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Background: Studies have indicated an association between Alzheimer’s disease (AD) and

increased risk of developing cardiovascular complications. Lifestyle modifiable factors, such

as exercise and diet, are known to prevent cardio-cerebral disease. Recent studies demon-

strate that hearts from early onset triple-transgenic AD mice exhibit pathologies, but it is not

clear whether cardiovascular function is altered in this model.

Methods: In this study, we measured in vivo cardiovascular function in 7-month-old male

3xTg mice and age-matched wild-type (WT) mice using high-frequency high-resolution

ultrasound imaging.

Results: Our findings indicated that aortic root measurements and interventricular septal

dimensions were similar in 3xTg and wild-type mice. Systolic function, expressed as ejection

fraction and fractional shortening, were decreased in 3xTg mice. Late (A) ventricular filling

velocities, the early/atrial (E/A) ratio, and mitral valve deceleration time, all indices of

diastolic function, were increased in 3xTg mice compared to WT mice. Treadmill exercise

training and resveratrol supplementation in the diet for 5 months improved ejection fraction,

fractional shortening, and restored diastolic deceleration times. Pulse wave velocity was

~33% higher in 3xTg, and accompanied by a significant increase in elastin fiber fragmenta-

tion within the aortic wall, which was associated with decrease in elastin content and fiber

length. Aortic wall and adventitia thickness were increased in 3xTg mice compared to the

WT group. Exercise training and resveratrol supplementation, or both, improved overall

aortic morphology with no change in pulse wave velocity.

Conclusion: Taken together, the results indicate that the aberrations in cardiac function and

aortic elastin morphology observed in the 3xTg mouse model of AD can be prevented with

exercise training and treatment with resveratrol. The benefits of regular exercise training and

resveratrol supplementation of heart and aortic structure in the 3xTg mouse support the value

of healthy lifestyle factors on cardiovascular health.

Keywords: Alzheimer’s disease, exercise, resveratrol, heart, aorta, ultrasound imaging,

pulse wave velocity, aortic wall elasticity

Introduction
Alzheimer’s disease (AD) is the most common form of dementia in the United States.

This debilitating age-related neurodegenerative disease, with an etiology unknown,

affects one in seven Americans aged 65 years and older and its prevalence is expected

to increase as the aging population continues to grow.1 AD is characterized by disruption
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of the blood–brain barrier, neuroinflammation from amyloid-

beta (Aβ) accumulation, misfolded proteins, mitochondrial

dysfunction, and oxidative stress.2–7 Because of these patho-

logical changes, patients with AD experience loss of multiple

cognitive functions as well as behavioral and psychiatric

manifestations.8,9

Patients with AD are at increased risk of developing

cardiovascular diseases.10–12 In fact, it is now well estab-

lished that AD and cardiovascular diseases share common

risk factors.13–15 Patients with AD exhibit ischemic damage

to the left ventricle (LV), frequent valvular dysfunction,

increased prevalence of silent ischemia,10,16 and diastolic

dysfunction.17 Disturbances in LV function have also been

reported in transgenic mousemodels of AD. Cardiomyocytes

isolated from 10-month-old APP/PS1 mice demonstrate

impaired mechanics, including decreased maximal velocity

of shortening and relengthening properties, which reflect

contraction and relaxation, respectively.18 Additionally,

recent studies indicate that cardiovascular disease and AD

share a common pathogenesis involving Aβ regulation.17

With both diseases sharing significant medical, social, and

economic burdens due to prolonged life expectancy, current

treatment options remain inadequate despite the expanded

research in the development of therapeutic drugs. However,

epidemiological studies indicate that non-pharmacological

approaches, such as regular physical activity and dietary

intervention, can prevent or delay the progression of these

diseases. In fact, exercise training is a safe, inexpensive, and

effective intervention known to improve the quality of life in

patients with neurodegenerative and/or cardiovascular dis-

eases. Regular exercise has been shown to improve brain

function and reduce the incidence of cognitive defects, thus

slowing the progression of AD.19–24 The decreased exercise

capacity and endothelial dysfunction in patients with chronic

heart failure can be improved by regular physical exercise.25

Further, aerobic exercise training improves both oxygen

utilization and ejection fraction in elderly patients with

heart failure26,27 and reduces arterial stiffness in older

adults.28

Promoting a diet rich in polyphenols is an effective strat-

egy aimed at preventing the progression of a variety of human

diseases.Within the polyphenol family, the stilbene resveratrol

(3,5,4-trihydroxy-trans-stilbene) is found in relatively high

concentrations in grapes and wine. Resveratrol exerts signifi-

cant anti-oxidant and anti-inflammatory effects,29–31 and

recent studies indicate that this polyphenol is both cardio-

and neuroprotective in models of obesity and AD.32–34

Considering the benefits of exercise training and daily

resveratrol supplementation on cardiovascular function, and

the relationship between cardiovascular diseases and AD, the

aim of this study was to examine the effects of the AD state on

cardiac and vascular function in a well-established murine

model of familial AD. Additionally, we determined whether

exercise training or resveratrol treatment could reverse the

cardiac- and vascular-related disturbances in AD.

Materials and methods
Experimental animals and treatment

protocols
All protocols involving mice were approved by the

Midwestern University Institutional Animal Care and

Use Committee. All animals received humane care in

accordance with the recommendations in the Guide for

the Care and Use of Laboratory Animals published by

the United States National Institute of Health (8th edi-

tion; revised 2011). Eight-week-old male triple-

transgenic mice (3xTg) harboring three mutant genes,

amyloid-beta (Aβ) precursor protein, presenilin-1, and

tau (Jackson Laboratories, Bar Harbor, ME, USA) were

used in this study. Transgenic mice were randomly

assigned to the following groups: 3xTg, 3xTg and exer-

cise (3xTg+Ex), 3xTg and resveratrol (3xTg+Resv), and

3xTg exercise and resveratrol (3xTg+Ex+Resv). Non-

transgenic, age-matched wild-type (WT) littermates

(B6129SS2/J) mice were used as controls. The duration

of treatment was 5 months.

Exercise training was performed on a treadmill designed

for mice (Exer 3/6, Columbus Instruments, Columbus, OH,

USA) using an incremental training protocol. Before the start

of the exercise protocol, mice were initially acclimated to daily

10-min exercise sessions at 10 m/min for 2 weeks. After this

period, training consisted of a 3-week graded increase in both

exercise duration and intensity: week 1, 10 mins at 10 m/min;

week 2, 20 mins at 10 m/min; and week 3, 30 mins at 12 m/

min. Duration was increased to 45 mins and intensity to 15 m/

min corresponding to ~80% maximal oxygen carrying

capacity.35 Mice were able to run for the entire 45-min session

at this intensity without reluctance and all mice completed the

exercise protocol during the study.

Resveratrol (Lalilab Inc., Durham, NC, USA) was incor-

porated in the diet (4g/kg, AIN-93G, Dyets Inc., Bethlehem,

PA, USA). This concentration was selected based on previous

studies showing accumulation in heart.36 Mice in the WT,

3xTg, and 3xTg+Ex groups received the same diet (Dyets

Inc., Bethlehem, PA, USA) without the addition of resveratrol.
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Mice were housed two per cage andmaintained in a roomwith

a 12:12 hrs light-dark cycle and given food and water ad

libitum.

Vivo ultrasound imaging
Study of cardiac and aortic function and structure was

performed using Vevo® 2100 ultrasound imaging system

(FUJIFILM, VisualSonics, Toronto, ON, Canada).

Measurements were completed in random order from mice

that were labeled with numbers only. The high-frequency

high-resolution ultrasound system is equipped with a 40

MHz transducer (MS-5505) with a focal length of

7.0 mm, frame rate of 557 fps (single zone, 5.08 mm

width, B-mode), and a maximum two-dimensional field of

view of 14.1×15.0 mm with a spatial resolution of 90 μm
(lateral) by 40 μm (axial). Mice were anesthetized in an

induction chamber with 3% isoflurane and 1 L/min flow of

100% oxygen for 1–2 mins prior to being laid supine on

a heated platform with a constant flow of 1.5–2% isoflurane

to keep the mouse anesthetized during the measurements.

Heart rate, electrocardiogram (ECG), and respiratory rate

were measured by the four ECG electrode embedded in the

platform. Body temperature was maintained at 36–38°C and

monitored by a rectal probe throughout the protocol.

Aortic diameters at the annulus [L1], sinuses of Valsalva

[L2], and sinotubular junctions [L3] were measured from

the B-mode aortic arch view as described previously.37 The

ascending and descending aortic peak velocities were mea-

sured from the pulse wave (PW) Doppler-mode aortic arch

view. Pulse wave velocity (PWV) was obtained from the

B-mode and Doppler-mode aortic arch view, calculated as

PWV (mm·s−1)=aortic arch distance (d2-d1)/transit time (T1

-T2). The PW Doppler mode sample volume was placed in

the ascending aorta to verify the time from the onset of the

QRS complex to the onset of the ascending aortic Doppler

waveform (T1). Using the same image plane, the time from

the onset of the QRS complex to the onset of the descending

aortic Doppler waveform (T2) was also measured, and the

average values for T1 and T2 over 10 cardiac cycles were

calculated. Furthermore, the aortic arch distance was mea-

sured between the two sample volume positions along the

central axis of aortic arch on the B-mode image.

The left ventricular (LV) structural and functional para-

meters were calculated from the LV parasternal short-axis

M-mode view, which was recorded at the level of two

papillary muscles. An M-mode cursor was positioned per-

pendicular to the anterior and posterior walls in the middle

of the LV for measuring wall thickness. LV functional

parameters (stroke volume, ejection fraction , fractional

shortening, and cardiac output) were obtained from

this M-mode view. Interventricular septal wall (IVS) thick-

ness during diastole (IVSd) and systole (IVSs) were also

obtained from LV parasternal long-axis M-mode view.

Mitral flow velocity, expressed as early (E) and atrial (A)

velocities, were acquired from the Doppler-mode apical

four chamber view. The isovolumic contraction time

(IVCT), isovolumic relaxation time (IVRT), and ejection

time (ET) were also measured from this view. The myo-

cardial performance index (MPI=[(IVCT+IVRT)/ET]) was

used for evaluating LV systolic function.

Histological studies of the aortic wall
Micewere euthanized using 5% isoflurane inhalation followed

by cervical dislocation. Aortic root segments (2–4 mm in

length) were dissected from the thoracic cage, placed in ice-

cold oxygenated (95% O2 - 5% CO2) HEPES Physiological

Salt Solution (HEPES-PSS), cleaned of connective tissue and

blood and fixed in 10% buffered formalin for 48 hrs.

Formalin-fixed aortic segments were then embedded in paraf-

fin and cut into 10-μm-thick serial cross-sections. Tissue sec-

tions were deparaffinized in xylene, rehydrated in graded

ethanol, and stained with Accustain® Elastic Stain Kit

(Sigma-Aldrich, St. Louis, MO, USA) in accordance with

the manufacturer’s instructions as previously described.38

Image acquisition was performed using an Olympus light

microscope equipped with an Axiozeiss digital camera.

Digital images were obtained at 400× magnification using an

Olympus Vanox AH-3 microscope and AxioVision v4.8.2

imaging software. The length and counts of elastin fiber frag-

ments within the aortic wall were determined using the line

profiling tool in National Institutes of Health Image J 1.43j

software, while the elastin thickness was determined utilizing

the count and measure objects tool in Image-Pro Premier 9.1

(Media Cybernetics, Bethesda, MD, USA). Elastin fibers were

traced or outlined and their length or thickness measured in

pixels followed by a unit conversion to either micrometers (for

fiber length) or micrometers squared (for fiber area). To mea-

sure elastin total area, the mean intensity of positive signal

after subtracting the background noise was measured in mini-

mum of four regions of interest in each aortic section. The

percentage area of elastic fibers within the aortic wall was

determined by using a commercial three-dimensional image

processing and analysis program (Amira, FEI, France). By

tracing the elastic fibers for the whole area of the aortic ring

(transverse section), pixel size was counted and converted to

the actual size. MATLAB (Mathworks, Natick, MA, USA)
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was used for calculating the area of elastic fibers within the

aortic wall area.

Statistical analysis
Data using ultrasound imaging were generated using the

VisualSonics cardiac package software, and all measure-

ments were repeated over five cardiac cycles to reduce

potential bias. All echocardiographic image acquisitions

were performed by a single investigator. Data analyses

were conducted by two independent observers who were

blinded to animal genotypes or treatment plans. Statistical

significance was determined by a one-way ANOVA fol-

lowed by a Tukey-Kramer post hoc test. All values are

reported as mean±SEM. Significance was set at P<0.05.

Results
Measurements of physical characteristics

in experimental mice
Basic physical characteristics are presented in Table 1.

There were no significant differences in body weight

between the groups at the end of the study. However, an

estimated 10–15% decrease in body weight was observed

in mice subjected to exercise training, resveratrol treat-

ment, and exercise combined with resveratrol treatment.

This resulted in significant increases in the heart weight to

body weight ratio compared with WT mice.

Measurements of aortic root diameters

using high-resolution ultrasound imaging
In order to compare the rate of aortic root growth among

different experimental groups, we utilized ultrasound ima-

ging to measure root diameters of the aortic annulus, sinus

of Valsalva, and sinotubular junction (Figure 1A). Our data

revealed no significant differences in aortic root diameters

at the annulus (Figure 1B), sinus of Valsalva (Figure 1C),

and sinotubular junction (Figure 1D) between groups, with

the exception of an increase in root diameter at the aortic

annulus in 3xTg mice subjected to the combination of

exercise and resveratrol (Figure 1B).

Measurements of aortic PWV using

high-resolution ultrasound imaging
Aortic PWV, a strong indicator of aortic wall stiffness, was

measured using ultrasound imaging (Figure 2A, B, and C).

Our data showed that PWV was significantly higher in 3xTg

mice when compared to age-matched WT mice (Figure 2D).

However, no significant differences were observed following

treatment with exercise, resveratrol, or in combination when

compared to WT mice (Figure 2D).

Evaluation of aortic wall structural

integrity
Significant increases in adventitial (Figure 3A), medial

(Figure 3B), and overall aortic wall (Figure 3C) thickness

were observed in 3xTg mice when compared to age-

matched WT mice. Interventions with exercise, resvera-

trol, and combination of both were effective in normal-

izing adventitial, medial, and overall aortic wall thickness.

However, no detectable effects on medial thickness in

3xTg mice subjected to the combination of exercise and

resveratrol were observed (Figure 3B).

Changes in elastin fiber structure and organization

have a direct impact on aortic wall elasticity and stiff-

ness. We used van Gieson staining to determine elastin

fiber structural integrity in aortic segments isolated from

mice. As shown in Figure 4A, elastin fibers in the WT

mouse aorta demonstrated the normal sigmoid shape with

a highly organized and parallel zigzag structure. This is

in contrast to the fragmentation and disorganization of

elastin fibers in aortic rings isolated from 3xTg mice

(Figure 4A). Analysis of elastin fiber length and fragment

counts revealed an increase in elastin fragmentation

within the aortic wall of 3xTg mice, as evident by the

increased elastin fragment counts (Figure 4B) and

reduced fiber length within the medial layer of the aortic

wall (Figure 4C). All treatment protocols normalized

elastin fiber structure in the aortic wall of 3xTg mice

(Figure 4B and C). The average thickness of elastin fibers

was not different between groups. However, compared to

Table 1 Physical characteristic of mice after resveratrol treatment and exercise training in 3xTg mice

Parameter WT (n=10) 3xTg (n=7) 3xTg+Ex (n=8) 3xTg+Resv (n=8) 3xTg+Ex+Resv (n=8)

Body weight (g)

Heart weight (g)

HW/BW ratio

39.2 ± 2.4

0.19 ± 0.01

4.78 ± 0.19

34.9 ± 1.6

0.20 ± 0.01

5.70 ± 0.17a

35.6 ± 1.1

0.18 ± 0.01

6.10 ± 0.26a

34.9 ± 1.9

0.21 ± 0.01b

5.10 ± 0.17b

33.4 ± 0.3

0.20 ± 0.01

6.10 ± 0.13a, b

Notes: Values are expressed as mean ± SEM for 7–10 mice for each group. avs WT, bvs 3xTg+ex, and vs 3xTg+Resv.

Abbreviations:WT, wild-type; Ex, exercise-trained group; Resv, resveratrol; HW, heart weight; BW, body weight.
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WT mice elastin thickness was increased in 3xTg mice

subjected to combination of exercise and resveratrol treat-

ment (Figure 4D), suggesting that the overall elastogen-

esis and elastin fiber turnover might not have been

affected in 3xTg mice. Interestingly, the percentage of

total area for elastin fibers within the medial layer was

significantly reduced in 3xTg mice aorta when compared

to WT mice, reconfirming the aortic elastin degradation

and fragmentation in 3xTg mice (Figure 4E). Treatment

increased and normalized the total area measured for

elastin in the aortic wall of 3xTg mice (Figure 4E),

highlighting the beneficial effects of exercise and resver-

atrol (or in combination) on elastin fiber fragmentation

and disorganization.

Measurement of cardiac function and

structure using high-resolution

ultrasound imaging
Cardiac function and structure were evaluated by ultrasound

imaging. Heart rate was significantly increased in all 3xTg

mice when compared to WT mice (Figure 5A). None of the

treatment protocols had any effect on heart rate (Figure 5A).

With respect to systolic function, there were no significant

differences in stroke volume (Figure 5B) and cardiac output

(Figure 5C) between groups. However, ejection fraction was

significantly decreased in 3xTg mice when compared to WT

mice (Figure 5D). Treatment protocols were beneficial and

improved ejection fraction in 3xTg mice (Figure 5D).

We used tissue Doppler echocardiography to evaluate

ventricular inflow pattern as a reliable measure for diastolic

function and ventricular relaxation (Figure 6). Peak velocity

flow in early diastole (the E wave velocity) was not different

between groups, with the exception of a significant difference

between WT and 3xTg mice subjected to the combination of

exercise and resveratrol (Figure 6A). However, further analy-

sis revealed that peak velocity flow in late diastole (the Awave

velocity) was significantly higher in 3xTg mice when com-

pared to WT mice, indicating an increase in ventricular wall

stiffness in 3xTg mice (Figure 6B). Exercise training reduced

the A wave velocity in 3xTg mice to a level that was not
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Figure 1 Measurements of aortic root diameters by echocardiography. Aortic root diameters at the aortic annulus, sinus of Valsalva, and sinotubular junction were

measured using high-resolution ultrasound imaging. Representative ultrasound image of the three regions of interest in the aortic root of a 7-month-old WT mouse (A).
Root diameter at the aortic annulus was significantly increased in 3xTg mice treated with combination of exercise and resveratrol when compared to WT mice (B).
However, no significant differences were observed at the sinus of Valsalva (C), or sinotubular junction (D) between groups. Values are reported as mean±SEM for 7–8 mice

in each group. * vs WT group, P<0.05.
Abbreviation: WT, wild-type.
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distance between two-sample volume positions (C). Values for PWV were significantly increased in 3xTg mice when compared to the WT group, indicating increased

aortic wall stiffness. None of the treatment protocols normalized PWV in 3xTg mice (D). Values are reported as mean±SEM for 7–13 mice in each group. * vs WT

control, P<0.05.
Abbreviations: PWV, pulse wave velocity; WT, wild-type.
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significantly different from WT mice. However, resveratrol

alone or in combination with exercise did not have any effect

on the Awave velocity in 3xTg mice (Figure 6B). In addition,

because of the increase in the A wave velocity, a significant

decrease in E/A ventricular filling ratio was observed in the

3xTg group, further confirming the presence of diastolic dys-

function in these mice (Figure 6C). Only hearts from the

exercise training group displayed an E/A ratio that was similar

to WT mice (Figure 6C).

To further investigate LV function, we measured frac-

tional shortening, which is the degree of shortening of the

LV diameter between end-diastole and end-systole.

Fractional shortening was significantly reduced in 3xTg

mice when compared to WT mice (Figure 7A). All treat-

ment protocols were effective in correcting fractional

shortening in 3xTg mice (Figure 7A).

Since our data indicated an abnormality in LV diastolic

filling, we utilized mitral valve Doppler tracings to evalu-

ate mitral deceleration time as a measure of LV compli-

ance and filling. As expected, deceleration time was

markedly increased in 3xTg mice (Figure 7B), further

confirming the abnormal LV filling pattern and diastolic

dysfunction in 3xTg mice. All treatment protocols cor-

rected mitral valve deceleration time to the level observed

in WT mice (Figure 7B).

MPI was measured as an index that incorporates both

systolic and diastolic time intervals in expressing global

ventricular function. As shown in Figure 7C, no significant

differences in MPI were observed between groups of mice.

To determine whether the observed changes in cardiac func-

tion in 3xTg mice were associated with cardiac hypertrophy,

ultrasound imaging was used to measure the thickness of the

IVS, left ventricular anterior wall, and left ventricular poster-

ior wall during diastole and systole (Table 2). Only IVS

during systole was significantly decreased in 3xTg mice

when compared to WT mice (Table 2).

Discussion
The non-pharmacological management of cardiovascular

and neurodegenerative diseases focuses on a lifestyle that
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Figure 3 Histological assessment of aortic wall thickness. Adventitial (A), medial (B), and overall (C) aortic wall thickness in H&E stained aortic sections showed

a significant increase in all layers, expressed in μM, in 3xTg when compared to WT mice. Exercise and resveratrol normalized aortic wall thickness (overall and both layers)
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WT control, # vs 3xTg, P<0.05.
Abbreviation: WT, wild-type.
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includes physical activity and healthful eating. Clinical

and experimental evidence indicates that regular exercise

and a diet containing polyphenols are protective against

the development of these age-related diseases. With recent

studies suggesting common pathologies between AD and

the development of cardiovascular dysfunction,17,39–41 we

examined cardiac and vascular function in the 3xTg mouse

model of AD. We also determined whether any aberrations

in cardiovascular function observed in this mouse model

could be attenuated with either exercise training or resver-

atrol supplementation, or with combination therapy. The

3xTg mouse model was selected because of its resem-

blance to human familial AD in terms of etiology and

progression of disease. This model exhibits cognitive

impairment by 3 months of age42 and Aβ deposits in the

frontal cortex by 6 months.43 Seven-month-old mice were

chosen to reflect the early stages associated with AD in the

absence of tau pathology, which typically appears when

mice are ~1 year of age.43

Our results indicate that hearts from 7-month-old 3xTg

mice demonstrate deficiencies in LV function. In vivo assess-

ment of indices of systolic function, expressed as ejection

fraction and fractional shortening, were reduced in the 3xTg

mouse. Diastolic dysfunction was also evident in hearts from

3xTg mice as highlighted by an increase in late ventricular

filling, resulting in a decrease in the E/A ratio. Further, mitral

valve deceleration time, also indicative of relaxation properties

of the heart, was reduced in the 3xTg mouse. Both exercise

training and resveratrol treatment reversed the systolic dys-

function of hearts, although combination treatment had no

synergistic effects on function. Diastolic function, expressed

as mitral valve deceleration time, was also improved with

exercise training and resveratrol as well as in the presence of

combination treatment. However, only exercise had

a beneficial effect of increasing late ventricular filling and

reversing the decrease in the E/A ratio.

In addition to these alterations in cardiac function, histo-

logical analysis revealed significant aberrations in the aortic
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Figure 4 Histological assessment of elastin fiber structure within the aortic wall. Representative images (x400 magnification) of aortic sections stained with van Gieson for elastin

fibers (A). The number of elastin fiber fragments was significantly increased in the aortic wall of 3xTg mice when compared to WT mice. Exercise, resveratrol, and combination

treatment significantly decreased the number of elastin fragments (B). The length of aortic elastin fibers was significantly reduced in 3xTg mice, confirming elastin fragmentation

within the aortic wall in these mice. All treatment protocols reduced elastin degradation and increased fiber length in 3xTg mice. (C). The thickness of elastin fibers was not

significantly different between groups of mice. However, aortae frommice in the combined exercise and resveratrol group demonstrated increased elastin thickness (D). Total area
within the aortic wall that was positive for elastin staining was significantly decreased in 3xTg when compared to WT mice. Total elastin area was improved in response to all

treatments (E). Values are reported as mean±SEM for 7–10 mice in each group. * vs WT control, # vs 3xTg, and 3xTg+Ex+ Resv vs 3xTg+Ex, P<0.05.
Abbreviations: WT, wild-type; Ex, exercise; Resv, resveratrol.
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root structure. These include increased fragmentation of

elastin fibers, decreased elastin fiber length as well as

increased aortic and adventitial wall thickness. Exercise

training and resveratrol treatment reversed these histological

consequences in the aorta resulting from the AD state of

mice. Interestingly, combined exercise training and resvera-

trol treatment significantly increased elastin thickness within

the aorta of mice. Taken together, our results indicate that

deficiencies in both systolic function and relaxation proper-

ties observed in hearts from 3xTg mice can be largely pre-

vented with either exercise training or treatment with

resveratrol, suggesting that these interventions may prevent

LV remodeling in this model. Furthermore, the observation

that exercises training and resveratrol improved the structural

defects in aorta of the AD mouse also indicates a potential

role of these interventions in vascular wall remodeling.

The improvement in LV function with resveratrol is

consistent with the benefits reported in mouse models of

ventricular dysfunction, including heart failure and

diabetes.34,44–49 Several beneficial properties and mechan-

isms of action of resveratrol have been demonstrated. One

study reported that resveratrol increased the expression of

sarcoplasmic/endoplasmic reticulum calcium ATPase 2a

(SERCA2a) and restored SERCA2a promoter activity.

These effects are dependent on silent information regula-

tors (SIRT) 1 and 3 expression.44 These observations sug-

gest that resveratrol might enhance systolic and diastolic

function in the 3xTg mouse by improving calcium hand-

ling via the SIRT1/3 pathways and restoring SERCA2a

expression. Interestingly, these same pathways are regu-

lated in response to chronic exercise training. In fact, both

resveratrol treatment and chronic exercise training share

molecular pathways associated with mitochondrial biogen-

esis, oxidative metabolism, regulation of blood pressure,

and vascular function.50–55 Although the metabolic or

physiological basis for the observed diastolic dysfunction

observed in hearts of 3xTg mice is not well defined, recent

emerging studies indicate that diastolic dysfunction in

patients with AD is related to disturbances in calcium

homeostasis. Indeed, LV cardiomyocytes obtained from

patients with AD displayed slower relaxation velocities

and prolonged calcium transients. These changes are
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Figure 5 Measurement of cardiac function by echocardiography. Heart rate was significantly decreased in WT mice compared to all groups. (A). No significant differences

were observed for stroke volume (B) and cardiac output between groups (C). Ejection fraction was significantly decreased in 3xTg mice when compared to WT mice.

Exercise, resveratrol, and combined treatment significantly improved ejection fraction (D). Values are reported as mean±SEM for 7–13 mice in each group. * vs wild-type

control, # vs 3xTg, P<0.05.
Abbreviation: WT, wild-type.

Dovepress Esfandiarei et al

Drug Design, Development and Therapy 2019:13 submit your manuscript | www.dovepress.com

DovePress
1205

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


correlated with a decline in myocardial compliance,17

which could also explain the diastolic dysfunction recently

reported in these patients.56 A defect in relaxation,

expressed as maximum velocity of relengthening time,

has been reported in cardiomyocytes obtained from the

APP/PS1 mouse model of AD.18 This mechanical distur-

bance is related to reduced expression of

phospholamban,18 a key protein involved in the regulation

of SERC2a activity. Based on these observations, it is

possible that alterations in calcium transients are contribut-

ing to impaired diastolic function in the 3xTg mouse,

although this needs to be confirmed. Further, whether

impaired diastolic function is linked to disturbances in

systolic function is also unclear. Decrease in myocardial

compliance and filling volumes from impaired relaxation

could translate into reduced ejection fraction and fractional

shortening. Because the pathology of myocardial tissue

in AD is multi-faceted, disturbances in calcium homeos-

tasis accompanied with Aβ inclusions39 are known to

contribute to LV dysfunction. Increased interstitial space,

cardiomyocyte disarray, decreased anti-apoptosis proteins,

and elevated cytochrome C and caspase-9 expression

recently reported in 3xTg mice could also lead to impaired

function.57

Compliance of the aorta is necessary to buffer the

pressures generated by the heart during systole and to

maintain arterial blood flow by acting as an elastic reser-

voir during diastole. As the aortic wall stiffens, compli-

ance of the aorta is reduced resulting in increased cardiac

afterload with consequences on diastolic function of the

heart and peripheral perfusion. While an increase in

arterial wall stiffening, measured by an increase in aortic

PWV, is predictive of hypertension, myocardial infarct,

and failure,58–60 increased PWV of carotid arteries has

been associated with accelerated brain aging and cogni-

tive impairment.61 Aortic wall stiffening is associated

with inflammation, oxidative stress, reduced endothelial

function, and disorganization of elastin in the aortic
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Figure 6 Measurement of the left ventricular function (inflow, peak velocity) by Doppler echocardiography. Doppler ultrasound imaging was used to measure the LV inflow

and peak velocity. No significant difference in early (E) filling velocity was observed between groups, with the exception of an increased E velocity in 3xTg mice in the

combined treatment group compared to WT mice (A). Late (A) filling velocity was significantly increased in 3xTg mice when compared to WT mice. Only exercise

decreased the A velocity to control WT levels (B). The E/A ratio in 3xTg mice was significantly lower compared to WT mice. There was no effect of treatment on the E/A

ratio (C). Values are reported as mean±SEM for 5–8 mice in each group. * vs WT control, P<0.05.
Abbreviations: LV, left ventricle; WT, wild-type; E/A ratio, early/atrial ratio.
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wall,62 and can potentially be involved in the aortic

pathology of 3xTg mice.

Elastin is a key protein component of elastic fibers in

the aorta and provides reversible elasticity allowing it to

expand during a hemodynamic load. Aortic segments iso-

lated from 3xTg mice exhibited significant elastin breaks

and reduced elastin fiber length, confirmed by histological

analysis. Our observations indicate that the increased

aortic wall stiffness in 3xTg mice is related to loss of

elastin structural integrity. Increases in PWV and wall

stiffness have been reported in other models of cardiovas-

cular diseases, including Marfan syndrome,63 chronic

heart failure,64 diet-induced obesity,65 and aging.66,67

Further, increased PWV was demonstrated in the common

carotid artery of 9-month-old 3xTg mice, although elastin

content and aortic wall thickness were not different
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Figure 7 Evaluation of left ventricular contractile properties. LV fractional shortening was significantly reduced in 3xTg mice when compared to WT mice. All treatment

protocols normalized fractional shortening (A). Mitral valve deceleration time was significantly increased in 3xTg mice when compared to WT controls. All treatment

protocols significantly increased mitral valve deceleration time (B). Myocardial performance index was similar in all groups of mice. (C). Values are reported as mean ± SEM

for 5–8 mice in each group. * vs WT control, # vs 3xTg, P<0.05.
Abbreviations: LV, left ventricle; WT, wild-type.

Table 2 Echocardiography measurements of cardiac dimensions

Parameter (mm) WT (n=8) 3xTg (n=6) 3xTg+Ex (n=6) 3xTg+Resv (n=7) 3xTg+Ex+Resv (n=6)

IVS, d

IVS, s

LVAW, d

LVAW, s

LVPW, d

LVPW, s

1.401±0.049

2.033±0.119

1.289±0.066

1.841±0.085

1.051±0.120

1.488±0.098

1.284±0.050

1.779±0.090a

1.136±0.047

1.598±0.056

0.925±0.056

1.266±0.063

1.332±0.125

1.965±0.142

1.215±0.093

1.743±0.131

0.976±0.046

1.489±0.074

1.236±0.052

1.784±0.085

1.174±0.041

1.666±0.088

0.915±0.036

1.339±0.087

1.128±0.126

1.710±0.119

1.104±0.107

1.620±0.117

0.962±0.060

1.512±0.110

Notes: Values represented mean±SEM for 6–8 mice in each group. Cardiac dimensions measured during diastole (d) and systole (s) are shown in millimeters (mm). Values

are reported as mean±SEM for 6–8 mice in each group. a vs WT.

Abbreviations: IVS, interventricular septal wall; LVAW, left ventricular anterior wall; LVPW, left ventricular posterior wall; Resv, resveratrol; WT, wild-type.
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compared to representative control mice used in the

study.68 The reasons explaining the differences in elastin

content between the common carotid artery and aorta of

3xTg mice are not known. An elevated heart rate is a risk

factor for cardiovascular mortality69 and known to

increase PWV and aortic wall stiffness.70 Thus, it seems

plausible that the higher heart rates, indicative of increased

sympathetic tone,71 may induce a greater hemodynamic

stress and accelerate the progression of elastin loss and

fragmentation in 3xTg mice.

To date, no studies have addressed the effects of

exercise training and resveratrol treatment on PWV and

elastin properties in aorta from 3xTg mice. The results

of our study indicate that either exercise training or

resveratrol treatment, or combination of both, exerted

beneficial effects on elastin content and organization in

aorta of 3xTg mice. Despite these favorable changes in

aortic wall structure, in vivo measurements of PWV

remained elevated in these mice after treatment,

although it is noteworthy that a non-significant

decrease of ~20% in PWV was observed with combi-

nation treatment. Our results are in contrast with

a recent study demonstrating that chronic exercise

training improved elastin content and decreased PWV

in aorta of aged rats.67,72 Similar results on elastin

morphology using circumferential aortic wall tension

as index of aortic stiffness have been reported in the

spontaneously hypertension rat following 20 weeks of

treadmill running.73 Similarly, resveratrol treatment

prevented the increase in both PWV and arterial wall

stiffening induced by a Western diet in nonhuman

primates.74 In a mouse model of Marfan syndrome,

which exhibits increased PWV from senescence,37

resveratrol decreased the number of elastin breaks in

aorta.63 Taken together, this suggests that PWV and

elastin organization are improved in aorta with exercise

training and resveratrol treatment in these models of

cardiovascular dysfunction. However, the improvement

in elastin morphology was not accompanied by

a decrease in PWV in 3xTg mouse following treatment.

The reasons why this perturbation in PWV was not

prevented are not known, but may relate to differences

in pathology exhibited by the experimental models, the

duration and severity of disease, and age of mice. One

possible explanation for the observed beneficial effects

of resveratrol and exercise on elastic fiber structure

within the aortic wall of 3xTg mice is that both inter-

ventions can regulate elastase expression and activity

in aorta. Studies have demonstrated that human neu-

trophil elastase is involved in the degradation of the

extracellular matrix, and that polyphenols can inhibit

elastase activity.75,76 Similar effects on adipose tissue

elastase expression have been reported following 16

weeks of exercise training in mice fed a diet high in

fat.77 On the other hand, protein levels of elastin and

elastase activity in aorta of healthy mice were not

influenced after 6 weeks of endurance training.78

Conclusion
In conclusion, no studies have examined cardiovascular

function in the 3xTg model of AD as well as the roles of

polyphenol treatment and exercise training on basic

indices of cardiac and aortic function. Here, we have

reported that hearts from 3xTg mice exhibit functional

abnormalities in systolic and diastolic properties that are

similar to those observed in patients diagnosed with

dementia and AD,56,79 suggesting that the 3xTg model

may be relevant for mechanistic-based investigation

of AD. Further, our data show that consumption of the

polyphenol resveratrol and exercise training are protective

against the development of certain indices of LV dysfunc-

tion and aortic wall structure in this model. Resveratrol

and exercise training increased ejection fraction and frac-

tional shortening, and prevented the increase in mitral

valve deceleration time from occurring. Resveratrol and

exercise training also restored elastin and aortic wall integ-

rity, despite no improvement in aortic PWV velocity.

Although the mechanisms for these benefits were not

determined, the purpose of his study was to characterize

cardiovascular function and establish the proof-of-concept

for the beneficial effects on resveratrol and exercise train-

ing on cardiovascular function and structure in a well-

established mouse model of familial AD. Our preliminary

observations also warrant further mechanistic studies to

investigate the underlying mechanisms responsible for

the observed beneficial effects as well as to expand the

study to aged AD mice that present with more severe AD-

like brain pathology. Finally, our data are consistent with

the hypothesis that preventative medicine in the form of

nutrition and exercise promote cardiovascular health and

may delay age-related diseases.
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