_,_Cardiova'scular benefits of controlled isometric training may be due to
n improvement in endothelial function via up regulation of nitric oxide
synthase through shear stress induced transcriptional mechanisms

D W Ferguson, Ph.D.
" MD Systems, Inc., Vice President and Technical Director, 975 Eastwind Drive, Suite 180, Westerville, Ohio 43081, USA

SUMMARY Essential hypertension is associated with a reduced functioning of endothelial release of nitric oxide. Impaired
endothelium-dependent vascular relaxation has been documented in virtually all cardiovascular disorders and appears to occur early in
the course of cardiovascular disorders such as arteriosclerosis, diabetes mellitus, hypercholesterolemia, hypertension, and heart failure.

Endothelium-dependent vasodilatation is most actively driven by the release of nitric oxide (NO) in response to shear stress
on the arterial wall. The exposure to shear stress is also a regulating factor in the transcription of endothelial nitric oxide synthase
(eNOS); an increase in shear stress upregulates the production of eNOS. These regulating mechanisms are initiated at the onset of an
increase in shear stress, and produce structural changes through a signaling cascade that involves transcription factor activation, gene
regulation and protein synthesis, and ends in a remodeling of the vessel to align with the applied shear stress.

If there is a deficiency of eNOS activity/availability, then the basal release of NO will not properly dilate the arteries, and the
basal sympathetic activity will allow the vascular smooth muscle to constrict the vessel to a smaller diameter. This results in a net
increase in total peripheral resistance (TPR), increase in systemic blood pressure, a net increase in wall shear stress, and eventually a
balanced regulation of eNOS and release of NO to hold the dilation to the new diameter. This feed back provides homeostasis, but at
the price of elevated systemic pressures.

A transient increase in systemic mean arterial pressure (MAP) increases the mean shear stress in vivo throughout the entire
arterial tree. Sustained, brief (one minute), increases in MAP may be able to initiate the signaling cascade that leads to an upregulation
in eNOS in the entire arterial tree, an improved basal release of NO, a reduction in total peripheral resistance (TPR), and a reduction in
arterial blood pressure.

A simple method for eliciting a transient increase in MAP is through the use of acute controlled isometric efforts greater than
15% maximum voluntary contraction (MVC). During such a sustained effort, MAP rises constantly (pressor response). At higher

‘yels of sustained force, MAP rises faster. A predictable level of MAP increase can be obtained by holding a set percentage of MVC
101 a set amount of time. This type of sustained isometric effort has been shown to reduce blood pressure over a four-week period and
may be due to a systemic upregulation in eNOS. This type of training also maintains the benefit of reduced blood pressure, probably
through maintenance of the new level of eNOS activity.

The cardiovascular benefits of chronic controlled isometric training may be due to an improvement in endothelial function; a
common treatment goal for conditions such as arteriosclerosis, diabetes mellitus, hypercholesterolemia, hypertension, and heart

failure.

endothelium-dependent vascular relaxation will have a
significant application in a wide range of cardiovascular

Introduction :
Essential hypertension is associated with a reduced

functioning of endothelial release of nitric oxide. 171,238, 235, 242, 249
Clinically effective antihypertensive therapy does not restore the
impaired endothelium-dependent vascular relaxation of patients
with essential hypertension.”® This indicates that such
endothelial dysfunction is either primary or becomes irreversible
once the hypertensive process has become established. Impaired
endothelium-dependent  vascular  relaxation has been
documented in virtually all cardiovascular disorders and appears
to occur early in the course of cardiovascular disorders such as
arteriosclerosis, diabetes mellitus, hypercholesterolemia,
hypertension, and heart failure."*> '*®

Preservation or restoration of normal endothelial function
* ~s become a target for therapy and may even be considered as a
._,ilrogate for clinical events at later stages of cardiovascular
disorders. Any therapy that can improve whole body

disorders. The restoration of proper local vasodilation action
allows the arterial system to adapt to changes in flow
requirements, without having to elicit increases in systemic
blood pressure, to maintain proper blood perfusion.

The cardiovascular system

Classic descriptions of blood flow through the human body
have focused on the major organs and the heart>*' (Fig 1) This
model illustrate the fundamental task of the circulatory system
which is to provide oxygenated blood to the entire body. The
system is comprised of several major divisions of blood flow
arranged in a parallel combination.” High pressure blood flows

" through a distribution of arteries of increasingly smaller

diameter (Fig 2), through capillary beds in each organ, into small
veins, and finally into large veins to be returned to the heart.
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Figure 1. Distribution of blood to the systemic vascular beds.
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Figure 2. Changes in estimated total cross-sectional area and mean velocity
of flow in consecutive segments of the systemic blood vessels.

Although individual arteries become smaller in diameter as

the branching occurs, their number multiplies to such an extent

_that the total cross-sectional area of each consecutive section of

} vascular tree increases, to reach a maximum at the capillary

level. As the total cross section increases, the relative resistance
increases as well (Fig 3).
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Figure 3. Changes in wall-to-lumen ratio and in relative resistance to blood
flow.

At the level of the arterioles the resistance is highest. These
‘resistance arterioles’ therefore provide the most powerful
modulators of blood flow throughout the body; a small
percentage change in diameter will provide a large percentage
change in resistance. These arteriole beds act as a large system
of ‘valves’ that determine total blood flow through the body and
through the individual organs (Fig 4). Total peripheral resistance
is the circuit combination of the individual resistances.
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Figure 4. Interdependence of pressure, flow, and resistance to flow.
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System pressure is then determined by the stroke volume,
heart rate, and total peripheral resistance (Fig 5). An increase or
decrease of resistance in a single arteriole bed will not
drastically change the arterial blood pressure, but an increase of

esistance in all arteriole beds definitely will increase systemic
\irterlal pressure. Peripheral resistance changes in response to a

wide host of influences (Fig 6), most notably the activation of

sympathetic nerves.
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Figure 5. Distribution of blood volume and the role of the venous system in
regulating the filling of the heart.

When the sympathetic nerves to a vessel are stimulated,
orepinephrine (NE) is released, smooth muscle cells are
activated to constrict, vessel diameter is decreased, and vessel
resistance is increased (Fig 7). When the heart receives NE the
rate of beating is increased. These combine to produce higher
pressures and increased flow rates. This is the main control
output of the brain to the cardiovascular system. There are many
inputs to the control system, the most obvious being the
baroreceptors; these provide direct information to the brain on
the flow of blood from the heart and to the head. Flow of blood
to the brain being the single most important controlled variable.
Other input variables include chemoreceptors that detect levels
of carbon dioxide, oxygen, and the metabolites of muscle
activity.

Local control is modulated by the immediate response of
resistance arterioles to these metabolites through vasodilatation.
The dilation allows a greater flow of blood and carries away the
increased concentration of metabolites, thus restoring nominal
concentrations. As the metabolites are washed away, the normal
vessel diameter is returned, and the system is ready for the next
release of metabolites.

This is the fundamental view of the cardiovascular system:
smooth muscles allow for constriction by command from the
nervous system and they are relaxed in the presence of
metabolites. This basic view of dilation is useful, but it is
missing an important element, vessel dilation in response to
blood flow. Blood vessels respond to an increase in flow by
dilating, not due to metabolites, not due to an increase in

Fessure, but simply due to the fact that the blood is flowing past
“the vessel walls. This phenomenon is a recent discovery.>**%
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Figure 6. Nervous, humoral, and local regulation of the cardiovascular
system.
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Figure 7. Schematic illustration of stimuli present for the contraction and
relaxation of smooth muscle.

Endothelium-dependent vascular relaxation

The endothelium is located between flowing blood and the
vascular wall.**’ Cells lining the arterial circulation are exposed
to fluid forces of much greater magnitude than those experienced
by other mammalian tissues. Consequently, mechanically related
responses controlled by the endothelium have evolved as part of
normal vascular physiology, most notably in the control of
vascular tone where mechanisms responsible for the
transmission and transduction of hemodynamic information
from the blood to the underlying vessel wall reside in the
endothelium.

Forces acting on an arter;f due to blood flow can be resolved
into two principal vectors.”" One is perpendicular to the wall
and represents blood pressure, and the other acts parallel to the
wall to create a frictional force, shear stress, at the surface of the
endothelium. Although all of the vessel wall, including the
endothelium, smooth muscle cells, and the extracellular matrix
(collagen, elastin, proteoglycans), is subjected to stretch as a

consequence of pulsatile pressure, the shear stress is received
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principally at the endothelial surface. In large arteries, the mean
wall shear stress is typically in the range of 20-40 dyn/cm’ in
regions of uniform geometry and away from branch vessels,
however, the velocity profile varies with the cardiac cycle to
. —yroduce a range of shear stress and shear stress gradients.

./ Shear stress transmission/transduction from the surface of
the endothelial cells to the inner portions of the cell structure are
mediated by mechanical connections of F-actin fibers, as well as
through chemical messengers from shear stress response
elements (SSRE). (Fig 8)
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Figure 8. Separation of concepts of force transmission and force
transduction.

One of the results of shear stress on endothelial cells is an
activation of constitutive nitric oxide synthase (cNOS) to
convert L-arginine to nitric oxide (NO) and L-cifrulline. (Fig 9)
Released NO then interacts with the smooth muscle cells nearby,
and causes relaxation. (Fig 10) Continuous release of NO from
endothelial cells in vivo modulates vascular tone, and provides
immediate feedback for maintaining blood flow through the
vessel. An increase in pressure will cause an increase in flow.
The increase in flow will cause an increased shear stress, which
causes an increased release of NO. The increased release of NO
will provide a higher activation of smooth muscle relaxation,
which provides a net dilation of the vessel, and reduces local
pressure and returns the shear stress to nominal values. Thus, the
endothelium acts to maintain a constant wall shear stress.**!
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Figure 9.Scheme showing constitutive release of NO.
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Figure 10.Receptor-stimulated NO biosynthetic pathway in endothelial cells
and effects on vascular smooth muscle.

Systemic . consequences  of  endothelium-dependent
relaxation are the maintenance of blood perfusion to all parts of
the body. During exercise, when metabolic demands change in
specific parts of the body, local adaptations in each vessel
provide the control mechanisms necessary to maintain local
perfusion for Jocal metabolic needs. (Fig 11) Nitric oxide release
in response to shear stress provides an important ‘negative
feedback’ element in the maintenance of cardiovascular
function.
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Figure 11. The principle mechanisms available for arterial pressure
elevation as a result of isometric contraction.

REFLEX
EFFERENT
AcTiviTY

ROK
X VOLUME

MEART RATE

Page 4 of 10



Shear stress modulation of gene expression

The exposure to shear stress is also a regulating factor in the
transcription of endothelial nitric oxide synthase (eNOS); an
increase in shear stress upregulates the production of

~gNOS. 140 13165 These regulating mechanisms are initiated at the

conset of an increase in shear stress, and produce structural
changes through a signaling cascade that involves transcription

factor activation, gene regulation and protein synthesis, and ends -

in a remodeling of the vessel to align with the applied shear
stress. (Table 1) (Fig 12)

Within 1 min
K~ channel activation
IP; and DAG elevation

cGMP increase .
Calcium increase \
Acute end responses
# (NO, neurotransmitter, and PGIL, release)

Imintolh

Initiation of signaling

G protein activation

MAP kinase signaling

NF«B activation

SSRE-dependent gene regulation:
PDGF-B, cjun

bFGF upregulation

Pinocytosis stimulated

Signaling cascades

Transcription factor activation
and initiation of gene
regulation

1-6h

SSRE-dependent gene regulation:
eNOS, tPA, TGF-g, ICAM-1,
c-fos, MCP-1

Stimulation of HSP 70

Downregulation of ET-1

Cytoskeletal rearrangement

Focal adhesion rearrangement

Transient rearrangement of Golgi
and MTOC

Gene regulation and protein
synthesis

Beginning of cell-wide
adaptive responses

—

>6 k

Reorganization of luminal surface

Cell alignment

Completion of cytoskeletal
rearrangement

Increased mechanical stiffness

Decreased fibronectin synthesis

Changes of TM expression

Stimulation of histidine
decarboxylase

Enhanced LDL metabolism

Induced MHC antigen expression

Adaptive responses to new
hemodynamic conditions

Table 1. Endoghelial responses to unidirectional shear stress: temporal
groupings.
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Figure 12. Shear stress is a key regulator of endothelial cell function.

These processes are active constantly. They are what allow
the cardiovascular system to grow as an individual grows. When
the system is insufficient for proper delivery of blood, then the
system is stimulated to remodel its structure through activation
of increased growth factor secretion and other stimulator
mechanisms that allow the structure to adapt to a new
equilibrium point. These are also the mechanisms that allow the
system to repair itself when damaged. A physical puncture of a
vessel results in a gap in the endothelial cells, which results in
platelet adhesion and aggregation, which leads to a closure of the
gap. Decreased NO concentration in the area of the platelet
covered area allows smooth muscle cell growth to run
unchecked, thus growing new material over the plugged hole.
Eventually the nearby endothelial cells grow over the new
smooth muscle cells, and the repair is complete.

Shear stress effects on structure

Along with the gene expression dependencies on shear
stress, structural adaptations are not only driven by the level of
shear stress, but generally cause alignment with the average
direction of blood flow. Endothelial cells cultured under no-flow
conditions are polygonal in shape, and have no preferred
orientation. (Fig 13a) After exposure to constant flow, the cells
align with the direction of flow, and take on an elongated shape
(Fig 13b). These changes not only affect the internal functioning
of the endothelial cell, but have the net effect of reducing the
resistance to flow on the outer surface. When the. cells are
aligned, the F-actin fibers are arranged in a mostly parallel
fashion, and thus the fundamental mechanical properties of the
endothelium is- different than when under no flow conditions.
There is also a difference in the cytoskeletal elements just
beneath the membrane surface which result in a more rigid
configuration when aligned with a flow direction.® These
mechanical adaptations affect the passive response of the vessel
to distention by pulse pressures.

20 jun

Figure 13a. Atomic force microscope image of confluent bovine aortic
endothelial cells cultured under no flow conditions.

Figure 13b. After 24-h exposure to 12 dyn/cm? shear stress in steady
laminar flow Arrow indicates direction of flow.
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The nucleus of the endothelial cells elongate in the direction
of flow*®, and are mobile enough that if the flow pattern is
rotated 90 degrees, the structure remodels to align with the new
flow direction in less than 10 days.

}inle constants of adaptation to shear stress
Of the enzyme and structural adaptations to shear stress,

there are definite stimulus times required for activation of -

changes. Certainly, a fraction of a second of exposure to shear
stress is insufficient for aligning an entire system. On the other
hand, a lifetime of exposure to shear stress is what keeps our
bodies working the way they do. So what happens in between
those two time extremes?

Initiation of signaling events begin within the first minute of
exposure to shear stress (Table 1) (Fig 12). Signaling cascades
and transcription factor activation occur over the next hour of
exposure. Gene regulation and protein synthesis occur between 1
and 6 hours after exposure, and final structure adaptations are
evident after 6 hours of exposure.

In hypertension, the average blood pressure is raised, the
average shear stress is raised, and the exposure happens
throughout the entire body. So, the question raised is this:
shouldn’t this long-term exposure to increased shear stress
upregulate eNOS, thus causing an increase in NO release, thus
relaxing the vessels, and automatically fixing the problem of the
increased blood pressure? The answer is no. The response of
endothelial cells to steady laminar flow is different than the
response to pulsatile laminarflow.>’

" For example, pinocytosis rates that increase with steady
shear stress (8 dyn/cm?) were unaffected by 1-Hz oscillations of
shear stress around the same mean value (8 + 5 dyn/cm?).**’
hndothelin-1 mRNA that normally down-regulates at 15
dyn/cm? failed to change when cells were subjected to back-and-
forth reversing flow of root-mean-square shear stress magnitude
15 dyn/cm® but average magnitude of zero.*® Thus, the
endothelium provides different functionality of response
depending on the type of flow conditions at any point in the
cardiovascular system.

Further, shear stress responses are not always constant when
exposed to a constant flow. The response to a ‘step’ change in
shear stress may elicit a pulse response, a linear response, an
increasing then decreasing response, or no response (Fig 14).
These responses occur in both a step increase in shear or a step

- decrease in shear, indicating that the responses vary during the
time of structural remodeling to the new shear level. Knowing
these responses to sustained changes in shear stress, it is possible
that a purposeful sustained, intermittent, change in shear stress
may be used to ‘push’ the cardiovascular system to make
desired, beneficial, changes in structure.
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Figure 14. Patterns of endothelial gene regulation by laminar shear stress.
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Implications of varied flow conditions

The flow experienced in the body is a complex combination
of steady flow, pulsatile flow, separated flow (still laminar), and
chaotic flow (non-laminar). These variations in flow can produce
changes in endothelial alignment within a few cell distances®*” in
regions of highly changing flow conditions (Fig 15).

Figure 15. Outlines of endothelial cells in primate thoracic aorta adjacent to
an intercostal branch artery.

A very complex flow situation is found in the carotid
sinus.*® (Fig 16) Here the flow separates into sheets of flow that
recombing after the sinus. Flow patterns at the endothelium
change with each cardiac cycle, and can have a net zero flow in
some areas. The structure and mechanical response properties of
the carotid sinus are particularly important, since this is the site
of the baroreceptors having the most influence on the
sympathetic outflow to the body. A small change in the elastic
properties of the carotid sinus wall can have a large impact on
sympathetic outflow, resulting in large changes in blood
pressure.

Figure 16. Glass model of human carotid sinus showing complex flow
patterns visualized by hydrogen bubbles.



Nitric oxide is involved in the central regulation of
sympathetic outfloy in humans
Recent studies indicate that nitric oxide is involved in the
central regulation of sympathetic outflow in humans.'®' The
~gossibility exists that it is the vasodilatory action of nitric oxide
?elease, in response to shear stress stimulation, in the carotid

sinus that provides this modulation of sympathetic outflow.

Impaired eNOS activity

If there is a deficiency of eNOS activity, then the basal
release of NO will not properly dilate the arteries, and the basal
sympathetic outflow will allow the vascular smooth muscle to
constrict the vessel to a smaller diameter. This results in a net
increase in total peripheral resistance (TPR), increase in
systemic blood pressure, a net increase in wall shear stress, and
eventually a balanced regulation of eNOS and release of NO to
lold the dilation to the new diameter. This feed back provides
homeostasis, but at the price of elevated systemic pressures.

A deficiency, or complete lack, of the genetic transcription
of endothelial nitric oxide synthase has been linked to essential
hypertension.** '”! This may be the single defect that leads to all
of the manifestations of hypertension, arteriosclerosis, diabetes
mellitus, hypercholesterolemia; and exacerbates conditions such
as chronic heart failure. Studies indicate that nitric oxide release
accounts for insulin's vascular effects in humans*'**"' and that
abnormalities in insulin-induced NO release could contribute to
altered vascular function and hypertension in insulin-resistant
states. :

Known inhibitors of endothelial function include smoking,
and oxidized low density lipoproteins (oxLDL). Smoking causes
a dose-related and potentially reversible impairment of

dothelium-dependent arterial dilation, consistent with
¢éndothelial dysfunction.®® Long-term smoking is associated
with a diminished nitric oxide-dependent component of basal
vascular tone and an impaired -endothelium-dependent
vasodilator response to low-dose endothelin-1 and short-term
smoking enhances endothelin-1° induced vasoconstriction.
Impaired endothelial control of vascular tone might reflect
impairment of normal antiatherosclerotic endothelial functions
in smokers, but the relevance of smoking-induced enhancement
of endothelin-1 vasoconstriction remains to be determined.”*

EDRF-NO
Figure 17. Schematic diagram of proposed mechanisms of endothelial
dysfunction associated with atherosclerosis and with oxidized low density
lipoprotein (LDL).

2

_ Oxidized LDL interferes with normal endothelial function'
}"ig 17). Specifically, LDL cholesterol derivatives oxidized at
position 7 constitute potent inhibitors of endothelium-dependent
arterial relaxation.'”” 1%® Efforts to reduce LDL levels, and more

importantly oxidative stress, may reduce cardiovascular risk
factors by improving nitric oxide function in the endothelium.
Nitric oxide itself is a potent antioxidant.’* (Fig 18) But this is
its own undoing. The fact that it reduces oxidized LDL is the
reason that it is not available, in part, for its role in
vasodilatation. To improve function, the production of NO needs
to be increased, so that it is available in sufficient quantities to
perform adequately both as an antioxidant and as a vasodilator.
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Figure 18. Protective mechanisms of NO against oxidative stress.
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Cardiovascular response to acute exercise

There are two fundamental types of exercise: dynamic and
isometric. Generally, normal daily activities and exercise
regimens are combinations of both dynamic and static
components. Dynamic training involves the changing of muscle
length during effort. Static training involves the application of
force, but no change in muscle length. Sustained static training
involves an isometric effort that is held at a particular level for
an extended period of time (greater than 10 seconds). Rhythmic
static training involves the intermittent application of an
isometric effort (2 to 3 seconds) with rest periods (2 to 3
seconds) and then repeated for an extended time period
(minutes).

Generally, rhythmic static training elicits a similar
cardiovascular response as dynamic training since the flow of
blood to the working muscle is never restrained for a period
longer than a few seconds.

Pure sustained isometric training elicits a cardiovascular
response that can not be simulated by any other means. During
sustained efforts at greater than 15% of maximum voluntary
contraction (MVC): metabolites of the effort dilate the local
muscle arteries to facilitate wash-out, but the mechanical
contraction reduces the ability of the basal arterial pressure to
eliminate the metabolites; local chemically sensitive muscle
afferent nerves signal central command to increase sympathetic
drive throughout the body causing systemic vascular
constriction, increase in inotropy leading to increased stroke
volume, and an increased heart rate; all of these factors combine
to drive mean arterial pressure up (pressor response)’’**’ and
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facilitate the wash-out of the metabolites of the effort. However,
the exercising muscle is also subjected to the same
vasoconstriction drive, and now requires even more pressure to
wash-out the metabolites; this cycle continues as long as the
““¢ffort is maintained at the same force level. During this constant

:]rive of the body to maintain wash-out of the exercising
forearm, the entire rest of the arterial tree is subjected to

increased shear stress from the increase in MAP and the -

vasoconstriction of the sympathetic outflow.

A comparison of dynamic and isometric training is shown in
Fig. 19. During static exercise both systolic and diastolic
pressures rise, increasing mean arterial pressure (MAP). During
dynamic exercise systolic pressures are driven up, but diastolic
pressure drops due to the decrease in total peripheral resistance,
thus MAP does not change significantly.

The normal measure of myocardial oxygen demand is the
systolic pressure multiplied by the heart rate (rate pressure
product or RPP). The RPP is driven up in both forms of exercise.
The measure of blood supplied to the myocardium is given by
the diastolic pressure multiplied by the heart rate; this decreases
in dynamic exercise, but increases during isometric efforts. It is
this imbalance between the two forms of exercise that allow
dynamic exercise tests to be useful in forcing angina during
effort, and the fact that isometric testing rarely produces angina,
and is therefore not useful as a diagnostic in detecting
angina®®® 2%, Isometrics can be safely performed by patients who
exhibit angina.
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Figure 19. Cardiovascular responses to static and dynamic exercise.

Similarly, tests in other patients have shown 1sometr1cs to be
a safe form of exercise after myocardial infarction.”” In general
the population normally subjected to treadmill stress tests report
a 2.4% mortality rate while no reports of death during isometric
. *esting was found.”
./ Sustained isometric exercise induces a high incidence of
cardiac arrhythmia, more than dynamic exercise, in patients with
heart disease and therefore may be hazardous form of exercise

for those individuals with known arrhythmia.”® However,
isometric exercise can be an excellent diagnostic tool in the
clinic, since it accentuates any existing arthythmia; thus
allowing early detection of a condition that would otherwise be
too faint for detection >

Rhythmic isometric arm training

Recent studies have shown that locahzed muscular training
can elicit a local vascular improvement.® The implications of this
are that dynamic training may provide cardiovascular benefit to
only the trained muscle. This would indicate that to elicit a
whole body conditioning, the whole body must be involved in
the training. This is in contrast to localized pure isometric
training which involves a whole body response, and a whole
body cardiovascular conditioning.?”

Pressor response effect on shear stress levels

A transient increase in systemic mean arterial pressure
(MAP) increases the mean shear stress in vivo throughout the
entire arterial tree.? 7 (Fig 20) With an increase in blood pressure
of 50 mmHg, wall shear rate nearly doubles in the 3A and 4A
branches.

3500 +

1 == conTtrOL
— CAQ

WALL SHEAR RATE (1/s)

1A 2A

JA 4A

. BRANCH ORDER
Figure 20. Summary data for arteriolar wall shear rate at rest (control) and

in response to carotid artery occlusion (CAO).

Connection

Sustained, brief (one minute), increases in MAP may be
able to initiate the signaling cascade that leads to an upregulation
in eNOS in the entire arterial tree, an improved basal release of
NO, a reduction in total peripheral resistance (TPR) and a
reduction in arterial blood pressure.

Chronic isometric exercise training

Chronic training with sustained, brief, interrupted, isometric
efforts has been shown to reduce blood pressure over a four-
week period in normotensive individuals.””® Using 4 acute, 30%
MVC, 2 minute efforts in the dominant arm, chronically 3 days a
week for 8 weeks, statistically significant blood pressure
reductions of 12.7 mmHg systolic and 13.9 mmHg diastolic
were achieved as compared to a control group (Fig 21). No
significant change in resting heart rate was seen in either group.
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Figure 21. Blood pressure responses by control subjects (open) and by
isometric exercise trained subjects (closed).

A subsequent study showed that the reduction in blood
pressure could be achieved in a 5 week period using a protocol
of alternating arms, 2 efforts per arm, 50% MVC, 45 second
efforts, with 60 second rest periods, performed 5 days per week.
(Fig 22) Statistically significant reductions of 9.5 mmHg systolic
and 8.8 mmHg diastolic were achieved in 5 weeks. The subjects
were then allowed to ‘detrain’ over a 5 week period, and blood
pressures returned to pre-training levels.
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Figure 22. Blood pressure responses to isometric training (wk 0 to 5) and
detraining (wk 5 to 10).

Wiley et al*’”’ proposed that a change in total peripheral
resistance (TPR) was the most probable mechanism involved in
producing these reductions in blood pressure, however, no
evidence was available to support or refute this postulation. It
now appears that the evidence is available to make this
connection, and further to propose that the change in TPR is due
to a systemic upregulation of eNOS, increased basal release of
NO, increased basal vasodilatation, leading to the net reduction

in TPR.

3 . .
) Training was also performed with hypertensive
patients.*'"*'? Data from these studies (Fig 23) show that

training conditions the cardiovascular system towards a normal
blood pressure range.
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Figure 23. Blood pressure responses by individuals undergoing chronic
isometric training: blood pressures are before training (closed) and after at
least 5 weeks of training (open).

Sustained benefits with continued training

This type of training also maintains the benefit of reduced
blood pressure®'!, probably through maintenance of the new
level of eNOS activity. Patients who trained for a period of one
year were able to achieve significant blood pressure reductions
in the first few weeks of use, and then maintained this new
fitness level by continuing to train 3 days per week.

Conclusion

The cardiovascular benefits of controlled isometric training
may be due to an improvement in endothelial function; a
common treatment goal for conditions such as arteriosclerosis,
diabetes mellitus, hypercholesterolemia, hypertension, and heart
failure. This is important because a specific treatment of the
process leading to endothelial dysfunction has the potential for
improving the clinical outcome of hypertensive patients.?’

This work was supported by the “CardioGrip® training in cardiovascular
fitness™ research program, MD Systems, Inc., 975 Eastwind Drive, Suite 180,
Westerville, Ohio 43081.

Special thanks goes to Nicholas Flavahan of The Ohio State University
Heart & Lung Institute for his initial insights into the connections between acute
pressor response, chronic isometric training, and changes in endothelial function.

Page 9 of 10



References

3

)62

87
93

110

130

140
142

153
158

159

161

164

\165
)

171

197

198

204

210

211

226

239

Sinoway LI, Shenberger J, Wilson J, McLaughlin D, Musch T, Zelis R. A
30-day forearm work protocol increases maximal forearm blood flow. J
Appl Physiol 1987;62(3):1063-1067

Markiewicz W, Houston N, DeBusk R. A comparison of static and
dynamic exercise soon after myocardial infarction. Isr J Med Sci 1979
Nov;15(11):894-897

Kurjiaka DT, Segal SS. Autoregulation during pressor response elevates,

wall shear rate in arterioles. J Appl Physiol 1996 Feb;80(2):598-604

Chaney RH, Amdt S. Comparison of cardiovascular risk in maximal -

isometric and dynamic exercise. South Med J 1983 Apr;76(4):464-467

McAllister RM, Hirai T, Musch TI. Contribution of endothelium-derived
nitric oxide (EDNOQ) to the skeletal muscle blood flow response to
exercise. Med Sci Sports Exerc 1995 Aug;27(8):1145-1151

Shesely EG, Maeda N, Kim HS, Desai KM, Krege JH, Laubach VE,
Sherman PA, Sessa WC, Smithies O. Elevated blood pressures in mice
lacking endothelial nitric oxide synthase. Proc Natl Acad Sci USA 1996
Nov 12;93(23):13176-13181

Braddock M, Schwachtgen J, Houston P, Dickson MC, Lee MJ, Campbell
CJ. Fluid shear stress modulation of gene expression in endothelial cells.
News Physiol Sci 1998 Oct;13:241-246

Flavahan NA. Atherosclerosis or lipoprotein-induced endothelial
dysfunction: potential mechanisms underlying reduction in EDRF/nitric
oxide activity. Circulation 1992 85:1927-1938

Drexler H. Endothelium as a therapeutic target in heart failure. Circulation
1998;98:2652-2655

Davies MG, Hagen P. The vascular endothelium: a new horizon. Annals of

Surgery 1993;218(5):593-609

Ziegler T, Silacci P, Harmrison VJ, Hayoz D. Nitric oxide synthase
expression in endothelial cells exposed to mechanical forces.
Hypertension 1998;32:351-355

Owlya R, Vollenweider L, Trueb L, Sartori C, Lepori M, Nicod P, Scherrer
U. Cardiovascular and sympathetic effects of nitric oxide inhibition at
rest and during static exercise in humans. Circulation 1997;96:3897-
3903

Anggard E. Nitric oxide: mediator, murderer, and medicine. Lancet
1994;343:1199-1206

Awolesi MA, Sessa WC, Sumpio BE. Cyclic strain upregulates nitric oxide
synthase in culture bovine aortic endothelial cells. J Clin Invest 1995
Sep;96(3):1449-1454

Miyamoto Y, et al. Endothelial nitric oxide synthase gene is positively
associated with essential hypertension. Hypertension 1998;32:3-8

Deckert V, Brunet A, Lantoine F, Lizard G, Millanvoye-van Brussel E,
Monier S, Lagrost L, David-Dufilho M, Gambert P, Devynck M.
Inhibition by cholesterol oxides of NO release from human vascular
endothelial cells. Arterioscler Thromb 1998;18:1054-1060

Deckert V, Persegol L, Veins L, Lizard G, Athias A, Lallemant C, Gambert
P, Lagrost L. Inhibitors of arterial relaxation among components of
human oxidized low-density lipoproteins: cholesterol derivatives
oxidized in position 7 are potent inhibitors of endothelium-dependent
relaxation. Circulation 1997;95:723-731

Celermajer DS, Sorensen KE, Georgakopoulos D, Bull C, Thomas O,
Robinson J, Deanfield JE. Cigarette smoking is associated with dose-
related and potentially reversible impairment of endothelium-dependent
dilation in healthy young adults. Circulation 1993;88:2149-2155

Scherrer U, Randin D, Vollenweider P, Vollenweider L, Nicod P. Nitric
oxide release accounts for insulin's vascular effects in humans. J Clin
Invest 1994;94:2511-2515

Steinberg HO, Brechtel G, Johnson A, Fineberg N, Baron AD. Insulin-
mediated skeletal muscle vasodilation is nitric oxide dependent. A novel
action of insulin to increase nitric oxide release. J Clin Invest 1994
Sep;94:1172-1179

Kiowski W, Linder L, Stoschitzky K, Pfisterer M, Burckhardt D, Burkart F,
Buhler FR. Diminished vascular response to inhibition of endothelium-
derived nitric oxide and enhanced vasoconstriction to exogenously
administered endothelin-1 in clinically healthy smokers. Circulation
1994;90:27-34

Cardillo C, Panza JA. Impaired endothelial regulation of vascular tone in
patients with systemic arterial hypertension. Vasc Med 1998;3(2):138-
144

Cardillo C, Kilcoyne CM, Quyyumi AA, Cannon RO 3rd, Panza JA.
Selective defect in nitric oxide synthesis may explain the impaired
endothelium-dependent  vasodilation in patients with essential
hypertension. Circulation 1998 Mar 10;97(9):851-856

Panza JA. Endothelial dysfunction in essential hypertension. Clin Cardiol
1997 Nov;20(11 Suppl 2):11-26-33

242

249

250

276

279

285

286

290

292

296

341

350

351
357

379

386

387

388

392

393

409

410

411
412

Page 10 of 10

Panza JA, Garcia CE, Kilcoyne CM, Quyyumi AA, Cannon RO 3%
Impaired endothelium-dependent vasodilation in patients with essential
hypertension. Evidence that nitric oxide abnormality is not localized to a
single signal transduction pathway. Circulation 1995 Mar
15;91(6):1732-1738

Panza JA, Casino PR, Kilcoyne CM, Quyyumi AA. Role of endothelium-
derived nitric oxide in the abnormal endothelium-dependent vascular
relaxation of patients with essential hypertension. Circulation 1993
May;87(5):1468-1474

Panza JA, Quyyumi AA, Callahan TS, Epstein SE. Effect of
antihypertensive  freatment on endothelium-dependent vascular
relaxation in patients with essential hypertension. J Am Coll Cardiol
1993 Apr;21(5):1145-1151

Donald KW, Lind AR, McNicol GW, et al. Cardiovascular responses to
sustained static contractions. Circ Res 1967;20(Suppl I):15-30

Wiley RL, Dunn CL, Cox RH, Hueppchen NA, Scott MS. Isometric
exercise training lowers resting blood pressure. Med Sci Sports Exerc
1992;24(7):749-754

Humphreys PW, Lind AR. The blood flow through active and inactive
muscles of the forearm during sustained handgrip contractions. J Physiol
(London) 1963;166:120-135

Kerber RE, Miller RA, Najjar SM. Myocardial ischemic effects of
isometric, dynamic, and combined exercise in coronary artery disease.
Chest 1975;67:388-394

Ferguson RJ, Cote P, Bourassa MG, Corbara F. Coronary blood flow
during isometric and dynamic exercise in angina pectoris patients. J
Card Rehab 1981;1:21-27

Matthews OA, Atkins JM, Houston JD, Blomgvist G, Mullins CB.
Arrhythmias induced by isometric exercise (handgrip). Clin Res
1971;19:23

Savin WM, Alderman EL, Haskel WL, Schroeder JS, Ingels NB, Daughters
GT, Stinson EB. Left ventricular response to isometric exercise in
patients with denervated and innervated hearts. Circulation 1980;61:897-
901

Koller A, Kaley G. Endothelial regulation of wall shear stress and blood
flow on skeletal muscle microcirculation. Am J Physiol 1991;260:H862-
H868

Atkins JM, Matthews OA, Blomgvist CG, Mullins CB. Incidence of
arrhythmias induced by isometric and dynamic exercise. Br Heart J
1976;38:465-471

Shepherd JT, Vanhoutte PM. The Human Cardiovascular System 1979
Raven Press

Davies PF. Flow-mediated endothelial mechanotransduction. Physiol Rev
1995;75:519-560

Furchgott RF, Cherry PD, Zawadzki JV, Jothianadan D. Endothelial cells
as mediators of vasodilatation of arteries. J Cardiovasc Pharmacol
1984;6:5S336-S343

Dewey CF, Bussolari SR, Gimbrone MA, Davies PF. The dynamic
response of vascular endothelial cells to fluid shear stress. J Biomech
Eng 1981;103:177-188 -

Flaherty JT, Pierce JE, Ferrans VJ, Patel DJ, Tucker WK, Fry DL.
Endothelial nuclear pattems in the canine arterial tree with particular
reference to hemodynamic events. Circ Res 1972;30:23-33

Resnick N, Gimbrone MA. Hemodynamic forces are complex regulators of
endothelial gene expression. FASEB J 1995;9:874-882

Wink DA, Vodovotz Y, Grisham MB, DeGraff W, Cook JC, Pacelli R,
Krishna M, Mitshell JB. Antioxidant effects of nitric oxide. Methods in
Enzymology, Vol 301, 1999:413-424

Go Y, Park H, Maland MC, Jo H. In vitro system to study role of blood
flow on nitric oxide production and cell signaling in endothelial cells.
Methods in Enzymology, Vol 301, 1999:513-522

Davies PF, Dewey CF, Bussolari SR, Gordon EJ, Gimbrone MA. Influence
of hemodynamic forces on vascular endothelial function. J Clin Invest
1983;73:1121-1129

Malek A, Izumo S. Physiological fluid shear stress causes down-regulation
of endothelin-1 mRNA in bovine aortic endothelium. Am J Physiol
1992;263:C389-C396

Zarins CK, Giddens DP, Bharadvaj BK, Sottiurai VS, Mabon RF, Glagov
S. Carotid bifurcation atherosclerosis. Quantitative correlation of plaque
localization with flow velocity profiles and wall shear stress. Circ Res
1983;53:502-514

Longhurst JC, Stebbins CL. The power athlete. Cardiology Clinics
1997;15(3):413-429

Geisberg H, Wiley RL. Personal communication. 1995

MD Systems, In.c Personal communication. 1995

T



