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Abstract
The acetylcholinesterase inhibitor donepezil restores autonomic balance, reduces inflammation, and improves long-term
survival in rats with chronic heart failure (CHF) following myocardial infarction (MI). As arterial hypertension is associated
with a significant risk of cardiovascular death, we investigated the effectiveness of donepezil in treating CHF in
spontaneously hypertensive rats (SHR). CHF was induced in SHR by inducing permanent MI. After 2 weeks, the surviving
SHR were randomly assigned to sham-operated (SO), untreated (UT), or oral donepezil-treated (DT, 5 mg/kg/day) groups,
and various vitals and parameters were monitored. After 7 weeks of treatment, heart rate and arterial hypertension reduced
significantly in DT rats than in UT rats. Donepezil treatment improved 50-day survival (41% to 80%, P= 0.004); suppressed
progression of cardiac hypertrophy, cardiac dysfunction (cardiac index: 133 ± 5 vs. 112 ± 5 ml/min/kg, P < 0.05; left
ventricular end-diastolic pressure: 12 ± 3 vs. 22 ± 2 mmHg, P < 0.05; left ventricular +dp/dtmax: 5348 ± 338
vs. 4267 ± 114 mmHg/s, P < 0.05), systemic inflammation, and coronary artery remodeling (wall thickness: 26.3 ± 1.4 vs.
34.7 ± 0.7 μm, P < 0.01; media-to-lumen ratio: 3.70 ± 0.73 vs. 8.59 ± 0.84, P < 0.001); increased capillary density; and
decreased plasma catecholamine, B-type natriuretic peptide, arginine vasopressin, and angiotensin II levels. Donepezil
treatment attenuated cardiac and coronary artery remodeling, mitigated cardiac dysfunction, and significantly improved the
prognosis of SHR with CHF.
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Introduction

The prevalence of chronic heart failure (CHF) continues to
increase rapidly worldwide, andmortality andmorbidity rates
among patients with CHF remain unacceptably high despite
the practice of guideline-directed medical therapy [1–3]. In
recent decades, significant progress has been achieved in
treating CHF by targeting autonomic dysfunction associated

with persistent compensatory mechanisms, which are key
determinants of long-term morbidity and mortality [4–6].
CHF pathophysiology involves sympathetic over-activity
and parasympathetic withdrawal [7, 8]. The detrimental
health effects of excessive neurohumoral activation have led
to the use of beta-blockers, angiotensin-converting enzyme
inhibitors (ACEIs), angiotensin II receptor blockers (ARBs),
and an angiotensin receptor-neprilysin inhibitor (ARNI) in
patients with CHF, resulting in improved survival rates [9].

Decreased parasympathetic activity is an independent
risk factor following acute myocardial infarction (MI)
[10, 11]. We demonstrated that parasympathetic activation
via electrical vagal nerve stimulation significantly improved
long-term survival in rats with CHF following MI [12].
Although the vagal nerve structure and function potentially
differ between species, vagal nerve stimulation has also
been investigated in clinical trials [13–15]. Additionally, we
propose a novel pharmacotherapy for modulating para-
sympathetic function using donepezil, which is a centrally-

* Meihua Li
limeihua@ncvc.go.jp

1 Department of Cardiovascular Dynamics, National Cerebral and
Cardiovascular Center, Osaka 564-8565, Japan

2 New Business Development Group, Business Planning
Department, Sanyo Chemical Industries, LTD, Kyoto, Japan

3 Bio Digital Twin Center, National Cerebral and Cardiovascular
Center, Osaka 564–8565, Japan

http://crossmark.crossref.org/dialog/?doi=10.1038/s41440-024-01629-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41440-024-01629-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41440-024-01629-3&domain=pdf
mailto:limeihua@ncvc.go.jp


acting acetylcholinesterase (AChE) inhibitor. Donepezil
effectively prevented the progression of cardiac remodeling
and improved the long-term prognosis of rats with CHF
following extensive MI in both monotherapy and combi-
nation therapy with losartan [16, 17]. Donepezil is com-
monly prescribed for Alzheimer’s disease (AD) and
vascular dementia to increase central acetylcholine (ACh)
levels. Donepezil administration exerted cardioprotective
effects by supporting the vagal tone through central
mechanisms [18] and by exhibiting anti-inflammatory
effects [19].

In our previous studies investigating the beneficial effect
of donepezil, we induced CHF by coronary artery ligation
in normotensive Sprague–Dawley (SD) rats [16, 17]. The
model differed from clinical CHF in that the SD rats had
normal heart and vasculature before the induction of MI.
Meanwhile, hypertension and ischemic heart disease
represent important etiologic factors leading to CHF [20].
Hypertension results in hypertensive vascular remodeling
and increased total peripheral resistance [21]. Hypertensive
hearts frequently result in MI and then develop CHF.
However, the effectiveness of donepezil in treating CHF
associated with hypertension (CHF-HT) remains unknown.
Therefore, we examined the effects of donepezil on spon-
taneously hypertensive rats (SHR) with CHF following MI

to test the hypothesis that donepezil can be used to treat
CHF-HT.

Methods

A previous study has demonstrated that SHR has cardiac
hypertrophy compared with its normotensive counterpart,
Wistar–Kyoto (WKY) rats, and post-MI SHR better repro-
duces CHF symptoms compared with post-MI WKY rats
[22]. In this study, 90 male SHR (180–230 g; Japan SLC)
were used. The rats were cared for in strict accordance with
the Guiding Principles for the Care and Use of Animals in
the Field of Physiological Sciences, approved by the Phy-
siological Society of Japan. The Animal Subjects Com-
mittee of the National Cerebral and Cardiovascular Center
reviewed and approved all experimental protocols (15004
and 16002). The animals were housed individually with free
access to food and water and maintained on a 12-h light/
dark cycle.

Surgical preparation and experimental protocol

The experimental protocol is illustrated in Fig. 1. At
7 weeks of age, CHF was induced in the SHR as a result of
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permanent MI, as previously described [12, 16]. One week
later, radio telemetry transmitters (TA11PA-C40, DSI, St.
Paul, MN, USA) were implanted in the surviving rats to
measure the blood pressure (BP) and heart rate (HR) under
conscious state. Two weeks after the induction of MI, the
SHR were randomly divided into untreated (UT) and
donepezil-treated [DT, 5 mg/kg/day dissolved in drinking
water (50 mg/L)] groups. SHR in the sham operation (SO)
group underwent thoracotomy without coronary artery
ligation. During all the experiments, the animals were
anesthetized with halothane (3% at induction, 1.2% during
surgery, and 0.6% during data recording) and ventilated
through an endotracheal cannula. The body temperature was
maintained at 37 °C.

Hemodynamic measurements and cardiac
remodeling assessment

The 50-day survival was observed from 2 weeks after MI.
Then, we measured the hemodynamics of the surviving rats
under anesthesia. Left ventricular (LV) and arterial pres-
sures were measured using a 2-Fr catheter tip micro-
manometer (SPC-320; Millar Inc., Houston, TX, USA), and
aortic flow was measured using an ultrasonic flow probe
(T206 flow probes #2.5 SB; Transonic Systems Inc., NY,
USA). Effective arterial elastance (Ea) was calculated based
on the formula Ea= LV end-systolic pressure (LVESP)/
stroke volume, where the stroke volume = cardiac output/
HR. Right atrial pressure (RAP) was measured using a
fluid-filled pressure transducer. All signals were digitized at
a rate of 500 Hz for 1 min. Once the hemodynamic mea-
surements were made, blood samples were collected from
the carotid artery and centrifuged at 4 °C. The plasma

samples were then separated and stored at −80 °C until
needed for further assays. Finally, the experimental animals
were euthanized using an overdose of intravenous sodium
pentobarbital. The heart was rapidly excised and weighed
after the blood was rinsed off. It was sliced with a stainless-
steel slicer, and paraffin-embedded for determination of
infarct size and histological examination.

Plasma neurohumoral and cytokine measurement

Plasma catecholamine levels were measured using high-
performance liquid chromatography with electrochemical
detection after alumina adsorption. Plasma levels of B-type
natriuretic peptide (BNP), arginine vasopressin (AVP), and
angiotensin II (Ang II) were determined using ELISA
(BNP-32 Enzyme Immunoassay Kit, Peninsula Lab, CA,
USA; arg8 -Vasopressin Enzyme Immunoassay Kit, Assay
Designs, MI, USA; and angiotensin II enzyme immu-
noassay kit, SPI Bio, UK). Tumor necrosis factor (TNF)- α
and C-reactive protein (CRP) were measured using ELISA
(Rat TNF-α immunoassay kit, TECHNE Corporation, MN,
USA; Rat High-Sensitive CRP ELISA kit, Kamiya Bio-
medical Company, WA, USA).

Histological assessment of infarct size, myocardial
fibrosis, perivascular fibrosis, and coronary artery

The heart sections (4-µm thickness) were deparaffinized and
stained with either Masson’s trichrome to detect myocardial
fibrosis or Elastic van Gieson’s (EVG) to stain elastic fibers.
Histological images were obtained and analyzed using a
microscope (BZ-9000; Keyence, Osaka, Japan) equipped
with image analysis software. The infarct size was

Fig. 1 Experimental event and
protocol. a Sham operation (SO,
n= 8) in spontaneously
hypertensive rats (SHR).
b Inducing permanent
myocardial infarction (MI) in the
SHR. The surviving animals
were randomly assigned to the
untreated (UT, n= 22) or
donepezil-treated (DT, n= 20)
groups for cardiovascular
remodeling and prognosis
studies
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calculated based on the endocardial lengths of the infarcted
regions relative to the LV endocardial circumferences. The
extent of myocardial fibrosis was evaluated at 20× magni-
fication in eight fields in the non-infarcted area. Perivascular
fibrosis and the coronary artery were analyzed by examin-
ing the vessels that had inner diameters of 50–100 µm in the
non-infarcted area at 40× magnification.

Immunohistological assessment of myocardial
capillary vessels and coronary artery

Immunohistochemical triple staining for von Willebrand
factor (vWF), smooth muscle actin (SMA), and 4’,6-dia-
midino-2-phenylindole dihydrochloride (DAPI) was per-
formed on deparaffinized heart sections. The sections were
incubated overnight with rabbit anti-human vWF polyclonal
antibody (DakoCytomation, Denmark) and mouse anti-
human SMA monoclonal antibody (DakoCytomation,
Denmark) at 4 °C. Then, they were incubated with Alexa
633-conjugated goat anti-rabbit IgG and Alexa 488-
conjugated goat anti-mouse IgG (Invitrogen, OR, USA),
and the capillary vessels and coronary arteries were ana-
lyzed. The fluorescence emitted by Alexa 633, Alexa 488,
and DAPI (Alexa 350) was observed using a laser scanning
microscope (BZ-9000; Keyence, Osaka, Japan). The num-
ber of capillary vessels in the peri-infarcted area and non-
infarcted septa were counted using a laser scanning
microscope at 20× magnification in six fields. The coronary
arteries in the non-infarcted area were analyzed at 40×
magnification. The data obtained from the high-power fields
were averaged, and the number of capillary vessels and wall
thickness of the coronary arteries in each heart were
recorded.

Survival rate

The 50-day survival rates in the three groups (SO, n= 8;
UT, n= 22; DT, n= 20) were analyzed to examine the
outcomes of the donepezil therapy. The rats were inspected
daily, and a gross postmortem examination was conducted
on the dead rats. We classified the cause of death as heart
failure if we observed edema, extreme weight loss accom-
panied by panting over 24 h prior to death, or pleural
effusion. Otherwise, we classified the cause of death as
sudden cardiac death due to arrhythmia.

Statistical analysis

All statistical analyses were performed using GraphPad
StatMate Prism 7. All data are expressed as the mean ±
standard error of the mean (SEM). The differences in the
long-term recorded HR and mean BP (MBP) before and
during treatment in each group were examined using a one-

way analysis of variance (ANOVA) for repeated measures,
followed by Dunnett’s test. Differences among the three
groups (SO, UT, and DT) were examined using one-way
ANOVA, followed by Tukey’s multiple comparison tests.
For hemodynamic measurements under anesthesia and
remodeling data, differences among the three groups were
tested using one-way ANOVA followed by Tukey’s mul-
tiple comparison tests. For cardiac fibrosis and perivascular
fibrosis, differences among the three groups were tested
using nonparametric Kruskal–Wallis tests, followed by
Dunn’s tests. The neurohumoral and biochemical data were
also first analyzed using nonparametric Kruskal–Wallis
tests, and the overall differences were not detected among
the three groups. However, the number of samples in the SO
group was 5 due to blood sampling failure, which might
have reduced the statistical power to detect the differences
among the three groups. Accordingly, we performed a
subanalysis only between the UT and DT groups using the
nonparametric Mann–Whitney U-tests, with the limitation
in mind that the P values should be higher when they are
corrected for multiple comparisons. For coronary artery
remodeling data, we did not investigate the data in the SO
group, and the comparison was made between the UT and
DT groups using the nonparametric Mann–Whitney U-tests.
Survival data are presented as Kaplan–Meier curves, and
50-day survival was analyzed using a log-rank test. In all
statistical analyses, P < 0.05 was considered statistically
significant.

Results

Telemetric hemodynamic measurements in the
conscious state

Obtaining the continuous 5-week hemodynamic recording
was not successful for all rats because of difficulties in
measuring telemetric arterial pressure. The arterial pressure
waveform in some rats was strange, yet the HR was prop-
erly detected for the analysis. Therefore, the numbers of rats
analyzed for HR data were 6, 7, and 8 in the SO, UT, and
DT groups, respectively; those analyzed for MBP data were
6, 5, and 5 in the SO, UT, and DT groups, respectively.
Compared with the SO group, post-MI SHR in the UT and
DT groups presented a higher HR ( > 67 bpm) and lower
MBP ( <−28 mmHg) on day 14 post-MI before the com-
mencement of treatment (Fig. 2). Post-MI SHR showed a
decreasing trend for HR for the following 5 weeks. A sig-
nificant reduction in HR was observed from week 1 of
treatment in both UT and DT groups. The difference in HR
between the DT and UT groups reached approximately 50
bpm on week 5 of treatment (287 ± 9 vs. 334 ± 10 bpm,
P < 0.01) (Fig. 2a). The DT group exhibited slightly but
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significantly lower MBP than did the UT group from
week 1 of treatment (98 ± 1 vs. 104 ± 1 mmHg, P < 0.05)
(Fig. 2b).

The hemodynamic measurement under anesthesia
and cardiac remodeling

The hemodynamic parameters of the surviving rats after 7
weeks of treatment were measured under anesthesia
(Table 1). Compared with the SO group, post-MI SHR in the
UT and DT groups had lower body weight (BW) and higher
heart weight (HW). The post-MI SHR also exhibited lower
values for MBP, LVESP, cardiac index (CI), HR, positive
and negative maximum dp/dt of LV pressure (LV±dp/dtmax),
Ea, and systemic vascular resistance index (SVRI), whereas
they exhibited higher values for LV end-diastolic pressure
(LVEDP) and RAP. Compared with the UT group, the DT
group had significantly higher MBP, CI, and LV±dp/dtmax

values but lower LVEDP, RAP, and Ea values.

Cardiac structure

Although the infarct size did not significantly differ between
the UT and DT groups (Table 1), the prevention of cardiac
dysfunction in the DT group occurred together with the
prevention of cardiac remodeling, as evidenced by the
suppression of hypertrophy in HW. Histological analysis of
the heart revealed an association between preserved cardiac
function and histological changes. Figure 3a–c shows
representative images of biventricular sections, myocardial
interstitial fibrosis in the non-infarcted area, and perivas-
cular fibrosis in the vessels. Compared with the UT rats, the
DT rats presented significantly attenuated myocardial

fibrosis (Fig. 3d) and perivascular fibrosis (Fig. 3e), which
were similar to the levels observed among the SO rats.

Table 1 Hemodynamic and cardiac remodeling in SO and post-MI
SHR after the 7 weeks of treatment

SO (n= 8) UT (n= 9) DT (n= 15)

BW, g 361 ± 3 343 ± 2* 336 ± 5**

HW, g/kg 3.46 ± 0.04 4.09 ± 0.07** 3.83 ± 0.05**††

Infarct size, % N/A 48 ± 1 50 ± 1

MBP, mmHg 128 ± 3 89 ± 4** 101 ± 3**†

HR, bpm 313 ± 10 282 ± 6* 264 ± 7**

LVESP, mmHg 160 ± 9 104 ± 2** 114 ± 6**

LVEDP, mmHg 5 ± 3 22 ± 2** 12 ± 3†

CI, mL/min/kg 139 ± 8 112 ± 5* 133 ± 5†

LV+dp/dtmax, mmHg/s 7212 ± 370 4267 ± 114** 5348 ± 338**†

LV-dp/dtmax, mmHg/s 6808 ± 296 3146 ± 121** 4234 ± 322**†

RAP, mmHg 3.3 ± 1.1 7.9 ± 0.8* 4.1 ± 1.0†

Ea, mmHg/mL 1026 ± 105 780 ± 42 707 ± 48**

SVRI, mmHg×min×kg/
mL

0.91 ± 0.05 0.74 ± 0.05* 0.71 ± 0.03*

Data are expressed as mean ± SEM. Differences among the three
groups were tested using ANOVA, followed by Tukey’s multiple
comparison tests. Infarct size was tested using an unpaired t-test

MI myocardial infarction, SHR spontaneously hypertensive rats, BW
body weight, HW biventricular weight normalized by BW, MBP mean
arterial pressure, HR heart rate, LVESP left ventricular end-systolic
pressure, LVEDP left ventricular end-diastolic pressure, CI cardiac
index, LV+dp/dtmax positive maximum dp/dt of left ventricular
pressure, LV-dp/dtmax negative maximum dp/dt of left ventricular
pressure, RAP right atrial pressure, Ea arterial elastance, SVRI systemic
vascular resistance index, SO sham operation, UT untreated, DT
donepezil-treated, N/A not applicable

*P < 0.05 and **P < 0.01 vs. SO, †P < 0.05 and ††P < 0.01 vs. UT

Fig. 2 Hemodynamic changes
recorded using a telemetry
system. a Weekly averaged
heart rate (HR) and b mean
blood pressure (MBP). Each
point represents the 1-week
averaged data in each group [HR
(SO, n= 6; UT, n= 7; DT,
n= 8); MBP (SO, n= 6; UT,
n= 5; DT, n= 5)]. Values are
presented as mean ± SEM.
*P < 0.05 vs. pretreatment
values (week 0) of each group
by one-way ANOVA with
repeated measures and post-hoc
Dunnett’s test. Differences
among the three groups (SO,
UT, and DT) were examined
with one-way ANOVA,
followed by Tukey’s multiple
comparison tests. †P < 0.05 vs.
SO and ‡P < 0.05 vs. UT
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In Fig. 4, a–c depict vWF staining in the hearts, vWF and
SMA staining in the coronary arteries, and EVG staining in
the coronary arteries, respectively, obtained in the UT and
DT groups. Quantitative analysis indicated that microvessel
density (the vWF staining) was more pronounced and sig-
nificantly higher in the DT than in the UT group (Fig. 4d).
Immunohistological analysis of the vWF-SMA revealed
that the coronary artery wall was thinner (Fig. 4e), and the
media-to-lumen cross-sectional area ratio was lower in the
DT than in the UT group (Fig. 4f). Furthermore, the EVG
staining indicated the progression of coronary artery
remodeling (interstitial elastic membrane area/vascular
smooth muscle area ratio [23], Fig. 4g) in the UT group
compared with the DT group.

Neurohumoral and biochemical markers

Table 2 shows the plasma neurohumoral variables and
biochemical parameters in post-MI SHR after 7 weeks of
treatment. The plasma catecholamine, BNP, AVP, Ang II,
CRP, and TNF-α levels were lower in the DT than in the
UT group.

Prognosis analysis

Survival rates of 50 SHR in the SO, UT, and DT groups
were examined (Fig. 5). No deaths occurred in the SO group
(8/8). The survival rate of post-MI SHR during the 50-day
study period was 80% (16/20) in the DT group and 41%
(9/22) in the UT group (P= 0.004). Donepezil therapy
resulted in a 66% reduction in the relative risk of death
[(59−20)/59]. Regarding the cause of death, cardiac rupture
was observed in neither the UT nor DT group. Among the

13 deaths in the UT group, two were classified as sudden
cardiac death, and the remaining 11 as deaths from heart
failure. Among the 4 deaths in the DT group, two were
classified as sudden cardiac death, and the remaining two as
deaths from heart failure. No statistical comparison was
made on the cause of death between the UT and DT groups
due to the small sample size.

Discussion

Hypertension and hypertensive hearts are the most common
conditions observed in CHF [20]. The present study aimed
to mimic, at least in part, such a clinical situation using a
CHF model of post-MI SHR. Major findings are: chronic
AChE inhibition with donepezil (1) markedly improved 50-
day survival, (2) significantly reduced weekly HR and
MBP, (3) prevented the progression of cardiac remodeling
and dysfunction, (4) prevented the progression of coronary
artery remodeling, and (5) suppressed the plasma catecho-
lamine, BNP, AVP, Ang II, and pro-inflammatory marker
levels.

The beneficial impact of donepezil on post-MI CHF
associated with hypertension

This study investigated the therapeutic effects of donepezil
in the treatment of CHF associated with hypertension to
develop a new clinical CHF treatment strategy. Most
importantly, donepezil treatment markedly improved the
50-day survival rate of post-MI SHR (Fig. 5). This result
indicates that donepezil treatment, which was initiated 2
weeks after the induction of permanent MI, primarily exerts

Fig. 3 Masson’s trichrome staining on ventricle slices of SO and post-
MI SHR in UT and DT groups. a Representative biventricular sections
without or with MI. Scale bars, 2 mm. b Representative image of the
myocardial interstitial fibrosis in the non-infarct area. Scale bars, 100
μm. c Representative image of perivascular fibrosis in the remote area.
Scale bars, 100 μm. d Myocardial interstitial fibrosis index in the non-

infarcted area (SO, n= 5; UT, n= 6; DT, n= 7). e Perivascular fibrosis
index in the remote area. (SO, n= 5; UT, n= 6; DT, n= 7). Data are
shown as box-and-whisker plots for myocardial interstitial fibrosis and
perivascular fibrosis in all animals. The differences among the three
groups were examined using nonparametric Kruskal–Wallis tests, fol-
lowed by Dunn’s tests. **P < 0.01 vs. SO and †P < 0.05 vs. UT
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its beneficial effect by preventing the progression of cardi-
ovascular remodeling and CHF-HT-related cardiac dys-
function. The improved survival outcomes highlight the
potential of donepezil as a therapeutic intervention for the
patient population afflicted with this condition. Donepezil is
primarily used to treat AD by increasing cortical ACh
levels. However, previous studies have indicated a sig-
nificant association between CHF and AD, as CHF is a

common comorbidity among patients with AD [24]. Clin-
ical studies have reported that AChE inhibition through the
use of cholinesterase inhibitors such as donepezil reduces
cardiovascular death and the incidence of new-onset CHF
among users than among non-users [25, 26]. The complex
interplay between CHF and AD is characterized by shared
risk factors such as age, hypertension, and diabetes mellitus.
Additionally, both conditions involve autonomic nervous

Fig. 4 Immunohistochemical, microvessel, and coronary artery ana-
lysis in the peri-infarct area of post-MI SHR in UT and DT groups.
a Representative micrographs of von Willebrand factor (vWF, red)
immunostaining. Scale bars, 100 μm. b Immunofluorescent expression
of coronary artery vWF (red) and smooth muscle actin SMA (green) in
the non-infarcted region. Scale bars, 50 μm. c Representative micro-
graphs of coronary artery Elastic van Gison staining in the non-
infarcted region (arrowheads indicate internal elastic membrane, dark
brown; and vascular smooth muscle, yellow). Scale bars, 100 μm.

d Quantitative analysis of microvessel density (UT, n= 5; DT, n= 5).
e Quantitative analysis of coronary artery wall thickness (UT, n= 5;
DT, n= 5). f Quantitative analysis of coronary arterial media-to-lumen
cross-sectional area ratio (UT, n= 5; DT, n= 5). g Analysis of cor-
onary artery internal elastic membrane (IEM) area and vascular smooth
muscle (VSM) area ratio (UT, n= 5, DT, n= 5). Data are shown as
box-and-whisker plots. The differences were examined by using the
nonparametric Mann–Whitney U-test in two groups. ††P < 0.01 vs. UT

Table 2 Plasma neurohumoral
and inflammatory parameters in
SO and post-MI SHR after the
7 weeks of treatment

SO UT DT P-value between UT and
DT

Norepinephrine, pg/mL 77 ± 8 (5) 3414 ± 1955 (9) 183 ± 35 (14) 0.017

Epinephrine, pg/mL 728 ± 257 (5) 6579 ± 2734 (9) 1121 ± 164 (14) < 0.001

BNP, pg/mL 392 ± 501 (5) 757 ± 124 (9) 349 ± 47 (14) 0.002

AVP, pg/mL 1151 ± 170 (5) 1479 ± 276 (9) 897 ± 97 (14) 0.047

Ang II, pg/mL 42 ± 3 (5) 69 ± 5 (9) 49 ± 3 (14) 0.010

CRP, ng/mL 305 ± 33 (5) 427 ± 18 (9) 347 ± 22 (14) 0.024

TNF-α, pg/mL 9.0 ± 0.0 (2) 10.4 ± 1.5(8) 5.8 ± 1.5 (12) 0.020

BNP B-type natriuretic peptide, AVP arginine vasopressin, Ang II angiotensin II, CRP C-reactive protein,
TNF-α tumor necrosis factor-α. Data are expressed as means ± SEM (sample size). When the concentration
was below the detection limit, the sample was not included in the analysis. The overall differences among the
three groups were not statistically significant by Kruscal-Wallis tests. As a reference, P-values derived from
the Mann–Whitney U-tests between UT and DT groups are shown
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system dysfunction with sympathetic activation and choli-
nergic neurotransmission deficiency [26].

In the present study, we demonstrated that pharmacolo-
gical activation of the vagal nerve using donepezil sig-
nificantly reduced the mortality rate of post-MI SHR. Based
on these findings, we propose that donepezil would be a
clinically viable and novel pharmacological therapy for
severe CHF-HT. The positive outcomes observed in this
study demonstrate the beneficial effects of donepezil on
cardiovascular remodeling, cardiac function, and survival in
rats with CHF-HT while offering promising prospects for its
potential translation into clinical practice. However, further
investigation is needed to gain a comprehensive under-
standing of the treatment mechanisms underlying AChE
inhibition in CHF animal models and to establish an
effective therapeutic strategy. For example, bradycardia,
which was regarded as a beneficial effect in the present
study, can be an adverse event associated with donepezil
treatment [27] and needs to be cautiously monitored.

Hemodynamic and cardiovascular remodeling
effects of donepezil

A telemetry system was used in this study to record BP and
HR with minimum stress in conscious and freely moving
rats. The results demonstrate that post-MI SHR (UT and DT
groups) showed significantly higher HR and lower MBP
than those of the SO rats, and treatment with donepezil
reduced the weekly average HR and MBP (DT vs. UT)
(Fig. 2). The bradycardic effect of donepezil may have
contributed to the maintenance of cardiac function by
reducing myocardial oxygen consumption, alleviating

cardiac stress, increasing coronary flow, and prolonging
ventricular filling time.

Donepezil-induced HR reduction may have exerted a
beneficial effect similar to that of beta-blockers, which are
widely used for treating CHF [9, 28]. However, beta-
blockers may not be suitable for patients with decom-
pensated heart failure because of their potential to suppress
myocardial contractility. In contrast, donepezil suppresses
systemic sympathetic overactivity [16, 29], as evidenced by
decreased MBP and plasma norepinephrine concentrations.
Hence, the potential suppression of myocardial contractility
due to sympathetic inhibition may have been partly coun-
terbalanced by the prevention of a significant increase in
systemic vascular resistance.

The mode of action of beta-blockers in the treatment of
CHF is still incompletely understood [30]. The reduction of
cardiac remodeling by beta-blockers is probably achieved
by the inhibition of the renin-angiotensin-aldosterone sys-
tem. In the present study, the DT group demonstrated sig-
nificant prevention of cardiovascular remodeling and
dysfunction compared with the UT group (Fig. 3 and
Table 1), and notable improvements in the thinning of
smooth muscle walls and reduction of media-to-lumen
cross-sectional area ratio in the coronary arteries (Fig. 4).
These findings indicate successful prevention of coronary
artery remodeling, likely leading to reduced resistance and
improved coronary perfusion. Our results conform with
those of a previous study that highlighted the role of
impaired parasympathetic activity in right ventricular dys-
function and pulmonary vascular remodeling in pulmonary
arterial hypertension [31]. These findings further support
the potential significance of our study and underscore the
importance of parasympathetic modulation in cardiovas-
cular diseases. Lower Ea and RAP values in the DT group
indicate increased arterial compliance and decreased pre-
load. These findings support previous knowledge regarding
the beneficial effect of donepezil-induced HR reduction in
preventing cardiac dysfunction in normotensive SD rats
with chronic MI [16, 17].

SVRI was lower in the UT than in the SO group despite
the significant neurohumoral activation in the UT group
(Table 1), which renders the interpretation of SVRI com-
plicated. A previous study using SD rats indicates that
SVRI decreased for approximately 4 weeks after MI and
returned to the control level by approximately 7 weeks [32].
Thereafter, SVRI increased with the progression of heart
failure. In contrast, plasma catecholamine levels increased
at 4 weeks after MI [33, 34]. These results suggest that the
time course of SVRI changes after MI may not parallel with
that of neurohumoral activation. Although we could not find
the time course of SVRI changes in post-MI SHR in the
literature, SVRI did not differ significantly between SO and
post-MI SHR at approximately 4 weeks after MI [35]. We

Fig. 5 Kaplan–Meier survival curves of spontaneously hypertensive
rats. Kaplan–Meier survival curves of spontaneously hypertensive rats
in the sham-operated group (SO, n= 8), those with myocardial
infarction (MI) in the untreated group (UT, n= 22), and donepezil-
treated group (DT, n= 20). Treatment commenced on day 14 after
induction of permanent MI

Donepezil attenuates progression of cardiovascular remodeling and improves prognosis in spontaneously. . . 1305



speculate that SVRI may be regulated differently from
neurohumoral activation. For instance, renal vasculature
reveals local autoregulation of renal blood flow even in the
ex-vivo kidney [36], indicating that renal vascular resis-
tance, which should affect SVRI, can be changed inde-
pendently of neurohumoral status. No significant difference
in SVRI between the UT and DT groups also suggests the
disparity between SVRI and neurohumoral activation.

Neurohumoral and inflammatory effects of
donepezil

Donepezil administration suppresses AChE activity,
resulting in increased central and peripheral ACh levels.
This, in turn, exerts bradycardic and antihypertensive
effects by decreasing sympathetic outflow, increasing
parasympathetic tone, or both. Additionally, angiogenesis is
significantly promoted. The α7-nicotinic ACh receptor (α7-
nAChR) is widely distributed in peripheral neural and non-
neural tissues and plays a role in cholinergic anti-
inflammatory response [37]. The vagal afferent fibers
transmit inflammatory signals to the central nervous system,
resulting in increased vagal efferent output. This modula-
tion of inflammation, immunity, and angiogenesis via per-
ipheral α7-nAChR [38, 39] may have contributed to the
angiogenic effects observed following donepezil treatment
[19].

The DT group showed significantly reduced plasma
catecholamine and AVP levels, consistent with the findings
of our previous studies on normotensive rats with CHF [16].
Additionally, the DT group exhibited significantly lower
plasma Ang II and BNP levels than those of the UT group
(Table 2), which may be attributed to donepezil-induced
augmented vagal tone and diminished sympathetic outflow.
This improved neurohormonal profile further supports the
cardioprotective effects of donepezil.

Study limitations

First, we used post-MI SHR as the CHF-HT model to
mimic the clinical condition of patients. However, because
MI was artificially induced, the extent to which this model
mimics the clinical CHF-HT parameters remains unknown.
Moreover, patients with CHF-HT often receive diverse
pharmacological treatments; hence, assessing the efficacy of
a single drug treatment is challenging.

Secondly, the present study design did not allow us to
determine whether sympathetic suppression observed in the
DT group compared with the UT group was the direct effect
of donepezil or the indirect effect resulting from the
improvement of CHF. The MBP under conscious state was
lower in the DT than in the UT group from week 1 of
treatment (Fig. 2b), suggesting that sympathetic suppression

preceded the significant improvement in CHF conditions. In
contrast, lower plasma catecholamine levels in the DT than
in the UT group after 7 weeks of treatment (Table 2)
probably reflected both the direct sympathoinhibitory effect
and the indirect effect through the improvement of CHF. To
answer this question, further studies are required such as
that elucidates the time course of plasma catecholamine
levels following the treatment with donepezil.

Finally, we observed higher MBP levels in the UT than
in the DT group during conscious hemodynamic monitoring
(Fig. 2). In contrast, MBP was lower in the UT than in the
DT group when the rats were under anesthesia (Table 1).
These findings suggest that conscious animals in the UT
group may exhibit sympathetic overactivity relative to those
in the DT group, and inducing anesthesia may have partly
mitigated the sympathetic effect and reversed the MBP
levels between the UT and DT groups. This interpretation is
supported by the improved systolic function in the DT
group compared with the UT group under anesthesia.
Unfortunately, we were unable to draw pressure-volume
loops for a more comprehensive examination of cardiac
function due to the lack of absolute LV volume data. Ide-
ally, the LV volume data should have been obtained using
echocardiography or other modalities.

In conclusion, this study demonstrates that inhibition of
AChE with donepezil is a highly effective approach for
preventing cardiovascular remodeling and improving sur-
vival in rats with severe CHF-HT. Donepezil promises a
therapeutic option for patients with this challenging condi-
tion. However, further studies are required to evaluate the
efficacy and safety of this therapy for clinical application.
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