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Abstract. Alzheimer’s disease (AD) affects more than 40 million people worldwide and is the leading cause of dementia. This
disease is a challenge for both patients and caregivers and puts a significant strain on the global healthcare system. To address
this issue, the Lancet Commission recommends focusing on reducing modifiable lifestyle risk factors such as hypertension,
diabetes, and physical inactivity. Passive pulsatile shear stress (PPSS) interventions, which use devices like whole-body
periodic acceleration, periodic acceleration along the Z-axis (pGz), and the Jogging Device, have shown significant systemic
and cellular effects in preclinical and clinical models which address these modifiable risks factors. Based on this, we propose
that PPSS could be a potential non-pharmacological and non-invasive preventive or therapeutic strategy for AD. We perform
a comprehensive review of the biological basis based on all publications of PPSS using these devices and demonstrate their
effects on the various aspects of AD. We draw from this comprehensive analysis to support our hypothesis. We then delve
into the possible application of PPSS as an innovative intervention. We discuss how PPSS holds promise in ameliorating
hypertension and diabetes while mitigating physical inactivity, potentially offering a holistic approach to AD prevention and
management.

Keywords: Alzheimer’s disease, pulsatile shear stress, exercise, whole body periodic acceleration, Passive Jogging, Gentle
Jogger, endothelial nitric oxide

INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of
dementia and one of the most expensive, lethal, and
burdensome diseases. In 2020, it was estimated that
more than 6 million people live with clinical AD
in the United States (US), and based on popula-
tion increases, this number will more than double to
nearly 14 million by 2060 [1]. Globally, it has been
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estimated that between 1990 and 2016 the number
of people living with dementia doubled from 20.2
to 43.8 million worldwide and is expected to sur-
pass 150 million people by 2050 [2, 3]. The global
economic burden of AD is estimated to be at least
$9.1 trillion by 2050 [4]. There is no doubt that
AD represents a significant challenge in healthcare
for both patients and caregivers. In 2019 the World
Health Organization (WHO) released guidelines for
the reduction of the risk of cognitive decline and
dementia, which include lifestyle interventions such
as physical activity, diet, and reduction in obesity,
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tobacco and alcohol use, hypertension, and diabetes.
Physical activity should be recommended to adults
with normal cognition to reduce the risk of cogni-
tive decline, and a conditional recommendation that
physical activity may be recommended to adults with
mild cognitive impairment (MCI) to reduce the risk
of further cognitive decline [5]. Recently, the Lancet
Commission published 12 steps to enhance cognitive
reserves (CR), which refer to individual differences
in how tasks are performed that may allow some peo-
ple to be more resilient than others. CR indicates
resilience to neuropathological damage and the way
the brain uses its damaged resources. It could be
defined as the ability to optimize or maximize per-
formance through differential recruitment of brain
networks and/or alternative cognitive strategies and
risk reduction for cognitive decline; minimize dia-
betes, treat hypertension, prevent head injury, stop
smoking, reduce air pollution, reduce midlife obesity,
maintain frequent exercises, reduce the occurrence
of depression, avoid excessive alcohol, treat hearing
impairment, maintain frequent social contact, attain
high levels of education [6]. The Lancet Commission
estimates that 40% of dementia cases could be pre-
vented or delayed by addressing 12 known lifestyle
risk factors [6].

Unfortunately, the challenge of physical inactiv-
ity persists on a global scale, with an estimated cost
of nearly INT$54 billion worldwide and is classified
as a pandemic [7, 8]. Diabetes, another global con-
cern, currently affects 537 million adults as of 2021
and is projected to rise to 783 million by 2045 [9].
Hypertension, a major risk factor for coronary heart
disease and stroke, is prevalent among adults in the
US, affecting approximately 43.7% of those aged 20
and older in 2019, with an associated annual cost of
$51 billion [10]. Reducing physical inactivity, dia-
betes, and hypertension represents a vital step toward
preventing overall cognitive decline, as emphasized
by the Lancet Commission [6].

An intervention that can concurrently address
physical inactivity, diabetes, and hypertension while
having a cellular and physiological basis to reduce
inflammation, enhance cerebral blood flow (CBF),
improve calcium homeostasis, promote neurotrophin
expression, and increase endothelial nitric oxide pro-
duction would be a valuable addition to the arsenal
against AD.

AD is characterized by hallmark pathological
features, namely ‘plaques’ and ‘tangles.’ Plaques
comprise clumps of amyloid protein, which leads
to the death of brain cells, while tangles result

from aberrant polymerization of tau protein, cul-
minating in the destruction of neural connections.
The precise pathophysiology of AD remains incom-
pletely elucidated. Current understanding of the
disease’s preclinical phase highlights neuroinflam-
mation, vascular changes, aging, compromised
neuronal calcium handling, glymphatic system dys-
function, and amyloid-� (A�) accumulation as
contributing factors [3]. Notably, the multifaceted
nature of AD’s pathophysiological pathways makes
it challenging to rely solely on a single pharmaco-
logical approach for effective treatment or reversal,
leading to numerous failed clinical trials [11, 12].
The current consensus supports a multimodal and
multifactorial therapeutic approach, emphasizing the
importance of reducing diabetes, hypertension, and
increasing physical activity [13].

In this review, we will delve into crucial pathophys-
iological aspects of AD and subsequently explore a
novel non-pharmacologic intervention, passive pul-
satile shear stress (PPSS), as a potential preventive
and therapeutic strategy for AD. Figure 1 provides a
simplified and current summary of the pathophysio-
logical aspects of AD, as discussed in this review.

INFLAMMATION AND
NEUROINFLAMMATION IN AD

Neuroinflammation is a complex process, intended
acutely as a host defense mechanism to protect and
restore structural and functional integrity of the brain
against infections, injury, or toxic metabolites with
activation of the innate immune system via glial
cells and blood-born immune cells. Chronic inflam-
mation disrupts the equilibrium of brain repair and
the pro-inflammatory phenotype, leading to neuronal
damage. Cellular involvement in neuroinflammation
includes microglia, astrocytes, T cells, and mast
cells, which release pro-inflammatory molecules.
The main source of cytokines in AD are microglia
and astrocytes. Additionally, these two cells are also
responsible for the production of high concentra-
tions of nitric oxide (NO) via inducible nitric oxide
synthase (iNOS) and a source of reactive oxygen
species (ROS) and peroxynitrites, which are toxic to
neurons. An important orchestrator of the inflamma-
tory response is nuclear factor κ� (NF-κ�) which
promotes the transcription of many proinflamma-
tory target genes. Furthermore, in AD brain Toll-like
receptors (TLRs) are overexpressed in microglia
and neurons, and TLRs activate NF-κ� signaling
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Fig. 1. Pathophysiology of Alzheimer’s Disease. This figure offers a comprehensive overview of the intricate pathophysiology of Alzheimer’s
disease, organized into five major categories: a) Neuroinflammation, b) Neuronal Calcium Signaling, c) Neurovascular Changes, d) Nitric
Oxide, and e) Neurotrophins. Notably, Lifestyle Risk Factors exert a significant influence on all or some of these five categories, underscoring
the multifaceted nature of their impact on Alzheimer’s disease.

pathways, with subsequent release of cytokines and
chemokines [14]. Neuroinflammation appears to be
present in the early stages of AD [15–17]. The
relationship between neuroinflammation and accu-
mulation of A� has been reviewed by others, but
summarized in a model in which chronic back-
ground inflammation provides an initial stimulus
resulting in microglial priming followed by a protec-
tive wave of microglial activation and A� deposition.
The ineffective clearance of A� and tau aggregation
alters microglial defense and produces an exagger-
ated microglial response in the later stages of AD
[18]. Reviews of neuroinflammation related to AD
have recently been published [15–19].

CEREBRAL BLOOD FLOW AND
NEUROVASCULAR ALTERATIONS IN AD

Vascular aging, defined as age-related changes
in the vasculature, plays an important role in AD.

Vascular alterations are present in more than 50%
of clinically diagnosed AD cases, with reduced
microvascular density (vascular rarefaction) present
in 90% of AD brains. Furthermore, decreased CBF
has been described in AD [20–23] and observed in
the preclinical stages of AD. In addition, vascular
dysfunction is an early manifestation of A� accumu-
lation [21].

The brain receives 1/5 of cardiac output and
consumes 1/5 of the body’s oxygen and glucose,
delivered by CBF [22, 23]. The coupling of this
metabolic demand and CBF is known as neurovascu-
lar coupling, which ensures a rapid increase in CBF
to activated areas of the brain [20]. The neurovascu-
lar unit includes astrocytes, vascular smooth muscle
cells, pericytes, and endothelial cells that contribute
to this neurovascular coupling, and NO has been
shown to play an important role in neurovascular cou-
pling [24, 25]. Neurovascular coupling dysfunction in
AD has previously been reviewed [22, 26]. In addition
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to dysfunction of the neurovascular coupling in AD,
concomitant factors such as aging, hypertension, obe-
sity, metabolic syndrome, diabetes, obstructive sleep
apnea (with intermittent hypoxemia), and depression
also contribute to cerebral hypoperfusion (decreased
CBF) and glucose hypometabolism to promote AD
[27]. A reduction in baseline CBF of <10–20% is
reported in various regions of the brain in patients
with AD, with studies showing a correlation between
the severity of hypoperfusion and cognitive impair-
ment [28].

CALCIUM SIGNALING IN AD

Calcium modulates many neural processes, includ-
ing synaptic plasticity, intracellular cell signaling,
and apoptosis. Neurons modulate intracellular
[Ca2+] ([Ca2+]i) by regulating Ca2+ influx/efflux
through ion channels, ATPase pumps, and ion
exchangers in the cellular membrane and its release
from internal sources such as the endoplasmic retic-
ulum [29]. The pathogenesis of Alzheimer’s disease
is complex and involves many alterations in molec-
ular and cellular signaling pathways. However, there
is growing evidence that sustained disturbances in
intracellular Ca2+ homeostasis are a critical factor
for neurodegenerative diseases, including AD, giving
rise to the calcium hypothesis of AD [29–32].

In support of the Ca2+ hypothesis of AD, we
demonstrated for the first time in adult neurons from
3xTg-AD mice and single transgenic mice expressing
the Swedish mutation of human amyloid precursor
protein a significant elevation of resting [Ca2+]i com-
pared to control mice of the same age. Intracellular
Ca2+ dysfunction that appears to be mediated by a
Ca2+ influx through a nifedipine and SKF-sensitive
Ca2+ pathways, as well as Ca2+ efflux from the
endoplasmic reticulum through the inositol trispho-
sphate receptors [33]. A review of Ca2+ signaling
and regulation in AD has recently been published
[34, 35].

NEUROTROPHINS IN AD

Neurotrophic factors (NTFs) are endogenous pro-
teins that promote or activate neuronal repair genes.
NTFs control neuronal survival, migration, neurite
outgrowth, synapse formation, and neuronal plastic-
ity [36]. Brain-derived neurotrophic factor (BDNF)
and glial-derived neurotrophic factor (GDNF). Each
belongs to one of the two families of NTFs. The
altered expression of NTFs (BDNF, GDNF, and nerve
growth factor, NGF) correlates with the neurode-

generation process and cognitive impairment in AD
[37–39].

BDNF is highly expressed in the central nervous
system in both neurons and glia, in the hippocam-
pus, cerebral cortex, hypothalamus, and amygdala,
all regions of the brain involved in learning and
memory processes. BDNF regulates long-term poten-
tiation, synaptic plasticity, sprouting, and neuronal
differentiation, and is critical in learning and mem-
ory processes. Some studies have reported reduced
levels of BDNF mRNA and protein in postmortem
brains of AD patients [40, 41], serum and brain of
AD patients and a transgenic mouse model of tauopa-
thy [42]. Gene transfer of BDNF into the cortex
in APP transgenic mice and aged rats produced an
increase in BDNF protein levels in the hippocampus
and improved spatial learning [42–45].

GDNF is also highly expressed in the striatum, sub-
stantia nigra, and skeletal muscle, as well as other
regions of the brain and peripheral tissue. GDNF
is a promoter of neuronal survival in both the cen-
tral and peripheral nervous system and has effects
on hippocampal and cerebellar neurons, noradren-
ergic, serotoninergic and cholinergic neurons [46].
GDNF was suggested to be negatively regulated in a
transgenic mice model of AD, and physical exercise
and overexpression of GDNF improved learning and
memory in this model [47, 48].

Recently, Nasrolahi et al. have thoroughly
reviewed preclinical and clinical studies of NTFs
to treat AD, concluding that NTFs are promising
candidates for the treatment of AD. Limitations for
clinical application of NTFs such, as delivery across
the blood-brain barrier, short half-lives, and possible
side effects, can potentially be resolved in the future
with gene therapy vectors and biomaterial-based drug
delivery systems [49].

Physical exercise is a method that has been shown
to increase BDNF levels [50–54]. Ribeiro et al.
reviewed circulating levels of BDNF in animal and
human studies that performed training protocols from
4 to 64 weeks. They concluded that while animal
model data on the relationship between long-term aer-
obic exercise and BDNF is unquestionable, human
data on long-term aerobic exercise and circulating
BDNF are more ambiguous [53].

NITRIC OXIDE IN AD

NO is a gas involved in a multitude of functions,
such as vascular dilation, cytoprotection or cytotox-
icity, second messenger, pro- and anti-inflammatory
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effects among some of the essential functions. NO
is synthesized by the conversion of l-arginine and
oxygen to citrulline using one of the three NO
synthases (NOS). Endothelial nitric oxide synthase
(eNOS) and neuronal nitric oxide synthase (nNOS)
are constitutively expressed enzymes that require
NADPH, calcium, and tetrahydrobiopterin (BH4).
eNOS is found mainly in endothelial cells, whereas
nNOS is found mainly in neuronal tissue. nNOS
and eNOS both produce NO at low nanomolar con-
centrations. In contrast, iNOS is not constitutively
expressed or calcium-calmodulin dependent, pro-
duced primarily by neutrophils, and macrophages, in
very large micromolar quantities. The overall effect
of NO depends on the concentration of NO. While
the nanomolar concentration provides a prosurvival
and anti-inflammatory effect, large concentrations, as
produced by iNOS, are pro-death due to the radical
activity of NO. Thus, NO at low nanomolar amounts
is neuroprotective, and at high micromolar quanti-
ties, it is cytodestructive. NO signaling occurs via
soluble guanylyl cyclase signaling or S-nitrosylation
of proteins. Under pathological conditions, high con-
centrations of NO produce reactive nitrogen and
oxygen species (RNS, ROS) with damaging perox-
ynitrites [55, 56].

The vascular endothelium participates in local
control of blood flow and is critical for maintain-
ing homeostasis and cytoprotection. NO produced
via eNOS (eNO) is the most important vasodilator
mechanism for control of blood flow, while decreas-
ing platelet aggregation, inflammation, cell adhesion,
and endothelial cell activation. The proper subcellu-
lar localization of eNOS ensures optimal regulation
by mechanical forces (shear stress or pressure gra-
dients), calcium ions, and kinases. Therefore, any
agonist that mobilizes intracellular calcium (VEGF,
bradykinin, histamine, etc.) or alterations in intra-
cellular signaling pathways that lead to enhanced
calmodulin binding or reduced calmodulin dissoci-
ation has the potential to promote eNOS activity and
NO release. Furthermore, eNOS control occurs at
both the transcriptional and post-transcriptional lev-
els [57].

The endothelial cell experiences a tangential fric-
tional force created by blood flow (laminar shear); the
latter produces a quiescent endothelium phenotype,
which maintains non-inflammatory, cytoprotective,
and vasoprotective properties. Pulsatile shear stress
(PSS) is produced by the addition of a heartbeat
to normal laminar blood flow. Pulsatile shear stress
is cytoprotective and upregulates genes responsible

for enhanced mitochondrial biogenesis and function,
increase in eNOS-derived NO bioavailability, reduc-
tion in endothelial cell proliferation, inflammation,
and cytoprotection [58–61]. Furthermore, both lami-
nar and pulsatile shear stress induce the expression of
eNOS and are critical for maintaining vasodilatation
through eNO.

Nitric oxide has been shown to play an important
role in AD [62–65]. eNO participates in the control
of amyloid-� protein precursor (A�PP) metabolism
[66]. The �-site amyloid precursor protein cleaving
enzyme 1 (BACE1), is a membrane-bound protease
that cleaves various substrates, particularly A�PP, to
generate A�. BACE1 and A� levels in the brain and
plasma A� are involved in AD [67], and eNO inhibits
A�PP expression and the processing of A�PP to A�
[68–71]. Furthermore, eNO has been shown to have
neurovascular protective functions that have previ-
ously been reviewed [66]. In mouse models, partial
deficiency of eNOS exacerbates cognitive deficit and
amyloid pathology [72], and has also been shown
to increase a pro-inflammatory phenotype in the
brain [70]. In contrast, high concentrations of NO
produced by iNOS, produce a massive generation
of peroxynitrites, oxidative stress, and NOS uncou-
pling with nitration of A� and toxicity to neurons,
producing synaptic transmission impairment [19].
Furthermore, elevated levels of NO, as occurs with
iNOS, result in post-translational modification of pro-
teins associated with mitochondrial dysfunction and
bioenergetic compromise [73]. In subjects with mild
AD, treatment with medications that augment the
eNOS pathway are associated with increased CBF
and improved cognitive performance [74]. Further-
more, loss of eNO could significantly contribute to the
initiation of the progression of cognitive decline, and
genetic inactivation of eNOS causes microglial acti-
vation and promotes an inflammatory phenotype of
the brain [69, 70, 75]. Jeynes et al. showed a negative
correlation between positive eNOS staining capil-
laries and neurofibrillary tangles and senile plaques
in histological specimens of brain cortices from AD
subjects [76].

PASSIVE PULSATILE SHEAR STRESS AS
PRODUCED BY WHOLE BODY PERIODIC
ACCELERATION AND NON-INVASIVE
PASSIVE JOGGING DEVICE

Pulsations to the vasculature occur with each
heartbeat. In elegant experiments carried out by
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Hutchenson et al., they found that EC produced NO
as a function of pulsatility with an optimal frequency
of 2–8 Hz (120–480 cpm) [77]. The addition of pulsa-
tions beyond the basal heart rate can be produced by
active or passive means. The prototype of active PSS
is walking/jogging or running. The typical cadence
of running, which adds pulses to the circulation in
male and female recreational runners, is between 163
and 169 steps per min [78]. This pulsation frequency
occurs as the foot hits the ambulating surface and is
not timed with the individual’s heart rate. PPSS can
be performed by adding external pulsations to the
circulation, such as occurs with Whole Body Peri-
odic Acceleration (WBPA, a.k.a. pGz). WBPA is the
motion of the supine body in the head to the cau-
dal direction that produces external motion of the
abdomen and adds pulses to the circulation. The typi-
cal frequency of WBPA in humans is 100–150 cycles
per min (1.6 to 2.5 Hz), and the acceleration forces in
the Z plane (head to toe) of Gz ± 0.3 mt/s2 [79]. This
motion adds pulsations to the circulation that are not
timed to the cardiac cycle. WBPA is a nonportable
device designed as a bed with dimensions of approx-
imately 91 cm wide and 182 cm long (36 × 72 in),
weighing around 120 kilograms (300 lbs). Its non-
portability and weight necessitate a dedicated space.
Most individuals, ranging from 1 to 90 years old, tol-
erate the bed’s movement well and can stay on it for
more than 1 h, often falling asleep during the process.
However, a small percentage (less than 5%) may find
the movement intolerable due to anxiety or perceived
dizziness. Subjects who use WBPA should refrain
from eating or drinking 1–2 h before use to avoid
discomfort caused by abdominal fluid movement.
After at least 30 min of WBPA, subjects commonly
report the need to urinate (which is likely the result
of increased renal blood flow, as we have shown
in our microvascular flow studies) [80]. Unlike tra-
ditional exercise, WBPA is a passive activity that
requires minimal assistance to access the bed. It has
been used in various health conditions, including
Parkinson’s disease (PD), AD, cardiovascular dis-
eases, diabetes, and postoperative recovery. The cost
of a WBPA device typically ranges from $3,000 to
$10,000 (D 2,777 to D 9,259). Because the WBPA is a
large heavy, nonportable bed-like device, a portable
predicate device was engineered, which also adds
external pulses to the circulation by the alternating
motion of the feet on a ‘jogging device’ (JD, Gentle
Jogger, Movewell Technologies).

The JD produces passive upward alternating
motion of the feet on a pedal, and with each down-

ward motion, the forefoot gently strikes a bumper
simulating jogging or running. It achieves passive
foot movement simulating walking or jogging, pro-
viding pulsatile shear stress at a rate of 120 to 190
steps per min, and can be performed in a seated or
supine posture. JD is simple to operate, portable, and
can be performed by anyone regardless of physical or
cognitive limitations [79]. The device is significantly
lighter, weighing less than 10 lbs, with dimensions of
34 × 35 × 10 cm (13 × 14 × 4 in). It is more afford-
able, costing less than $1,000 (D 925). Although
generally well tolerated, hyperactive individuals may
find it difficult to remain seated or supine for extended
periods. The device is applied locally to the feet, but
its effects are systemic [81]. Like WBPA, JD has been
applied across various health conditions. Its porta-
bility allows usage under a desk, during work, while
watching television, or even during meals. In a recent
study, home use compliance of JD was high, with only
one out of 21 subjects being noncompliant. Most sub-
jects used the device for more than the recommended
90 min per day [82].

To provide context on the status of WBPA and JD
in human subjects, a summary of relevant clinical
data is essential. Fourteen clinical trials have been
reported involving WBPA, involving more than 250
adult subjects aged 18 to 90 years. No adverse events
have been reported in any of these trials. Similarly,
JD has been examined in seven clinical trials with
more than 140 subjects, and no adverse events were
observed.

In particular, three trials focused on WBPA in
patients with PD. In one instance, WBPA was admin-
istered for 10 sessions of 45 min each, with pre-
and post-assessments of motor symptoms. Sixty-six
percent of the subjects exhibited significant improve-
ments in motor activity. Another study involving a
single 45-min WBPA session in patients with PD
revealed positive outcomes, including increased flex-
ibility, reduced shuffling gait, decreased or eliminated
freezing of gait, improved control of turning and
balance, clearer speech articulation, and improved
facial appearance [83]. In a separate investiga-
tion, 13 patients with PD underwent 12 45-min
sessions of WBPA, resulting in improved sleep qual-
ity, decreased depressive symptoms, increased daily
activity and well-being, and a reduction in systolic
blood pressure [84]. Although clinical trials specif-
ically for JD and PD are lacking, anecdotal reports
suggest that JD may produce similar results.

We hypothesize that passive pulsatile shear stress
may be a preventive or therapeutic strategy for AD.
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In support of the hypothesis, we review the beneficial
effects of WBPA or JD based on published data on
each of the aforementioned and point to its clinical
utility as a multimodal approach to AD.

CEREBRAL BLOOD FLOW AND WBPA

In an animal model, regional microvascular blood
flow has been measured in anesthetized swine under
non-stressed conditions and during and after whole
body ischemia-reperfusion injury. Under unstressed
conditions, 30 min of pGz increased regional cor-
tical blood flow by 200% of baseline values, and
brain stem blood flow by 200% of baseline val-
ues [80]. Whole body ischemia-reperfusion injury
reduces both cortical and brain stem regional blood
flows to 13 and 10% respectively from baseline lev-
els. pGz performed during reperfusion of whole-body
ischemia (cardiac arrest), significantly increased
cortical blood and regional blood flows from the
brain stem by 167% and 94% of baseline values
[85]. WBPA has been performed as precondition-
ing stimuli 1 h prior to reperfusion injury from total
body ischemia reperfusion injury, 2 h after reperfu-
sion, regional cortical blood flow remained higher
than the values for non-preconditioned animals
(184 ± 12 versus 130 ± 8 ml/min/100 g of tissue,
preconditioned WBPA versus non preconditioned)
[86]. Additionally, WBPA performed as a delayed
post-conditioning strategy (beginning 30 min after
reperfusion) also significantly increased regional
blood flow in the cortex and brainstem by 40%
compared to non-postconditioned animals [87]. Col-
lectively, these animal studies confirm the increase
in cerebral microvascular blood flow induced by
WBPA.

CALCIUM SIGNALING IN THE BRAIN
AND WBPA

We have reported an age-dependent increase in
neuronal [Ca2+]i in mice. We examined the regula-
tion of [Ca2+]i in cortical (in vivo) and hippocampal
(in vitro) neurons from young, middle-aged, and aged
mice. We found a progressive age-related elevation
of [Ca2+]i in cortical (in vivo) and hippocampal (in
vitro) neurons associated with increased hippocampal
neuronal calpain activity and reduced cell viabil-
ity, which was associated with age-related cognitive
decline [88]. Our laboratory has also described an
age-dependent elevation of [Ca2+]i, in both corti-

cal and hippocampal neurons from the mouse model
of Duchenne Muscular Dystrophy (mdx), associ-
ated with cognitive deficits [89]. Treatment with
WBPA/pGz in this mdx mouse model for 8 days (1 h
per day), reduced cortical [Ca2+]i overload, reduced
oxidative stress, improved neuronal viability, and
cognitive decline [90]. These findings support the
hypothesis that intracellular Ca2+ dyshomeostasis is
a major mechanism underlying cognitive deficits seen
in both normal aging and degenerative neurologic
diseases, and the reduction in [Ca2+]I by WBPA/pGz.

INFLAMMATION AND WBPA

The whole body inflammatory response to WBPA
has been studied in a mouse model of lipopolysac-
charide E. coli endotoxin-induced sepsis like (LPS)
[91]. This model uses a lethal dose of LPS (40 mg/kg)
with 100% mortality at 24 h in control mice. WBPA
performed as a pretreatment intervention (3 days
before LPS) or after treatment (30 min after LPS
for 1 h) significantly improves survival at 24 h from
0% to 75% and 100% before and after WBPA treat-
ments, respectively. Furthermore, the expression of
pro-inflammatory cytokines (TNF�, NF-κ�-p65, IL-
1�, IL-6) is significantly reduced before and after
WBPA treatment and the anti-inflammatory cytokine
(IL-10) increased [79]. In addition, eNOS, p-eNOS,
and nNOS expression were restored from LPS lev-
els with both pre- and post-treatment with WBPA.
Both pre and post treatment with WBPA markedly
decreased LPS induced elevation of iNOS expression
induced by LPS by 40 and 50%, respectively from
LPS levels. These data support an anti-inflammatory
phenotype induced by WBPA when used as a pre- or
post-treatment intervention in a severe model of LPS.

NEUTROPHINS AND WBPA

Neurotropins BDNF and GDNF have been mea-
sured in whole brain homogenates in mice. Two
weeks of WBPA (1 h daily) significantly increases the
expression of the BDNF and GDNF proteins in the
brain by 30% of the control values [92]. This increase
is in the range of those reported for 2 weeks of vol-
untary wheel running in rats [93]. However, it was
modest compared to other studies of specific brain
regions and exercise strategies of longer duration
[94–100].
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ENDOTHELIAL DERIVED NITRIC
OXIDE, ANTIOXIDANTS, AND WBPA AND
JD

Pulsatile shear stress produced by WBPA and JD
has been shown to increase eNOS genomic expres-
sion and NO bioavailability [81, 101].

WBPA increases the expression of eNOS in
endothelial cells and cardiomyocytes. The latter has
been shown at both the individual cellular level and
whole animal models. The initial response includes
acute phosphorylation (activation) of eNOS through
the phosphoinositol 3-kinase pathway (PI3K AKT),
followed by genomic upregulation. Genomic upregu-
lation remains effective for at least 3 days after WBPA
usage in mice. Furthermore, antioxidant defense
mechanisms (superoxide dismutase 1 [SOD1], Cata-
lase [CAT], glutathioneperoxidase [GPX1], and total
antioxidant capacity) are also activated with the use
of WBPA, with a concomitant decrease in oxidative
stress [102].

The ability of WBPA to decrease oxidative stress
has been tested in animal models with a marked bur-
den of oxidative stress, such as Duchenne muscular
dystrophy (mdx) and type 1 and 2 diabetes (TD1,
TD2). In both mdx and diabetics, the production of
ROS was markedly reduced in cardiomyocytes after
WBPA [102].

The JD has also been shown to increase NO
bioavailability after short (30 min) or longer periods
(1 h per day for 7 days) in human subjects [81]. PPSS
is a powerful intervention to increase the expression
of beneficial eNOS and increase its phosphorylation,
with increased NO bioavailability, and reduction of
oxidative stress.

PHYSICAL INACTIVITY,
HYPERTENSION, DIABETES, AND JD

The reduction of cardiovascular risk factors, espe-
cially hypertension, diabetes, and decreased physical
inactivity are at the forefront of reducing risk for
AD [6]. The use of JD decreases physical inac-
tivity; it can be used during work in the sitting
position, while performing other tasks, and in the
supine position for those who cannot sit or are hospi-
talized. In recent human studies of both hypertensive
and non-hypertensive subjects, JD acutely reduced
the elevation of blood pressure induced by seden-
tary behavior both in supine and seated postures
[103]. Furthermore, the longer-term use of JD also
decreased systolic and diastolic blood pressure in a

cohort of subjects who used JD for 7 days. The effect
on blood pressure was sustained for at least 3 days
after discontinuation of JD, supporting the use of JD
as a non-pharmacologic aid in the management of
high blood pressure.

Glycemic control and reduction in diabetes have
also been shown to be important risk reduction factors
for AD. JD performed in both diabetic and non-
diabetic subjects for 1 week, significantly decreased
glucose variability, measured by continuous subcuta-
neous glucose monitoring, during JD. Furthermore,
JD reduced the area under the curve of an oral glucose
challenge in non-diabetic subjects. These data sup-
port the use of JD as an adjunct to the management
of diabetes [104]. Figures 2 and 3 provide an overview
of the published effects of PPSS and a mechanistic
summary of its effects on AD, respectively.

LIMITATIONS

There are limitations which must be acknowledged
to this review. The data presented relate to PPSS;
however, active pulsatile shear stress (as occurs with
active aerobic exercise) was not discussed in detail.
The current knowledge and molecular mechanisms
of exercise induced improvements in cognitive dys-
function, have been recently reviewed, focusing on
exercise enhancement of neural plasticity, structure,
function, mitochondrial health, and modification of
the muscle brain axis and others [105]. Furthermore,
a recent summary of the impact of physical exer-
cise on AD in animal models and humans has been
published [106]. Active exercise has been shown in
various systematic reviews and meta-analysis to be
beneficial. An umbrella review of systematic reviews
and meta-analysis concluded that the largest effect of
exercise on AD was on cognition. They concluded
that exercise is an effective way to treat AD symp-
toms with a low incidence of related adverse effects
[107]. Other meta-analysis of randomized controlled
trials (RCTs) showed that aerobic exercise improved
cognitive function in AD patients, and a worse base-
line cognitive status contributed to a more significant
improvement in cognitive function [108]. Recently,
an umbrella review of the existing meta-analysis
showed strong evidence for a protective effect of
regular physical activity against AD, but the dose
response remained unclear [109]. Zeng et al. in a
meta-analysis of RCT on the effects of various phys-
ical activity interventions on executive function in
older adults with dementia, showed that executive
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Fig. 2. Overview of the published effects of Passive Pulsatile Shear Stress. The figure shows the effects of PPSS produced by whole body
periodic acceleration (WBPA/pGz) and Jogging Device (JD) on the modifiable risk factors and other pathophysiological mechanisms involved
in AD.

function benefited from physical activity and the ben-
efit was affected by the type, intensity, total duration,
and frequency of exercise [110]. A systematic review
and meta-analysis that examined whether mid-life
physical activity is protective for all causes of demen-
tia, AD, and vascular dementia, in subjects with
follow-up more than 1 year, concluded that physical
activity was associated with a lower incidence of all
causes of dementia and AD, even at longer follow-up
(20 years) [111]. In an interesting systematic review
by Ayari et al. of exercise modalities that reduce
pro-inflammatory cytokines in humans and animal
models with MCI or dementia, they concluded that
in rodents with the AD phenotype various exercise
interventions delay the mechanisms of dementia pro-
gression, and in humans aerobic exercise is effective
in subjects with mild AD and MCI, decreasing pro-
inflammatory cytokine markers [112]. These findings
are also consistent with a recent review by Wang
et al. [113]. In a recent large-scale portrait analy-
sis of AD gene expression using 22 large-scale AD
gene expression datasets, the authors, found that exer-
cise reversed the expression patterns of hundreds of

AD genes in multiple categories including cytoskele-
ton, blood vessel development, mitochondrion, and
interferon-stimulated related genes, and ranked as the
best treatment across in most of the individual region-
specific AD datasets and meta-analysis dataset [114].
Although the thresholds, dose, and frequency of phys-
ical activity as a preventive or therapeutic intervention
are unknown at this time, most studies support phys-
ical activity as part of a multimodal approach to AD
and MCI.

We also did not discuss other potential applications
of PPSS. Recent reviews on spaceflight, microgravity,
and simulated microgravity have shown that multi-
ple organ systems are involved in the response of the
organism to these stressors [115–120]. The response
to these stressors converges on the inflammatory
response, which is a driver of aging [117]. Coun-
termeasures for spaceflight and microgravity in the
form of active pulsatile shear stress (aerobic exer-
cise) have been reviewed by others [121–124]. PPSS
has been used in the form of plantar mechanical
stimulation in animal models that show promise in
these preclinical models [125], dynamic foot stimu-
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Fig. 3. Mechanistic Summary of the Effects of Passive Pulsatile Shear Stress (WBPA/pGz or JD) in Alzheimer’s Disease. PPSS as produced
by WBPA/pGz or JD, elicits a wide variety of hemodynamic and protein expression changes which include: increase regional cortical and
microvascular blood flow at rest, during ischemia and during reperfusion; improved [Ca2+]i homeostasis and dysregulation, with a decrease
in Ca2+ leak and RyR nitrosilation, a decrease in Ca2+ influx, and a decrease in Calpain (A); decrease in the inflammatory phenotype with
decrease in pro-inflammatory cytokines (TNFα, NF-κ�-p65, IL-1�, IL-6) and increase in anti-inflammatory cytokine (IL-10); increase in
protein expression of eNOS, p-eNOS; and antioxidants (GPX1, CAT, SOD); decrease in reactive oxygen species (ROS) production and
increase NO bioavailability (B); increase in brain neurotrophins; BDNF and GDNF (C).

lation [126] and repeated horizontal jumping [127]
in humans. Furthermore, these exercise countermea-
sures for microgravity are being adapted for use in
bedrest studies in older adults [121, 128, 129]. The
application of PPSS in the latter conditions deserves
future studies.

Finally, we did not discuss pharmacologic inter-
ventions that can improve vascular function or
noninvasive transcranial Doppler ultrasound, which
has been used to assess pharmacological interven-
tions and as a potential therapeutic intervention for
AD. These topics have been explored in various
review articles [130–134].

CONCLUSIONS

Passive pulsatile shear stress as produced by
WBPA/pGz and JD can be considered an ‘exercise
mimetic’, which produces many of the beneficial

effects of exercise, a concept that has been reviewed
by Gubert et al. in the context of pharmacological
interventions [135]. Data on PPSS as produced by
WBPA or JD provide compelling rationale that these
interventions may be of clinical utility in AD (Fig. 3).
To prove our hypothesis that PPSS may be a preven-
tive or therapeutic strategy or adjunct for AD, clinical
trials with long-term use of JD or WBPA, and appro-
priate outcome measures are needed. PPSS is poised
to be a disruptive approach to prevention/therapy and
an adjunct to AD [136]. PPSS may play a therapeutic
role in AD; however, it is unlikely to treat or eradicate
the disease solely, and a comprehensive therapeutic
approach is needed that incorporates a reduction in
diabetes, hypertension, and increased physical activ-
ity. Long-term use of PPSS interventions along with
a current multimodal approach to AD management
may prove to be valuable for the management of such
a devastating disease for patients and their caregivers.
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