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Abstract

Background: Donepezil, an acetylcholinesterase inhibitor, is reported to prevent cardiac pumping dysfunction
in rats with chronic heart failure (CHF). Because energy substrate switching is a potential therapeutic target for the
pharmacological treatment of CHF, we investigated the effect of donepezil on cardiac energy metabolism.

Methods and Results: After induction of myocardial infarction (Ml), rats were assigned to untreated and
donepezil-treated (DPZ) groups. At the chronic phase of MI, resting heart rate was comparable between the
untreated and DPZ groups. Nevertheless, left ventricular contractility evaluated in Langendorff-perfused hearts
was significantly improved by donepezil treatment. At the same time point, the expression level of cardiac glucose
transporter (GLUT) was significantly higher in the DPZ group than in the untreated group. In vitro studies showed
that cultured cardiomyocytes treated with donepezil expressed high levels of GLUT and also exhibited accelerated
cellular glucose uptake. Moreover, the beating rate of DPZ cardiomyocytes was approximately 2-fold higher than that
of untreated control cells. Fasentin, a glucose transporter inhibitor, nullified the effects of donepezil, indicating that
donepezil increases cellular activity by promoting glucose utilization in cardiomyocytes.

Conclusion: The present study suggests that donepezil exhibits cardioprotective action by chronically

modulating glucose metabolism in the failing heart.
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Introduction

The heart has been frequently described as a “metabolic omnivore”
because it utilizes a variety of oxidizable substrates such as fatty acids and
carbohydrates to produce energy for contraction, either simultaneously
or vicariously. Moreover, under stress conditions, the heart readily
changes the substrate to the most advantageous one according to the
underlying physiological condition [1,2]. This metabolic remodeling,
so-called substrate switching, occurs in the failing heart, which is
characterized by a reduction in fatty acid oxidation and an increase in
glucose utilization [3,4]. Although it is still not completely understood
whether metabolic remodeling is beneficial or detrimental, stimulating
glucose utilization is preferable for the failing heart rather than
normalizing substrate metabolism by stimulating fatty acid utilization
[5]. Therefore, cardiac metabolism is a potential therapeutic target for
the pharmacological treatment of chronic heart failure (CHF), and a
drug that has the ability to facilitate glucose utilization can be a novel
candidate for the prevention and treatment of CHF.

A series of animal and clinical studies conducted by our group
has shown a beneficial effect of donepezil in CHF [6-13]. Although
donepezil is widely used as an acetylcholinesterase inhibitor for the
treatment of Alzheimer’s disease [14,15], our experimental studies
have demonstrated that donepezil elicits various effects on the
cardiovascular system, independent of cholinesterase inhibitory
actions [10,12,13]. Without slowing heart rate, donepezil improved
long-term survival in animals with CHF through upregulation of
anti-apoptotic and angiogenic factors in cardiac and endothelial cells
[12,13]. However, it remains to be elucidated whether donepezil affects
metabolic remodeling in CHF.

In the present study, we focused on donepezil-induced alterations
in cardiac expression of genes/proteins related to energy metabolism
in an ischemic CHF model and in cultured rat cardiomyocytes. The
present results show that chronic oral administration of donepezil
prevents the progression of left ventricular dysfunction after myocardial
infarction (MI) without affecting heart rate, and that donepezil
increases cellular glucose utilization by upregulating the expression
of glucose transporters (GLUTs). Here we suggest that donepezil-
induced acceleration of myocardial glucose utilization may represent a
mechanism for cardioprotection in the failing heart.

Materials and Methods
Animal

The care and use of laboratory animals were in strict accordance
with guidelines of the Physiological Society of Japan and were approved
by the Animal Research Committee of Kochi Medical School (Permit
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Number: D-00019). Male Wistar rats (aged 9-11 weeks and weighing
200-270 g) were purchased from Japan SLC (Hamamatsu, Japan) and
were allowed free access to food and water or drug in a temperature-
controlled room with a 12/12-hr light/dark cycle.

Animal model and drug administration

After induction of anesthesia with sodium pentobarbital (50 mg/
kg, intraperitoneally), rats were artificially ventilated (5% carbon
dioxide and 95% oxygen) using a volume-controlled Rodent Ventilator
Model 683 (Harvard Apparatus, MA, USA) with a stroke volume of 3
mL and a respiratory rate of 60 strokes/min. A left-side thoracotomy
was performed to expose the heart, and MI was induced by permanent
occlusion of the left coronary anterior descending branch with a 7-0
silk suture (Akiyama MEDICAL MFG, Tokyo, Japan). Myocardial
ischemia was confirmed by elevation of the ST segment on the
electrocardiogram. After rats recovered from ventricular arrhythmias,
which frequently occur in an ischemic heart, the thorax was closed
with a 4-0 polyester suture (Bear Medic, Tokyo, Japan). In a sham
group of rats, the same surgical procedures were performed except for
the ligation of the coronary artery. During surgery, rats were placed
on a warming pad to maintain the body temperature at approximately
37°C. Infarcted rats were randomly divided into two groups: untreated
and donepezil-treated (DPZ) groups. Donepezil (Eisai Co., Ltd., Tokyo,
Japan) was dissolved in drinking water and administrated to rats for 8
weeks at a dosage of 5.0 mg/kg/day. Donepezil was administrated not
only to sham-operated and infarcted rats but also to normal rats for 7
days at the same concentration to investigate the effect of donepezil on
myocardial energy metabolism.

Tail-cuff system and Langendorff-perfused heart preparation

In sham-operated and infarcted rats, heart rate was measured
noninvasively by a tail-cuft system with data analysis software (BP-
98A, Softron, Tokyo, Japan) at 8 weeks postoperatively. Thereafter,
cardiac contractility was evaluated in isolated and Langendorff-
perfused hearts prepared under isovolumic conditions following
our previously reported method with some modifications [16]. The
details are described in the supplementary material. Left ventricular
peak systolic pressure (LVPSP), left ventricular end-diastolic pressure
(LVEDP), and left ventricular developed pressure (LVDP, an index
of cardiac contractility defined as the difference between LVPSP and
LVEDP) were measured at different left ventricular volumes. The left
ventricular end-systolic elastance (Ees) was estimated from linear
regression analysis of the pressure-volume curves at 100 mmHg of
LVPSP according to Sato et al. [17].

Cardiomyocyte isolation and drug treatment

Cardiomyocytes were harvested from 2-3-day-old neonatal rats
by a collagenase/trypsin digestion protocol as described previously
[18]. The details are described in the supplemental material. Isolated
cardiomyocytes were seeded into 6-well or 12-well plates at a density
of more than 1 x 10° cells/cm? and incubated at 37°C for more than
24 hr. After medium was replaced with fresh conditioned Dulbecco’s
Modified Eagle Medium (DMEM, Wako Pure Chemical Industries,
Lt., Osaka, Japan) with or without donepezil at a concentration
of 10 uM, cells were further incubated at 37°C for 2-3 days. The
concentration of donepezil was determined by referring to Takada et
al. who investigated the cell protective properties of donepezil [19].
mRNA or protein was obtained from the cultured cardiomyocytes
for reverse transcription-polymerase chain reaction (RT-PCR) or
Western blot analysis, respectively. Before harvesting, cellular beating

was observed under a conventional inverted microscope (CKX41SF,
Olympus Corporation, Tokyo, Japan) and expressed as beats per
minute (bpm).

Gene and protein expression analysis

RT-PCR and Western blot analyse were performed according to
the methods described previously [10,20]. The methods are detailed in
the supplementary material.

Glucose uptake assay

To directly monitor glucose uptake in living cells, a fluorescently
labeled deoxyglucose analog, 2-NBDG [2-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino)-2-deoxyglucose, Life Technologies Japan Ltd.,
Tokyo, Japan] was used. Cardiomyocytes isolated from rat neonates
were cultured on glass bottom dishes (Matsunami Glass Industry, Ltd.,
Tokyo, Japan) in the conditioned DMEM described above with or
without donepezil (10 uM) at 37°C for 3 days. Cells were washed twice
with a phosphate-buffered saline (PBS) and then exposed to 2-NBDG
(100 uM) in the conditioned DMEM at 37°C for 10 min. After cells were
washed again with PBS, intracellular signals of 2-NBDG were observed
and photographed with a confocal laser scanning microscope FV-300
(Olympus, Tokyo, Japan). Intensity values of the fluorescence signals of
2-NBDG within randomly selected areas (400 pm?) in captured digital
images were quantitatively measured to evaluate the effect of donepezil
on cellular glucose uptake ability.

Statistical analysis

Results are presented either as means + standard deviations
(SDs) or a percentage compared with an untreated control sample.
Nonparametric comparisons between two groups were performed with
the Mann-Whitney U-test. Multiple comparisons among groups were
performed with a nonparametric one-way analysis of variance using
the Kruskal-Wallis test. A value of P<0.05 was considered statistically
significant.

Results

Effect of donepezil on cardiac contractility in rats following MI

At 8 weeks after surgical induction of MI, LVPSP and LVEDP
were measured isovolumically at different left ventricular volumes in
Langendorff-perfused hearts of sham-operated (sham) and MI rats
(untreated and DPZ) to evaluate the effect of donepezil on cardiac
contractility. As shown in Figure la, the left ventricular volume at
100 mmHg of LVPSP was significantly greater in the infarcted groups
(untreated, 348 + 75 pL, P<0.05; DPZ, 332 + 58 uL, P<0.05) than in the
sham group (sham, 55 + 8 pL, Table 1). Moreover, Ees was significantly
lower in the infarcted groups (untreated, 0.24 + 0.06 mmHg/uL,
P<0.05; DPZ, 0.28 + 0.08 mmHg/uL, P<0.05) than in the sham group
(sham, 0.92 + 0.11 mmHg/uL, Table 1). These results indicate that
cardiac dilatation and pump dysfunction progresses during the 8 weeks
following MI. The DPZ group had a slightly higher LVPSP and lower
LVEDP compared with the untreated group at more than 200 pL of the
left ventricular volume (Figure 1a), resulting in a significantly higher
peak LVDP in the DPZ group than in the untreated group (untreated,
105 + 11 mmHg; DPZ, 125 + 11 mmHg, P<0.05, Figure 1b and Table
1). Heart rate was comparable between the infarcted groups (untreated,
364 + 10 bpm; DPZ, 346 + 22 bpm, P>0.05, Table 1). Moreover, the
heart weight to body weight ratio was significantly decreased in the
DPZ group compared with the untreated group (untreated, 4.52
+ 0.24 mg/g; DPZ, 3.91 + 0.48 mg/g, P<0.05, Table 1). These results
indicate that donepezil prevents the progression of postinfarct left
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ventricular dysfunction and sustains the cardiac contractile function
independently of heart rate.

Effect of donepezil on cardiac energy metabolism in rats
following MI

To understand the mechanism by which donepezil achieves
cardioprotective effect in rats with CHF, we investigated the left
ventricular mRNA expression of genes related to cardiac energy
metabolism, particularly genes involved in energy substrate uptake.
The mRNA expression of CD36, which is involved in fatty acid uptake
in the heart, and carnitine palmitoyltransferase I (CPT-I), which
is a key regulatory enzyme in the fatty acid metabolic pathway, was
significantly higher in the untreated group than in the sham group
(CD36: untreated, 132 + 6%, P<0.01; CPT-I: untreated, 114 + 9%,
P<0.05, Figures 2a,2b). The DPZ group did not show increased
expression of these genes (CD36: DPZ, 83 + 7%; CPT-I: DPZ, 98 +
9%, Figures 2a,2b). On the contrary, the mRNA expression of GLUTs
type 1 (GLUTI) and type 4 (GLUT4), which are membrane proteins
that facilitate cellular glucose uptake, was significantly lower in the
untreated group than in the sham group (GLUT1: untreated, 90 +
9%, P<0.05 and GLUT4: untreated, 81 + 7%, P<0.05, Figures 2¢,2d).
Although GLUT1 expression was not significantly different between
the infarcted groups (DPZ: 90 + 8%, P>0.05 vs. untreated, Figure 2c),
GLUT4 expression in the DPZ group was significantly higher than that
in the untreated group (DPZ: 104 + 9%, P<0.05 vs. untreated, Figure
2d). These results indicate that donepezil alters the cardiac substrate
preference from fatty acids to glucose for energy production in the
chronic phase of our rat model of MI.

Effect of donepezil on energy metabolism in cultured
cardiomyocytes

To investigate the direct effect of donepezil on myocardial energy
metabolism, gene and protein expression analyses were conducted
in vitro using isolated and cultured cardiomyocytes. RT-PCR
analysis showed that the mRNA expression of genes related to fatty
acid metabolism, CD36 and CPT-], in DPZ cardiomyocytes was not
significantly different from that in untreated cells (CD36: DPZ, 109 +
11%, P>0.05; CPT-I: DPZ, 136 + 20%, P>0.05), although a trend of
increased expression was observed for both genes (Figures 3a,3b). On
the other hand, the mRNA expression of GLUT1 and GLUT4 was
significantly increased in DPZ cardiomyocytes (GLUT1: DPZ, 142
+ 20%, P<0.05; GLUT4: DPZ, 160 + 20%, P<0.05) compared with
untreated cells (Figures 3c,3d). The upregulating effect of donepezil
on the expression of GLUTs was further confirmed at the protein
level. Western blot analysis showed that, compared to that in the
untreated cardiomyocytes, the protein expression of both GLUTs was
significantly increased by donepezil treatment (GLUT1: DPZ, 133 +
11%, P<0.05; GLUT4: DPZ, 180 + 8%, P<0.05, Figures 4a,4b).

Next, to directly monitor glucose uptake in living cells, the
incorporation of 2-NBDG molecules was observed. Fluorescence
microscopy and quantitative analysis of captured images showed
that the fluorescence signal intensity of 2-NBDG in DPZ cells was
significantly greater than that in untreated cells (DPZ, 185 + 60%,
P<0.01, Figures 5a,5b). Pretreatment with 100 uM fasentin, a glucose
transporter inhibitor, blocked the upregulating effect of donepezil on
2-NBDG uptake (fasentin/DPZ, 83 + 27% P<0.01 vs. DPZ, Figures
5a,5b). These results, together with the results described above, suggest
that donepezil enhances glucose uptake by increasing GLUT expression
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Figure 1: Pressure—volume relationships in sham-operated (sham) and Ml rats [untreated and donepezil-treated (DPZ) groups] at 8 weeks postoperatively. (a) Left
ventricular peak systolic pressure (LVPSP) —volume curves and left ventricular end-diastolic pressure (LVEDP) —volume curves. Black filled circles, sham LVPSP;
black open circles, sham LVEDP; red filled circles, untreated LVPSP; red open circles, untreated LVEDP; blue filled circles, DPZ LVPSP; and blue open circles, DPZ
LVEDP. The DPZ group had a slightly higher LVPSP and lower LVEDP compared with the untreated group at a left ventricular volume of more than 200 pL. (b) Left
ventricular developed pressure (LVDP) —volume curves. Black circles, sham LVDP; red circles, untreated LVDP; and blue circles, DPZ LVDP. The DPZ group had a
significantly higher peak LVDP than the untreated group. Error bars represent standard deviations.
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Figure 2: Left ventricular mRNA expression of genes related to myocardial
energy metabolism in the sham-operated (sham) and Ml rats [untreated and
donepezil-treated (DPZ) groups] at 8 weeks postoperatively. (a) CD36, (b)
CPT-I, (c) GLUT1, and (d) GLUT4. Black bars, sham; red bars, untreated; and
blue bars, DPZ. The mRNA expression of CD36 and CPT-I was significantly
higher in the untreated group than in the sham group and was significantly
lower in the DPZ group than in the sham and untreated groups. On the
contrary, the mRNA expression of GLUT1 and GLUT4 was significantly
lower in the untreated group than in the sham group. Although there was no
significant difference in GLUT1 expression between the infarcted groups, the
mRNA expression of GLUT4 was significantly higher in the DPZ group than
in the untreated group. Error bars represent standard deviations.

sham infarcted
untreated DPZ

n 5 6 6
HR (bpm) 338 £ 21 364 £ 10 346 £ 22
LWV (uL) 55+8 348 + 75 # 332+ 58 #
Ees (mmHg/ul)  0.92 % 0.11 0.24 £ 0.06 # 0.28 £ 0.08 #
(Pn‘j;f_';\)/DP 163 £ 15 105+ 11# 125 + 11 #, ##
HW/BW (mg/g)  [2.90 £ 0.11 4524024 # 3.91+0.48 %, ##

Values are means = SD. HR: heart rate; LVV: left ventricular volume at 100
mmHg of LVPSP; Ees: end systolic elastance at 100 mmHg of LVPSP; LVDP: left
ventricular developed pressure; HW/BW: heart weight to body weight ratio; DPZ:
donepezil-treated group.

#, P<0.05 versus sham group.

##, P<0.05 versus untreated group.

Table 1: Physiological characteristics in sham-operated and infarcted rats at 8
weeks following Ml

in cardiomyocytes.

To further investigate the effect of donepezil on living cells, the
rate of spontaneous beating was measured in cultured cardiomyocytes
treated with or without donepezil. As shown in Figure 6, the beating
rate of DPZ cells was significantly higher than that of untreated cells
(untreated, 48 + 4 bpm; DPZ, 93 + 4 bpm, P<0.01). Fasentin treatment
alone significantly lowered the beating rate (fasentin, 19 + 6 bpm,
P<0.01 vs. untreated). The donepezil-induced increase in the beating
rate was partially, but significantly, attenuated by fasentin treatment

(fasentin/DPZ, 66 + 12 bpm, P<0.01 vs. DPZ). The inhibitory effect of
fasentin on the beating rate of untreated and DPZ cells was nullified
after washing cells with fresh culture medium, which resulted in the
full recovery of the rate [untreated (W), 49 + 7 bpm and DPZ (W), 99
+ 12 bpm, P<0.01]. These findings indicate that donepezil increases the
spontaneous beating rate of cardiomyocytes through the activation of
glucose transporter function.

Effect of donepezil on cardiac energy metabolism in normal rats

The protein expression of GLUT1 and GLUT4 in cardiac tissues
of normal rats treated with or without donepezil was evaluated by
Western blot analysis. Compared with untreated rats, although the
difference did not reach statistical significance for GLUT4 (DPZ, 119 +
37%, P>0.05, Figure 7b), the cardiac protein expression of GLUT1 was
significantly increased in DPZ rats (DPZ, 137 + 51%, P<0.05, Figure 7a).

Discussion

In the present study, we investigated the effect of donepezil on
cardiac energy metabolism in an ischemic CHF model. Our results
indicate that donepezil activates myocardial glucose metabolism
by increasing the expression of GLUTs and accelerating glucose
uptake, and thereby donepezil can confer resistance against ischemic
conditions in cardiomyocytes and prevent the progression of
ventricular dysfunction after MI in rats.

In this study, the chronic effect of donepezil treatment on cardiac
contractility was evaluated in rats at 8 weeks after induction of MI. We
used the isolated heart preparation method developed by Langendorft
[21]. This vital technique is still widely used by a variety of cardiovascular
researchers. Because the preparation is free of other organs, it allows
the complete exclusion of peripheral influences on the isolated heart
and the direct evaluation of heart function [22]. The analysis showed a
slight elevation of LVPSP and a slight depression of LVEDP in the heart
of DPZ rats, resulting in a significantly greater LVDP in the DPZ group
than in the untreated group (Figure 1 and Table 1). Similar results were
obtained in infarcted rats evaluated at 6 weeks after the induction of MI
(data not shown), indicating that donepezil prevented the progression
of postinfarct ventricular dysfunction during the treatment period.

Donepezil is the most frequently prescribed medication for the
symptomatic treatment of patients with mild to moderate Alzheimer’s
disease worldwide. In this study, the dose of donepezil administrated
to rats was 5.0 mg/kg/day, which was about 50 times higher than
the therapeutic doses used in the clinical setting. However, although
different from that used in humans, a daily dose of 5.0 mg/kg has been
extensively used in animal studies without any side effects [13,23].
In a preliminary study, we confirmed that this dose of donepezil was
the submaximal dose that did not cause side effects such as vomiting,
diarrhea, anorexia, or growth retardation. Moreover, MI rats treated
with a 10 times lower dose of donepezil (0.5 mg/kg/day) also showed
preserved cardiac contractility comparably with those treated with the
higher dose (data not shown), suggesting that the donepezil dose used
in the present study (5.0 mg/kg/day) was not necessarily required for
CHF treatment. Recently, the U. S. Food and Drug Administration
(FDA) approved the dose of 23 mg once daily in patients with moderate
to severe Alzheimer’s disease. This dose may cause slow heartbeat as
a side effect [24]. However, we have reported that donepezil exhibits
a cardioprotective effect in failing murine hearts in a heart rate-
independent manner [10,13]. Also, in the present study, donepezil
improved cardiac contractility without slowing heart rate (Table 1).
These results suggest that the donepezil-induced cardioprotection is
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elicited not by its bradycardiac action but through its direct action
on the failing hearts or damaged cardiomyocytes. Clinical trials
have consistently shown the high efficacy, good safety, and favorable
tolerability profiles of donepezil [25-27]. From the perspective of clinical
use of donepezil for cardiovascular diseases, the effect of donepezil
on mortality and prognosis in patients with heart failure seems to be
very important in translational research. Our previous retrospective
cohort investigation suggested a potential efficacy of donepezil in
lowering cardiovascular mortality in patients with Alzheimer’s disease
[6]. Moreover, our recent prospective clinical study showed that no
cardiovascular changes occurred during treatment with donepezil in
patients with dementia [7]. These results, together with earlier clinical
studies, suggest that donepezil can be a new potential candidate for a
clinically useful drug applicable for the prevention and treatment of
heart failure. A recently published clinical study also supports our
proposed usage of acetylcholinesterase inhibitors including donepezil
in the clinical setting, with an expected protective effect on overall
cardiovascular mortality in patients with dementia [28,29].

In the present study, we investigated the direct effect of donepezil
on myocardial energy metabolism, particularly on the expression of
genes involved in energy substrate uptake using isolated and cultured
cardiomyocytes. We chose CD36 and CPT-I as the indices for fatty
acid metabolism and GLUTI and GLUT4 as the indices for glucose
metabolism. The membrane protein CD36 plays an important role
in long-chain fatty acid binding/transport from the extracellular
compartment to the cytoplasm [30]. It has been demonstrated that
mice null for CD36 exhibit reduced uptake and utilization of long-chain
fatty acids in the heart [31], and that mice with CD36 overexpression in
the muscle exhibit a decrease in serum fatty acids [32], indicating that
CD36 is necessary for fatty acid uptake. CPT-I is a key enzyme involved
in the regulation of fatty acid oxidation [33]. CPT-I is located on the
outer mitochondrial membrane and converts long-chain fatty acyl-CoA
to acylcarnitine. Because CPT-I is responsible for the first step in fatty
acid oxidation in mitochondria, considerable attention has been paid
to its functional features [34]. As shown in Figure 2, the cardiac mRNA
expression of CD36 and CPT-I was higher in the untreated MI group
than in the sham group, indicating that cardiomyocytes somehow
attempted the uptake of fatty acids to efficiently produce energy in the
failing heart. However, it seems to be a wasted effort due to myocardial
ischemia resulting from poor oxygen supply. In vitro experiments
using cultured cardiomyocytes showed that donepezil significantly
increased the protein expression of GLUTs (Figure 4) and accelerated
cellular glucose uptake (Figure 5). Moreover, oral administration of
donepezil also increased the cardiac expression of GLUTSs in normal
and infarcted rats (Figures 2,7). Therefore, donepezil might have
an ability to enhance cardiac glucose utilization regardless of the
pathophysiological condition. In the DPZ group of MI rats, the mRNA
expression of genes not related to fatty acid uptake but rather to glucose
uptake was increased (Figure 2). When cells incorporate glucose, the
transport of glucose across the plasma membrane occurs by facilitated
diffusion through selective transport proteins of the GLUT family.
In cardiomyocytes, the predominant glucose transport isoforms are
GLUT1 and GLUT4 [35]. The GLUT1/GLUT4 ratio in rat hearts varies
from 0.1 to 0.6 [36]. Because of its greater expression in cardiomyocytes,
GLUT4 is responsible for the majority of glucose uptake. Therefore, the
number of GLUT4 molecules present at the cell surface is the major
determinant of glucose uptake into cardiomyocytes [37]. Among the
donepezil-induced alterations in gene expression, the enhancement
of glucose metabolism seemed to have a greater contributive effect for
efficient energy production in CHF rather than the suppression of fatty
acid metabolism. GLUT4-deficient mice exhibit cardiac hypertrophy

and impaired cardiac contractile performance [38]. Moreover,
transgenic mice with cardiac-specific overexpression of GLUT1 show
attenuated development of cardiac failure when subjected to a chronic
pressure overload [39]. These studies using genetically modified mice
revealed that increasing myocardial glucose uptake and facilitating
glycolysis without any alteration in fatty acid metabolism protected
against cardiac dysfunction and prevented the progression to CHF. In
cultured cardiomyocytes, as shown in Figure 3, donepezil increased
mRNA expression of GLUTSs without any changes in the expression
of mRNA related to fatty acid incorporation, which may explain the
cardioprotective effect of donepezil observed in cardiac tissue in DPZ

a b
% of untreated % of untreated
200 200
N.S.
_
E 150 us £ 150 I
o — 1 S
£ I £
s 100 ® 100
20 k)
< <
g so Z 50
3 €
0 0
untreated DPZ untreated DPZ
c d
% of untreated % of untreated
200 200 P<0.05
P<0.05 .|,
5 150 I £ 150
o) [c]
£ £
T 100 T 100
i) )
= @
% 50 % 50
0 0
untreated DpPZ untreated 2]
Figure 3: mRNA expression of genes related to myocardial energy metabolism
in primary cultured rat cardiomyocytes with or without donepezil treatment. (a)
CD36, (b) CPT-I, (c) GLUT1, and (d) GLUT4. Filled bars, untreated and open
bars, donepezil-treated (DPZ) cells. Although the mRNA expression of CD36
and CPT-l was comparable between untreated and DPZ cardiomyocytes, the
mRNA expression of GLUT1 and GLUT4 was significantly increased in the DPZ
cardiomyocytes. Error bars represent standard deviations.
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Figure 4: Protein expression of GLUT1 and GLUT4 in primary cultured rat
cardiomyocytes with or without donepezil treatment. (a) GLUT1 and (b)
GLUTA4. Filled bars, untreated and open bars, donepezil-treated (DPZ) cells.
Compared with the untreated cardiomyocytes, the protein expression of
both glucose transporters (GLUTs) was significantly increased by donepezil

treatment. Error bars represent standard deviations.
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rats following MI. It is still controversial whether other members of the
GLUT family are expressed in the heart. Grover-McKay et al. showed
that GLUT3 was present in adult and fetal human hearts [40]. On the
contrary, Haber et al. reported that GLUT3 protein was expressed in
testis and brain but not in the human heart [41]. To our knowledge, the
cardiac expression of GLUT?2 has not been investigated thus far.

It is usually accepted that cardiomyocytes preferentially utilize
fatty acid oxidation to meet energy requirements when oxygen is
abundant. Myocardial fatty acid oxidation is estimated to provide
more than 70% of the cardiac energy demand under resting conditions
[42,43]. However, a large amount of oxygen is required to utilize
the aerobic pathway for energy production. Because glycolysis
can occur when oxygen is depleted, it is reasonable to propose
that facilitating the anaerobic pathway in cardiomyocytes is more
efficient for producing energy under hypoxic conditions, and that
cardiomyocytes incorporating glucose as an energy substrate of the
glycolytic pathway acquire a level of resistance against ischemia. In this

study, we showed that donepezil increased the cardiac expression of
GLUTs, but the underlying mechanism remains uncertain. Based on
the results of our previous study, together with others, the following
mechanism is suspected. The pharmacological action of donepezil is
based on an increase in the acetylcholine (ACh) level via inhibition
of acetylcholinesterase activity. ACh has been reported to upregulate
hypoxia-inducible factor (HIF)-1 alpha even in normoxic conditions
[44]. HIF-1 alpha is well known as a master transcriptional factor that
positively regulates the expression of glucose metabolism-related genes
including GLUTS [45]. Therefore, it is conceivable that ACh and HIF-1
alpha play important roles in the donepezil-induced upregulation of
GLUT expression. Our recent report that the newly developed heart-
specific choline acetyltransferase (ChAT) transgenic mice show higher
levels of ACh and HIF-1 alpha protein and also more augmented
expression of cardiac GLUTSs and increased cardiac glucose contents
compared with those levels in the wild-type mouse heart [46] also
further strengthens the involvement of ACh and HIF-1 alpha in the

fasentin

a untreated

% of untreated

b

250 -«
200 1

150 4

signal intensity

50 +

untreated

Figure 5: (a) Glucose uptake assay with a fluorescently labeled glucose analog 2-NBDG in primary cultured rat cardiomyocytes with or without donepezil treatment.
Upper and lower panels represent fluorescence micrographs showing signals of incorporated 2-NBDG in cardiomyocytes and differential interference contrast images
corresponding to the fluorescent images, respectively. Scale bars represent 20 ym. (b) Quantitative analysis of fluorescence signal intensity of 2-NBDG in captured
images presented in Figure 5a. The 2-NBDG fluorescence signal in DPZ cells (DPZ) was significantly greater than that in untreated cells (untreated). Pretreatment
with 100 uM fasentin, a glucose transporter inhibitor, blocked 2-NBDG uptake by DPZ cardiomyocytes (fasentin/DPZ). a, P < 0.01 versus untreated. b, P < 0.05 versus

untreated. ¢, P < 0.01 versus DPZ. Error bars represent standard deviations.
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Figure 6: The effect of donepezil on the spontaneous beating rate of primary
cultured rat cardiomyocytes with or without donepezil treatment. The beating
rate of DPZ cells (DPZ) was significantly greater than that of untreated cells
(untreated). Fasentin treatment significantly lowered the beating rate (fasentin).
The donepezil-induced increase in the beating rate was partially attenuated
by fasentin treatment (fasentin/DPZ). The inhibitory effect of fasentin on the
beating rate of untreated and DPZ cells was fully recovered after cells were
washed with fresh culture medium [untreated (W) and DPZ (W)]. a, P < 0.01
versus untreated. a’, P < 0.01 versus untreated (W). b, P < 0.01 versus fasentin.
¢, P <0.01 versus DPZ. Error bars represent standard deviations.
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Figure 7: Left ventricular protein expression of GLUT1 (a) and GLUT4 (b) in
untreated (untreated) and donepezil-treated (DPZ) rats. Although the difference
in GLUT4 expression did not reach statistical significance (b), the cardiac protein
expression of GLUT1 was significantly increased in the DPZ group compared
with the untreated group (a). Error bars represent standard deviations.

mechanism of action of donepezil. Moreover, it has been reported
that cardiomyocytes possess an ACh synthesis system that is activated
by donepezil [11]. The non-neuronal cholinergic system might
also be involved in efficient glucose metabolism in cardiomyocytes.
Additionally, a number of experimental studies strongly suggest that
donepezil directly affect cells via a mechanism that is independent of its
pharmacological action of acetylcholinesterase inhibition [19,47-49].
Further investigation is needed to determine the molecular mechanism
of the donepezil-induced increase in the efficiency of cardiac glucose
utilization.

Primary cultured cardiomyocytes have been widely recognized as
a valuable tool for pharmacological studies [50]. It can be observed
under a microscope that cardiomyocytes start to beat spontaneously
and synchronously after a few days in culture. In the present study,
unexpectedly, the beating rate of cardiomyocytes treated with donepezil
was approximately 2-fold higher than that of untreated cells (Figure 6).

From the observed results, we hypothesize that cardiomyocytes treated
with donepezil could more efficiently produce the energy required
for greater cellular activity than the untreated cells via facilitation of
a glycolytic metabolism that requires less oxygen. This hypothesis is
also supported by our recently published study in which we found
that ChAT-overexpressing cells have upregulated GLUT protein
expression and glucose uptake as well as increased cellular ATP levels
[51]. In the present study, we used fasentin, a glucose transporter
inhibitor, to determine if donepezil actually affects glucose uptake and
the spontaneous beating rate of cardiomyocytes through the function
of GLUTs. Our results show that fasentin treatment fully blocks the
donepezil-induced increase in glucose uptake (Figure 5) and partially
attenuates the donepezil-induced increase in the beating rate of
cardiomyocytes (Figure 6). Fasentin is known to be a GLUT1 inhibitor
[52]. Using virtual docking studies, fasentin was found to inhibit
glucose uptake by binding the intramembrane channel of GLUT1 [53].
Therefore, the selective inhibitory action of fasentin against GLUTs
might account for the insufficient inhibition of the facilitative effect of
donepezil on cardiomyocyte beating. Further investigation using an
inhibitor specific for GLUT4 or all members of the GLUT family is
needed to clarify the molecular mechanisms of the donepezil-induced
increase in cardiac glucose metabolism. Another molecular approach
involving a knockdown assay using short hairpin RNA or small
interfering RNA specific for GLUT1 and/or GLUT4 seems to offer
a method for definitively identifying which GLUT isoform plays the
most important role in the transport of glucose in cardiomyocytes.

In conclusion, the present study showed for the first time that
donepezil has the ability to facilitate cellular glucose utilization by
increasing the expression of myocardial GLUTs, and through this
action, donepezil prevented the progression of cardiac dysfunction and
sustained the left ventricular contractility without affecting heart rate
during the chronic phase of MI in rats. Therefore, donepezil represents
a new potentially clinically useful drug candidate for CHF therapy.
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