for

insulin, FFA, and triacylglycerol assays were taken in tubes

with ethylenediaminetetra-acetic acid. Plasma was separated

and stored at �70 �C for subsequent biochemical analyses.

Visceral fats, including retroperitoneal, epididymal, and peri-

renal fat pad [29], were removed and weighed.

Measurement of HRV

Cardiac autonomic activity was assessed by spectral

analysis of R-R interval variability. Rats were anesthetized

with ether for lead insertion and then left conscious for at

least 5 min before recording an electrocardiogram [30].

Lead II on the electrocardiogram was recorded continuously

for 10 min by Power Lab with chart 5.0 as described previ-

ously [31]. During electrocardiographic recording, animals

were calm and in a familiar environment without

Table 1

Composition of experiment diets*

Normal diet High-fat diet

g %kcal g %kcal

Carbohydrate 495.30 51.99 365.00 13.96

Fat 83.70 19.76 310.00 59.16

Protein 269.00 28.23 250.00 26.88

Vitamins–minerals 65.40 0.00 70.00 0.00

Fiber 34.30 0.00 30.00 0.00

* Diet ingredients and nutrient analyses were modified from Srinivasan et

al. [28]. Energy per gram (kilocalories per gram): carbohydrate 4, fat 9, and

protein 4.

A. Pongchaidecha et al. / Nutrition 25 (2009) 870–878 871



unnecessary noise and movement. Electrocardiographic

data were analyzed using MATLAB [31]. R-R interval

was determined using peaks of the QRS complex from

the electrocardiogram and stored as an interval tachogram.

The time domain variables measured were the standard de-

viation of all R-R intervals and the root mean square of suc-

cessive difference. Frequency domain analysis, i.e., the

power spectra of R-R interval variability, was obtained us-

ing the fast Fourier transform algorithm. High frequency

(HF w0.6–3 Hz and varying with respiration), low fre-

quency (LF w0.2–0.6 Hz), and very LF (�0.2 Hz) were de-

termined [30,32]. The LF and HF components were

expressed in normalized units. Values in normalized unit

for LF (LFnu) or HF (HFnu) were obtained by dividing

the component by total power minus very LF. The power

of the HF component provides an index of cardiac vagal ac-

tivity [33], whereas the LF component is determined by

sympathetic activity with vagal modulation [34]. The LF/

HF ratio is considered an index of cardiac sympathetic–

parasympathetic tone balance [10].

Determination of insulin resistance (homeostasis model
assessment index)

Insulin resistance was assessed by homeostasis model as-

sessment (HOMA) [35], a mathematical model describing

the degree of insulin resistance starting from fasting plasma

insulin and glucose concentrations. The HOMA index is cal-

culated as follows:

Analytical procedures

Plasma glucose concentration was determined using a col-

orimetric assay based on H2O2 using a commercially avail-

able kit (Biotech). Plasma triacylglycerol and FFA levels

were assayed with commercially available kits (Biocode Hy-

cel and Wako). Plasma insulin level was measured by sand-

wich enzyme-linked immunosorbent assay using a kit

(LINCO Research).

Statistical analysis

Data are presented as mean 6 standard error. Statistical

analyses were carried out using one-way analysis of variance

and Fisher’s least significant difference test for post hoc test-

ing to identify specific mean differences. Simple correlation

analysis was used to determine the relation among plasma pa-

rameters and visceral and HRVmeasurements. Statistical sig-

nificance was accepted at P< 0.05.

Results

Animal characteristics

Initial animal body weight was not different among exper-

imental groups. Body weights in all animals increased signif-

icantly after 12wk. Twelve weeks of high-fat feeding resulted

in a significant increase of body weight, accompanied by ac-

cumulation of visceral fat in the HDC group compared with

the NDC group (Table 2). Analysis of dietary records showed

that average daily energy intake over 12 weeks in the HDC

group was significantly higher than in the NDC group. These

results suggest that high-fat–induced obesity characterized by

an increase of body weight with substantial accumulation of

visceral fat results from increased energy intake. No signifi-

cant differences in body weight or visceral fat mass were

found among the HDC and HD30, HD60, and HD90 groups.

Average daily energy intake in the curcuminoid-supple-

mented groupswas also comparable to that in theHDCgroup,

although the value in the HD90 group was significantly lower

than in the HD30 and HD60 groups.

Fasting plasma parameters

Plasma FFA levels were significantly higher in the HDC

than in the NDC group (Table 3). Furthermore, plasma FFA

levels significantly correlated with visceral fat mass

(r¼ 0.546; Fig. 1). However, there was no correlation be-

tween visceral fat and plasma FFA acid levels after curcumi-

noid supplementation (r¼ 0.020). Compared with the HDC

group, plasma FFA levels were significantly lower in all cur-

cuminoid-supplemented groups. However, decreased plasma

FFA levels associated with curcuminoids were not dose de-

pendent.A trendof an increase of plasma triacylglycerol levels

was found in the HDC group. A curcuminoid supplement of

90 mg/kg of body weight was associated with a decrease in

plasma triacylglycerol levels. Plasma triacylglycerol level

was significantly lower in the HD90 group than in the HDC,

HD30, and HD60 groups.

Fasting plasma glucose level was significantly elevated in

the HDC group compared with the NDC group. In contrast to

fasting hyperglycemia, there was no significant difference

between the HDC and NDC groups in fasting plasma insulin

levels. Curcuminoid supplements at all doses (30, 60, and

90 mg/kg body weight) significantly lowered fasting plasma

glucose concentrations compared with the HDC group but

had no effect on plasma insulin levels. No significant differ-

ences in HOMA indexes were present among the HDC,

NDC, and all curcuminoid-supplemented groups.

HOMA ¼ ½fasting insulin levelðmU=mLÞ3fasting glucose levelðmmol=LÞ�
22:5
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Heart rate variability

There were no differences in initial values of HRV vari-

ables among experimental groups (Table 4). At week 12,

LFnu and the LF/HF ratio were significantly higher, whereas

HFnu was significantly lower, in the HDC than in the NDC

group (Table 5). Compared with the HDC group, LFnu and

the LF/HF ratio were significantly lower, whereas HFnu

was significantly higher, in the HD30, HD60, and HD90

groups. In contrast, neither standard deviation of all R-R in-

tervals nor root mean square of successive difference was af-

fected by high-fat feeding alone or with curcuminoid

supplementation. As presented in Table 6, LFnu and the

LF/HF ratio significantly correlated with visceral fat mass

(r¼ 0.650 and 0.616). Also, significant correlations were

noted between plasma FFA levels and LFnu (r¼ 0.589)

and the LF/HF ratio (r¼ 0.580), whereas inverse correlations

were found between HFnu and visceral fat mass

(r¼�0.650) and plasma FFA levels (r¼�0.589). How-
ever, there were no correlations between HRV with plasma

triacylglycerol, plasma glucose, and plasma insulin concen-

trations.

There was also no correlation between HRV and visceral

fat and plasma parameters in NDC rats or HD30, HD60, and

HD90 rats.

Discussion

The major findings of this study are as follows: 1) an in-

crease of plasma FFA level causes cardiac autonomic distur-

bance in obesity induced by chronic high-fat feeding, and 2)

curcuminoid supplementation effectively decreases plasma

FFA levels and improves cardiac autonomic nervous system

activity in obesity.

Effects of plasma FFA levels on plasma glucose and insulin
in obese rats

The study demonstrates that a high-fat diet causes ventral

obesity, as indicated by a significant increase of body weight

with substantial accumulation of visceral fat. There is also

a significant correlation between visceral fat mass and plasma

FFA levels. It has been well recognized that visceral adipose

tissue is less responsive to antilipolytic action of insulin but

more responsive to lipolytic action of catecholamines com-

pared with subcutaneous adipose tissue [36]. Thus, a signifi-

cant increase in plasma FFA levels in high-fat–induced obese

rats could be due to increased visceral adipocytes with a sec-

ondary exaggeration in lipolytic activity. This is consistent

with a report showing that an elevated plasma FFA level is

common in obese patients with hyperlipidemia [4].

Table 2

Effects of curcuminoid supplementation on body weight, visceral fat mass, and energy intake in high-fat–induced obese rats*

NDC HDC HD30 HD60 HD90

Body weight (g)

Week 0 140.716 8.20 140.716 8.20 139.586 4.94 140.006 5.71 153.916 5.58

Week 12 440.716 10.66y 510.006 18.28y 502.926 17.6y 517.676 16.59y 503.826 10.91y

Visceral fat (g) 26.376 2.11 47.306 3.89z 46.346 3.52 46.526 3.44 39.976 2.09

Energy intake (kcal/d) 61.636 1.93 102.996 3.51z 108.896 3.06 107.326 3.73 97.856 3.10x,jj

HD30, high-fat diet + curcuminoid supplementation at 30 mg/kg of body weight; HD60, high-fat diet + curcuminoid supplement at 60 mg/kg of body weight;

HD90, high-fat diet + curcuminoid supplement at 90 mg/kg of body weight; HDC, high-fat–diet control; NDC, normal-diet control

* Each value is mean6 SE from 7–12 rats.
y Significantly different from week 0.
z Significantly different from NDC group.
x Significantly different from HD30 group.
jj Significantly different from HD60 group (P< 0.05).

Table 3

Effects of curcuminoid supplementation on fasting plasma parameters and HOMA index in high-fat–induced obese rats*

NDC HDC HD30 HD60 HD90

FFA (mmol/L) 0.386 0.05 0.516 0.04y 0.386 0.03z 0.366 0.03z 0.326 0.01z

TG (mg/dL) 85.146 20.31 110.276 17.37 109.516 8.97 93.766 9.29 56.106 4.42z,x,jj

Glucose (mg/dL) 132.016 4.62 153.546 4.81y 132.046 5.60z 134.696 7.12z 136.186 4.08z

Insulin (ng/mL) 1.246 0.13 1.356 0.11 1.566 0.61 1.516 0.21 1.406 0.25

HOMA index 11.136 1.35 13.676 1.57 14.416 2.34 14.236 1.67 11.976 2.23

FFA, free fatty acid; HD30, high-fat diet + curcuminoid supplementation at 30 mg/kg of body weight; HD60, high-fat diet + curcuminoid supplement at 60 mg/

kg of body weight; HD90, high-fat diet + curcuminoid supplement at 90 mg/kg of body weight; HDC, high-fat–diet control; HOMA, homeostasis model assess-

ment; NDC, normal-diet control; TG, triacylglycerol

* Each value is mean6 SE from 7–12 rats.
y Significantly different from NDC group.
z Significantly different from HDC group.
x Significantly different from HD30 group.
jj Significantly different from HD60 group (P< 0.05).
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In addition, fasting hyperglycemia was noted in high-

fat–induced obese rats. An elevated level of plasma FFAs,

particularly in obesity, has been shown to play an important

role in the overproduction of glucose in the diabetic state

[37]. Also, in type 2 diabetic patients, fasting hyperglyce-

mia is caused by an inappropriate increase in hepatic glu-

cose production [38,39], It is most likely that an increase

of portal FFAs leads to increased hepatic glucose output

[3]. FFAs can also potentially influence hepatic glucose me-

tabolism by several other metabolisms. FFAs have been

shown to stimulate gluconeogenesis [40,41] and upregulate

the glucose-6-phosphate system. Furthermore, most studies

have reported that elevated plasma FFAs impair insulin-in-

duced suppression of endogenous glucose production (i.e.,

cause hepatic insulin resistance) in normal control subjects

or in patients with NIDDM [42,43]. This effect is due to an

inhibition of normal insulin suppression of glycogenolysis

by FFAs [42]. Moreover, the effect of FFAs in inhibition

of insulin-stimulated glucose uptake in skeletal muscle

[44,45] should be considered. This effect of FFAs is by

the insulin-signaling cascade [46], resulting in inhibition

of glucose transporter-4 (GLUT-4) translocation [47] and

decreased muscle glycogen synthase activity [48].

Several studies have demonstrated that an increase in

hepatic glucose production stimulated by acute elevated

plasma FFA levels is antagonized by an FFA-mediated

stimulation of insulin secretion [49,50]. Despite elevated

plasma FFAs, our study demonstrated no change in fast-

ing plasma insulin levels in high-fat–induced obese rats

compared with normal-diet rats, suggesting that its effect

on insulin response might be different from the effect

caused by acute elevated plasma FFA levels. In this study,

elevated plasma FFA levels in high-fat–induced obese rats

occurred over months. It has been shown that obese indi-

viduals who are genetically predisposed to develop

NIDDM may eventually lose their ability to increase insu-

lin secretion in response to chronically elevated plasma

FFA levels.

Roles of plasma FFA levels on HRV modulation

Heart rate variability analysis in the present study dem-

onstrated that, in high-fat–induced obese rats, significant

increases of LF and the LF/HF ratio were accompanied

by significant HF decreases. It is generally considered

that the HF component is a marker of the efferent vagal

activity to the heart [51]. The interpretation of the LF com-

ponent is more controversial. Although it was previously

proposed as a marker of sympathetic modulation [52] other

investigators have suggested that LF represents sympa-

thetic and parasympathetic influences [53]. However, LF

in absolute value seems to reflect baroreflex modulation,

which is mainly of parasympathetic origin [54], whereas

the LF/HF ratio and LFnu are markers of sympathovagal

balance [10]. Our findings demonstrated that the impaired

cardiac autonomic activity in high-fat–induced obese rats

is associated with a reduced vagal contribution and an in-

creased sympathetic contribution to cardiac autonomic

control.

A correlation between HRV and visceral fat mass was

also observed in this study. LF and the LF/HF ratio sig-

nificantly correlated with visceral fat mass, whereas HF

had a negative correlation with visceral fat mass. These

findings indicate the links between central obesity and

cardiac autonomic disturbance. An association between
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Fig. 1. Correlation between visceral fat and plasma free-fatty acid concentra-

tions in rats receiving a normal diet or a high-fat diet for 12 wk.

Table 4

Heart rate variability at baseline*

NDC HDC HD30 HD60 HD90

SDNN 2.596 0.42 2.776 0.67 2.896 0.65 2.036 0.43 3.776 0.39

RMSSD 1.826 0.27 2.856 0.89 2.956 1.10 2.606 0.46 2.986 0.48

LFnu 0.166 0.00 0.166 0.01 0.186 0.02 0.156 0.01 0.176 0.01

HFnu 0.846 0.00 0.846 0.01 0.826 0.02 0.856 0.01 0.836 0.01

LF/HF ratio 0.196 0.01 0.206 0.01 0.216 0.03 0.176 0.01 0.206 0.01

HD30, high-fat diet + curcuminoid supplementation at 30 mg/kg of body weight; HD60, high-fat diet + curcuminoid supplement at 60 mg/kg of body weight;

HD90, high-fat diet + curcuminoid supplement at 90 mg/kg of body weight; HDC, high-fat–diet control; HFnu, high-frequency power in normalized units; LFnu,

low-frequency power in normalized units; NDC, normal-diet control; RMSSD, square root of the mean of the sum of the squares of differences between adjacent

R-R intervals; SDNN, standard deviation of all R-R intervals

* Each value is mean6 SE from 7–12 rats.
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visceral obesity and impaired cardiac autonomic activity

has been previously reported, but findings were inconsis-

tent. A previous HRV study showed that, in postmeno-

pausal obese women, impaired cardiac autonomic

activity varied depending on regional body fat distribution

[55]. A significant increase of cardiac sympathetic and

parasympathetic activity was pronounced in women with

combined upper body obesity and visceral obesity. Con-

versely, Peterson et al. [56] reported depression of sympa-

thetic and parasympathetic activity in healthy men with an

increasing percentage of body fat. Significant inverse cor-

relations were found between the percentage of body fat

and variation in R-R interval after b-adrenergic blockade,

heart rate, and plasma catecholamine concentrations.

These inconsistent results were probably due to differ-

ences in the subjects and methods used in those studies.

However, a report by Zahorska-Markiewicz et al. [57] us-

ing 24-h continuous electrocardiographic and Ewing test-

ing in obese women demonstrated that cardiac autonomic

disturbance with high-fat–induced obesity is characterized

by overactivity of the cardiac sympathetic nervous system

with a relative reduction of parasympathetic nervous sys-

tem activity. These findings are consistent with the results

of our study.

Effects of curcumioids on plasma FFA, glucose, and insulin

Curcuminoids, the phenolic yellowish pigment of tur-

meric, are known to benefit human health [16]. The present

results demonstrate that the increased plasma FFA levels

that developed in high-fat–induced obese rats were signifi-

cantly countered by administration of curcuminoids. Al-

though the exact mechanism by which curcuminoids

decrease lipid levels was not investigated, it has been previ-

ously shown that curcumin, the active component of curcu-

minoids, modulates several important molecular targets,

including transcription factors such as peroxisome prolifer-

ator-activated receptor-g (PPAR-g) [58]. PPARs are known

to regulate the gene involved in fatty acid uptake and stor-

age and in inflammatory and glucose homeostasis [59]. Cur-

cumin has been reported to activate PPAR-g in rat hepatic

stellate cells activated by oxidative stress [60], to exhibit

PPAR-g ligand-binding activity in the GAL4-PPAR-g chi-

mera assay, and to accelerate triacylglycerol accumulation

in adipocytes [21]. Curcumin has been shown to dramati-

cally induce expression of the PPAR-g gene and activate

PPAR-g–inactivated hepatic stellate cells [60]. Therefore,

an activation of PPAR-g could be responsible for a decrease

of plasma FFA levels after curcuminoid supplementation in

high-fat–fed rats in this study.

The present study also shows that curcuminoid supple-

mentation suppressed an increase in fasting blood glucose

in high-fat–induced obese rats. This antihyperglycemic effect

of curcuminoids could be an indirect action resulting from

a decreased influx of plasma FFAs into the liver, thus lower-

ing hepatic glucose production. However, a previous study

using alloxan-induced diabetic rats demonstrated that curcu-

minoids were effective in controlling blood glucose level and

enzymes of glucose metabolism [61]. A study using geneti-

cally altered type 2 diabetic mice also indicated that one

mechanism responsible for the antihyperglycemic effect of

curcuminoids was mediated by PPAR-g activation. In addi-

tion to its effect on lipid metabolism, activation of PPAR-g

has been reported to increase the expression and translocation

of the glucose transporters GLUT-1 and -4, thus increasing

Table 5

Effect of curcuminoid supplementation on heart rate variability indexes in high-fat–induced obese rats*

NDC HDC HD30 HD60 HD90

SDNN 3.416 0.49 3.916 0.36 4.236 0.62 3.876 0.57 4.116 0.36

RMSSD 2.426 0.25 3.426 0.61 4.116 0.64 3.776 0.82 3.826 0.36

LFnu 0.176 0.01 0.286 0.01y 0.196 0.01z 0.176 0.01z 0.186 0.01z

HFnu 0.836 0.01 0.726 0.01y 0.816 0.01z 0.836 0.01z 0.826 0.01z

LF/HF ratio 0.206 0.01 0.406 0.03y 0.246 0.01z 0.206 0.01z 0.216 0.01z

HD30, high-fat diet + curcuminoid supplementation at 30 mg/kg of body weight; HD60, high-fat diet + curcuminoid supplement at 60 mg/kg of body weight;

HD90, high-fat diet + curcuminoid supplement at 90 mg/kg of body weight; HDC, high-fat–diet control; HFnu, high-frequency power in normalized units; LFnu,

low-frequency power in normalized units; NDC, normal-diet control; RMSSD, square root of the mean of the sum of the squares of differences between adjacent

R-R intervals; SDNN, standard deviation of all R-R intervals

* Each value is mean6 SE from 7–12 rats.
y Significantly different from NDC group.
z Significantly different from HDC group (P< 0.05).

Table 6

Correlation between HRV and visceral fat and plasma parameters in rats that

consumed normal diets or high-fat diets for 12 wk

HRV

LFnu HFnu LF/HF ratio

Visceral fat (g) 0.650y �0.650y 0.616*

Plasma free fatty acid (mmol/L) 0.589* �0.589* 0.580*

Plasma triacylglycerol (mg/dL) �0.168 0.168 �0.173
Plasma glucose (mg/dL) 0.423 �0.423 0.389

Plasma insulin (ng/mL) �0.423 0.423 �0.442
HFnu, high-frequency power in normalized units; HRV, heart rate variabil-

ity; LFnu, low-frequency power in normalized units

* P< 0.05
y P< 0.01.
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glucose uptake into liver and skeletal muscle cells and de-

creasing plasma glucose levels [62].

Effects of curcuminoids on cardiac autonomic nervous
system activity

The novel findings in the present study were that curcumi-

noid supplementation improved cardiac autonomic distur-

bance in high-fat–induced obese rats. Although the

mechanism responsible for cardiac autonomic activity distur-

bance in high-fat–induced obesity remains unresolved, the

results of a significant correlation between plasma FFA levels

and HRV could indicate a strong link between FFAs and car-

diac autonomic activity. Elevated plasma FFA levels have

been associated with an increase of the ventricular premature

complex in non-diabetic [63] and non-ischemic diabetic pa-

tients [64]. Also, elevated plasma FFA levels have been re-

ported to stimulate cardiac sympathetic activity in healthy

subjects [14] and in NIDDM patients [31]. Paolisso et al.

[14] suggested that such a stimulatory effect of FFAs on car-

diac sympathetic activity was indirect and mediated in part

through an increase in plasma catecholamine concentrations,

which in turn stimulated myocardial b1-receptors. The pres-

ent results of a negative correlation between plasma FFA

levels and the HF component are in agreement with findings

demonstrating that elevated plasma FFA levels suppress

myocardial vagal tone [15]. It has been suggested that a de-

crease of parasympathetic counteraction to sympathetic acti-

vation results in a shift toward sympathetic dominance [65].

At the cellular level, Shaltout and Abdel-Rahman [15]

showed that elevated plasma FFA levels increase caveola

sequestration of cardiac muscarinic cholinergic receptors

(M2-mAChR), which result in muscarinic cholinergic recep-

tor inactivation and attenuation of parasympathetic control

on the heart. Based on these findings, the effects of curcumi-

noids were in part related to a decrease of plasma FFA levels,

which in turn led to an improved cardiac autonomic distur-

bance in high-fat–induced obese rats.

A growing body of evidence has demonstrated that cur-

cuminoids are a potent antioxidant [16,23,24,66]. Increased

plasma FFA concentrations have been shown to be a

pro-oxidant factor [63]. Manzella et al. [67] demonstrated

that increased postprandial plasma FFA concentration is as-

sociated with an enhanced degree of oxidative stress and of

the LF/HF ratio, an index of cardiac sympathovagal balance.

It has also been reported that an impaired cardiac autonomic

nervous system activity in type 2 diabetes is linked to ele-

vated oxidative stress. This suggests that changes in cardiac

sympathovagal balance correlate with the degree of oxida-

tive stress [67]. Although oxidative stress was not deter-

mined in the present study, the additional antioxidant

effect of curcuminoids cannot be excluded as a potential

mechanism to improve cardiac autonomic nervous system

activity in the present study. Future studies are needed to de-

termine whether the effects of curcuminoids on cardiac au-

tonomic activity are direct or indirect.

Study limitations

This study demonstrated that curcuminoid supplementa-

tion improved cardiac autonomic disturbance in high-fat–in-

duced obese rats and this was associated with decreased

plasma FFA levels. One limitation of this study is that the

definite cellular mechanism of curcuminoids lowering

plasma FFAs was not investigated. Studies at the cellular

level are the next step necessary to provide direct evidence

to elucidate the mechanism by which curcuminoids decrease

plasma FFAs and its clinical significance. Also, serum epi-

nephrine or norepinephrine was not measured in this study.

However, previous studies have indicated that plasma cate-

cholamines are an indirect and rather insensitive index of

sympathetic activity because most of the norepinephrine se-

creted from the sympathetic fibers is destroyed or taken up

again, and only a minute fraction escapes from the neuroef-

fector junctions [68–70]. Moreover, previous human studies

examining adrenergic activity in obesity by whole-body

methods (i.e., urinary excretion or plasma levels/turnover

of catecholamines) have demonstrated inconclusive results,

with reports of normal, decreased, or increased sympathetic

activity [56,71–75], suggesting that serum catecholamines

may not be a reliable indicator for sympathetic activity.

Conclusion

The present study demonstrated that cardiac autonomic

disturbance in obesity induced by high-fat feeding is associ-

ated with elevated plasma FFA levels. Long-term curcumi-

noid supplementation decreases plasma FFA levels, thus

ameliorating cardiac autonomic disturbance in high-fat–

induced obesity. Because elevated plasma FFA levels are

an important variable affecting cardiac mortality risk, further

studies are needed to clarify the nutritional and therapeutic

benefits of curcuminoids.
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