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Abstract

Cardiovascular complications in Alzheimer's disease (AD) patients can occur years to
decades prior to the onset of clinical symptoms of the disease. Donepezil represents
the most effective drug in the treatment of AD. However, the potential effect of do-
nepezil on vascular function and structure remains largely unexplored. Here, we as-
sessed the impact of donepezil on the vascular phenotype of an established model of
accelerated senescence that develops spontaneously AD, the SAMP8 mouse. Three
groups of animals were included: SAMR1 (control strain), SAMP8, and SAMPS treated
with donepezil. Treatment with donepezil was administered from the 4th to the 6th
month of life. At 6 months, after cognitive tests by Morris Water Maze, animals were
euthanized, and their mesenteric arteries were processed for functional experiments.
Untreated SAMP8 developed cognitive impairment compared to SAMR1, while do-
nepezil treatment significantly attenuated cognitive dysfunction. SAMP8 exhibited a
higher media-to-lumen ratio than SAMR1 and donepezil-treated animals. Endothelial
function was impaired in SAMP8 animals compared to SAMR1. The addition of vita-
min C improved the vasodilatory response to acetylcholine in SAMPS8. Treatment with
donepezil improved endothelial function in SAMP8 animals and reduced the addi-
tional vasodilation induced by vitamin C. In conclusion, in the SAMP8 AD model, cog-
nitive impairment is associated with endothelial dysfunction and vascular remodeling
which could contribute to cardiovascular events in AD since the prodromal phases of
the disease. Treatment with donepezil alleviates vascular dysfunction associated with
AD through an increase in NO availability likely by counteracting inflammation and
oxidative stress.

Abbreviations: Ach, acetylcholine; Ach, acetylcholine;; AD, Alzheimer's disease; CNS, central nervous system; L-NAME, Nw-nitro- L-arginine methylester; MWM, Morris water maze
test; NA, noradrenaline; NO, nitric oxide; NOS, nitric oxide synthase; ROS, reactive oxygen species; SAMP8, senescence-accelerated mouse prone 8; SAMR1, senescence-accelerated

mouse-resistant 1.
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1 | BACKGROUND

Dementia is a clinical syndrome characterized by a progressive de-
cline in two or more cognitive domains, including memory, language,
visuospatial function, personality, and behavior, which causes loss of
abilities to perform instrumental and/or basic activities of daily Iiving.1
Alzheimer's disease (AD) represents by far the most common cause of
dementia and accounts for up to 80% of all dementia diagnoses.!

In attempting to ascertain the underlying etiology of AD, a com-
monly overlooked pathological aspect of the disease is the presence
of concomitant cerebrovascular pathology, that might contribute
to the process of neurodegeneration underpinning AD evolution.?
Indeed, AD patients show a marked cerebrovascular damage, char-
acterized by brain small vessel disease that compromises blood flow
distribution.® These chronic vascular alterations seem to have an
impact on amyloid clearance and neuronal metabolism.? Several
studies have described the presence of mitochondrial dysfunction,
increased reactive oxygen species (ROS) production, and reduced
nitric oxide (NO) bioavailability via ROS scavenging in the vessels of
AD patients compared to controls.*

At present, donepezil, an inhibitor of acetylcholinesterase,
represent the most common drug used for the treatment of AD.
Interestingly, beyond its capacity to increase acetylcholine (Ach)
availability, donepezil might have anti-inflammatory and free radical
scavenging properties, thus suggesting a more complicated way of
action of this drug.’

Based on these premises, it is conceivable that donepezil ad-
ministration could potentially improve the vascular alterations com-
monly associated with AD and partially account for the cognitive
benefits observed during treatment. However, the potential effect
of donepezil on vascular function and structure remains largely un-
explored. For this reason, this study was designed to examine the
effect of donepezil administration on the vascular dysfunctions in a

murine model of AD.

2 | MATERIALS AND METHODS

2.1 | Animals
SAMP8 mice (4 months old, 30-35 g body weight), a spontaneous
genetic model of AD, and their control strain SAMR1 (4 months
old, 30-35 g body weight) were purchased from ENVIGO Srl. The
SAMP8 mouse is one of the accelerated senescence strains that de-
velops spontaneously early memory and learning deficits, with simi-
lar features to those observed in AD patients.6

Animal care and handling were in accordance with the provi-
sions of the European Community Council Directive 210/63/UE,

recognized and adopted by the Italian Government. The experiments
were approved by the Ethical Committee for Animal Experimentation
of the University of Pisa and by the Italian Ministry of Health (autho-
rization no. 865/2018-PR).

2.2 | Drugtreatments

Based on the previous evidence®’” showing an impairment of cog-
nitive and motor functions along with intestinal motor dysfunc-
tions in SAMPS8 mice starting from 6 months of age, we decided to
focus the attention on SAMP8 animals at 6 months of age, in order
to examine the effect of donepezil administration on the vascular
dysfunctions since the early stages of AD. SAMP8 and SAMR1 ani-
mals at 4 months of age were treated orally with donepezil (3 mg/
kg/day) for 2 months. SAMR1-untreated animals (control group) and
SAMP8-untreated mice received only the drug vehicle.

The dose of donepezil was selected on the basis of a previous
study.® At the end of treatment, subgroups of animals were em-
ployed for Morris Water Maze (MWM) test in order to evaluate al-
terations of cognitive functions. One day after the end of cognitive
tests, the animals were euthanized by cervical dislocation and mes-
enteric arteries were dissected and processed for functional experi-
ments, as described below.

2.3 | Evaluation of cognitive functions: MWM test

The MWM test was performed in accordance with the method pre-
viously described by Pellegrini et al.® Briefly, mice were allowed to
swim and find the visible platform within 60 s. Each animal was sub-
jected to sessions of four trials every day for 2 days. Escape latency
was collected for subsequent analysis. For the next 5 days, hidden-
platform training was performed by submerging the platform 1.5 cm
below the surface of the water. Similarly, each animal was subjected
to sessions of four trials every day. Finally, on the eighth day, the
platform was removed from the tank for the probe trial. The number
of target crossings and the entries into the target quadrant where
the platform was placed were assessed in 60 s. Data were expressed

as raw values.

2.4 | Preparation of small mesenteric arteries and
functional experiments

A second-order branch of the mesenteric arterial tree was dissected
and mounted on two-glass microcannulae in a pressurized myograph

(model 110P; Danish Myo Technology) as previously described.’”
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Media and lumen dimensions were measured with the intraluminal
pressure maintained at 45 mmHg.

Endothelial-dependent and independent vasorelaxation in all
experimental groups were defined by the vasodilatory response to
cumulative concentrations of Ach (0.001-100 pM). Vessels were
precontracted with noradrenaline (NA, 10 uM). To ensure an equal
NA-induced contractility in vessels from SAMR1, SAMR1 treated
with donepezil, SAMP8 and SAMPS8 treated with donepezil mice,
we performed preliminary experiments to assess the amount of
vasoconstriction induced by increasing NA concentrations (from
1 to 100 pM). To evaluate the contribution of NO availability and
ROS production to the endothelial function, ACh concentration-
response curves were constructed before and after 30-min prein-
cubation with the NOS inhibitor Nw-nitro-L-arginine methyl ester
(L-NAME, 100 pM; Sigma-Aldrich) or the antioxidant ascorbic acid
(100 uM, 30-min preincubation; SigmaAldrich). Vessels were then
deactivated by perfusion with Ca?*-free PSS containing 10 mmol/L
EGTA for 30 min. Media thickness and lumen diameter were mea-
sured in three different points from each small artery to obtain
the media-lumen ratio (M/L), with a constant intraluminal pres-
sure of 45 mmHg (Virdis et al., 2003). This parameter is an index
of structural abnormalities in resistance arteries. An increment of
M/L ratio is associated with an inward eutrophic remodeling of
the vessel wall resulting in an increased risk of developing car-
diovascular complications. Media cross-sectional area (MCSA), an
index of hypertrophic remodeling of vascular wall, was obtained
by subtraction of the internal from the external cross-sectional
areas using external plus lumen diameters, as previously described
(Bruno et al., 2017).

To confirm a potential influence of donepezil on vascular func-
tion and its determinants, vessels from SAMP8 (n = 3) and from
SAMR1 (n = 3) mice were acutely incubated with donepezil alone
or in combination with ascorbic acid and L-NAME for 30 min. ACh
concentration-response curves were subsequently repeated.

2.5 | Statistical analysis

Data are presented as mean + SEM and analyzed by GraphPad Prism
7.0 (GraphPad Software Inc.). Statistical significances were deter-
mined by two-way analysis of variance followed by post hoc analysis
with the Fisher LSD test or one-way ANOVA followed by Tukey's
post hoc test where appropriate. A P value <.05 was considered sig-

nificantly different.

3 | RESULTS

3.1 | Evaluation of cognitive functions (MWM test)
The administration of donepezil to SAMR1 mice did not elicit any sig-
nificant change in cognitive functions (data not shown). Therefore,
we adopted the animals treated with donepezil vehicle mice as a
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control group for the evaluation of the drug under investigation, de-
signed as a test drug.

During the training test, SAMP8 mice at 6 months of age dis-
played a significant increase in the escape latency time, as compared
with SAMR1 mice (Figure 1A). By contrast, no significant differences
were observed among the training days in SAMR1 mice (Figure 1A).
Treatment of SAMP8 mice with donepezil was associated with a sig-
nificant decrease in the escape latency time (Figure 1A).

During the probe trial, the number of target crossings as well
as the entries into the target quadrant were significantly decreased
in SAMP8 mice, as compared with SAMR1 mice (Figure 1B,C).
Treatment of SAMP8 mice with donepezil was associated with a sig-
nificant increase in the number of target crossings as well as the en-
tries into the target quadrant, as compared with SAMP8-untreated
mice (Figure 1B,C).

3.2 | Endothelium-dependent vascular
relaxation and remodeling

In mesenteric vessels from SAMR1, relaxation to ACh was sig-
nificantly attenuated by L-NAME (100 uM), and not affected by
ascorbic acid (100 uM) (Figure 2A). Treatment of SAMR1 mice with
donepezil did not modify the patterns of responses to ACh in mes-
enteric vessels, in the absence or in the presence of ascorbic acid
(data not shown). Mesenteric vessels from SAMP8 mice showed a
reduced vasorelaxation to ACh as compared to SAMR1 animals, and
also the inhibitory effect of L-NAME on ACh-induced relaxation was
significantly attenuated as compared to SAMR1 mice (Figure 2A).
ACh-dependent relaxation in SAMP8 mice was improved by pre-
incubation with ascorbic acid (Figure 2A). Chronic supplementation
with donepezil preserved the endothelial function of SAMP8 mice,
leading to levels of Ach-dependent vasodilation similar to those ob-
served in SAMR1 mice (Figure 2A). Incubation with L-NAME blunted
the positive effects of donepezil chronic supplementation on en-
dothelial function of SAMP8 mice, to a similar extent than that ob-
served in SAMR1 mice. Furthermore, the addition of ascorbic acid
on vessels of SAMP8 mice underwent chronic supplementation with
donepezil did not cause further vasodilation (Figure 2A).

In the experiments testing the capacity of donepezil to induce an
acute vasodilatory responses, SAMP8 mice showed again a reduced
vasodilatory response to Ach than SAMR1 mice (Figure 2B), confirm-
ing the presence of endothelial dysfunction. The acute incubation of
vessels from SAMR1 mice with donepezil did not affect the response
to Ach, while in SAMP8 mice it caused a significant improvement in
the Ach-dependent vasodilation (Figure 2B). The addition of ascor-
bic acid to vessels of SAMP8 mice pretreated with donepezil did not
cause a significant improvement of the Ach-dependent vasodilation
as it was observed, instead, in untreated vessels from the same mice
(Figure 2B).

SAMP8 mice showed an increase in the M/L ratio, as compared
with SAMR1 mice (Figure 2C). Treatment of SAMP8 with donepe-
zil prevented the increase in the M/L ratio, leading this parameter
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to levels similar to those observed in SAMR1 mice (Figure 2C). No
significant differences were observed in MCSA among the different

groups (Figure 2C).

4 | DISCUSSION

To extend current knowledge about the effects of acetylcholinest-
erase inhibitors in counteracting vascular remodeling and endothe-
lial dysfunction associated with AD, in this study, we examined the
effects of donepezil on the vascular phenotype of an established
model of AD. In particular, the SAMP8 mouse, which develops spon-
taneously early learning and memory deficits starting from 6 months
of age with similar features to AD patients, can be an extremely valu-
able model to investigate cardiovascular symptoms in the prodromal
phases of AD.%7

In the first set of experiments, we demonstrated that mesenteric
small arteries from SAMP8 animals showed an increased M/L ratio
as compared with SAMR1 animals. In addition, SAMP8 mice were
characterized by altered endothelium-dependent relaxations likely
depending on a decrease in NO availability. Such NO reduction could
be associated with an increase in intravascular ROS levels, as docu-
mented by the restored response to ACh after pre-incubation with
ascorbic acid. According to the current results, it has been observed
that endothelial dysfunction in the aorta from SAMP8 mice was as-
sociated with a decrease in eNOS expression and NO production.*®

Based on these findings, it is conceivable the occurrence of vas-
cular oxidative stress in the prodromal phase of AD could contribute
to a generalized endotheliopathy which is detectable also at the level
of the central nervous system. Indeed, clinical evidence reported a

SAMP8

FIGURE 1 Cognitive performance
of SAMR1 (n = 5), SAMP8 (n = 5), and
SAMPS8 treated with donepezil (n = 4),
during the training and probe trial
session of the Morris water maze test.
(A) Escape latency in SAMR1, SAMP8
and SAMP8 treated with donepezil mice,
during seven consecutive days of Morris
water maze test training; (B) number of
target crossings and (C) entries into the
target quadrant. Data are expressed as
mean + SEM obtained from six animals.
Differences among groups were evaluated
by two-way analysis of variance followed
by post hoc analysis with the Fisher LSD
test or a one-way ANOVA followed by
Tukey's post hoc test where appropriate.
£ *p < .05, significant differences versus
age-matched SAMR1; £p < .05, significant
differences versus age-matched SAMP8

SAMP8+
Donepezil

correlation among AD, increased systemic oxidative stress and in-
flammation and compromised vascular function.’

Of note, a greater endothelial dysfunction in human small ves-
sels is associated with a more severe microvascular remodeling.11
Therefore, the improved endothelial function observed in SAMP8
mice treated with donepezil could explain the reduced M/L ob-
served in the same animals as compared to the untreated group. This
hypothesis is supported by recent studies showing that donepezil,
besides inhibiting acetylcholinesterase, attenuates the vascular dys-
function associated with AD, by counteracting oxidative stress and
inflammation.>*?

Based on the above considerations, in the second part of this
study, we focused our attention on characterizing the potential
mechanisms through which donepezil could counteract the endo-
thelial dysfunction in SAMP8 animals. In particular, the improve-
ment of endothelial function observed in mesenteric vessels from
SAMPS8 animals treated with donepezil was abolished by incuba-
tion of the vessel with L-NAME, while ascorbic acid was no longer
able to affect the vascular response to Ach. These results sug-
gest the beneficial effects of donepezil on endothelial functions
could be ascribed to its ability to increase NO availability, probably
through a reduction of the vascular levels of oxidative stress. To
confirm this hypothesis, we show that the acute in vitro incubation
of mesenteric arteries with donepezil improved endothelial func-
tion, and, similarly to what was observed with the chronic sup-
plementation, this response was abrogated by L-NAME and was
not affected by ascorbic acid incubation. The separation between
Ach-curves in arteries from SAMP8 mice incubated with and with-
out donepezil occurred from Ach concentrations in the order of
10”7 mmol/L (the third point of the dose-response curves). The
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FIGURE 2 Vascular results. (A) (A) o
Endothelial-dependent relaxations

of mesenteric resistance arteries to
acetylcholine alone, or in combination
with ascorbic acid or L-NAME in SAMR1
(n=5), SAMPS8 (n = 5), and SAMP8
chronically treated with donepezil (n = 4)
mice. Data are expressed as mean + SD.
Differences among groups were evaluated
by one-way ANOVA followed by Tukey's
post hoc test **p < .001. (B) Effects on
endothelial function of acute incubation
with donepezil with or without ascorbic
acid in vessels from SAMR1 (n = 3) or
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limited capacity to identify clear changes in the vasorelaxation
at lower doses of Ach might depend on the limited ability of the
myographic technique to capture minimal changes in the diame-
ter of the arteries, combined with the limited number of animals
included in the experiments. However, these results could also
depend on a potential limited benefits of the antioxidant capacity
of donepezil on the endothelial-dependent vasodilation, requiring
supra-physiological doses of Ach to become clearly evident. While
this is a possibility, the chronic supplementation experiments doc-
umented that the magnitude of endothelial function improvement
induced by donepezil is probably sufficient to induce long term
positive changes on the vascular remodeling associated with AD,
and that this is likely due to its anti-oxidant and anti-inflammatory
properties, resulting in a preserved NO availability within the
vascular wall. The exact molecular mechanisms through which
donepezil preserve NO availability remains to be elucidated and
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requires further investigation. In addition, the potential benefits
of therapies that improve endothelial function on the cognitive
decline related to AD requires confirmation by means of additional
experimental approaches.

In conclusion, this study provides evidence that, in the SAMP8
AD model, cognitive impairment is associated with endothelial dys-
function and vascular remodeling which could contribute to cardio-
vascular events in AD patients since the prodromal phases of the
disease. In this context, donepezil alleviates vascular dysfunction
associated with AD through an increase in NO availability likely by
counteracting inflammation and oxidative stress.

Overall, these findings set the ground for better understand-
ing the mechanisms underlying vascular dysfunction in AD and
pave the way to the identification of novel pharmacological ap-
proaches for the management of cardiovascular disorders asso-
ciated with AD.



PELLEGRINI ET AL.

6 Of 6 BRITISH
PHARMACOLOGICAL
SOCIETY

DISCLOSURE

The authors declare that they have no conflict of interest.

AUTHORS CONTRIBUTIONS

CP, LA, MF, and MS conceived the study; ED, VD, and CP carried
out the experiments, FB, SM, and ED collected and analyzed data;
CP and VD, wrote the manuscript with input from all other authors.
NB, ST, AV, and CB revised the manuscript. All authors approved the
manuscript.

ETHICS APPROVAL

All experiments were conducted under the institutional guidelines.
Animal care and handling were in accordance with the provisions of
the European Community Council Directive 210/63/UE, recognized
and adopted by the Italian Government. The experiments were ap-
proved by the Ethical Committee for Animal Experimentation of the
University of Pisa and by the Italian Ministry of Health (authorization
no. authorization no. 865/2018-PR).

DATA AVAILABILITY STATEMENT
All raw data used and analyzed for this study are available from the

corresponding author on request.

ORCID

Carolina Pellegrini " https://orcid.org/0000-0003-2644-5430

REFERENCES

1. Weller J, Budson A. Current understanding of Alzheimer's disease
diagnosis and treatment. F1I000Res. 2018;7:1161. doi:10.12688/
f1000research.14506.1

2. Govindpani K, McNamara LG, Smith NR, et al. Vascular dysfunction in
Alzheimer's disease: A prelude to the pathological process or a conse-
quence of it? J Clin Med. 2019;8(5):651. doi:10.3390/jcm8050651

3. Zhu X, Smith MA, Honda K, et al. Vascular oxidative stress
in Alzheimer disease. J Neurol Sci. 2007;257(1-2):240-246.
doi:10.1016/j.jns.2007.01.039

10.

11.

12.

Janota C, Lemere CA, Brito MA. Dissecting the contribution of vas-
cular alterations and aging to Alzheimer's disease. Mol Neurobiol.
2016;53(6):3793-3811. d0i:10.1007/s12035-015-9319-7
Gubandru M, Margina D, Tsitsimpikou C, et al. Alzheimer's disease
treated patients showed different patterns for oxidative stress
and inflammation markers. Food Chem Toxicol. 2013;61:209-214.
doi:10.1016/j.fct.2013.07.013

Pellegrini C, Daniele S, Antonioli L, et al. Prodromal intestinal
events in Alzheimer's disease (AD): colonic dysmotility and inflam-
mation are associated with enteric AD-related protein deposition.
Int J Mol Sci. 2020;21(10):3523. d0i:10.3390/ijms21103523
Piccarducci R, Pietrobono D, Pellegrini C, et al. High levels of beta-
amyloid, tau, and phospho-tau in red blood cells as biomarkers of
neuropathology in senescence-accelerated mouse. Oxid Med Cell
Longev. 2019;2019:5030475. doi:10.1155/2019/5030475

Shin CY, Kim H-S, Cha K-H, et al. The effects of donepezil, an
acetylcholinesterase inhibitor, on impaired learning and memory
in rodents. Biomol Ther. 2018;26(3):274-281. doi:10.4062/biomo
Ither.2017.189

Gentile D, Fornai M, Pellegrini C, et al. Luteolin prevents car-
diometabolic alterations and vascular dysfunction in mice with
HFD-induced obesity. Front Pharmacol. 2018;9:1094. doi:10.3389/
fphar.2018.01094

Novella S, Dantas AP, Segarra G, et al. Aging-related endothelial
dysfunction in the aorta from female senescence-accelerated mice
is associated with decreased nitric oxide synthase expression. Exp
Gerontol.2013;48(11):1329-1337. doi:10.1016/j.exger.2013.08.003
Masi S, Georgiopoulos G, Chiriaco M, et al. The importance of en-
dothelial dysfunction in resistance artery remodelling and cardio-
vascular risk. Cardiovasc Res. 2020;116(2):429-437. doi: 10.1093/
cvr/cvz096

Lataro RM, Silva MAB, Mestriner FL, Cau SBA, Tostes RCA, Salgado
HC. Chronic treatment with acetylcholinesterase inhibitors attenu-
ates vascular dysfunction in spontaneously hypertensive rats. AmJ
Hypertens. 2019;32(6):579-587. doi:10.1093/ajh/hpz036

How to cite this article: Pellegrini C, D'’Antongiovanni V,
Fornai M, et al. Donepezil improves vascular function in a
mouse model of Alzheimer’s disease. Pharmacol Res Perspect.
2021;9:e00871. https://doi.org/10.1002/prp2.871



https://orcid.org/0000-0003-2644-5430
https://orcid.org/0000-0003-2644-5430
https://doi.org/10.12688/f1000research.14506.1
https://doi.org/10.12688/f1000research.14506.1
https://doi.org/10.3390/jcm8050651
https://doi.org/10.1016/j.jns.2007.01.039
https://doi.org/10.1007/s12035-015-9319-7
https://doi.org/10.1016/j.fct.2013.07.013
https://doi.org/10.3390/ijms21103523
https://doi.org/10.1155/2019/5030475
https://doi.org/10.4062/biomolther.2017.189
https://doi.org/10.4062/biomolther.2017.189
https://doi.org/10.3389/fphar.2018.01094
https://doi.org/10.3389/fphar.2018.01094
https://doi.org/10.1016/j.exger.2013.08.003
https://doi.org/10.1093/cvr/cvz096
https://doi.org/10.1093/cvr/cvz096
https://doi.org/10.1093/ajh/hpz036
https://doi.org/10.1002/prp2.871

