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study, vagal stimulation at 20-Hz lowered the HR by approximately
200beats/min (to less than 40% of the control value) but the
stimulation-induced ACh release did not exceed the ischemia-induced
ACh release (Figs. 1 and 3). On the other hand, vagal stimulation that
reduced the HR by only 10% produces a significant increase in the
survival rate of chronic heart failure rats (Li et al. 2004). Therefore,
vagal stimulation probably exerts its beneficial effects not only within
the ischemic region but also outside of this region. For instance, vagal
stimulation in dogs with a healed myocardial infarction is known to
prevent lethal arrhythmia induced by exercise (Vanoli et al. 1991).
Afferent vagal activation may also contribute to the cardioprotective
effects. Further studies are clearly needed to identify the mechanisms
underlying the vagally induced cardioprotective effects against
myocardial infarction and chronic heart failure.

Conclusion

The present study demonstrated the presence of vagal innervation
in the rabbit left ventricle. Acute myocardial ischemia significantly
increased the myocardial interstitial ACh levels. In addition, a brief
ischemic event (5 min) caused detectable increases in ACh levels,
indicating that endogenous ACh release may provide a trigger for
ischemic preconditioning.
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Metformin Prevents Progression of Heart Failure in Dogs
Role of AMP-Activated Protein Kinase

Hideyuki Sasaki, MD; Hiroshi Asanuma, MD, PhD; Masashi Fujita, MD, PhD;
Hiroyuki Takahama, MD, PhD; Masakatsu Wakeno, MD, PhD; Shin Ito, MD; Akiko Ogai, BS;
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Seiji Takashima, MD, PhD; Shoji Sanada, MD, PhD; Masaru Sugimachi, MD, PhD;
Kazuo Komamura, MD, PhD; Naoki Mochizuki, MD, PhD; Masafumi Kitakaze, MD, PhD

Background—Some studies have shown that metformin activates AMP-activated protein kinase (AMPK) and has a potent
cardioprotective effect against ischemia/reperfusion injury. Because AMPK also is activated in animal models of heart failure,
we investigated whether metformin decreases cardiomyocyte apoptosis and attenuates the progression of heart failure in dogs.

Methods and Results—Treatment with metformin (10 pmol/L) protected cultured cardiomyocytes from cell death during
exposure to H,0, (50 pmol/L) via AMPK activation, as shown by the MTT assay, terminal deoxynucleotidyl transferase—
mediated dUTP nick-end labeling staining, and flow cytometry. Continuous rapid ventricular pacing (230 bpm for 4 weeks)
caused typical heart failure in dogs. Both left ventricular fractional shortening and left ventricular end-diastolic pressure were
significantly improved in dogs treated with oral metformin at 100 mg - kg™ - d™' (n=8) (18.6+1.8% and 11.8+1.1 mm Hg,
respectively) compared with dogs receiving vehicle (n=8) (9.6%0.7% and 22+0.9 mm Hg, respectively). Metformin also
promoted phosphorylation of both AMPK and endothelial nitric oxide synthase, increased plasma nitric oxide levels, and
improved insulin resistance. As a result of these effects, metformin decreased apoptosis and improved cardiac function in
failing canine hearts. Interestingly, another AMPK activator (AICAR) had effects equivalent to those of metformin,
suggesting the primary role of AMPK activation in reducing apoptosis and preventing heart failure.

Conclusions—Metformin attenuated oxidative stress—induced cardiomyocyte apoptosis and prevented the progression of
heart failure in dogs, along with activation of AMPK. Therefore, metformin may be a potential new therapy for heart

failure. (Circulation. 2009;119:2568-2577.)

Key Words: AMP-activated protein kinase m heart failure m metformin m nitric oxide

Metformin is widely used as an antidiabetic drug with an
insulin-sensitizing effect. A large-scale clinical trial
(the UK Prospective Diabetes Study [UKPDS] 34) has shown
that metformin therapy decreased the risk of cardiovascular
death and the incidence of myocardial infarction associated
with diabetes mellitus,! suggesting that this drug may be
useful for patients who have both cardiovascular disease and
diabetes mellitus. Eurich and colleagues? recently reported
the results of a meta-analysis showing that metformin was the
only antidiabetic agent to reduce all-cause mortality without
causing any harm in patients who had heart failure and
diabetes mellitus. These results suggest that a tight link exists
between cardiovascular disease and diabetes mellitus and that
metformin has a cardioprotective effect. Metformin is known

to activate AMP-activated protein kinase (AMPK),3-5 which
is expressed in various tissues, including the myocardium,
and plays a central role in the regulation of energy metabo-
lism under stress conditions. AMPK is activated by ische-
mia/reperfusion,’ as well as in hearts with pressure overload
hypertrophy!® and subsequent heart failure.!!-!2 In addition,
Russell et al® have demonstrated that isolated hearts of
AMPK-deleted mice show increased apoptosis and dysfunc-
tion after ischemia/reperfusion. Activation of AMPK by
adiponectin also has been reported to protect cardiomyocytes
against apoptosis and to attenuate myocardial ischemia/
reperfusion injury in mice.8 Furthermore, metformin has been
reported to increase the production of nitric oxide (NO),'3-'5
which is known to have various beneficial cardiovascular
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These findings led us to hypothesize that activation of
AMPK by metformin may exert a cardioprotective effect
under stress conditions. Accordingly, metformin might be a
potential new treatment for cardiac failure because it activates
AMPK and increases NO production. Therefore, we investi-
gated the influence of metformin on apoptosis, an important
feature of heart failure, using cultured neonatal cardiomyo-
cytes exposed to H,O, and the effect of metformin on the
progression of pacing-induced heart failure in dogs, along
with activation of AMPK.

Methods

Experimental procedures are described in the online-only Data
Supplement.

Statistical Analysis

Results are expressed as mean+SEM. Comparison of changes
between groups over time was performed by 2-way repeated-
measures ANOVA. Other data were compared between groups by

1-way fractional ANOVA. The Tukey-Kramer test was used to
correct for multiple comparisons. In all analyses, values of P<<0.05
were considered to indicate statistical significance.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results

Metformin Attenuates Oxidative Stress—Induced
Cell Death and Apoptosis in Cultured
Cardiomyocytes via AMPK Activation

Cell viability was decreased in the presence of H,0O,, as
shown by the MTT assay, but this change was blunted by
treatment with metformin in a dose-dependent manner (Fig-
ure 1A). Treatment with metformin (10 pmol/L) stimulated
phosphorylation of AMPK in cultured cardiomyocytes in a
time- and dose-dependent manner (Figure 1B and 1C). The
effect of metformin on cell viability was blunted by cotreat-
ment with compound C, an AMPK inhibitor (20 pmol/L)
(Figure 1D). 5-Amino-4-imidazole-1-B-p-carboxamide ribo-
furanoside (AICAR; another AMPK activator) had an effect
similar to metformin on cardiomyocyte viability after expo-
sure to H,0, (Figure 1E). These results suggested that
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activation of AMPK protected cardiomyocytes against dam-
age caused by H,0,.

H,0, also increased cardiomyocyte apoptosis, as shown by
the terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining and flow cytometry
(annexin V—positive and propidine iodide-negative cells)
(Figure 2A through 2D). Metformin pretreatment signifi-
cantly reduced the extent of cardiomyocyte apoptosis com-
pared with that in untreated control cells (Figure 2A through
2D). Treatment with compound C inhibited the effects of
metformin and AICAR (which was similar to that of met-
formin) on apoptosis in cardiomyocytes exposed to H,O,
(Figure 2A through 2D). These results suggested that the
activation of AMPK by metformin could prevent apoptosis of
cardiomyocytes induced by H,0,.

Effect of Metformin on Cardiac Function in Dogs
With Pacing-Induced Heart Failure

Cardiac Physiological and Pathophysiological Parameters
Four weeks after the rapid right ventricular (RV) pacing, left

ventricular (LV) end-diastolic dimension, LV end-systolic

dimension, LV fractional shortening, and LV ejection frac-
tion of the pacing group showed significant deterioration
compared with the sham group (Figure 3A and 3B). Treat-
ment with metformin significantly reduced both LV dimen-
sions and increased both LV fractional shortening and LV
ejection fraction compared with the pacing group (Figure 3A
and 3B). Before RV pacing, both mean aortic pressure and
heart rate were similar in all groups, and these parameters did
not change throughout the study (Table). Four weeks after the
RV pacing, pulmonary capillary wedge pressure, mean pul-
monary artery pressure, and LV end-diastolic pressure were
all significantly higher in the pacing group compared with the
sham group (Figure 4A and 4B). Metformin treatment sig-
nificantly reduced pulmonary capillary wedge pressure, mean
pulmonary artery pressure, and LV end-diastolic pressure
compared with the pacing group (Figure 4A and 4B). Fur-
thermore, cardiac output was decreased and systemic vascular
resistance was increased in the pacing group compared with
the sham group, whereas metformin increased cardiac output
and decreased systemic vascular resistance compared with
the levels in the pacing group (the Table).
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Figure 3. Effect of metformin on echocardiographic parameters.
A, Representative M-mode echocardiograms obtained 4 weeks
after sham surgery or after RV pacing. B, Echocardiographic
parameters before and after sham surgery or after RV pacing in
the sham group (n=6), pacing group (n=8), pacing plus met-
formin group (n=8), and pacing plus AICAR group (n=4). Values
are mean+SEM. LVDd indicates LV end-diastolic dimension;
LVDs, LV end-systolic dimension; LVFS, LV fractional shorten-
ing; and LVEF, LV ejection fraction. *P<0.01 vs sham group;
}P<0.01 vs pacing group.

Importantly, the percentage of TUNEL-positive cells to
total cells in LV myocardium in the pacing group increased
compared with that in the sham group, which was blunted by
treatment with either metformin or AICAR (Figure 5A
through SE).

Consistent with previous data,'” no significant differences
were found in body weight, the ratio of LV plus septal weight
to body weight, and the ratio of RV weight to body weight
among all groups (the Table).

To explore established markers of cardiac failure, we
analyzed LV myocardial expression of the atrial natriuretic
peptide and brain natriuretic peptide genes, which showed an
increase in the pacing group, whereas metformin significantly
suppressed this increase (Figure 6A and 6B). Metformin also
significantly reduced the levels of angiotensin II and norepi-
nephrine compared with the pacing group (the Table).

Pedometer counts were significantly reduced in the pacing
group compared with the sham group, suggesting that heart
failure led to reduced physical activities (the Table). Met-
formin increased the pedometer count compared with that in
the pacing group. No differences in body fat were found
among all groups (the Table).

Metformin Prevents Heart Failure 2571

Cardiac Molecular Parameters
To assess the molecular basis of the improvement in cardiac

performance achieved by metformin administration for 4
weeks, we examined the collagen volume fraction in LV
myocardium after staining with Masson’s trichrome stain.
Metformin reduced the collagen volume fraction compared
with the pacing group (Figure 6C and 6D). To further
investigate the mechanism of this antifibrotic effect of met-
formin, we examined the level of transforming growth
factor-B1 (TGF-B1) mRNA associated with fibrosis in canine
LV myocardium 4 weeks after pacing. Metformin suppressed
the increase in TGF-B1 mRNA expression (Figure 6E).
AMPK was phosphorylated in the pacing group, and its
phosphorylation was significantly enhanced by administra-
tion of metformin (Figure 7A and 7B). Phosphorylation was
used as an index of enzymatic activity because AMPK is
activated by phosphorylation.!8 This increase in AMPK
phosphorylation was accompanied by augmented phosphor-
ylation of acetyl-CoA carboxylase (ACC; a downstream
target of AMPK) at Ser-79 (Figure 7A and 7C). Endothelial
NO synthase (eNOS) also showed an increase in phosphor-
ylation at Ser-1177 with metformin treatment (Figure 7A and
7D). Furthermore, metformin significantly upregulated eNOS
mRNA expression and increased ANO (the difference be-
tween the plasma NO level before and after 4 weeks of RV
pacing) compared with the pacing group (Figure 8A and 8B).
To investigate the level of insulin signaling in the heart, we
examined the phosphorylation of Akt in the left ventricles in
all groups. Significant increases were found in phosphoryla-
tion of Akt at Ser-473 in the pacing group compared with the
sham group, and such increases were blunted by either
metformin or AICAR treatment (Figure 8C and 8D).

Plasma and Cardiac Metabolic Parameters

To investigate whether activation of AMPK by metformin
influenced metabolic parameters in the periphery or the heart,
we assessed glucose and lipid metabolism after 4 weeks of
pacing. Plasma free fatty acids tended to increase in the
pacing group compared with the sham group, although no
statistically significant difference was found. Fasting plasma
levels of both glucose and lactate were similar among all
groups (the Table). Both the fasting plasma insulin level and
the homeostasis model assessment-insulin resistance value
were significantly increased in the pacing group, whereas
metformin reduced both parameters until they were similar to
those of the sham group (the Table).

In the heart, both glucose extraction and the arterial-
coronary sinus difference were increased in the pacing group
compared with the sham group (the Table). In the pacing
group, the free fatty acids extraction was not increased, but
the arterial-coronary sinus difference tended to increase
compared with the sham group (the Table). Lactate extraction
and the arterial-coronary sinus difference were similar
among all groups (the Table).

AICAR Mimics the Effect of Metformin in This
Canine Pacing Model

To further confirm that activation of AMPK contributed to
inhibition of the progression of heart failure, we administered
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Table. Characteristics of the Dogs at 4 Weeks

Sham Group Pacing Group Pacing+Metformin Group Pacing+AICAR Group
(n=6) (n=8) (n=8) (n=4)
Organ weight
Body weight, kg 9.5+0.2 9.4+0.2 9.7+0.1 9.6+0.3
LV+septal weight, g 42+0.6 47.3+1.2 43.6+0.9 448+1.3
LV+septal weight/body weight ratio, g/kg 44+0.1 5.0+0.1 45+0.1 47%0.2
RV weight, g 14.7+05 15.6+0.6 15.0+1.2 14.7+1.0
RV weight/body weight ratio, g/kg 1.5+0.1 1.7+0.1 1.5+0.1 1.5+0.1
Hemodynamic parameters
Mean aortic pressure, mm Hg 105+5 1092 1002 97+3.3
Heart rate, bpm 118+5 1364 128+5 126+3.6
Cardiac output, L/min 2.6+0.1 1.6x0.1* 2.2+0.31 2.2+0.31
Systemic vascular resistance, dynes - s - cm=° 3317+189 4769+235* 3775+3341 3763+2371
Plasma metabolic parameters
Fasting glucose, mmol/L 5.3+0.3 5.3+0.1 5.3+0.1 5.3+0.2
Fasting insulin, pU/mL 14.2+3.3 67.6+13.7* 18.9+7.3t1 24.4+10.51
HOMA-IR 3.4+0.1 15.8+0.1* 44+01t 5.8+0.11
Free fatty acids, pmol/L 30567 71668 554101 595+69
Lactate, mmol/L 1.4+0.2 1.5+0.2 1.5+0.1 1.4+0.1
Cardiac metabolic substrates
Glucose
Arterial, mmol/L 5.8+0.1 6.4+0.2 6.6+0.1 6.6+0.4
Arterial-coronary sinus difference, mmol/L 0.6=0.1 1.6+0.3* 0.9+0.1 1.1+03
Extraction rate, % 10.5+1.2 28.6+4.7* 13.3+1.8 17.7+47
Free fatty acids
Arterial, mmol/L 213.5+449 532.3+98.5* 312.8+56.6 294,5+22.8
Arterial-coronary sinus difference, mmol/L 90.4+13.2 153.7+20.6 99.0+9.1 103.2+20.6
Extraction rate, % 47.5+9.2 29.9+238 33.9%5.1 36.9+8.6
Lactate
Arterial, mmol/L 1.8%0.1 1.9+0.3 2.3+07 1.8+0.8
Arterial-coronary sinus difference, mmol/L 1.2+0.3 1.0+0.2 1.3+0.5 1104
Extraction rate, % 62.6=16.0 482+38 55.0+12.2 61.8+6.9
Plasma neurohormone levels
Norepinephrine, pg/mL 34.9+13.0 195.9+21.3* 59.2+11.2F 79.3+8.9t
Angiotensin Il, pg/mL 34.7%£15.0 153.6+24.3* 78.1+14.8t 73.4+11.8t
Body fat and activity
Body fat, % 13.7%1.2 18.7+29 16+1.2 14.3+0.8
Pedometer count 88 7832899 64 541+2530* 78 423+3292t 77 7161472t

HOMA-IR indicates homeostasis model assessment-insulin resistance. Values are mean+SEM.

*P<0.05 vs the sham group; 1P<0.05 vs the pacing group.

another AMPK activator (AICAR at a dose of 5 mg/kg SC
every other day) to dogs. As expected, AICAR reproduced
the effects of metformin in this canine pacing model (Figures
3 through 8).

Discussion
To the best of our knowledge, this is the first study to
demonstrate clearly that long-term (not short-term) oral
administration of metformin, which is used as an antidiabetic
agent worldwide, inhibits cardiac remodeling and prevents
the progression of heart failure in dogs, along with increases
in AMPK activation and NO production. Of course, we and

others have previously shown that in rodent either AMPK
activation or NO production attenuates myocardial ischemia/
reperfusion injury in the ischemic model’® and prevents
cardiac remodeling in the pressure overload model.!!.12.19.20
However, it has been unclear whether AMPK or NO can
modulate cardiac remodeling and inhibit the progression of
heart failure in a canine model with another pathogenic
mechanism that is not an ischemic or a pressure overload
heart failure model. Therefore, we used a rapid pacing-
induced heart failure dog model, which is considered to be
similar to human dilated cardiomyopathy?!22 and can be
superimposed on translational study for human heart failure.
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Furthermore, we provide sufficient insight because dogs can
be monitored more precisely for hemodynamic data than
rodents.

Possible Cardioprotective Mechanism of
Metformin Mediated via AMPK

Metformin has previously been shown to reduce high fat—
induced apoptosis,2* and AMPK has been reported to protect
against hypoxic apoptosis in cardiomyocytes through attenu-
ation of endoplasmic reticulum stress.2* Consistent with these
previous reports, we confirmed that metformin could amelio-
rate oxidative stress—induced apoptosis in cardiomyocytes.
This effect was blunted by compound C, an AMPK inhibitor,
suggesting that activation of AMPK was responsible for the
inhibition of cardiomyocyte apoptosis. Furthermore, using a
dog model, we demonstrated that metformin ameliorated the
progression of heart failure induced by rapid RV pacing and
decreased apoptosis in the LV myocardium, as indicated by
TUNEL staining. Interestingly, AICAR, another AMPK ac-
tivator, had effects almost identical to those of metformin,
supporting that the activation of AMPK contributed to the
observed cardioprotective effect. Indeed, AICAR also has
been reported to reduce myocardial ischemia/reperfusion
injury in humans and animals.25:26 What processes following
AMPK activation are involved in cardioprotection?

The first possibility is enhancement of NO production.
Recchia et al?’ reported that basal cardiac NO release is
decreased in dogs with heart failure induced by rapid pacing.
We found that the difference in plasma NO levels between
baseline and 4 weeks of RV pacing was significantly in-
creased by metformin treatment compared with the pacing
group. Metformin has been shown to phosphorylate AMPK at
Thr-172 in cardiomyocytes and murine hearts,*5 whereas
AMPK is known to phosphorylate eNOS at Ser-1177 in rat
hearts,2 resulting in an increase in NO production. Indeed, a
recent report has indicated that short-term metformin treat-
ment protects against myocardial infarction via AMPK-
eNOS-mediated signaling in mice.” Other studies have sug-
gested involvement of the AMPK-eNOS pathway in the
response of endothelial cells to shear stress,?® metformin,3°
and statins.3' Consistent with these reports, we found that
either metformin or AICAR promoted the phosphorylation of
eNOS at Ser-1177 and increased both mRNA and protein
levels of eNOS, possibly leading to increased plasma NO
levels and reduced systemic vascular resistance. Although the
precise mechanism of the effects of phosphorylation of
AMPK by either metformin or AICAR on eNOS protein
expression is not clear, these findings suggest that metformin or
AICAR increased NO production, which improves endothelial
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Figure 5. TUNEL staining of canine hearts at 4 weeks. Repre-
sentative examples of TUNEL-stained hearts from sham (A),
pacing (B), pacing plus metformin (C), and pacing plus AICAR
(D) groups. Arrows indicate TUNEL-positive nuclei (brown).
Scale bar=100 um. E, Quantitative data on the percentage of
TUNEL-positive nuclei to total cell nuclei. *P<0.05 vs sham
group; TP<0.05 vs pacing group.

function. NO is believed to have various cardioprotective ef-
fects.'s Therefore, enhancement of NO production by metformin
via activation of AMPK may have contributed to alleviating the
progression of heart failure induced by rapid RV pacing.

The second possibility is related to the improvement in
insulin resistance. It is known that insulin resistance is
associated with the progression of chronic heart failure,
whereas chronic heart failure may provoke insulin resistance
by increasing sympathetic activity, activating the renin-an-
giotensin system, or both.32.33 We found that rapid RV pacing
for 4 weeks induced heart failure and that metformin treat-
ment improved insulin resistance (estimated by homeostasis
model assessment—insulin resistance) compared with the
pacing group, suggesting that the beneficial effect of met-
formin on heart failure mediated via AMPK may have been
due in part to an improvement in insulin resistance.

The third possibility is the metabolic effects of AMPK
activation. Both metformin and AICAR are reported to
increase glucose extraction in heart,3435 which may decrease
the severity of the failing hearts. However, we found a 2- to
3-fold increase in myocardial glucose extraction of pacing
dogs, and metformin returned glucose extraction to the value
of the sham group. Numerous studies have shown a switch
from free fatty acids to glucose as the primary energy
substrate in humans and animals with advanced heart fail-
ure,27:36-38 guggesting that the reduction in glucose extraction
by the improvement in heart failure by AMPK activation is
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Figure 6. Natriuretic peptide expression, cardiac collagen volume
fraction, and TGF-B1 expression. A, B, and E, Quantitative real-
time reverse-transcriptase polymerase chain reaction analysis of
myocardial atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP), and TGF-B1 expression, respectively. The mRNA values
were corrected for the ribosomal protein S18 mRNA level. The
sham group was arbitrarily assigned a value of 1.0. Results are
mean+SEM. Representative results from 3 independent experi-
ments are shown. *P<0.05 vs sham group; #P<0.05 vs pacing
group. C, Representative histological appearance of LV myocardi-
um stained with Masson'’s trichrome stain (light blue). Scale
bar=100 um. D, Collagen volume fraction in the LV myocardium.
Values are mean+=SEM. *P<0.05 vs sham group; 1P<0.05 vs
pacing group.

likely to be greater than the induction of glucose extraction by
direct activation of AMPK. The possibility exists that
AMPK-induced glucose extraction triggers the improvement
in heart failure, followed by the restoration of metabolic
switch. On the other hand, we found that the net free fatty
acids extraction of the pacing group tended to increase
despite no statistical significance, which is consistent with the
report by Paolisso et al*® that myocardial free fatty acids
extraction increased in patients with congestive heart failure*®
but is contrary to the reports of the metabolic switch.27.36-38
The metabolic switch may differ in relatively acute or chronic
heart failure and by the severity of heart failure.

The increased phosphorylation of Akt in the pacing group
was attenuated in either the pacing plus metformin or the
pacing plus AICAR group, suggesting that the levels of
activation of insulin signaling decreased in either the
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metformin- or AICAR-treated group. Considering that glu-
cose extraction was decreased in the pacing plus metformin
and pacing plus AICAR groups and that AMPK was phos-
phorylated by either metformin or AICAR, which may
increase in glucose extraction in the heart, the present data
may be contradictory, but they are not contradictory when we
consider the changes in phosphorylated Akt. The reason is
that in this pacing-induced canine heart failure model, glu-
cose extraction in the heart was influenced predominantly by
insulin resistance, accompanied by the severity of heart
failure, rather than AMPK phosphorylation, although further
investigation on this issue is needed.

The fourth possibility is the antifibrotic effect of met-
formin. Several studies have indicated that AMPK activation
inhibits protein synthesis through effects on both the eEF-2
and mTOR pathways.404! We demonstrated that no signifi-
cant difference in ventricular mass existed at autopsy among
the groups. This dog pacing model has been reported to
preserve wall thickness without hypertrophy or a consistent
increase in heart weight, unlike the pressure overload
model.#2 We found that metformin attenuated fibrosis and
reduced the TGF-B1 mRNA level after 4 weeks of RV pacing
compared with the pacing group. Metformin also improved
representative markers of heart failure, including LV end-di-
astolic pressure, brain natriuretic peptide, angiotensin II, and
norepinephrine. Although a number of factors may have

contributed to the antifibrotic effect of metformin, our data
suggest that inhibition of TGF-B1 by metformin has at least
some role, resulting in the prevention of heart failure.

Taken together, these data suggest that metformin has a direct
cardioprotective effect, has effects on the improvements of
peripheral vascular system and insulin resistance, and inhibits
fibrosis. All these actions might contribute to the improvement
in the pathophysiology of heart failure, although we could not
identify the exact role of each factor. It remains to be determined
whether these results were a cause or consequence of improved
cardiac function, especially in systemic effects of both insulin
resistance and systemic vascular resistance.

Study Limitations

We found that the extent of phosphorylation of eNOS decreased
despite the increase in the phosphorylated Akt in the pacing-
induced failing canine hearts, which may be contradictory to
previous reports that the phosphorylation of Akt leads to eNOS
phosphorylation.#344 Because the signal transduction to modu-
late eNOS is unclear in the failing myocardium and the patho-
physiological role and importance of Akt also are unclear, this
discrepancy should be clarified in future studies.*

We need to consider the dose of metformin used in the present
study, which was at least 3-fold higher than that used clinically.
Nevertheless, adverse effects such as hypoglycemia and lactic
acidosis were not detected during the experiment.
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Figure 8. Effect of metformin on eNOS mRNA expression and
plasma ANO levels, and phosphorylation of Akt in canine hearts. A,
Quantitative real-time reverse-transcriptase polymerase chain reac-
tion for eNOS mRNA. The mRNA levels were normalized to ribo-
somal protein S18 mRNA, and the pacing group was arbitrarily
assigned a value of 1.0. B, Plasma ANO level after 4 weeks of RV
pacing with or without metformin and AICAR administration. Values
are mean+SEM. Representative results from 3 independent experi-
ments are shown. *P<0.05 vs pacing group; 1P<0.05 vs pacing
plus AICAR group. C, Representative immunoblots of phospho-
Akt. D, Percent relative phosphorylation of Akt. Values are
mean+SEM. Representative results from 3 independent experi-
ments are shown. *P<0.05 vs sham group; 1P<0.05 vs pacing

group.
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Conclusions

We demonstrated that metformin prevents the progression of
pacing-induced heart failure in dogs, along with the activation
of AMPK. Metformin may offer a novel treatment strategy
for heart failure.
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CLINICAL PERSPECTIVE

Metformin is widely used as an antidiabetic drug with an insulin-sensitizing effect. A large-scale clinical trial (the UK
Prospective Diabetes Study [UKPDS] 34) has shown that metformin therapy decreased the risk of cardiovascular death and
the incidence of myocardial infarction associated with diabetes mellitus; metformin reduced the hemoglobin A, levels in
treated patients to the same extent as in the other patients treated with conventional therapies. These results suggest that
metformin might exert cardioprotective effects beyond its glucose-lowering action such as either activation of
AMP-activated protein kinase (AMPK) or elevation of nitric oxide. Metformin is known to activate AMPK, which
mediates potent cardioprotection against ischemia/reperfusion injury. AMPK also is activated in experimental failing
myocardium, suggesting that activation of AMPK is beneficial for the pathophysiology of heart failure. The present study
demonstrated that long-term oral administration of metformin prevents the progression of heart failure as indicated by
hemodynamic and echocardiographic parameters. Metformin also promoted phosphorylation of both AMPK and
endothelial nitric oxide synthase, increased plasma nitric oxide levels, and improved insulin resistance. As a result of these
effects, metformin decreased apoptosis and improved cardiac function in failing canine hearts. Interestingly, another
AMPK activator (AICAR) had effects equivalent to those of metformin, suggesting the primary role of AMPK activation
in reducing apoptosis and preventing heart failure. Drugs that activate AMPK, especially metformin, may provide a novel
strategy for the treatment of heart failure in clinical settings.
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To directly monitor vagal acetyicholine (ACh) release into the sinoatrial node, which regulates heart rate, we
implanted a microdialysis probe in the right atrium near the sinoatrial node and in the right ventricle of
anesthetized rabbits, and perfused with Ringer's solution containing eserine. (1) Electrical stimulation of
right or left cervical vagal nerve decreased atrial rate and increased dialysate ACh concentration in the right
atrium in a frequency-dependent manner. Compared to left vagal stimulation, right vagal nerve stimulation

;-(I?:l;o::; decreased atrial rate to a greater extent at all frequencies, and increased dialysate ACh concentration to a
Vagal nerve activity greater extent at 10 and 20 Hz. However, dialysate ACh concentration in the right atrium correlated well with
Acetylcholine atrial rate independent of whether electrical stimulation was applied to the right or left vagal nerve (atrial
Sinoatrial node rate =304 — 131 x log[ACh}, R> = 0.77). (2) Right or left vagal nerve stimulation at 20 Hz decreased atrial rate
Right atrium and increased dialysate ACh concentrations in both the right atrjum (right, 179+ 4.0 nM; left, 794+ 14 nM)

Microdialysis

and right ventricle (right, 0.9 4 0.3 nM; left, 1.0 £ 0.4 nM). However, atrial dialysate ACh concentrations were
Anesthetized rabbit

significantly higher than ventricular concentrations, while ventricular dialysate ACh concentrations were not
significantly different between right and left vagal nerve stimulation. (3) The response of ACh release to right
and left vagal nerve stimulation was abolished by intravenous administration of a ganglionic blocker,
hexamethonium bromide. In conclusion, ACh concentration in dialysate from the right atrium, sampled by

microdialysis, is a good marker of ACh release from postganglionic vagal nerves to the sinoatrial node,

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Parasympathetic nerves play an important role in the regulation of
heart rate under physiological conditions. To better understand the
parasympathetic control of heart rate, it is important to quantitatively
assess the efferent cardiac vagal nerve activity. Several methods have
been used to assess this activity. Efferent cardiac vagal nerve electrical
activity has been measured directly at the preganglionic site in several
studies (Jewett, 1964; Kunze, 1972). We have developed a micro-
dialysis technique which is used with high-performance liquid
chromatography (HPLC) to monitor in vivo endogenous acetylcholine
(ACh) release in the heart (Akiyama et al., 1994). Using this technique,
we were able to monitor endogenous ACh release into the ventricular
myocardium (Akiyama et al, 1994; Kawada et al, 2001). This
technique permits the estimation of relative changes in postganglionic
efferent cardiac vagal nerve activity in the ventricle.

However, vagal innervation is known to be heterogeneous in the
heart, Kilbinger and Liffelholz (1976) reported that the ACh content of

* Corresponding author. Department of Cardiovascular Dynamics, Advanced Medical
Engineering Center, National Cardiovascular Center Research [nstitute, 5-7-1, Fujishiro-dai,
Suita, Osaka, 565-8565 Japan. Tel.; +81 6 6833 5012; fax: -+81 6 6835 5403.

E-mail address: shujismz@ri.ncvc.go.jp (S. Shimizu),

1566-0702/$ ~ see front matter © 2009 Elsevier B.V. All rights reserved,
doi: 10.1016/j.autneu.2009.02.006

the ventricle was 41% and 19% of the atrial content in chicken and
rabbit, respectively. Brown (1976) reported that ACh concentration
was higher in the atrium than the ventricle, and that ACh content was
higher in the right than the left portions in both the atrium and
ventricle of the cat. Thus, to better understand the parasympathetic
control of heart rate, which is the sinus rate under physiological
conditions, we need information about the activities of postganglionic
vagal nerves innervating the sinoatrial (SA) node,

In this study, we developed a dialysis probe using shorter dialysis
fiber, which was suitable for implantation into the atrium. Using this
dialysis probe, we tried to monitor myocardial interstitial ACh levels in
the right atrium, especially near the SA node. Furthermore, we
investigated whether the myocardial interstitial ACh levels reflect
relative changes in activity of postganglionic vagal nerves innervating
the SA node.

2. Materials and methods
2.1. Surgical preparation

Animal care was provided in accordance with the Guiding Principles
for the Care and Use of Animals in the Field of Physiological Sciences
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approved by the Physiological Society of Japan. All protocols were
approved by the Animal Subject Committee of the National Cardio-
vascular Center. Forty-three Japanese white rabbits weighing from 2,2
to 2.9 kg were anesthetized using an intravenous injection of
pentobarbital sodium (50 mg/kg) via the marginal ear vein, followed
by a continuous intravenous infusion of ai-chloralose and urethane
(16 mg/kg/h and 100 mg/kg/h) through a catheter inserted into the
femoral vein to maintain an appropriate level of anesthesia. The
animals were intubated and ventilated mechanically with room air
mixed with oxygen. Systemic arterial pressure was monitored by a
catheter inserted into the femoral artery. Esophageal temperature,
which was measured by a thermometer (CTM-303, TERUMQ, Japan),
was maintained between 38 and 39 °C using a heating pad. In all
protocols, bilateral vagal nerves were exposed through a midline
cervical incision and sectioned at the neck after the control dialysate
sampling. A pair of bipolar stainless steel electrodes was attached to
the efferent side of the right or left vagal nerve. The nerve and
electrode were covered with warmed mineral oil for insulation, When
vagal stimulation was required, the efferent vagal nerve was
stimulated by a digital stimulator (SEN-7203, Nihon Kohden, Japan).
The pulse duration and amplitude of nerve stimulation were set at
Tmsand 10V,

With the animal in the lateral position, right lateral thoracotomy
was performed and the right 3rd to 5th ribs were partially resected to
expose the heart. After incision of the pericardium, stainless steel
wires were attached to the apex and the anterior wall of the left
ventricle for ventricular pacing. To prevent severe bradycardia and
cardiac arrest induced by vagal stimulation, left ventricular pacing was
performed at the same frequency as the heart rate before vagal
stimulation. The ventricular rate was determined from the electro-
cardiogram using a cardiotachometer. Another pair of stainless steel
wires was attached to the appendage of the right atrium for recording
atrial electrocardiogram, from which atrial rate was determined.
Heparin sodium (100 1U/kg) was administered intravenously to
prevent blood coagulation. At the end of the experiment, animals
were killed with an overdose injection of pentobarbital sodium. A
postmortem examination confirmed that the dialysate probe did not
penetrate into the atrial or ventricular cavity and the dialysis
membrane was positioned totally within the atrial or ventricular wall.

2.2. Dialysis technique

The materials and properties of the dialysis probe have been
described previously (Akiyama et al,, 1994). Briefly, we designed a
handmade transverse dialysis probe, A dialysis fiber of semipermeable
membrane (4 mm length, 310 pm outer diameter, 200 pm inner
diameter; PAN-1200, 50,000 molecular weight cutoff; Asahi Chemical,
Tokyo, Japan) was attached at both ends to polyethylene tubes (25 cm
length, 500 pm outer diameter, 200 pm inner diameter). A fine
guiding needle (30 mm length, 510 pm outer diameter, 250 pm inner
diameter) with a stainless steel rod (5 mm length, 250 pm outer
diameter) was used for the implantation of the dialysis probe. In
protocol 1 and 3, a dialysis probe was implanted in the right atrium near
the junction between the superior vena cava and the right atrium. In
protocol 2, a dialysis probe was also implanted in the right ventricular
free wall. After implantation, the dialysis probe was perfused with
Ringer's solution (NaCl 147 mM, KCl 4 mM, CaCl; 3 mM) containing
the cholinesterase inhibitor eserine (100 pM) at a speed of 2 pl/min,
using a microinjection pump (CMA/100, Carnegie Medicin, Sweden).
Experimental protocols were started 120 min after implantation of the
dialysis probe, We took account of the dead space between the dialysis
membrane and the sample tube at the start of each dialysate sampling.
Phosphate buffer (4 pl) containing an internal standard (isopropytho-
mocholine chloride) was transferred into each sample tube before
dialysate sampling. Dialysate sampling periods were set at 10 min
(1 sample volume =20 pl).

2.3, Analytic procedure

Dialysate ACh was assayed using HPLC with electrochemical
detection. An autosampler (CMA/200, Carnegie Medicin) was used.
The HPLC system consisted of a pump with a pulse dumper (EP-300,
Eicom, Japan), a separation column (AC-Gel, styrene polymer, 4 pm
particle size, 2 mm inner diameterx150 mm length, Eicom), an
immobilized enzyme column (AC-Enzymepack, 1 mm inner
diameterx4 mm length, Eicom), an electrochemical detector (ECD-
300, Eicom), and a degasser (DG-300, Eicom). The electrochemical
detector was operated with a platinum working electrode at +0.45 Vvs.
an Ag/AgCl reference electrode, The mobile phase was 50 mM potassium
bicarbonate solution containing 400 mg/L of sodium 1-decansulfonate
and 50 mg/L of disodium-EDTA. The pump flow rate was 0,15 ml/min.

Chromatograms were recorded and analyzed by an analog-to-digital
converter (Power Chrom EPC-300, AD Instruments, Australia) with a
computer. Concentrations of ACh and isopropylhomocholine chloride
were determined by measuring the peak areas. The absolute detection
limit of ACh was 10 fmol/injection (signal-to-noise ratio=3).

2.4. Experimental protocols

241, Protocol 1

To examine whether atrial dialysate ACh concentration reflects
ACh release from cardiac vagal nerves, we investigated the relation-
ship between the dialysate ACh concentration in the right atrium and
the frequency of right and left vagal nerve stimulation. We sampled
control dialysate before and after vagal transection. Then we
stirnulated the right (n=8) or left (n=8) efferent vagal nerves for
10 min at frequencies of 5, 10, 20 and 40 Hz, and sampled dialysate
during each stimulation. Ten minutes after vagal nerve stimulation,
we sampled the dialysate again to check the recovery of ACh levels.

2.4.2. Protocol 2

To investigate the difference in vagal innervation density between
the right atrium and right ventricle, we compared the atrial and
ventricular dialysate ACh concentrations under control condition and
during electrical vagal nerve stimulation. Control dialysates were
sampled after vagal transection. Then the right (n=>5) or left (n=5)
efferent vagal nerve was stimulated for 10 min at a frequency of 20 Hz,
and dialysates were collected during vagal stimulation,

2.4.3, Protocol 3

ACh is released from both pre- and post-ganglionic vagal nerves as
a primary neurotransmitter, The cardiac vagal nerve ganglia are
localized near the atrium (Loffelholz and Pappano, 1985). Electrical
stimulation of cervical vagal nerves activates the entire efferent
parasympathetic pathway, including both preganglionic and post-
ganglionic nerves in the atrium. Thus it is possible that pre- and/or
post-ganglionic nerves serve as the source of dialysate ACh. To
determine whether pre- or post-ganglionic nerves are the source of
atrial dialysate ACh, we observed ACh release in response to nerve
stimulation before and after blockade of ganglionic transmission. We
sampled control dialysate after vagal transection, Then we stimulated
the right (n=9) or left (n=28) vagal nerve at a frequency of 20 Hz
before and after intravenous administration of hexamethonium
bromide (30 mg/kg) and sampled dialysate during vagal stimulation.
To prevent severe hypotension induced by hexamethonium, arterial
pressure was maintained by continuous intravenous infusion of
phenylephrine (17.2 4 1.6 pg/kg/min).

2.5, Statistical analysis
All data are presented as meand-SE. For each protocol, heart rate

and mean arterial pressure were compared by one-way repeated
measures analysis of variance followed by a Dunnett's test against
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control (Glantz, 2005). In protocol 1, we compared vagal stimulation-
induced ACh release among the seven groups by one-way repeated
measures analysis of variance followed by Tukey's test. Heart rates
(atrial rate) and dialysate ACh concentrations during right and left
vagal stimulation were compared by unpaired t-test, After logarithmic
transformation of atrial dialysate ACh concentration, a linear regres-
sion analysis was performed to examine the relation between
dialysate ACh concentration and atrial rate. In protocol 2, we
compared atrial and ventricular dialysate ACh concentrations during
vagal stimulation by two-way repeated measures analysis of variance.
We also compared the effects of right and left vagal stimulation on
atrial and ventricular dialysate ACh concentrations using an unpaired
t-test. In protocol 3, we compared stimulation-induced ACh release
with and without hexamethonium using one-way repeated measures
analysis of variance followed by a Dunnett's test against control.
Differences were considered significant at P<0.05.

3. Results
3.1. Protocol 1

Responses of heart rate and mean arterial pressure to electrical vagal
nerve stimulation are shown in Table 1. Transection of bilateral vagal
nerves did not change heart rate or mean arterial pressure significantly.
While both right and left vagal stimulation decreased heart rate in
propottion to the frequency of the stimulus, right vagal nerve
stimulation decreased the heart rate to a greater extent than left vagal
nerve stimulation at all stimulus frequencies tested (P<0.05 at 5 Hz,
P<0.01 at 10 Hz, P<0.05 at 20 Hz and P<0.05 at 40 Hz). Heart rate
recovered to the pre-stimulation levels after stimulation. Both right and
left vagal nerve stimulation with ventricular pacing decreased mean
arterial pressure. Mean arterial pressure recovered partially but
remained lower than the pre-stimulation levels 10 min after stimulation.

Transection of bilateral vagal nerves did not change dialysate ACh
concentration (Fig.1). Both right and left vagal stimulation increased the
dialysate ACh concentration in proportion to the stimulus frequency.
Right vagal stimulation increased the dialysate ACh concentration from
19403 nM in the post-transection control to 27404 nM at 5 Hz
(P<0,05 vs. control), 5.5 0.8 nMat 10Hz (P<0.01 vs. 5Hz),172+3.0nM
at20Hz (P<0.01 vs. 10 Hz) and 40.4 4 8.4 nM at 40 Hz (P<0.01 vs. 20 Hz).
Dialysate ACh concentration recovered to 22403 nM 10 min after
stimulation. Left vagal stimulation increased dialysate ACh concentration
from 1.6 £ 0.3 nM in the post-transection control to 2.2 404 nM at 5 Hz

Table 1
Responses of heart rate and mean arterial pressure to electrical vagal nerve stimulation
(protacol 1),

Heart rate (bpm) Mean arterial pressure
(mm Hg)
R& vagal stimulation (n=8) ‘Atrial rate (pacing rate): ,
Control before transection 29848 8344
Control after (ransectmn 20347 8546
24645 (296:&5) 7
2 iﬁ” (296£5) 7746
7

M'ter VNS ‘

L vagal sm'nulauon (n=8)
Control before transection
Control after rransecﬁon
VN5 (5 Hz)

After VN S

Values are means 4 SE; n: numbers of rabbits; Rt: right; Lt: left; VNS electrical vagal
nerve stimulation; **P<0.01 vs, control; *P<0.05 vs, control.
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Fig. 1. Dialysate ACh concentrations of controls and during electrical vagal nerve
stimulation at different frequencies. Right vagal nerve stimulation increased atrial
dialysate ACh concentration from 1.94:0.3 nM in the post-transection control to 2.7 &
0.4nMat5Hz, 5.54+0.8 nMat 10 Hz, 17.2:£3.0 /M at 20 Hz and 40.4:+: 8.4 nM at 40 Hz.
Left vagal nerve stimulation increased atrial dialysate ACh concentration from 1.6+
0.3 nMin the controlto 2.2: 0.4 nMat5 Hz,3.2 £ 05 nM at 10 Hz, 8.2 £ 1.4 nM at 20 Hz
and 24,71 4.6 nM at 40 Hz, Values are means 4 SE; RE: right; Lt: left; VNS: electrical
vagal nerve stimulation; n: number of rabbits: ¥*P<0.01, *P<0.05.

(N.S. vs. control}, 3.2 4 0.5 nM at 10 Hz (P<0.01 vs. control), 8.2 1.4 nM
at20Hz (P<0.01 vs. 10Hz) and 24.7 4.6 "M at 40 Hz (P<0.01 vs, 20 Hz).
Dialysate ACh concentration recovered to 2.04-0.5 nM 10 min after
stimulation. While both right and left vagal stimulation increased
dialysate ACh concentration in a frequency-dependent manner, right
vagal nerve stimulation increased dialysate ACh concentration to a
greater extent than left vagal nerve stimulation at 10 and 20 Hz (N.S. at
5 Hz, P<0.05 at 10 Hz, P<0.05 at 20 Hz and N.S. at 40 Hz).

The relationship between dialysate ACh concentration and atrial
rate (n==16) is shown in Fig. 2. Dialysate ACh concentration in the
right atrium correlated well with atrial rate (AR; AR =304~ 131 xlog
[ACh], R?=0.77). There was no significant difference in the intercept
or slope of regression line between right and left vagal nerve
stimulation (right: AR=304—135xlog|ACh], R*=0.79; left:
AR ==303 — 126 x log[ACh], R*=0.73) (Glantz, 2005). The correlation
between dialysate ACh concentration and atrial rate was independent
of the side of vagal nerve stimulation,

3.2. Protocol 2

Responses of heart rate and mean arterial pressure were similar to
the responses to vagal stimulation at 20 Hz in protocol 1 (Table 2).
Responses of ACh release in the right atrium and right ventricle to
vagal stimulation are shown in Fig. 3. Right vagal stimulation
increased the atrial dialysate ACh concentration from 2.6+0.6 nM
in the post-transection control to 17.9+4.0 nM (P<0.01) and the
ventricular dialysate ACh concentration from 0.4+40.2 nM to 0.9+
0.3 nM (P<0.01). Left vagal stimulation also increased the atrial
dialysate ACh concentration from 1.5+04 nM to 79414 nM
(P<0.01) and the ventricular dialysate ACh concentration from 0.3 &
0.1 nM in the control to 1.04-0.4 nM (P<0.01). Atrial dialysate ACh
concentrations were higher than ventricular dialysate ACh concentra-
tions in both right and left vagal stimulation (P<0.01). The interaction
between the stimulation and the position of probe (atrium or
ventricle) was significant (P<0.01). There was no difference in
ventricular dialysate ACh concentration between right and left vagal
stimulation, but atrial dialysate ACh concentration was significantly
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Fig. 2. Relation between dialysate ACh concentration (fogarithmic scale) and atrial rate.
Dialysate ACh concentration in the right atrium correlates well with atrial rate
(R?=0.77). Solid line, regression line fitting all 96 data points; dotted line, regression
line fitting 48 data points of right vagal nerve stimulation; dot-dashed line, regression
line fitting 48 data points of left vagal nerve stimulation. Rt: right; Lt: left; VNS:
electrical vagal nerve stimulation,

higher during right vagal stimulation compared to left vagal stimu-
lation (P<0.05).

3.3, Protocol 3

Responses of heart rate and mean arterial pressure are shown in
Table 3. Both right and left vagal nerve stimulation decreased heart rate
markedly before administration of hexamethonium. Administration of
hexamethonium decreased heart rate significantly but mildly compared
to control. Mean arterial pressure was maintained at pre-stimulation
levels by continuous intravenous infusion of phenylephrine, After
administration of hexamethonium, both right and left vagal nerve
stimulation did not change the heart rate. Right vagal stimulation
increased dialysate ACh concentration from 2.54:04 to 163 £2.8 nM
(P<0.01), but right vagal stimulation after administration of hexam-
ethonium failed to increase ACh concentration (2.2 + 0.4 nM) compared
to control. Likewise, left vagal stimulation increased dialysate ACh
concentration from 15403 to 8.7 14 nM (P<0.01), but left vagal
stimulation after administration of hexamethonium did not increase
ACh concentration (1.5 0.3 nM) compared to control (Fig, 4),

4, Discussion

We demonstrated that the microdialysis technique permitted in
vivo monitoring of ACh release into the sinoatrial node from
postganglionic cardiac vagal nerves. Dialysate ACh concentration in
the right atrium correlated well with atrial rate and this correlation

Table 2
Responses of heart rate and mean arterial pressure to electrical vagal nerve stimulation
(protocotl 2).

Heart rate (bpm).
Revagalstimlation (n=5) Atrial ratc (pacing
Contre y 30583
12244 (3044)
3003

Mean arterial pressure (mm Hg)
rate}

VNS (20 Hz) 81197 (3081 5)
Control after VNS 168 :
Values are means+ SE; n, numbers of rabbits; Rt: right; Lt: left; VNS: electrical vagal
nerve stimulation; **P<0.01 vs, control; *P<0.05 vs, control.
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Fig. 3. Dialysate ACh concentrations in right atrium and right ventricle of controls and
during electrical vagal nerve stimulation. Right vagal nerve stimulation significantly
increased dialysate ACh concentration from 2.6::0.6 to 17.944.0 nM in the right
atrium (P<0.01) and from 0.4:£:0.2 to 0.9 0.3 nM in the right ventricle (P<0.01). Left
vagal nerve stimulation also increased dialysate ACh concentrations from 1.5+04 to
78414 nM in the right atrium {P<0.01) and from 0.3 0.1 to 1.04 0.4 nM in the right
ventricle (P<0.01). Dialysate ACh concentrations in the right atrium were significantly
higher than those in the venteicle (P<0.01). Right vagal nerve stimulation increased
atrial dialysate ACh concentration more than Jeft vagal nerve stimulation (P<0.05).
Values are means - SE: Rt: right; Lt: left; RA: right atrium; RV: right ventricle; VNS:
electrical vagal nerve stimulation; n: number of rabbits; ¥P<0.01 vs, control; **P<0.01,
*P<0,05.

was independent of the side of vagal stimulation. These results
indicate that in vivo monitoring of the myocardial interstitial ACh
levels in the right atrium by microdialysis provides a useful strategy to
obtain insights into the physiological roles of the vagal system in
regulating heart rate,

4.1. Characteristics of atrial dialysate ACh concentration

With both right and left vagal nerve stimulation, the dialysate ACh
concentration in the right atrium increased with increasing stimulus
frequency and decreased to prestimulation levels after stimulation
(Fig. 1). These results indicate that atrial dialysate ACh reflects ACh
release from cardiac vagal nerves innervating the right atrium. Right
vagal nerve stimulation decreased the atrial rate more than left
stimulation at all stimulus frequencies, and right vagal nerve
stimulation increased dialysate ACh concentration more than left
stimulation at 10- and 20-Hz. The right atrium, including the SA node,
is innervated not only by the right but also by the left vagal nerve,
Ardell and Randall (1986) reported that supramaximal right and left

Table 3
Responses of heart rate and mean arterial pressure to electrical vagal nerve stimulation
(protocol 3).

Mean arterial pre

Heart rate (bpm) ‘
, (mmHgy

Braan
Ltvagal stimulation (n=8)  Atrial rate (pacing rate)
© Control after transaction 7k3
NS (20Hz) 173113% (31344)

VNS after hexamethonium v

e ————————— e i i 5
Values are roeans £ SE: n, numbers of rabbits; RE: right; Lt: left; VNS: electrical vagal
nerve stimulation; iv: intravenous administration; **P<0.01 vs. control; *P<0.05 vs,
control.
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Fig. 4. Influence of ganglionic blucker on vagal nerve stimulation-induced ACh release,
Right vagal nerve stimulation significantly increased atrial dialysate ACh concentration
from 25404 to 163428 (P<0.01), and intravenous administration of hexametho-
nium suppressed the ACh concentration to 22104 nM. Left vagal stimulation
increased atrial dialysate ACh concentration from 15403 to 8.7+ 1.4 nM (P<0.01),
and hexamethonium suppressed the ACh concentration to 1,503 oM, Values are
means+SE; Rt: right; Lt; left; VNS: electrical vagal nerve stimulation; C6: hexametho-
nium bromide; n: number of rabbits; #**P<0.01 vs, control; *P<0.05 vs, control.

cervical vagal stimulation decreased the atrial rates to 16.3% and
48.7%, respectively, of prestimulation rates in dogs. In our study, right
and left vagal stimulation at a frequency of 40 Hz also decreased the
atrial rate to 30% and 42% of prestimulation rates. The difference in
atrial rate response between right and left vagal nerve stimulation
could be explained by the different innervation densities of the right
and left vagal nerves in the right atrium including the SA node, The SA
node is innervated by both right and left vagal nerves with a
predominance of right vagal nerves (Ardell and Randall, 1986; Randall
et al,, 1985), and the response of atrial rate to vagal nerve stimulation
could be ascribed to vagal ACh release into the SA node. The SA node is
probably regulated by ACh released from the left as well as the right
vagal nerves, In this study, dialysate ACh concentration in the right
atrium (logarithmically transformed) correlated well with atrial rate,
and this correlation was independent of right or left vagal stimulation
(Fig. 2). These results suggest that dialysate ACh in the right atrium
reflects ACh released into the SA node independent of whether the
ACh originates from the right or left vagal nerves.

4.2, ACh release in atrium and ventricle

In this study, the mean dialysate ACh concentration in the right
ventricle after transection of bilateral vagal nerves was 20 to 30% of
that in the right atrium. During vagal nerve stimulation at 20 Hz, the
atrial dialysate ACh concentration increased 5 to 7 times the control
value but the ventricular dialysate ACh concentration increased to
only 2 to 3 times the control value (Fig. 3). This difference between
atrial and ventricular dialysate ACh concentrations could be related to
the density of vagal innervation. These results are consistent with
previous in vitro studies (Kilbinger and Loffelholz, 1976; Brown, 1976;
Stanley et al, 1978). Kent et al. (1974) reported that the atrial
myocardium of the vertebrate heart was richly innervated as
identified by specific histochemical staining of acetylcholinesterase,
in contrast to the scant innervation in the ventricular myocardium.

Right vagal nerve stimulation increased atrial dialysate ACh more
than left stimulation. On the other hand, there was no difference in
ventricular dialysate ACh concentration between right and left vagal
nerve stimulation. Although the right atrium is predominantly
innervated by the right vagal nerves, the right ventricle could be
equally innervated by the right and left vagal nerves, When the right
vagal nerve was stimulated at 20 Hz, heart rate decreased from 305 + 3

to 122 4 bpm. When the left vagal nerve was stimulated at 20 Hz,
heart rate decreased from 306 + 5 to 169 4- 19 bpm. This difference in
heart rate response could be ascribed to vagal ACh release into the SA
node. Atrial dialysate ACh concentrations were 17.9::4.0 and 7.9+
1.4 nM (P<0.05) during stimulation of right and left vagal nerves,
respectively. In contrast, there was no significant difference in
ventricular dialysate ACh concentration between right and left vagal
nerve stimulation, Therefore, we consider that dialysate ACh concen-
tration in the right atrium may be a better index of ACh release into the
SA node than dialysate ACh in the right ventricle.

4.3. Source of atrial dialysate ACh

In a previous study with anesthetized cats, we demonstrated that
ACh in the dialysate sampled from left ventricular myocardium
primarily reflects ACh released from postganglionic cardiac vagal
nerves (Akiyama et al,, 1994). Cardiac ganglia are located predomi-
nantly in the posterior aspect of the atria within the subepicardial
connective tissue (Loffelholz and Pappano, 1985). It is possible that
ACh released from stimulated preganglionic nerves contributes to ACh
in the dialysate sampled from the right atrium. In this study,
intravenous administration of hexamethonium bromide, a nicotinic
antagonist, abolished the increase in ACh release during efferent vagal
nerve stimulation, This result demonstrates that ACh in the dialysate
sampled from the right atrium primarily originates from the
postganglionic cardiac nerve endings.

4.4. Significance of monitoring ACh release to the SA node

Several studies have directly measured electrical efferent vagal
nerve activities at the preganglionic site in vivo (Jewett, 1964; Kunze,
1972). Although this method has been used to estimate the net activity
of cardiac vagal nerves, it is technically difficult to selectively measure
the electrical activity of postganglionic vagal nerves innervating the SA
node. Moreover, it is possible that preganglionic signals are modulated
at intracardiac ganglionic sites (Gray et al., 2004). In fact, Bibevski and
Dunlap (1999) have reported that attenuated vagal control in heart
failure can be ascribed to attenuated ganglionic transmission. There-
fore, information about postganglionic vagal nerve activity is impor-
tant for understanding vagal control of heart rate,

4.5. Methodolagical consideration

First, we sectioned the vagi in the neck region but the sympathetic
nerves were almost intact because the sympathetic nerves run
separately from the vagi at the neck in rabbits. ACh released from
vagal nerve terminals may interact with muscarinic receptors on
postganglionic sympathetic nerve terminals to inhibit norepinephrine
release prejunctionally (Levy, 1984).

Second, ACh is degraded by ACh esterase immediately after its
release. Therefore to detect ACh release in vivo, addition of a specific
ACh esterase inhibitor eserine into the perfusate is necessary. We used
eserine at a concentration 10-100 times higher than that required in
in vitro experimental settings because distribution of eserine across
the semipermeable membrane is required, based on previous results
(Akiyama et al,, 1994). Eserine should spread around the semiperme-
able membrane, thereby affecting the ACh release in the vicinity of the
dialysis membrane, Eserine may have increased the ACh level in the
synaptic cleft and enhanced heart rate response by nerve stimulation,
and may have also activated regulatory pathways such as autoinhibi-
tion of ACh release via muscarinic receptors.

5. Conclusion

We were able to monitor myocardial interstitial ACh levels in the
right atrium around the SA node using a microdialysis technique.
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Myocardial interstitial ACh level in the right atrium correlates well
with atrial rate. Microdialysis combined with HPLC will become a
powerful tool for understanding the parasympathetic control of heart
rate,
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Abstract— Although implantable cardioverter-defibrillators
have improved significantly in the past decades, the algorithms
used in the identification of life-threatening arrhythmias are
still not accurate enough. Conventional methods commenly
misclassify tachycardias, sometimes initiating an unnecessary
and uncomfortable treatment. In this paper, we proposed a new
method for the identification of ventricular tachycardias and
fibrillations based on the comparison of simultaneous electro-
grams. Our method could successfully separate supraventricu-
lar tachycardias and normal sinus rhythm, which do not require
any treatment, from ventricular tachycardias and fibrillation,
which are life-threatening arrhythmias and must be terminated,
with a sensitivity of 93.0% and a specificity of 92.7% from the
comparison of ventricular electrograms. In future studies, the
classification using electrograms from the right heart must be
improved.

I. INTRODUCTION

Each year in the United States, about 450,000 people die
of unexpected sudden cardiac death [1]. Further, it is known
that the risk of a recurrence is high in survivors of sudden
cardiac death. Therefore, in patients at risk for recurrent
sustained ventricular tachycardia (VT) or fibrillation (VF),
implantable cardioverter defibrillators (ICDs) are used to
automatically deliver electrical shocks in order to restore the
normal rhythm.

The ICDs have been used for more than 2 decades; in
this period they have improved substantially becoming highly
effective in terminating malignant arthythmias. However the
detection of life-threatening arrhythmias still lacks accuracy.
Delivery of inappropriate shocks, commonly related to the
misclassification of a supraventricular tachycardia (SVT) as
a VT, can lead to pain, anxiety, depression, impaired quality
of life, proarrhythmia, and poor tolerance of life-saving ICD
therapy [2}, [3], [4], [5], [6].
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On the other hand, the long ICD lifetime operating with
typical batteries demands very low power consumption by
the ICD microprocessor, which limits the use of complex
detection algorithms [3].

Conventionally, ventricular arrhythmias are detected either
based on the heart rate or based on the electrograms (EGMs)
morphology. One example of criterion based on the heart
rate is to use programmable thresholds to discriminate the
arrhythmias since during a VF the heart rate is higher than
during a VT, and during a VT the heart rate is higher
than during a normal sinus rhythm (SR). The morphologic
criterion is based on comparing the EGM morphology with
a sample of pre-stored EGMs of each arrhythmia. However,
both heart rate and EGM morphology are not stable, which
makes it difficult to define a threshold or a particular mor-
phology for each arrhythmia.

In this paper we propose a method for detection of ventric-
ular arrhythmias based on the comparison of simultaneous
EGMs from the left ventricle (EGMjy), the right ventricle
(EGMpgy) and the right atrium (EGMpg,). Preliminary results
indicate that this algorithm permits earlier classification of
the cardiac: thythm and with a lower computational cost
than the conventional methods; however, further comparative
studies are necessary. During the SR or during a SVT, the
excitation is transmitted from the atrium to both ventricles
through the His-Purkinje bundle; therefore, the EGM of
both ventricles are synchronized with each other and with
the EGMg,. On the other hand, VTs and VFs are caused
by an ectopic electrical excitation in the ventricle which is
not transmitted through the His-Purkinje bundle causing the
ventricular electrograms to be independent of each other and
also of the EGMpg4.

1. METHODS

A. Data Description

In this study in vivo data were obtained from a dog in
an acute experiment. EGMs were measured from leads in
the left and right ventricles and right atrium and sampled at
250Hz. SVT was simulated by right atrial pacing. VT was
simulated by right or left ventricular pacing. And VF was
induced by electrical stimuli after the R-wave of the surface
electrocardiogram. The distribution of the episodes and the
length of the data of each rhythm are detailed in Table 1.
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TABLE I
NUMBER OF EPISODES AND TOTAL DURATION OF THE DATA OF EACH

RHYTHM
Number of Total
Episodes Duration [s]
SR 14 179.2
SVT 5 41.6
VT 7 61.4
VF 4 40.6

B. Preprocessing

The data were analyzed in a moving data window with
1.0s length and 0.2s shift. Before the analysis, the signals
were band-pass filtered between 0.8Hz and 35Hz to reduce
noise and remove the baseline. Next, the relative distribution
of each pair of EGMs was extracted from two dimensional
histograms with 5x5 bins. In Fig. 1 are represented examples
of histograms of EGMpy versus EGMpgy for the SR and for
some arrhythmias.
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Fig. 1. Histograms representing relative distribution of EGM;y and EGMgy
during (a) SR, (b) SVT, (c) VT and (d) VF

C. Classification

The classification was based on a decision tree using the
Pearson’s y? statistic and the variation of the histograms.
The first index was used to separate SRs and SVTs from
VTs and VFs, while the second one was used to separate
VTs from VFs.

The Pearson’s 2 statistic was used to test the null
hypothesis that the EGMy and the EGMpgy, or the EGMgy
and the EGMgy, are independent, which is false in SRs and
SVTs. The value of the test statistic x2

n; IIJ

x —ZZ Eu )

where O;j is an observed frequency, E;; is the expected
frequency if confirmed the null hypothesis and n is the
number of possible outcomes of each event.
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Fig. 2. Example of (1) FGMgy, (b) FGMyy, () FGMgaand (d) the

calculated x statistic (continuous line) and dispersion ¢ (dashed line)
during a SVT episode.

We calculated the x? using (2) approximating the joint
probability distribution (p(a;,b;)) to the frequency of each
bin of the histogram and the probability distribution corre-
sponding to each EGM (p(a;) and p(b;)) to the sum of the
frequency of each column and each row, respectively.
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Next, the dispersion of the histogram of two EGMs was
used to identify VFs. The dispersion of the histogram was
calculated as the standard deviation (&) of the counts in each
bin of the histogram, as in (3).

ng np

¥ )Z (ai;bj) — 1), 3)

i=1 j=

n,, np

where 11 is the mean of p(a;,bj).

The classification was validated using a 10-fold cross
validation. The training and validation sets were separated
maintaining a constant rate of 9:1 samples of each rhythm.
The thresholds were interactively defined as the value that
maximizes the sensitivity and the specificity of the classifi-
cation of the training set.

ITI. RESULTS

Figs. 2, 3 and 4 show examples of EGMs and the calcu-
lated indices during the transition to a SVT, a VT and a VF
episode, respectively. In the top three graphs ((a), (b) and (c))
of each figure are represented segments of EGMs acquired
simultaneously from the right ventricle, left ventricle and
right atrium. In the bottom graph (d) of each figure are
shown the values of the indices used for the classification:
x2-statistic and o, extracted from the ventricular EGMs
represented in the top graphs.

2499



EGMg,,
3

 fft
AT

EGM, ,,

aj‘——

l

=

©)

2 At

Fig. 3. Example of (a) FGMgy, (b) EGMy, (c) EGMgsand (d) the
calculated xz statistic (continuous line) and dispersion ¢ (dashed line)
during a VT episode.

TABLE II
PERFORMANCE OF THE CLASSIFIER USING EGMjy AND EGMgy
(VENTRICULAR ARRHYTHMIAS VS. OTHER RHYTHMS)

VT or VF SR or SVT
Shock TP = 549 FP = 86
Ignore FN = 41 TN = 1104
Sensitivity = 93.0%  Specificity = 92.7%

The results from the validation of the classifier are shown
in Tables II - V. In the classification using both ventricular
EGMs, EGMyy and EGMpgy, the mean (4 standard devia-
tion) threshold for the x2 was 76.4 (£ 1.9) and the mean
threshold for the o was 16.8 (& 0.3). In the classification
using ECGs from the right heart, EGMr4 and EGMpy, the
mean (& standard deviation) threshold for the 2 was 61.1
(£ 0.9) and the mean threshold for the ¢ was 13.2 (£ 0.2).

The sensitivity and specificity of the classifier were calcu-
lated from the sum of the respective true positive (TP), false
positive (FP), false negative (FN) and true negative (TN) of
each interaction of the cross validation. The detailed results
of the detection of life-threatening arrhythmias, by separating
VTs and VFs from SVTs and SRs, are shown in Tables II and
IV. The results of the decision of whether the ICD should
apply a shock to recover from a VF, or start pacing to recover
from a VT, are detailed in Tables III and V.

The results presented in Tables 1T and III correspond to
the classification based on the EGMpy and the EGMpy,
which are available only in biventricular ICDs. The results
presented in Tables IV and V correspond to the classification
based on the EGMg, and the EGMpgy, which are available
also in dual chamber ICDs.

SR

[ %

" bbbl »WW i
? / \/JU\M Y M W \/\\1

(d) 400

()

EGM,,

EGML

EGMRA

N ' ' 40
1

0 . h
320 322 324 326 328
Time [s]

Fig. 4. Example of (a) EGMgy, (b) EGMy, (c) EGMgsand (d) the
calculated xz statistic (continuous line) and dispersion ¢ (dashed line)
during a VF episode.

TABLE III
PERFORMANCE OF THE CLASSIFIER USING EGMy AND EGMgy
(VT vs. VF)
VF VT
Shock TP = 229 FP=17
Pacing FN =10 TN = 303
Sensitivity = 95.8%  Specificity = 97.7%

IV. DISCUSSION

Conventional methods for the discrimination of the car-
diac rhythms have a special limitation for the separation
between SVTs and VTs. Studies using morphology-based
algorithms have reported higher specificity and sensitivity in
this detection, however it was still necessary to have a more
accurate method that could fit the low computational cost
requirements of an ICD [5].

In this paper, we proposed a new algorithm for the detec-
tion of arrhythmias for ICDs. On the basis of the comparison
of EGMs, VF and VT were separated from SVT or SR by
the comparison of the independence of the two simultaneous
EGMs. It was observed that during the normal SR, and also
during SVT, there was a high similarity especially between
the EGMyy and the EGMpgy, which decreased during ven-
tricular arrhythmias. Dependencies are commonly measured
using mutual information or y? statistics; in this study, we

TABLE 1V
PERFORMANCE OF THE CLASSIFIER USING EGMg4 AND EGMpgy
(VENTRICULAR ARRHYTHMIAS VS. OTHER RHYTHMS)

VT or VF SR or SVT
Shock TP = 439 FP =318
Ignore FN = 151 TN = 872
Sensitivity = 74.4%  Specificity = 73.3%
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