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Abstract
Vascular endothelial growth factor (VEGF) regulates angio/neurogenesis and also tightly links to the
pathogenesis of Alzheimer’s disease (AD). Although exercise has a bene�cial effect on neurovascular
function and cognitive function, the direct effect of exercise on VEGF-related signaling and cognitive
de�cit in AD are incompletely understood. Therefore, the purpose of this study was to investigate the
protective effect of exercise on angiostatin/VEGF cascade and cognitive function in AD model rats.
Wistar male rats were randomly divided into �ve groups: control (CON), injection of DMSO (Sham-CON),
CON-exercise (sham-EX), intrahippocampal injection of Aβ (AD), and AD-exercise (AD-EX). Rats in EX
groups underwent treadmill exercise for 4 weeks, then the cognitive function was measured by the Morris
Water Maze (MWM) test. mRNA levels of HIF-1, VEGF, VEGFR2, and angiostatin were determined by RT-
PCR. We found that cognitive function was impaired in AD rats, but exercise training improved it.
Moreover, exercise training increased the reduced mRNA expression level of VEGF signaling, including
HIF1α, VEGF, and VEGFR2 in the hippocampus from AD rats. Also, the mRNA expression level of
angiostatin was elevated in the hippocampus from AD rats, and exercise training abrogated its
expression. Our �ndings suggest that exercise training improves cognitive function in AD, possibly
through enhancing VEGF signaling and reducing angiostatin.

1. Introduction
Alzheimer's disease (AD) is a neurodegenerative disease that is responsible for cognitive dysfunction.
The memory impairment is emanated from the accumulation of amyloid beta (Aβ) in the brain, especially
in the hippocampus (P. Wang et al., 2011), and Aβ plaque forming in the vascular walls, called cerebral
amyloid angiopathy (CAA). The co-existing of neuritic plaque and CAA in AD brain lead to neuronal
impairment and cerebrovascular dysfunction (Hong et al., 2020; Zlokovic, 2011), which induce tissue
injury and neuronal death, and then �nally resulted in cognitive decline in AD (Bell & Zlokovic, 2009).

Vascular endothelial growth factor (VEGF) plays a pivotal role in angiogenesis and neurogenesis (Muche,
Bigl, Arendt, & Schliebs, 2015). VEGF expression is regulated by hypoxia-induced factor-1α (HIF-1α), then
binds to its high- a�nity receptor vascular endothelial growth factor receptor 2 (VEGFR2) to exert
angiogenesis and neurogenesis (Waltenberger, Claesson-Welsh, Siegbahn, Shibuya, & Heldin, 1994;
Zhang et al., 2009). The expression of HIF-1α (Liu, Liu, Iqbal, Grundke-Iqbal, & Gong, 2008; Soucek,
Cumming, Dargusch, Maher, & Schubert, 2003) and VEGF was downregulated in AD mice brain
(Echeverria, E Barreto, Ávila-Rodriguezc, V Tarasov, & Aliev, 2017; Guo et al., 2019; Provias & Jeynes,
2014), and overexpression of VEGF ameliorated the Aβ deposition and cognitive decline in an AD rodent
model (Cao et al., 2004; P. Wang et al., 2011). However, some studies reported that the level of VEFG was
higher in plasma and brain tissue from patients with AD than in healthy subjects (Chiappelli et al., 2006;
Cho, Park, Han, Yoon, & Koh, 2017; Mahoney et al., 2019). Therefore, the contribution of VEGF signaling to
the pathogenesis of AD and cognitive dysfunction remains controversial. Angiostatin is known to
angiogenesis inhibitor (Eriksson, Magnusson, Dixelius, Claesson-Welsh, & Cross, 2003), by blocking the
formation of VEGF through the inhibition of P42/44 MAP kinase activity, and it �nally leads to
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angiogenesis inhibition (Liang et al., 2016). Artery in patients with diabetes, the VEGF expression was
negatively correlated the angiostatin expression (Chung et al., 2006). It indicates that angiostatin might
be a key regulator in VEGF signaling. However, the role of angiostatin and its expression in AD is still
unclear.

Exercise has numerous bene�cial effects on brain health and cerebrovascular function (Hong et al., 2020)
and pathogenesis in AD (Azimi, Gharakhanlou, Naghdi, Khodadadi, & Heysieattalab, 2018). Exercise
training increased CBF with reduction of Aβ plaque formation and improving cognitive decline (Al�ni,
Weiss, Nielson, Verber, & Smith, 2019). It also induces hippocampal neurogenesis and angiogenesis
(Ballard, 2017) with increases in the expression of HIF-1α (Dornbos III et al., 2013; Smeyne, Sladen, Jiao,
Dragatsis, & Smeyne, 2015) and VEGF/VEGFR2 in the brain of rodent models (Ding et al., 2006; Lou, Liu,
Chang, & Chen, 2008) and in plasma in a patient with AD (Pedrinolla et al., 2020). Furthermore, exercise
training reduced the mRNA level of angiostatin in hindleg muscles from myocardial infarction induced
rats (Ranjbar, Rahmani-Nia, & Shahabpour, 2016). Although bene�cial effects of exercise training on
VEGF signaling are well reported, it is underestimated whether exercise can positively regulate
angiostatin-associated VEGF signaling cascade in the hippocampus of AD with an improvement of
cognitive dysfunction.

Therefore, our study aimed to investigate the effect of exercise on cognitive function and
angiostatin/VEGF signaling cascade in the hippocampus of AD model rats. To answer these questions,
we �rst determined whether the cognitive function is impaired in AD, and then we determined whether
exercise training could improve cognitive impairment by modulating angiostatin/VEGF signaling cascade
in AD. Hence, we hypothesize that exercise training would improve cognitive decline in AD rats by
positively regulating the mRNA level of angiostatin/VEGF signaling cascade in the hippocampus from AD
rats.

2. Material And Methods

Animals and experimental design
Seventy Wistar male rats (8 weeks age) were purchased from the Pasteur Institute of Iran. Rats were
housed in a temperature-controlled (25 ± 2ºC) animal facility with 12 hrs light-dark cycles and allowed
free access to water and chow. All rats were randomly divided into �ve experimental groups (n = 14 per
group): control (CON), injection of DMSO (Sham-CON), CON-exercise (sham-EX), intrahippocampal
injection of Aβ (AD), and AD-exercise (AD-EX). At 10 weeks of age, DMSO and Aβ1−42 were injected for 7
consecutive days, and then the exercise groups performed a 4-week treadmill aerobic exercise training. 24
hours after the last treadmill session animals from each group were randomly allocated to be either
sacri�ced (n = 6) or subjected to the Morris Water Maze test (n = 8) for 5 consecutive days. (Fig. 1A).
These animal experiments were carried out in accordance with the National Institutes of Health (NIH)
Guideline for the Care and Use of Laboratory Animals and were approved by the Ethics Committee on the
use of animals at Tarbiat Modares University. 
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Aβ1−42preparation and intrahippocampal injection
The detail Aβ1−42 preparation was described previously (Mohammadpour et al., 2015). Brie�y, Aβ1−42

peptides were dissolved in 3% dimethyl sulfoxide (DMSO) at a concentration of 5µg/µl. Aβ solution was
incubated at 37°C for seven days to form neurotoxic �brils (Azimi et al., 2018).

Rats were anesthetized with a mixture of ketamine (100 mg/kg, i.p.) and xylazine (25 mg/kg, i.p.) and
placed in a stereotaxic instrument (Stoelting, Wood Dale, IL, USA). Holes were drilled in the skull above the
hippocampus using the following coordinates: 3.8 mm posterior to bregma; + 2.2 mm lateral to the
sagittal suture (Yang et al., 2005). The needle of a 1 ul Hamilton micro-syringe was inserted 2.7 mm
below the surface of the skull. Thereafter, the Aβ solution was injected into each side of the
hippocampus. The infusion duration was 5 min, and the needles were left in place for an additional 60 s
to allow diffusion of the solution away from the needle tip. Sham rats were injected with DMSO using the
same procedure. To make sure that the injection sites were in the Cornu Ammonis (CAl) area, 100 µm
thick brain sections of two additional rats were taken, and the accuracy of the injection site was checked
using an optical microscope.

Exercise training protocol
At 11 weeks of age, Sham-EX and AD-EX rats were subjected to �ve consecutive days of exercise training
for 4 weeks on a rodent treadmill apparatus. Preceding the exercise training, rats were acclimated to
running on a treadmill for 1 week. The exercise protocol consisted of running on a treadmill at 10-
15m/min, 5 days/week for 4 weeks, and then the intensity and duration of exercise gradually increased
by the following week. The treadmill running sessions were conducted between 8:00 am and 2 pm.
During the �rst to the second week of the training session, animals ran on the treadmill at 10 m/min for
30 min; each session included 2×15 min intervals and 5 min breaks between intervals. In the third week,
the rats ran on a treadmill at 15 m/min for 45 min that each session included 3×15 min intervals and 5
min breaks between the session. In the fourth week, the rats ran 60 min on the treadmill that each session
included 4×15 min intervals and 5 min breaks between intervals at a speed of 15 m/min (Fig. 1B) (Dao et
al., 2013).

Morris Water Maze (MWM) test
Spatial learning was evaluated by the MWM test. A dark circular stainless steel pool (136 cm diameter, 60
cm height) was �lled with water (23–25°C). The pool contained various prominent visual cues. The pool
was divided into four equal quadrants (Northeast (NE), Northwest (NW), Southeast (SE), and Southwest
(SW)). A transparent circular-shaped platform was submerged 1 cm beneath the water surface in the
Northwest quadrant (target quadrant) of the pool. The platform's location was constant during all trials. A
video camera connected to a tracking system (EthoVision XT7, Netherland) was mounted over the pool to
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record the swimming trace for later analysis. The acquisition test was conducted in four training trials
each day for four consecutive days. In each trial, an animal was placed in the wall of the pool at one of
the four starting points of a quadrant in random order (north, east, south, west) and was allowed to detect
the hidden platform within a period of 90 sec. Rats detecting the platform within this period were
authorized to stay on the platform for 20 sec, while rats not reaching the platform within 90 sec were
gently guided to the platform and allowed to rest for 20 sec. Several parameters, including escape
latency, traveled distance, and swimming speed, were recorded in each trial to assess spatial learning
ability (Azimi et al., 2018). The probe test was performed on experimental day 5. The platform was
deleted from the water, and then each rat was placed in the water in the opposite of the target quadrant
and was allowed to swim freely for the 60s. The percentage of time spent in the target quadrant was
measured as spatial memory retention (Narenji, Naghdi, Azadmanesh, & Edalat, 2015). After the last
probe test, the platform was elevated above the water surface and was covered with a piece of aluminum
foil and then placed in the opposite of the target quadrant (southeast quadrant). This phase assessed the
Visual-Motor coordination of rats (Narenji et al., 2015).

RNA extraction and Real-Time PCR
24 hours after the �nal exercise session, rats were euthanized by intraperitoneal injection of ketamine and
xylazine. Then brain was removed from the skull bone, and the hippocampi were carefully separated and
rapidly frozen in liquid nitrogen and then stored at -80°C. Right hippocampus samples of rats were
powdered with a cold mortar and pestle. Total RNA was isolated using Isol RNA-Lysis reagent (5PRIME,
QIAGEN Group), and total RNA was extracted according to the procedures described in the manufacturer's
instructions. Total RNA was assayed using the Nanodrop spectrophotometer (Thermo Scienti�c,
Wilmington, USA) to assess purity and concentration. First-strand cDNA was synthesized from total RNA
using the high-capacity cDNA reverse transcription kit (Applied Biosystems). Primer sequences (listed in
Table 1) were designed using the NCBI primer design tool. All primers were purchased from Applied
Biosystems, USA. A 20 µl reaction mixture containing 10 µl SYBR Green Mastermix (Amplicon) and the
appropriate concentrations of gene-speci�c primers plus 1000 ng/µl of cDNA template was loaded in
each well of a 96-well plate. All PCR reactions were performed in duplicate. PCR was performed with
thermal conditions as follows: 95°C for 10min, followed by 40 cycles of 95°C for 15 s, and 60°C for 45s. A
dissociation melt curve analysis was performed to verify the speci�city of the PCR products. GAPDH
primers were used as the endogenous control, and the 2−ΔΔCt method was used to analyze the value of
relative mRNA expression (Yuan, Reed, Chen, & Stewart, 2006).

Statistical analysis
All the data were described as mean ± SEM. Statistical analyses were performed by SPSS 18 software
(SPSS, Inc., Chicago, IL, USA). Shapiro-Wilk test was used to determine the normality of the distribution.
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Comparisons between groups were performed by one-way ANOVA, followed by Tukey’s honestly
signi�cant difference (HSD) post hoc test. Statistical signi�cance was set at p < 0.05.

3. Results

Exercise ameliorates cognitive dysfunction in AD pathology-
induced rat model
The acquisition phase data obtained from CON and Sham-CON indicates that no signi�cant difference
was found in escape latency (p > 0.05), traveled distance (p > 0.05) between the groups (Fig. 2a & b).
However, the escape latency and traveled distance were signi�cantly increased in AD group compared to
CON group (p < 0.001) in the acquisition phase (Fig. 2a & b). Furthermore, exercise training signi�cantly
reduced the escape latency and traveled distance in AD-EX group compared to AD group (p < 0.001;
Fig. 2a & b). However, there were no signi�cant differences in mean swimming speed between groups (p 
> 0.5) (data not shown). 

In the probe phase, a signi�cant decrease in the percentage of time spent in the target quadrant in AD
group compared to CON group (p < 0.001), while exercise signi�cantly increased the percent time spent in
the target quadrant in AD-EX group compared to AD group (p < 0.001; Fig. 2c). Also, the percent time spent
in the target quadrant was increased in sham-EX group compared to CON group (p < 0.001; Fig. 2c).
However, there was no signi�cant difference on the visible platform day for escape latency among the
groups (Fig. 2d).

The effect of exercise on mRNA levels of HIF1, VEGF,
VEGFR2, and Angiostatin in hippocampus from AD rat
As shown in Fig. 3a, the mRNA expression level of HIF1α was signi�cantly reduced in the hippocampus
from AD brain compared with CON brain (p < 0.05), but its expression was signi�cantly elevated by
exercise training in the hippocampus from AD-EX brain compared to AD brain (p < 0.05). 

We also found that the mRNA expression levels of VEGF and VEGFR2 were signi�cantly diminished in the
hippocampus from AD brain compared to CON brain, but these expressions were signi�cantly increased
in the hippocampus from AD-EX brain compared to AD brain (p < 0.05; Figs. 3b & c). Moreover, the mRNA
expression levels of VEGF and VEGFR2 increased in the hippocampus from Sham-EX brain compared
with CON brain. However, there was no signi�cant difference in VEGF and VEGFR2 in the hippocampus
between AD-EX brain compared to CON brain (p > 0.05; Figs. 3b & c).

We found that the mRNA expression level of angiostatin was signi�cantly higher in the hippocampus
from AD brain compared to CON brain, but its expression was not signi�cantly diminished in the
hippocampus from AD-EX brain compared to AD brain (Fig. 3d).
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4. Discussion
The presents �ndings demonstrate the �rst evidence that AD pathology and exercise training contribute
to the mRNA level of angiostatin in AD brain. Also, our current study provides evidence that exercise
training ameliorates cognitive dysfunction in AD, possibly through VEGF signaling. Speci�cally, our
results demonstrate that 1) the impaired cognitive function is ameliorated by exercise training in AD rat;
2) exercise training increased the reduced mRNA expression level of VEGF signaling including HIF1α,
VEGF, and VEGFR2 in hippocampus from AD rat, 3) mRNA expression level of angiostatin was elevated in
hippocampus from AD rat, and exercise training abrogated exacerbated expression.

Memory and cognitive de�cits are the most primary clinical manifestation in patients with AD, are
implicated with the deposition of Aβ plaques in the hippocampal area and CAA in the brain (Rosa &
Fahnestock, 2014). Previous studies have shown that spatial learning impairment and memory de�cits
were developed after Aβ microinjection in the hippocampus of rodent models (Sharma, Verma, Kapoor,
Saini, & Nehru, 2016; Wu et al., 2017). Our data aligned with the previous �nding that the escape latency
and traveled distance were signi�cantly increased in AD group compared to CON group in the acquisition
phase (Fig. 2a & b), as well as a signi�cant decrease in the percentage of time spent in the target
quadrant in AD group compared to CON group in probe phase (Fig. 2c). Our �ndings suggest that Aβ
injection directly impairs cognitive function in the rat model. The bene�cial effect of exercise training on
cognitive decline in patients with AD (Gomes-Osman et al., 2017; Morris et al., 2017) and animal models
(Azimi et al., 2018; Kim et al., 2014; X.-Q. Wang & Wang, 2016) are well demonstrated. Exercise training
elevates LRP-1 expression in the AD hippocampus, in turn, increase Aβ clearance, �nally improving
cognitive function and preventing the progression of AD pathology (Khodadadi et al., 2018). Our results
also revealed that exercise training ameliorated spatial learning and memory impairment in AD-EX group
compared to AD group (Fig. 2a, b, & c). Collectively, current �ndings provide evidence that exercise
training has protective effects on cognitive dysfunction, possibly through the prevention of Aβ pathology.

VEGF is one of the main angiogenesis factors regulating neurogenesis and is also involved in AD
pathogenesis as well as cognitive impairment in AD (Guo et al., 2019; Provias & Jeynes, 2014; P. Wang et
al., 2011). Previous studies reported that the mRNA and protein expression of HIF-1 (Liu et al., 2008;
Schubert, Soucek, & Blouw, 2009), VEGF, VEGFR2 are downregulated in the hippocampus and cortex of
the AD brain (Guo et al., 2019; Provias & Jeynes, 2014; P. Wang et al., 2011). These �ndings align with our
results, in part, the mRNA levels of HIF-1, VEFG, and VEGFR2 were signi�cantly reduced in the
hippocampus of AD group compared to CON groups (Fig. 3a, b & c). Moreover, VEGF treatment
ameliorates cognitive de�cits in AD by reducing Aβ accumulation in AD brain (Cao et al., 2004; Guo et al.,
2019; P. Wang et al., 2011) and cerebral vessels with reduction of Aβ-induced vascular regression and
apoptosis (Religa et al., 2013). The expression of VEGF is decreased with an elevation of Aβ, while VEGF
treatment improves the cognitive impairment, concurrently decreased the BACE1 (β-site APP cleaving
enzyme) and increased ADAM10 (α-secretase cleaving APP) expression in the TG2576 mice brain (Guo et
al., 2019). Furthermore, Aβ acts as an anti-angiogenic factor inhibiting the migration and permeability of
VEGF in endothelial cells, in turn, blocks VEGF signaling by direct interaction with VEGFR2 in Aβ-treated
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HUVECs and HBMECs (Patel et al., 2010). Elevated Aβ plaque formation in brain tissue and CAA might
impair Aβ clearance process possibly through a decrease of VEGF signaling, and it exacerbates AD
pathology and cognitive decline in the AD. These previous �ndings support our data, in part, reduced
mRNA level of VEGF signaling induced by Aβ injection might accelerate cognitive de�cits in AD group
(Fig. 3a-c &Fig. 3). Collectively, current data suggest that the reduced the mRNA expression of VEGF
signaling might induce cognitive impairment, possibly through exacerbating amyloidogenic pathway in
AD brain.

Several clinical investigations report that exercise training delay or prevent progression of AD
pathogenesis and cognitive impairment (Kim et al., 2014; Morris et al., 2017) via a decrease in Aβ
accumulation, which was accompanied by increased mRNA levels of HIF-1, VEGF and VEGFR2 in the
hippocampus of rats (Ding et al., 2006; Dornbos III et al., 2013; Lou et al., 2008), as well as patient with
AD (Pedrinolla et al., 2020). Aforementioned, VEGF signaling improves cognitive function by modulating
amyloidogenic pathway (Bürger et al., 2009; Guo et al., 2019; P. Wang et al., 2011). VEGF administration
increased ADAM10 and reduced BACE1 expressions in the brain of Tg2576 mice, which led to the
improvement in cognitive function (Guo et al., 2019). Furthermore, Wang et al. also reported that VEGF
treatment in PDGF-hAPP transgenic mice protects memory impairment and decreased Aβ deposition in
the brain (P. Wang et al., 2011). These �ndings suggested that exercise-induced improvement of VEGF
signaling might increase in both central and peripheral Aβ clearance in the AD brain, eventually
ameliorating learning and memory de�cits. Our �ndings also showed that exercise training elevates the
mRNA levels of HIF-1, VEGF, and VEGFR2 in the hippocampus of AD-EX group compared to AD groups
(Fig. 3a, b & c) with improved cognitive function (Fig. 2a, b & c).These �ndings collectively imply that
elevated VEGF signaling by exercise training might ameliorate cognitive decline, possibly through
converting amyloidogenic to a non-amyloidogenic pathway in AD mice brain.

Angiostatin is identi�ed as an endogenous angiogenic inhibitor that inhibiting both angiogenesis and
vascular permeability (Eriksson et al., 2003). It has been indicated that angiostatin attaches to integrins
and inhibits p42/p44 MAP kinase pathway that playing a role in regulating VEGF and controlling its
downstream pathways (Sima, Zhang, Shao, Fant, & Ma, 2004). Chung et al. have reported that
angiostatin production is inversely associated with VEGF expression, but its expression is positively
correlated with MMP-2 & 9 expressions in human diabetic arterial vasculature (Chung et al., 2006). This
study results explained that elevated angiostatin could be attributed to the pathogenesis of impaired
angiogenesis in diabetes melitus. Furthermore, we �rstly show that the mRNA level of angiostatin was
elevated in AD hippocampus with reduced VEGF mRNA level (Fig. 3d) while 10 weeks of aerobic training
reduced the mRNA level of angiostatin in cardiac and hindlimb muscles from rats with myocardiac
infartion (Ranjbar et al., 2016). Our study demonstrates that exercise training abrogated mRNA level of
angiostatin in the AD hippocampus (Fig. 3d) and it suggests that reduced mRNA level of angiostatin by
exercise training might increase VEGF signaling, in turn, �nally improve cognitive function in AD.

In conclusion, the current study highlights the importance of exercise training as an effective approach to
reduce/prevent the deterioration of cognitive de�cits in AD, possibly through enhancing VEGF signaling
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and reducing angiostatin. Further investigation is required to elucidate the direct causality between VEGF
signaling and angiostatin on cognitive impairment in AD. These �ndings will provide the missing clues
for developing a therapeutic strategy to protect and/or prevent cognitive decline in AD.
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Figure 1

Experiment �ow and exercise training protocols
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Figure 2

Effect of exercise training on spatial learning in AD rat model by the Morris Water Maze test. CON, control;
Sham-CON, DMSO injected; sham-EX, control with exercise training (EX); AD, Aβ-injected; AD-EX, Aβ-
injected with EX; ns, not signi�cant. a-b: effect of exercise training on mean scape latency (sec) and mean
traveled distance (cm) in the acquisition phase. c-d: effect of exercise training on the percentage of the
time spent in target quadrant in the probe trial and mean escape latency to the visible platform. Bar graph
values are presented as mean ± SEM. n=8. *P <0.05 vs. CON; #P <0.05 vs. AD
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Figure 3

The effect of exercise on angiostatin/VEGF signaling in the hippocampus of AD rat model. CON, control;
Sham-CON, DMSO injected; sham-EX, control with exercise training (EX); AD, Aβ-injected; AD-EX, A-injected
with EX. a-d: effect of exercise training on mRNA level of HIF1, VEGF, VEGFR2, and angiostatin. Bar graph
values are presented as mean ± SEM. n=6. *P <0.05 vs. CON; #P <0.05 vs. AD
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