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ABSTRACT OF THE DISSERTATION
Diabetes: The Interrelationship between Vascular,
Nervous Systems and Avandia
by
Salameh Bweir
Doctor of Philosophy, Graduate Program in Rehabilitation Science
Loma Linda University, June 2004
Dr. Jerrold Petrofsky, Chairperson

Diabetes Mellitus has been linked to vascular and neurological impairments. The
purpose of this study was to assess the relationship between vascular endothelial
dysfunction, autonomic and somatic nervous systems impairment in diabetic patients.
These studies also evaluated the effects of rosiglitazone (Avandia) on the vascular,
autonomic, and somatic nervous systems.
Fourteen diabetic subjects and fourteen control subjects (age matched)
participated in three series of experiments. Using Whitney volume plesythmography to
assess post occlusion blood flow in the subject’s forearm did assessment of vascular
endothelial function. Evaluating skin blood flow, orthostatic tolerance, heart rate, and
thermal responses under thermal and postural stress did assessment of the autonomic
nervous system reactivity. Evaluating the subject’s gait assessed the function of the
somatic nervous system.
The results of this study showed significant impairment of vascular endothelial
function in the diabetic subjects when compared to the control subjects (P<0.01). Four
weeks after administration of rosiglitazone, there was a rapid and significant
improvement in vascular endothelial function (P<0.01).

x

There was a significant impairment in skin blood flow, sweat rate, skin
temperature, core temperature, and orthostatic tolerance during heat exposure in subjects
with diabetes. After 4 weeks of rosiglitazone administration, there was a gradual but
significant improvement in skin blood flow and sweat rate. Core temperature, skin
temperature, and heart rate showed no significant changes after 4 weeks of administration
of rosiglitazone (P<0.05). Orthostatic tolerance showed significant improvement in the
diabetic subjects after administration of rosiglitazone (P<0.05). In terms of gait, diabetic
patients showed significantly shorter steps and slower gait, and more tremors at the knees
than the control subjects. No administration of rosiglitazone was in this group.
In conclusion, diabetic patients have showed impairment in vascular endothelial
function, which rapidly improved after administration of rosiglitazone for 4 weeks. This
improvement may be due that, rosiglitazone increasing nitric oxide production and inhibit
PART activity. The sequence of the improvement in the autonomic nervous system after
rosiglitazone indicates that the healing took place in two steps: a rapid improvement in
microcirculation and a slower improvement in autonomic function. Impairment of gait
velocity and stability demonstrate that diabetic subjects suffer from somatic nervous
system impairment.

xi

INTRODUCTION
Diabetes Mellitus is a serious disease with a large impact on public health. This
disorder creates a major problem for health care providers around the world due to the
severity of its consequences. It is a progressive disease significantly affecting patient’s
general health and quality of life. In the United States, 17.5 million people have diabetes,
90% of which have type 2 diabetes (ADA, 2000; Cooppan, 2003). Data from the World
Health Organization indicates the number of cases of diabetes worldwide is increasing at
an alarming rate, approaching 300 million people worldwide. As a consequence of
damage to the cardiovascular system, most diabetic patients develop symptoms leading to
disabilities such as stroke, amputation, arthrosclerosis, and heart disease.
While a few studies (Camp, 2003; Dandona, 2003; Sivarajah, et al., 2003) imply
the drug rosiglitazone improves circulation, detailed studies are lacking on patients with
diabetes. Any change in microcirculation should produce widespread effects on whole
body function. The goal of this study was to examine the effects of this insulin sensitizer
(rosiglitazone) on the microcirculation, autonomic and somatic nervous systems by
evaluating blood flow in the arm, quality of gait, and the ability of the autonomic nervous
system to mediate adaptive responses to heat and orthostatic stress.
Background
Diabetes Mellitus is divided into two major types: type 1 in which insulin
production is absent and type 2 in which insulin production is reduced. The amount of
insulin produced, however, is insufficient and cellular uptake of glucose compromised.
Insulin secretion is regulated by blood glucose levels (Rhoades & Tanner, 1995). Insulin
resistance in muscle, adipocytes, and the liver occurs early in diabetes resulting in high
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blood glucose levels that drive insulin production up causing death of the P cells of the
pancreas.
Both type 1 and type 2 diabetes are associated with chronic complications that are
primarily a consequence of macro and microvascular damage. The United Kingdom
Prospective Diabetes Study (UKPDS -33, 1998) concluded that for every point reduction
in glycosylated hemoglobin (HbAlc), there is a 35% reduction in complications
associated with the disease. UKPDS -33 recently published clinical practice guidelines
for the American Diabetes Association (ADA) which recommend ideal preprandial
glucose values to be between 90 and 130 mg/dL and HbAlc < 7% (ADA, 2000).
Hyperglycemia is the driving force in microvascular complications including
hypertension, dyslipidemia, atherosclerosis, and inflammation. Some of the consequences
of diabetes include neuropathy, diabetic retinopathy, stroke, nephropathy, and
cardiovascular disease. Diseases related to cardiovascular damage are the main cause of
disability and death in diabetic patients (Reusch, 2003; Viberti, 2003,). Dingwell and
Cavanaugh (2001) reported that as many as 50% of diabetics will develop significant
peripheral neuropathies. Such patients are 15 times more likely to report an injury while
walking and experience an increased number of repetitive falls (Dingwell & Cavanaugh,
2001).
The need for ideal regulation of plasma glucose in diabetic patients is well known.
The fluctuation of plasma glucose levels leads to the development of micro and
macroangiopathy as well as complications in all body systems. According to the results
of the UKPDS-33 study, strict control of both fasting and postprandial hyperglycemia is
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essential to prevent chronic progression of type 2 diabetes and its complications
(UKPDS -33, 1998).
Establishment of euglycemia in type 2 diabetes patients may diminish as a result
of defective insulin activity. Availability of insulin in the blood stream does not guarantee
glucose entry into the cells. Euglycemia involves glucose, insulin, and a cascade of
cellular reactions, which results in glucose trans-passing into the cells.
Insulin Action
Insulin is the most potent anabolic hormone known and is essential for tissue
development, growth, and maintenance of glucose homeostasis (Pessin & Saltiel, 2000).
The primary targets of insulin are the liver, skeletal muscle, and adipose tissue. Insulin
has multiple actions in each of these tissues, the net result of which is fuel storage
(Rhoades & Tanner, 1995). It is well known that insulin plays a major role in initiating
glucose transport across the plasma membrane. Insulin secretion is biphasic, with an early
burst of insulin release within the first 10 minutes of glucose ingestion and persisting as
long as the hyperglycemic stimulus is present (Raptis & Dimitriatis, 2001). Insulin is
secreted by beta cells of the pancreatic islets of Langerhans in response to increased
circulating glucose and amino acids following a meal. Beta (P) cells of the pancreas
synthesize insulin from amino acids. Active insulin is comprised of two chains; A and B
connected by two disulfide bonds. Like all secretory proteins, insulin and its precursors
are enveloped in a limiting membrane to be protected from enzymes in the cytosol. It is
transported intracelluary by successive budding and fusion of carrier vesicles and
ultimately secreted into the blood stream in response to a stimulus (Kahn & Weir, 1994).
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Secretion of insulin is regulated by chemical, hormonal, and neural control. Insulin
normally circulates unbound in the plasma and is activated by the presence of glucose.
Insulin is stimulated by high plasma glucose levels, gastrointestinal hormones,
and parasympathetic stimulation of p cells. It is inhibited by low plasma glucose levels
through negative feedback to p cells and also by sympathetic stimulation of a cell in the
islets of Langerhans (McCance & Huether, 2002; Robertson, 1998). Once secreted,
insulin must travel the convoluted pathway from the pancreatic islets to receptors on
insulin sensitive tissues. There are significant barriers however, to insulin access to its
receptor as well as access of glucose to the cells. Glucose access to tissue metabolism can
be limited by blood flow and the rate of glucose transport across the capillary
endothelium (Bergman, 2003).
Insulin action is initiated through the binding to, and activating of insulin
receptors substrate (IRS). The insulin receptor is a hetero-tetramer, consisting of two a
subunits and two p subunits held together by a disulfide bond, a subunits are entirely
extracellular and involved in insulin binding, p subunits are trans-membrane proteins and
contain the tyrosine kinase activity of the receptor in the intracellular portion of the
subunit. The activated receptor kinase phosphorylates IRS (IRS-1, IRS-2 in muscle and
liver cells, and IRS-3 in adipocytes) which initiates a series of events involving activation
of other protein including PI-3 kinase. Activation of PI -3 kinase then signals activation
of intracellular glucose transporter-4 (GLUT 4) containing vesicles to migrate and fuse
into the cell surface (Kadowaki, 2000; McCance & Huether, 2002; Reaven, 1999).
Insulin receptors are also regulated by agents that stimulate serine or threonine
kinases, including phorbol esters, and cAMP, which increase the serine/threonine
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phosphorylation of p- subunits in hepatic cells. This process inhibits insulin-stimulated
auto-phosphorylation and kinase activity (Kahn & Weir, 1994). Insulin stimulation is
necessary for activation of a PI-3 kinase-dependent pathway, but not sufficient to induce
GLUT 4 translocation (Guilherme & Czech, 1998; Krook, Wallstrom, & Sandler, 1999).
There are other factors needed to increase GLUT 4 translocation. Evidence shows that
direct activation of the protein kinase C (PKC) pathway increases GLUT 4 translocation
and glucose transport in skeletal muscle and adipose tissue (Kawano, et ah, 1999). Acute
hyperglycemia in normal subjects has been shown to directly increase plasma membrane
GLUT 4 content, which provides evidence for an insulin-independent autoregulation of
the glucose transport system in skeletal muscle. This process may be controlled by Ca+2dependent mechanisms (Nolte, et ah, 1995). Another factor which shows some effects on
increasing GLUT 4 expression and translocation in skeletal muscle is exercise (Short, et
ah, 2003). The glucose transporter GLUT 4 is recruited to the plasma membrane where it
facilitates glucose entry into the cell. GLUT 4 is translocated at the cell membrane by Factin fibers. Cortical actin activity is Insulin-stimulated and it is necessary for the GLUT4
translocation process (Kanzaki & Pessin, 2001). Walker et al. (1990) demonstrated that
prolonged insulin-dependent regulation of glucose transporter function occurs by a
complex mechanism, which includes enhanced GLUT 4 mRNA transcription and glucose
transporter synthesis, as well as changes in the distribution of subcellular glucose
transporter proteins. Other substances like amino acids, calcium, potassium, magnesium,
and phosphate are facilitated to enter the cell during this process (McCance & Huether,
2002). Slowness of the action of glucose transporters in the insulin-resistance syndrome
could be explained by a variety of defects in GLUT 4 regulation including its level of
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expression, and its translocation to and insertion into the cell membrane (Reaven, 1999).
Katz, Stenbit, Haton, Depinho, and charron (1995) demonstrated that there was a
decrease in the level of lactate and free fatty acids (FFAs) in mice lacking GLUT 4. Mice
lacking GLUT 4 were marked with reductions in fat tissue deposition. Tsao (1997)
demonstrated that in mice with GLUT 4 expression diminished, there was alteration in
glucose metabolism. This alteration could be corrected by increased GLUT 4 expression
in skeletal muscle. Rossetti (1997) demonstrated that the distribution of one allele of
GLUT 4 led to severe peripheral but not hepatic insulin resistance. They concluded that
varying levels of GLUT 4 protein in striated muscle and adipose tissue can markedly alter
glucose disposal.
There is evidence that insulin promotes blood flow. Baron and his colleagues
(2000) demonstrated that insulin acts as a vasodilator. This action is nitric oxide (NO)
dependent. Petrie, Ueda, Webb, Elliott, and Connell (1996) demonstrated that, under
normal physiological circumstances there is a positive relationship between basal
vascular endothelial NO production and the insulin level in the blood. Insulin sensitivity
and the vasodilatory effect of insulin were reduced in insulin-resistant obese subjects.
Insulin is also a growth factor. The mitogen-activated protein kinase (MAPK) in
the vascular system mediates migration of endothelial cells, vascular smooth muscle and
monocyte cells (Sasako, et ah, 1996). Insulin has a profound effect on lipid metabolism,
increasing lipid synthesis in liver and adipose tissue, while attenuating fatty acid release
from triglycerides in fat and muscle cells (Ginsberg, 2000).
There has been extensive research to study the mechanisms of insulin action at the
cellular level. This has resulted in well described insulin signaling pathways as well as
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glucose transporter mobilization (Ayyobi & Brunzell, 2003; Hsueh & Quinones, 2003;
Sano, et al., 2003). The availability of insulin and the deficiency of signaling pathways in
the cells are the cause of insulin resistance syndrome. Most type 2 diabetics have insulin
resistance syndrome long before symptoms of diabetes appears.
Insulin Resistance
The term insulin resistance describes a state of disregulation on glucose-insulin
homeostasis, in which the ability of insulin to stimulate glucose uptake in peripheral
tissues is reduced. By definition, insulin resistance is a defect in signal transduction of
glucose and lipid metabolism. It is a characteristic feature of most patients with type 2
diabetes and an almost universal finding in overweight diabetic patients (Olefsky, 2000).
Insulin resistance contributes to the pathogenesis of type 2 diabetes and is closely
linked to cardiovascular risk factors and premature cardiovascular disease (Henry, 2003).
Insulin resistance is an important part of the metabolic syndrome and a crucially
important metabolic abnormality in type 2 diabetes. Various prospective epidemiological
studies across several population groups indicate type 2 diabetes progresses over a
continuum of worsening insulin action, beginning with peripheral insulin resistance and
ending with loss of insulin secretion (Saltiel, 2000). Chronic metabolic syndrome, in
addition to type 2 diabetes, includes dyslipidemia, hypertension, cardiovascular disease,
and colon cancer (Lyon, Law, & Hsueh, 2003). An individual with functioning [3 cells
responds to insulin resistance with elevated insulin secretion, which results in (3 cell death
over time due to overwork. GLUT 4 is by far the predominant transporter protein used by
insulin to increase glucose transport in muscle and fat cells. Thus, it appears to be
possible that a reduced GLUT 4 expression may explain insulin resistance. Numerous
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studies (Reaven, 1999; Rossetti, 1997; Tsao, 1997) confirm that impaired GLUT 4
availability and translocation is the principal defect responsible for reduction of insulinstimulated glucose transport in obese and diabetic patients. Pancreatic (3 cells respond to
insulin resistance by proliferation and hyperplasia to compensate for the high demand of
insulin production. The ability of p cells to compensate plays a crucial role in delaying
development of type 2 diabetes (Kadowaki, 2000).
The mechanism postulated by Reaven (1999) in the development of insulin
resistance in obese patients suggests that enlarged fat cells over secrete tissue necrosis
factor a (TNFa) and Leptin in the local circulation. TNFa impairs insulin action by
increasing IRS-1 serine phosphorylation which inhibits insulin receptor signaling. TNFa
also affects GLUT 4 expression and translocation to the cell surface. Leptin released from
visceral adipocytes inhibits insulin action in the liver by impairing insulin receptor
signaling, which inhibits glucose uptake.
Insulin resistance in adipocytes results in increased release of fatty acids into the
circulation. A similar accumulation of fatty acids could arise from defects in fatty acid
transporters or intracellular binding proteins. Increased free fatty acid (FFA) flux to the
liver stimulates assembly and secretion of very low density lipoproteins (VLDL),
resulting in hypertriglyceridemia and reducing the availability of high density lipoprotein
(HDL) (Garg, 1996; Ginsberg, 2000). Low levels of HDL and the presence of low
density lipoprotein (LDL) are each independent risk factors for cardiovascular disease
(Ginsberg, 2000).
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Consequences of Hyperglycemia
The relationship between metabolic control and development of long-term
complications of diabetes remains one of the most contentious issues in public health.
Diabetes has damaging effects on most of the body systems.
/

Effects on Microcirculation

The classic morphologic finding in diabetic angiopathy is thickening of basement
membrane of capillaries. Macro and micro vascular complications of diabetes represent
one of the most serious consequences of the disease. It is likely that all blood vessels,
both large and small, are abnormal in patients with a long duration of diabetes. Changes
involve vascular cells making up capillaries, arterioles, and their basement membranes
(Kahn & Weir, 1994; McMillan 1975; Pugliese, et al., 1989; Renaud, 1995; Tesfaye,
Malik, & Ward, 1994).
Studies on microcirculation in diabetics in recent years have concentrated heavily
on anatomic and biochemical abnormalities of the capillary basement membrane
(Caballero, 2000; Cameron & Cotter, 2003). McMillan (1975) described the deterioration
of the microcirculation in diabetics, identifying seven categories of diabetes damage.
1. Altered basement membrane (thickening of blood vessel wall and damage to
endothelial cells)
2. Altered cellular function (decreased phagocytic activity and an increase in
lysosomal enzymes)
3. Cell metabolic change (increased super oxidant activity)
4. Altered blood flow properties (increased viscosity and microphage
aggregation)
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5. Disturbed homeostasis (Increased platelet aggregation)
6. Altered oxygen transport (HbAIc)
7. Altered hormone production.
Microcirculation at the tissue and cell level is essential for the integrity of
different organs. Damage to the microcirculation produces irregularity in delivery of
nutrition, oxygen, and other chemical supplies to target tissues at a suitable rate.
McMillan (1975) established five stages in microcirculation damage.
1. “Altered local blood flow
2. Progressive reversible dilation of small veins
3. Periodic arteriolar vasoconstriction causing elevation of blood pressure
4. Sclerosis of the walls of arterioles, small veins, and capillaries
5. Slow, progressive microcirculatory decompensation and dysfunction”.
Blood Vessels
Blood vessel walls differ in their diameters and thicknesses. Arteries, which carry
blood under high pressure, have the thickest walls. Capillaries are thin-walled exchange
vessels, consisting of a single layer of endothelial cells supported by a cellular basement
membrane. Exchange between blood and interstitial fluid takes place at the capillaries.
Mean vessel diameter varies from 4.0 mm in arteries to 8.0 pm in capillaries, and wall
thickness from 1.0 mm in arteries to 0.5 pm in capillaries.
Blood vessel walls are composed of three major layers:
1. The tunica intima
2. The tunica media
3. The tunica externa
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The Tunica Intima
The tunica intima is the innermost layer of vessel wall. It is composed of a single
layer of squamous endothelium cells with a basement membrane located between the
endothelial and smooth muscle layers. The endothelial layer is the largest tissue sheet in
the body, comprising over 14,000 square feet in surface area. At one time, this layer was
considered to be an uncomplicated structural barrier simply modulating permeation
through the vessel wall by providing pores of an appropriate size. Endothelial cells are
capable of proliferating in response to vessel injury to reestablish integrity of the
endothelium. In recent studies, there has been more recognition of endothelial cell
function. These cells have both metabolic and endocrine functions which play a major
role in blood vessel health and disease. They act as autocrine and paracrine organs to
regulating vascular tone. They also produce vasodilator and vasoconstrictor substances.
The vasodilatory role of the endothelial layer is accomplished through the synthesis of a
variety of biologically active factors released locally (autacoid) to induce an increase in
cyclic guanosine monophosphate (cGMP) in vascular smooth muscle cells (VSMC). The
major autacoid vasodilator is nitric oxide (NO). NO is produced by the action of nitrogen
oxide synthase (eNOS) degradation of L-arginine. It plays critical roles in normal
vascular biology and pathophysiology (Bredt, 1999). It is a freely diffusible gas which
acts as both intra and intercellular messenger (Hsueh & Quinones, 2003). Brock et al
(1998) concluded that inhibition of NO synthase activity by L-NMMA did cause
reduction in resting forearm blood flow (FBF).
The half life of NO under physiological conditions is only a few seconds, as NO
is avidly scavenged by super oxide anions and hemoglobin. Compounds such as
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acetylcholine, histamine, bradykinin, epinephrine and adenine nucleotides (ATP, ADP)
are released into the interstitial space. These factors, along with hypertonic conditions;
shear stress forces in the vessel lumen caused by blood flow, and hypoxia promote the
release of endothelial derived relaxing factor (EDRF). Shear stresses exerted by blood
flow and tissue hypoxia are considered major factors affecting moment-to-moment
changes in the local release of endothelium-derived NO (Rhoades & Tanner, 1995;
Vanhoutte, 1998; Brock, et ah, 1998).
Boo and Hanjoong (2003) confirmed that shear stress on the vessel wall
stimulates NO production from endothelial cells in two different phases: first the Ca 2+/
Ca 2+ M-dependent NO burst phase lasting from seconds to 30 min upon shear initiation,
and second, production during the second phase, regulated by G protein-independent
pathways. The endothelium regulates vasomotion (constriction and dilation) in a timedependent manner by releasing a variety of constricting and dilating substances. Boo and
Hanjoong (2003) proposed that histamine and blood vessel endothelial growth factor
(VEGF) induces NO production within one minute of shear exposure.
NO acts in multiple tasks. It inhibits smooth muscle contraction, smooth muscle
proliferation, platelet aggregation, oxidation of LDL, endothelin production, expression
of adhesion-molecules, monocyte adhesion, and platelet adhesion (Halcox & Quyyumi,
2001). In the underlying vascular smooth muscle, endothelium-derived NO inhibits the
contractile process and proliferation of smooth muscle cells. Most of the cellular actions
of NO are explained by the activation of the cytosolic enzyme, soluble guanylate cyclase.
This enzyme catalyzes the formation of cGMP from guanosine triphosphate (cGTP) and
activates protein kinase G, which in turn phosphorylates a number of proteins involved in
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relaxing vascular smooth muscle. In contrast, factors that cause constriction include
thromboxane A, endothelin, and angiotensin II, all of which facilitate smooth muscle
contraction through Ca+2/ K+ flux. In addition to NO, prostaglandins are formed from
arachidonic acid and can relax vascular smooth muscle through an increase in cAMP
(McCance & Huether, 2002; Reaven, 1999).
Recent research presented persuasive evidence that endothelial dysfunction
diminishes endothelium-mediated vasodilatory, anti-inflammatory, and anti-thrombosis
properties. (Verma, Buchanan, & Anderson, 2003).
Endothelial dysfunction. The term endothelial dysfunction refers to an imbalance
in the production of the mediators, which may promote vasospasm, thrombosis, and
vessel occlusion. It is an early step in the atherogenesis process. Endothelial cell
dysfunction has been demonstrated in insulin-resistant syndrome in animal and human
research (Celermajer, 1997; Hsueh & Quinones, 2003). It is associated with impairment
of NO release, increased oxidative stress, and loss of a protective substance against the
atherogenesis process. Endothelial dysfunction is demonstrated in insulin resistance,
metabolic syndrome, and type 2 diabetes (Cameron, et al.,1998; Kitamoto & Egashira,
2004).

Individuals with cardiovascular risk factors often have abnormalities of
endothelial function prior to the onset of overt cardiovascular disease. Damage to the
endothelium causes endothelial dysfunction with impaired release of vital substances like
NO, increases the risk of atherosclerosis and diminishes vascular reactivity to
physiological demands (Cameron, et ah, 1998; Reusch, 2003; Schachinger, Britten, &
Zeiher, 2000).
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Because of the pivotal role that endothelial dysfunction plays in cardiovascular
health and vascular reactivity, numerous strategies of reversing endothelial dysfunction
had been investigated (Basta, Del Turco, & De Catrina, 2004). Endothelial cells are
exquisitely sensitive to high glucose concentrations. Nishikawa, Kanki, and Ogawa
(1997) identified four major molecular signaling mechanisms activated by
hyperglycemia, which may cause endothelial cell damage. These include activation of
protein kinase C (PKC), increased hexosamine pathway flux, increased glycation end
product (AGE) formation, and increased polyol pathway flux. Nishikawa et al. (1997)
proposed the existence of a unifying mechanism that integrates these pathways, which
increases production of reactive oxygen species (ROS). Sources of ROS include auto
oxidation of glucose and its metabolites, the advanced glycation process, lipid oxidation,
altered prostanoid production, inefficient mitochondrial function, the NADPH oxidase
system, inflammatory processes, and other metabolic pathways (Cameron, Eaton, &
Cotter, 2001). In their study of cultured aortic smooth muscle cells and endothelial cells,
Toyoshi et al. (2000) concluded that high glucose level and FFA stimulate ROS
production through PKC-dependent activation of NADH oxidase in smooth muscle cells
and endothelial cells. This may, in part, account for the excessive acceleration of
atherosclerosis in patients with diabetes.
The major source of the oxygen radical (O') in vascular cells is the multisubunit
enzyme, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Yokoyama,
2004). The oxygen radical ion is dismutated by superoxide dismutase (SOD) to form
H2O2 which is converted by catalase or glutathione peroxidase (GPT) to H2O2 and O2
(Fridovich, 1997; Kanno, et al., 2004; Miller, 2004). ROS activates many signaling
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pathways, which regulate vascular function. NO is the target substance for ROS.
Intracellular ROS is involved in the activation of nuclear factor-kappa Beta (NF-kB),
which participates in the control of endothelial eNOS expression (Cameron & Cotter,
2001). From various resources, ROS can react with NO produced by vascular
endothelium to form a peroxynitrite (ONOO), which would reduce endotheliumdependent vasodilatation and neurotransmission (Guigliano, Ceriello, & Paolisso, 1996).
Peroxynitrite breaks down to give highly reactive hydroxyl radicals that are cytotoxic
(Cameron, et al., 2001), The consequences of increased ROS are to cause DNA strands to
break and to activate poly (DP-ribose) polymerase (PARP). This process leads to
ribosylation and inactivation of (Glycealdehyde-3- phosphate dihydrogenase (GAPDH),
disrupting normal glucose metabolism. Inhibition of GAPDH shunts glucose into the
polyol pathway and leads to increased delivery of glycolytic intermediates to the
mitochondria. This change, in turn, increases mitochondrial superoxide production and
increases flux through the AGE and PKC glucotoxic pathways (Du, 2003; Soriano,
Pacher, Mabley, Liaudet, & Szabo, 2001). The endothelial layer must produce the right
substances at the right time and pass them into the tunica media, the second major layer
of the blood vessel wall to produce the normal reactivity to any environmental changes.
The Tunica Media
The tunica media is composed of smooth muscle fibers mixed with elastic and
fibrous connective tissue. Vascular smooth muscle is subject to a complex control
system. In addition to contraction in response to nerve stimulation, smooth muscle
responds to hormonal and pharmacologic stimuli, metabolites, environmental factors, and
sheer stress. In general, smooth muscle contractility is affected by the many factors
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involved in controlling the body’s response to environmental changes to maintain
homeostasis in different situations (McCance & Huether, 2002; Rhoades &Tanner,
1995).
Vascular smooth muscles are innervated by the autonomic nervous system. Both
sympathetic vasoconstrictor and vasodilator nerves are present and active at all times to
maintain vascular tone. Smooth muscles respond differently to the same neurotransmitter
depending on their tissue type, location, and the physiological state. Autonomic nerve
axons run along tissues, where varicosities that spread through the target organ release
transmitters in response to nerve stimulation.
External factors that influence smooth muscle contractility may be grouped into
two categories. The first category is agents that cause the opening or closing of cell
membrane ion channels. An example of this category is calcium ions. The second
category involves activation of second messengers that diffuse to the interior of the cell
where they cause a cascade of reactions. An example is NO. The final common result of
both mechanisms is a change in the intracellular Ca ion activities, which in turn
controls contractility. The ionic basis of the smooth muscle action potential is complex
because of the great variety of tissues, physiologic conditions, and the membrane
channels. Vascular smooth muscle tone is dependent on cGMP which in turn, via NO,
contributes to endothelium-dependent relaxation. Vanhoutte (1997) proposed that cGMP
influences smooth muscle tone by:
1) Stimulation of sodium-potassium adenosine triphosphatase (ATPase) and
opening of adenosine triphosphate-dependent potassium channels leading
to cell membrane hyperpolarization.
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2) Inhibition of Ca+ 2 channels, stimulation of plasma membrane associated
calcium adenosine triphosphatase, and reduction of calcium release from
the sarcoplasmic reticulum, leading to reduced intercellular Ca+ 2
concentration:
3) Phosphorylation of proteins accelerating the relaxation process and
inhibition of Rho-kinase, with reduced interaction of the contractile
proteins.
•

•

•

4) NO directly influencing Ca

“P2

“h

•

dependent K channels, which accelerate

potassium efflux and causing hyper polarization.
5) Indirect effects of NO by inhibition of angiotensin II, and endothelin
production.
There is an electromechanical coupling process where the depolarizing phase of
the smooth muscle action potential is dominated by calcium ions, which enter through
voltage gated membrane channels. Calcium also leaks into the cell, through ligand-gated
channels. Activation of smooth muscle contraction begins when the cytoplasmic calcium
levels are increased and bind to Calmodulin (CaM), activating the myosin light chain
kinase (MLCK). The kinase catalyzes phosphorylation of myosin, changing it to an active
form of MP. The phosphorylated myosin can then participate in mechanical cross bridge
formation. When calcium levels are reduced, and potassium ions enter the cell, calcium
separates from Calmodulin, the kinase is inactivated and the myosin light chain
phosphatase (MLCP) phosphorylates the myosin, making it inactive. The cross bridge
cycle stops and the muscles relax (McCance & Huether 2002; Rhoades &Tanner 1995).
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The phenomenon of reactive hyperemia after ischemia, which can be caused by
arterial occlusion, is marked by vasodilatation and a transient rise in blood flow (Jarm, et
al., 2003; Petrofsky, 1982; Petrofsky, Lee, Bweir, & Laymon, 2003; Shepherd, 1987).
Reactive hyperemia is confined to the previously ischemic vascular bed and does not
require intact innervation of the affected area. Shepherd (1987) demonstrated that a small
part of the vasodilatation is attributed to myogenic relaxation of the vessels. The
remaining vasodilatation is attributed to local release of mediators and metabolites from
the ischemic tissue. The released NO in the endothelial cell activates guanylate cyclase in
the underlying smooth muscle cells, which results in relaxation (Vanhoutte, 1998).
Vasodilatation, which occurs after occlusion of the brachial artery, is an accepted
measure of endothelial function (Bhagat, Hingorani, & Vallance, 1997). Post occlusion
blood flow may be influenced by the tissue ischemia, which increases the local
production of vasodilator substances (NO) or by blood flow velocity which increases the
sheer stress, and causes vasodilation via NO production (Agewall, Hulthe, Fageberg,
Gottfridsson, & Wikstrand, 2002).
Migration and proliferation of vascular smooth muscle cells (VSMC) are critical
events in the development of stenosis and in the progression of atherosclerosis. A
growing body of evidence supports the finding that angiotensin II (Ang II) is a critical
mediator of vascular hypertrophy and neointimal hyperplasia in various vascular diseases
(Prescott, & Muller, 1983; Daemen, Lombardi, Bosman, & Schwartz, 1991). Angiotensin
II stimulates the activation of extracellular signal-regulated kinase (ERK), a subgroup of
the mitogen-activated protein kinase (MAPK). A major role for MAPKs is to transmit
extracellular signals to the nucleus. During this process, the transcription of specific
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genes is induced by phosphorylation and activation of the transcription factor complex
AP-1, which regulates the expression of many genes involved in cellular growth.
Transformation and differentiation have been identified as a target of MAPK signaling
pathways (Marin, Mans, Bockaert, Glowinski, & Premont, 1995; Whitmarsh & Davis,
1996)
Blood Flow
In normal situations, the heart is the driving force for blood flow. Homeostasis of
the cardiovascular system is aimed primarily at providing adequate blood flow to heart
muscle and brain cells, and secondarily, to distribute blood among the body tissues. The
pressure produced by contraction of the left ventricle is stored in the elastic coil of the
arterial vessels and slowly released through the elastic walls of the arteries, which
maintain a driving force for blood flow during ventricular diastole.
Cardiac output is defined as the volume of blood ejected from the heart per minute.
The usual values for normal adult humans are 5.0-5.5 L/ min, or approximately 8% of
body weight (Rhoades &Tanner, 1995). Cardiac output is the product of heart rate (HR)
and stroke volume (SV). To normalize the value of cardiac output among individuals of
the different sizes, the cardiac index, which is calculated by dividing cardiac output by
body weight, is used (Petrofsky & Lind, 1975). Stroke volume is defined as the
difference between end diastolic volume (EDV) and end systolic volume (ESV). Stroke
volume is affected by the contractility of the heart muscle (end diastolic fiber length) and
ventricular contractility. Both of these factors are affected by the ability of the heart
muscle to stretch and contract and are modulated by the ability of the sympathetic
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nervous system to alter contractility. Ventricular contractility is influenced by three major
factors:
1. Norepinephrine release from sympathetic nerves and adrenal medulla;
2. Certain hormones and drugs including glucagons, isoproterenol, and digitalis
(increase contractility) and anesthetics ( decrease contractility)
3. Cardiovascular disease states, such as coronary heart disease (CHD), endothelial
dysfunction, myocarditis, bacterial toxemia, alteration of plasma electrolytes, and
acid base balance.
Relationships among the physical principles governing pressure, flow, resistance
and compliance as they are related to the cardiovascular system are called
hemodynamics. Poiseuille’s law of fluid flow is used to incorporate all factors
influencing blood flow
F = [(Change in pressure) * (Constant) * r4] / [(8 * Constant) * L)]
The greatest determinants of blood flow in the cardiovascular system are changes in
pressure and radii of blood vessels. Because blood flow is related to the radius to the
fourth power, the change of blood vessel radii (r) can result in major changes in blood
flow to specific tissues (Rhoades & Tanner, 1995). Anderson et al. (2000) had
demonstrated that the flow velocity in the coronary artery is influenced by three
parameters: lumen area (vessel’s diameter), bed mass (ventricle mass) and regional
perfusion. Velocity is inversely related to the lumen diameter. Insufficient lumen size
exists with diffuse mild or moderate coronary atherosclerosis. In the normal body,
numerous control systems exist for the sole purpose of maintaining the arterial pressure
relatively constant, allowing constant force to drive blood through the cardiovascular

20

system. Change in vessels’ diameter through vasodilatation and vasoconstriction is
controlled by multiple systems. There is neurogenic control through the autonomic
nervous system and local control (metabolic) mediated by internal chemical changes at
the level of the endothelial cell. In addition, there is systemic control via metabolic and
pharmaceutical mediators to control vessels’ diameter.
The development of the noninvasive laser Doppler flow meter has enabled dermal
vascular function to be assessed (Koitka, Legrand-Femandez, Abraham, Fizanne, &
Fromy, 2004; Schabauer & Rooke, 1994; Stansberry, et ah,1996). Because of the non
invasive nature of this technique, there is no disturbance of local vasomotor reflexes.
Therefore, it is well suited for evaluating vasomotor reactivity in skin. This method has
been used extensively by researchers to evaluate skin blood flow and has shown
reliability and credibility while being easy to administer (Aso, Inukai, & Takemura,
1997). Abnormalities in vasomotor reactivity of skin microcirculation have been
observed in patients with diabetes and are, in part, a result of damage to the peripheral
sympathetic nervous system (Stansberry et al. 1996; Vinik, Erbas, Stansberry, &
Pittenger, 2001). Autonomic regulation of vascular tone in dermal microcirculation is a
complex process. It involves central, short arc and local reflex control mechanisms
(Stansberry, et al., 1996; McCance & Huether, 2002; Harris & Matthews, 2004). Defects
in both vasoconstriction and vasodilatation of dermal vasomotor function have been
observed in diabetic individuals (Braverman, 2000; Stansberry, et al.,1996).
Arteriovenous anastomoses connect capillary arterioles to the venous plexus,
bypassing the capillaries. These highly muscular and highly innervated vessels provide an
alternate route for blood from the arteriole to the venular side of the circulation. They

21

open during heat stress to allow high blood volume to pass through skin (Vinik,
Stansberry, & McNitt, 2002). Blood flow through the arteriovenous anastomoses into the
skin may be so great that the skin can receive 50% of the cardiac output. Patients with
diabetes have shown inability to vasodilate their skin to local and global heat exposure
(Stansberry, et ah, 1999; Vinik et al 2002,). Most likely, lack of local vasodilatation
results from loss of noradrenergic efficiency, but also to a greater degree the loss of
neurogenic action of small nocioceptive sensory neurons. (Stansberry, et al.,1999; Vinik
& Mehrabyan, 2003). Peripheral skin temperature has been used as a noninvasive index
of cutaneous perfusion under control of the autonomic nervous system (Sima &
Sugimoto, 1999). Global warming of the body causes centrally mediated cutaneous
vasodilatation. Recently, Petrofsky, Besonis, et al. (2003) demonstrated that blood flow
response to global warming is impaired in patients with diabetes in comparison with agematched control.
Aso et al. (1997) demonstrated that peripheral vascular denervation in the feet can
lead to an increase in blood flow via arteriovenous shunting and may cause pooling of
blood in the lower extremities. They showed that vasoconstriction was impaired in the
feet of patients with type 2 diabetes, suggesting that the main mechanism of postural
hypotension involves a decrease in reflex vasomotor arteriolar constriction in the lower
extremities.
Diabetes and Blood Pressure
Central blood volume and arterial pressure are normally maintained within narrow
limits by neural and hormonal mechanisms. Adequate central blood volume is necessary
to assure proper cardiac output. Constant arterial blood pressure allows maintenance of
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tissue perfusion in the face of regional blood flow changes. Neural control of circulation
involves the sympathetic branch of the autonomic nervous system (McCance & Huether,
2002). Reduced arterial volume diminishes the firing rate of atrial stretch receptors.
Reduced stroke volume and cardiac output lead to decreases in firing of aortic arch and
carotid body baroreceptors resulting in a reflex increase in sympathetic nerve activity
from the medullary cardiovascular center to the heart (Rhoades &Tanner, 1995). Most
arteries, arterioles, venules, and veins, with the exception of those of the external
genitalia, receive sympathetic innervations only. The usual transmitter is norepinephrine,
which binds to al-adrenegic receptors and causes contraction of vascular smooth muscle
and hence vasoconstriction. Circulating epinephrine, released from the adrenal medulla,
combines with $2 adrenergic receptors in vascular smooth muscle cells, producing
vascular smooth muscle relaxation and vasodilatation. The highest level of organization
in the autonomic nervous system is the corticohypothalamic pathways, which orchestrate
cardiovascular reactivity and correlate the different patterns of behavior to compensate
for environmental challenges (McCance & Huether, 2002). The most important reflex
behavior of the cardiovascular system originates in stretch or mechanoreceptors located
in various blood vessels and the atria of the heart.
The stretch receptors are positioned in the walls of these tissues such that
increases in volume in the lumen will stretch the receptors with the rest of the wall. In
addition to cardiovascular and neurogenic receptors, there are chemoreceptors to detect
changes in CO2, pH, and O2 concentration in the blood. The hypothalamus controls
sympathetic response to stress as well as the endocrine system via the hypothalamusanterior pituitary-adrenal cortical axis (Rhoades & Tanner, 1995). The brain is the
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preeminent organ with regard to oxygenated blood. When body position is changed from
supine to upright, the position of the brain is above the heart, causing blood to pool in the
lower extremities. Sensing the fall in central arterial pressure by baroreceptors elicits the
sympathetic nervous system to produce peripheral vasoconstriction. This process is
accompanied by reducing the input to the vagal nucleus allowing the heart rate to
increase to compensate for low blood flow to the brain.
Arteriolar radius is determined by the transmural pressure gradient and wall
tension. Arterioles can dilate 60-100% from their resting diameter and can maintain 4050% constriction for long periods. Therefore, large decreases or increases in vascular
resistance and blood flow are well within the capability of microscopic blood vessels
(Rhoades & Tanner, 1995). Hyperglycemia inhibits production of endothelial relaxing
substances (NO). As NO bioavailability decreases, transcriptional factors such as NFkB,
which are inactive in normal endothelial cells, become activated and translocate to the
nucleus, where they transcribe genes that generate a cascade of events characterized by
activation of cytokines (e.g., interlucken-1, TNFa) and expression of adhesion molecules.
These processes stimulate inflammatory activity in the vessel wall by enhancing binding
and transendothelial migration of leukocytes, thus initiating and facilitating the
progression of atherogenesis.
Diabetes and Neurological Damage
A reduction in peripheral nerve blood flow as a result of microcirculatory damage
leads to neural hypoxia and post ganglionic damage in the sympathetic nervous system.
This has been shown to make a major contribution to neural dysfunction in diabetic
patients (Cameron Cotter, & Low, 1991). Several studies have confirmed the presence of
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endoneural microangiopathy in both mild and chronic diabetic neuropathy (Malik,
Newrick, & Sharma, 1989; Malik, Tesfaye, & Thompson, 1993). Changes were found to
be more damaging to endoneurial tissue in comparison to epineurial, muscle, or skin
capillaries. (Malik, et al. 1993; Grzelee, 1991).
The fact that vascular disease can have a role in the pathogenesis of neurological
damage in diabetes has been recognized for over 100 years. Pryce (1893) described
occlusion of capillaries by degenerative cellular material and dense lipoprotein in diabetic
patients with neuropathy. Jacob, Costa, & Biggioni (2003) demonstrated that diabetic
patients have a selective early loss of autonomic innervation in the transperineurium.
They concluded that autonomic neuropathy induces peripheral sympathetic nerve
dysfunction, resulting in impaired vasodilatory and vasoconstrictive responses to skin
temperature, and postural changes. Moorhouse, Carter, and Doupe (1966) and Cameron,
et al. (1991) reported reduction in nerve blood flow of about 50%, and showed
neuropathy could be prevented or corrected by improved vasodilatation. Impairment of
blood flow regulation in the diabetic periphery has been implicated in development of
diabetic peripheral neuropathy (Gilmore, Allen, & Hayes, 1993; Tesfaye, et al., 1994).
Cohen, Estacio, Lundgren, Esler, and Schrier (2003) concluded that diabetes autonomic
neuropathy is a significant independent risk factor for the occurrence of stroke. This may
occur due to accelerated cerebral vascular damage and alterations in the regulation of
cerebral blood flow in diabetic patients.
The neuropathy associated with diabetes mellitus is arguably the most common
peripheral neuropathy in the developed world. It can be classified into symmetrical and
asymmetrical forms. The symmetrical form is predominantly sensory and autonomic,
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whereas the asymmetrical form can be sensory, motor, or both, and can affect individual
cranial or peripheral nerves. Pathologic and electrophysiological studies indicate
symmetrical polyneuropathy is characterized by a distally accentuated loss of myelinated
and unmyelinated axons (Kahn & Weir, 1994). The multifocal nature of axonal
degeneration and its association with vascular disease in the same pathologic specimens
strongly suggest an ischemic cause involving endoneural microvascular circulation. The
underlying biochemical abnormality appears to be the production of advanced
glycosylated end products (AGEPs) in the presence of chronic hyperglycemia, and
endothelial dysfunction. Multifocal vascular disease reduces nerve blood flow, causing
endoneural hypoxia and generating oxygen free radicals. Tricyclic antidepressants and
anticonvulsants have been used separately and together with varying success (Horowitz,
1993).
Several studies have shown an association between diabetic distal polyneuropathy
and the development of macro and microvascular disease (Andersen & Jacobsen 1999;
Caballero, Arora, & Saouaf, 1999; Shaw & Zimmet, 1999; Tesfaye, Stevens, &
Stephenson, 1996; Young, et al.1986). Endoneural microangiopathy has been
consistently observed in both mild and chronic distal neuropathy. Pathological changes
include capillary basement membrane thickening, pericyte degeneration and endothelial
cell hyperplasia (Malik, et al. 1989). Tesfaye, et al. (1994) proposed sequences for
microvascular and haemorheological abnormalities leading to endoneural hypoxia. As
result of hyperglycemia, endothelial cell proliferation, basement membrane thickening.
hyper-reactive platelets formation, elevation of blood viscosity and production of rigid
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erythrocytes occurs. This process results in impaired nerve-blood flow and endoneural
hypoxia, which results in diabetic neuropathy.
Damage to the autonomic nervous system has effects on many body systems.
Regulation of body temperature is one of the affected systems. Sensory thermoreceptors
are located peripherally in the skin and centrally close to the hypothalamus. These
sensors monitor skin temperature and body core temperature, sending that information to
the hypothalamus for processing. The hypothalamus influences suitable adjustment of
core body temperature by promoting vasodilatation or vasoconstriction of blood vessels
in the skin, and by sweating. This process requires optimal function of the autonomic
nervous system (Silverthorn, 1998). Therefore, damage to the autonomic nervous system
will reflect on microcirculatory reactivity and depress the response of sweat gland to
global heating.
Diabetes Treatment
Oral hypoglycemic agents that may be used in blood glucose regulation are
categorized into three groups (Raptis & Dimitriatis, 2001):
1. Agents that increase the sensitivity of tissues to insulin, resulting in a decrease in
endogenous glucose production and increase in peripheral glucose uptake
(Metformin and Thiazolidinediones (TZD))
2. Agents that increase the secretion of insulin (Sulfonylurea and Glinides).
3. Agents that decrease the rate of the intestinal absorption of carbohydrates and
lipids (a-Glucosidase inhibitors and lipase inhibitors).
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Rosiglitazone (Avandia)
TZDs have recently emerged as promising antidiabetic drugs. Unlike other oral
antidiabetic drugs, TZDs function to ameliorate insulin resistance. TZDs are ligands of
the nuclear receptor, peroxisome proliferator-activated receptor gamma (PPAR gamma).
The two currently marketed TZD’s, rosiglitazone and Pioglitazone (Actos), display
similar efficacies in their glucose lowering activities (Camp, 2003). In a retrospective
assessment in TZD-naive patients who had received Pioglitazone or rosiglitazone for type
2 diabetes there was a demonstrated improvement in glycosylated hemoglobin ( HbAlc)
values as well as changes in serum concentration of triglycerides (TG), total cholesterol
(TC), and high-density lipoprotein cholesterol (HDL-C) (Khan, Spence, & Belch, 2001;
King, 2000; Miyazaki, Mahankali, & Matsuda, 2001).
Rosiglitazone Action
TZD derivatives (Pioglitazone and rosiglitazone) improve hyperglycemia and
hyperlipidemia in obese and diabetic animals and humans (Maeda, Takashai, &
Funahashi, 2001; Patel, Anderson, & Rappaport, 1999). Hsueh and Roland (2003)
reported that TZD’s had ameliorated the insulin resistance in type 2 diabetes patients. The
antidiabetic activities of the TZDs are correlated with their ability to activate PPAR
gamma (Hsueh & Roland, 2003; Willson, et al., 1996).
The PPAR family of ligand-activated transcription factors consists of three types,
PPAR gamma, PPAR alpha, and PPAR omega are encoded by separate genes. The
human PPAR gamma gene is located on chromosome 3 at position 3p25, and extends
over more than 100 kb giving rise to three different mRNAs (PPAR gamma 1, PPAR
gamma 2 and PPAR gamma 3). The gene is encoded by six exons distributed across
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different domains with distinct functions. The N-terminal part, the A/B domain, contains
a ligand-independent transcriptional activation function. The succeeding two exons
harbor the DNA binding domain (DBD). The next exons have a hinge function with
relevance in co-factor docking, representing the ligand-dependent domain (LBD) (Nolte,
et al., 1995; Renaud, 1995). The PPARs form hetrodimers with another nuclear receptor,
the retinoid X receptor (RXR). The PPAR/RXR heterodimers bind to PPAR response
element (PPARE) in the regulatory regions of target genes. Binding of agonist ligands to
PPAR results in changes in the expression level of PPAR target gene (SaKamoto, et al.,
2000; Yamauchi, & Kadowaki, 2001)
PPAR gamma plays a pivotal role in adipocyte differentiation and lipid storage. It
is expressed in two forms, PPAR gamma-1 and PPAR gamma-2. Both are expressed in
human fat tissue. In human skeletal muscle, only PPAR gamma-1 is expressed at the time
and location where the majority of insulin stimulated glucose uptake occurs. (Mukherjee,
Jow, Croston, & Patemiti, 1997; Welch, Ricote, Akiyama, Gonzlez, & Glass, 2003).
PPAR alpha, which is predominantly expressed in the liver, regulates expression of genes
involved in fatty acid catabolism. PPAR alpha is activated by Fibrate drugs, which are
effective in lowering serum triglycerides in humans (Issmann & Green, 1990).
Triglyceride-rich (TG-rich) very low-density lipoprotein (VLDL) particles, released by
liver, deliver fatty acids to adipocytes for storage and to muscle for energy consumption.
Lipoprotein lipase, a PPAR gamma gene in the adipocytes, promotes fatty acid release
through its TG hydrolysis activity and conversion of VLDL to cholesterol rich LDL.
Activation of PPARs induces fatty acid catabolism in metabolically active tissues, such
as liver and muscle, whereas PPAR gamma is essential for lipid storage and
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differentiation of fat cells. PPAR gamma plays an important role in the balance between
lipid influx and efflux (Lee, Olson, & Evans, 2003).
A key activity of PPAR gamma ligands is to modulate adipose tissue and skeletal
muscle metabolism. This activity may be related to increasing adipocytic fatty acid
oxidation and/or redistribution of fat from central/ skeletal muscle stores to subcutaneous
tissue (Plutzky, 2003; Wilson, McIntyre, & Nicolosi, 2001). A decrease in levels of
circulating and tissue-specific free fatty acids limits insulin-mediated glucose uptake by
skeletal muscle and improves this action of insulin.
PPAR gamma ligands tend to reduce production of factors that promote insulin
resistance and vascular inflammation like TNF alpha and adiponectin. This probably
contributes to the effect the PPAR gamma ligand exerts in improving endothelial cell
function. Vasculature cells that express important functions of PPAR gamma were
directly inhibited by PPAR gamma ligand deficiency, affecting growth in vascular
smooth muscle cells and endothelial cells as well as movement in vascular smooth
muscle cells, endothelial cells, and monocytes (Hsueh & Law, 2001; Xin, et ah, 1999).
PPAR gamma ligands have exhibited anti-inflammatory behavior in both monocytes and
vascular smooth muscle cells. They inhibit activity of key transcription factors in
monocytes, nuclear factor-KB, and activator protein-1 stimulation of nitric oxide
synthase, interleukin, and superoxide dismutase production.
PPAR gamma has a relatively restricted expression and is predominantly found in
adipose tissue, colon mucosa, and the immune system (Braissant, Foufelle, Scotto,
Dauca, & Wahli, 1996). In addition PPAR gamma is expressed in endothelial and smooth
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muscle cells. Its expression in skeletal muscle is relatively low (10% of the adipose
tissue) (Kruszynska, et al.,1998).
Studies of rosiglitazone have established the effectiveness of this medication to
facilitate the expression mechanism of GLUT 4, which makes it possible to transport
glucose through the cell membrane. Sandouk, Reda, & Hofmann, (1993) confirmed that
TZD increased expression of the glucose transporters GLUT1 and GLUT4 in adipocyte
cells. In skeletal muscle cells, TZD improved insulin-stimulated tyrosine phosphate
kinase activity with tyrosine phosphorylation of IR and IRS-1 and increased PI-3-K
activity (Hayakawa, Shiraki, Morimoto, Shii, & Ikeda, 1996). Once PPAR gamma is
stimulated, the glucose transporter GLUT 4 production and translocation occur. Reduced
GLUT4 expression and translocation at the cellular surface is the primary genetic
alteration responsible for development of insulin resistance. Therefore, increasing
transcription of GLUT 4 may assist in overcoming this resistance. The end result of
PPAR gamma activation is a reduction in hepatic glucose production and increased
insulin-dependent glucose uptake in fat and skeletal tissues (Wilmsen, et ah, 2003;
Young, et al., 1998).
In their study to identify the binding sites for rosiglitazone, Young et al. (1998)
concluded that, there is a high correlation between binding affinities determined in rat
and human adipocytes with those measured in binding assays using recombinant PPAR
gamma. It is very likely that PPAR gamma is the molecular species which binds in intact
adipocytes and that the insulin sensitizer binding in rat and human adipocytes is very
similar to, and predictive of antihyperglycemic activity. In their study of the effect of
TZD on FFA in skeletal muscles, Wilmsen et al. (2003) showed that muscle FFA uptake
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is in part protein mediated and acutely affected by insulin. They also showed that TZD
treatment increases FFA metabolism in concert with increased expression of the lipid
scavenger and transport protein. The ability of TZD to stimulate FFA metabolism in
muscle may contribute to enhanced sensitivity of insulin-stimulated glucose metabolism
in type 2 diabetes.
PPAR gamma also has anti-inflammatory effects. PPAR gamma agonists inhibit
activation of macrophages and the production of inflammatory cytokines such as TNF
alpha, interleukin-1 beta (IL-p), Interleukin-6, inducible nitric oxide, gelatinase B, and
scavenger receptor A It is suggested TZD’s inhibit PKC activity and may alleviate
hyperglycemia-induced endothelial dysfunction (Ricote, Li, Willson, Kelly, & Glass,
1998).
TZDs have been reported to reduce blood pressure in insulin resistant diabetics. It
has been demonstrated that TZDs blocked Angiotension Il-induced DNA synthesis and
migration in vascular smooth muscle cells (VSMC).
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Summary
Diabetic patients suffer from damage to the microcirculation, resulting in
endothelial dysfunction which hinders the blood vessels ability to vasodilate in response
to metabolic and neurogenic stress. Autonomic and somatic nerves and their ganglia rely
heavily on an intact microcirculation to satisfy the high demand for oxygen; they are
damaged also in diabetic patients. It is not surprising that patients with diabetes have
impaired orthostatic tolerance, heat stress response, and poor gait quality due to
autonomic and somatic nerves damage. This study was performed to determine the extent
of this damage and whether rosiglitazone would reverse the damage at both local and
global levels. This study consists of three series of experiments:

Three series

t
Vascular
endothelial
function

Functions of
autonomic nervous
system

Functions of
somatic nervous
system

T

Blood flow in the
forearm

Blood flow (laser Doppler)
Cardiac output
Blood pressure (orthostatic)
Skin and core temperature
Sweat rate

Figure 1. The three series of experiments in this study.
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Gait analysis
Gait timing
Acceleration
Stop reaction

Objectives
The purposes of this study were:
1. To assess the effects of diabetes on vascular endothelial function
2. To assess the effects of diabetes on autonomic functions
3. To assess the effects of diabetes on somatic functions
4. To assess the effects of rosiglitazone on vascular endothelial function, autonomic

and somatic nervous system function
5. To determine whether a relationship exists between vascular endothelial function
and the autonomic nervous system.
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SUBJECTS
Eighteen type 2 diabetic subjects residing in the San Bernardino county area were
invited to participate in the study. All subjects were given rosiglitazone (4 mg Avandia)
for at least four weeks. Fourteen subjects completed the study; four were dropped from
the study at different stages for medical reasons. Fourteen age-matched control subjects
(non-diabetic) volunteered to participate in this study. All subjects signed a statement of
informed consent before participating. All subjects were medically screened for inclusion
and exclusion criteria by a medical doctor.

Inclusion criteria
Type 2 diabetes
Age 40-75 years
HbAlC >6.5 and <15
Use contraceptive, if female is sexually active
Candidate for rosiglitazone as routine standard medical car

Exclusion criteria
Pregnant female subject
History of CHF class III and IV
History of total knee or total hip replacement
Liver transaminases >1.5 times normal
History of cardiac arrhythmias
Any other medical reason reported by the primary physician, which may place
subjects at risk
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The age range for diabetic subjects was 40-75 years with a mean of 61.7 years and
a standard deviation of 9.2. The subjects’ mean height and weight were 180.2 cm and
86.0 Kg, respectively. Mean duration of diabetes was 9.3 years and mean HbAlc was
9.3. Control subjects’ ages ranged from 40-77 years with a mean of 61.4 years and a
standard deviation of 12.1. Table 1 and Table 2 show demographic details.

Table 1
This Table Shows Age (years), Weight (kg), Height (cm), and Body Mass Index (BMI) in
the Control Group
Subject

Age

Height

Weight

BMI

1

40

151

43

19

2

41

172

62

21

3

50

165

72

26

4

55

158

41

16

5

57

168

77

27

6

58

156

45

18

7

63

166

71

26

8

63

169

92

32

9

67

158

45

18

10

68

172

74

25

11

71

178

75

24

12

72

181

73

22

13

75

182

71

21

14

75

163

48

18

Mean

61.4

167.1

63.5

22.4

SD

12.1

9.4

16.1

4.5
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Table 2
Data Includes Age, Height (cm), Weight (kg), and Body Mass Index (BMI) in the
Diabetic Group

Subjects

Age

Height

Weight

BMI

HbAlc

Diabetes
Duration

1

61

155

72.7

25

9.8

12

2

75

180

75.0

30

7.5

4

3

77

195

136.3

40

10.4

25

4

47

188

79.5

22

8.1

8

5

61

155

106.8

30

6.7

4

6

54

137

142.2

41

7.3

10

7

55

140

127.7

44

7.7

2

8

53

135

92.2

25

15.8

3.0

9

60

152

74.5

28

8.4

5

10

53

135

107.2

35

7.7

11

11

60

152

83.6

29

8.1

12

12

74

188

95.4

27

6.9

15

13

64

163

97.7

30

8.6

9

14

74

188

121.3

32

8.8

10

Mean

61.7

161.7 .

100.9

31.3

8.7

9.2

SD

9.2

22.1

23.6

7.0

2.4

6.5
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METHODS
Limb Blood Flow
Forearm blood flows were measured by Whitney strain gage plethysmography
(Whitney, 1953). This procedure has been previously used by Petrofsky, Lee, et al.
(2003), Whitney strain gage plethysmography measures limb blood flow by sensing the
change in the limb volume after venous occlusion. The device is composed of mercury in
a rubber strain gage (silastic tube filled with mercury) and is attached to two electrical
wires. A small current was passed through the tube (1 volt). Any change in the arm
circumference would stretch the gage causing a Wheatstone bridge to become
imbalanced. The resulting voltage was then recorded. The silastic was pre-stretched to 20
grams weight when it was not being used to eliminate hystersis during measurements.
The rubber strain gage was secured around the subject’s forearm by using collodian to
prevent the tube from creeping when immersed in water. A pressure cuff was placed to
induce arterial occlusion around the upper arm 10 cm above the right olecranon process.
A second pressure cuff was placed around the wrist to eliminate the hand circulation. The
subject’s arm was immersed in a warm water bath at 39 °C for 15 minutes. A motor
agitator was used to maintain uniform water temperature around the arm. The subject’s
arms were maintained in a resting position with the elbow at 90 degrees of flexion, while
the wrist was positioned in a resting position on a plastic arm support, which had been
submerged inside the water bath. During flow measurements, the subject was instructed
to avoid any muscular activity. To measure flows, the wrist cuff was inflated to 200
mmHg, 30 seconds before flows were recorded. Next, the upper cuff, was inflated for 5
seconds at 55 mmHg, and deflated for 7 seconds under a vacuum, alternately occluding

38

the venous system to determine blood flows. During this period, the change in arm girth
due to the increase of blood flow, was transduced by the Whitney strain gage and
displayed on a chart recorder. The first flow measurement post occlusion was given
special consideration and carefully recorded because blood flow decreases so rapidly
following release of the occlusion cuff that a delay of as little as 10 seconds can under
estimate the magnitude of flow response dramatically.

Figure 2. Subject’s arm immersed in warm bath (37 °C) in resting position for 15
minutes. It shows arm and wrist cuffs to be inflated for blood flow occlusion. Strain gage
secured around the forearm.
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Skin Blood Flow
Skin blood flow was measured by a laser Doppler (LD) flow meter, produced and
calibrated by Moor Instrument, Inc (LDV 304, Oxford, England). This device is
completely non-invasive and is not in physical contact with the body. Theoretically, the
flow is determined by the product of the number of red blood cells (RBCs) moving in the
sample volume of tissue and the average velocity of the RBCs. Skin blood flow measured
by this method correlates well with measurements obtained by plethysmography (Barnett,
Dougherty, & Pettinger, 1990; Holloway & Watkins, 1977). This device has a repeated
measurement error of less than 5%. Prior to the experiment, the LD was warmed up for
thirty minutes to increase stability, as per recommendation of the manufacture. The LD
was positioned on a stand 35 cm above the body surface. An area of 25 square
centimeters 10 cm below the left tibial plateau was scanned over 2 minute periods, while
the subject was positioned supine on a cloth-covered table. The designated skin area was
marked with a temporary marker to maintain consistent repeated measurements between
horizontal and 45-degree vertical positions. The LD flow meter scanned the area and
produced an image of blood flow to the skin on a monitor. The scanned area was
117x149 pixels at a rate of 4 ms/pixel. Skin blood flow was measured in flux units and
was extracted from the image sample. The LD was moved to maintain a perpendicular
angle in relation to the area of interest on the skin when the table was tilted. The distance
between the skin and the LD was always maintained at 35cm.
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Figure 3. Laser Doppler used to measure skin blood flow at the mid of the left tibia and
recorded in computer for further analysis.
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Core Temperature
Central core temperature was measured using a digital thermometer placed under
the subject’s tongue (Yellow Spring Instrument, Yellow Spring, Ohio). Subjects were
instructed to maintain their mouths closed for one minute during temperature
measurements.
Skin Temperature
Skin temperature was measured by thermister probes placed directly on the skin.
Each thermister was held by four wires attached to a plastic ring with four plastic pillows
to allow air flow to dry sweat. The plastic ring was secured with a strap. Skin
temperatures were measured at four different points on the body: forehead, anterior
surface of the forearm, 2 centimeters below the xyphoid process, and 10 centimeters
above the medial malleolus. Each thermister was calibrated by comparing it with a
mercury thermometer in ice water and warm water at 45° C. The following formula was
used to calculate the skin temperature (Ertl, Dearborn, Weidhofer, Bemauer, &
Greenleaf, 2000).
Total sweat = 0.16 forehead + 0.14 arm + 0.27 chest + 0.43 leg
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Figure 4. Thermister placed on four of the body areas; blood pressure was taken at the
bicipital fosse.
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Blood Pressure
The left arm was used to measure the subject’s blood pressure by auscultation
with a sphygmomanometer. The cuff was deflated from 200 mmHg at 3 mmHg/sec as
suggested by the American Heart Association. This system was calibrated by comparing
it with a standard column of mercury apparatus. Systolic blood pressure was determined
as the first sound following pressure reduction in the cuff, while diastolic pressure was
identified as the change from a sharp sound to a muffle.
Sweat Rate
Sweat rate was measured by a sweat hygrometry system. One each of four sweat
capsules were placed on the forehead, lower chest, forearm, and above the ankle, at the
same locations on the skin as the temperature thermisters. The technique was previously
described by Mitchell et al. (1976), and Petrofsky, Besonis, et al. (2003). The system was
composed of a source of compressed dry air, a flow meter, sweat capsules, and a
hygrometer. Compressed air at a pressure of approximately 1000 mmHg was stored in a
30-liter pressure reservoir. Air flow was at 50 ml per minute. Each capsule was 2 cm2 in
diameter. Each capsule had a cavity inside and was lined on its circumference by a nonporous elastic material in contact with the skin to prevent air leaking. Capsules were
secured tightly to the skin by an elastic strap. The internal capsule had connections to two
hoses. The air inlet provided a source of dry air, and the air outlet was connected to a
hygrometer system. The inlet air was passed through a drying material (Dry Rite) which
eliminated humidity from the air before it was injected into the capsule. The hygrometer
consisted of a sensor using calcium chloride (CaCb) to absorb humidity from the air.
Increases in humidity lowered the electrical resistance of the calcium chloride. Therefore,
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the sensor provided an electrical output proportional to relative humidity. With
knowledge of the humidity, gas temperature (equivalent to the room temperature),
capsule size, and flow rate of air across the sweat capsules, sweat rate per square
centimeter of the skin was calculated.
Orthostatic Tolerance
A motorized tilt table was used to change body position of the subject from
horizontal to a 45 degree head up position. The subjects were initially placed on the table
with their feet flat against a footplate. Pads and straps were used to maintain body
position at all times to avoid movements that might disrupt measurements or jeopardize
the safety of the subjects. The table was elevated to the 45 degree head up position over a
25 second interval.
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Figure 5. Subject tilted to 45 degree head up.
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Cardiac Output
Cardiac output can be determined non-invasively by employing an electrical
bioimpedance measurement technique. This technique simply measures the impedance of
relevant tissues including the heart and immediate surrounding volume of the thorax.
Cardiac output was measured by impedance plethysmography. This method was
used to determine changes in blood volume in the body and has been described by
Petrofsky, Besoneis, et al. (2003). Individual electrodes (bipolar vinyl foam adhesive
electrode) are attached on each side of the anterior lateral aspect of the neck, 5
centimeters directly above the nipple line, immediately below the 12 rib bilaterally, and
10 centimeters lateral to the naval cavity bilaterally. A 1 ma alternating current was
passed between the most proximal and distal electrodes at a frequency of 50 K Hertz.
Electrical impedance was measured from the inside electrodes and stroke volume was
calculated and displayed. The impedance, distance between the internal electrodes,
magnitude of baseline impedance, and heart rate, were recorded. Stroke volume was
calculated from tissue impedance using the following formula:
SV= R*(L7Z02)* T* dZ/dt
Where: SV= Stroke volume
R=Resistivity of blood (Ohms)
L= Length between inner band electrodes (cm)
Z0= the base impedance
dZ/dt= Magnitude of the largest impedance change during systole
(ohms/second) •
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CO = SV* HR
where: CO= cardiac output (liters/minute)
HR= heart rate (BPM)
The electrocardiogram (ECG) was recorded using three electrodes to measure the
electrical activity of the heart. In the limb lead 2 positions, ECG electrodes were placed at
the right upper thoracic area below the clavicle, left lower abdominal 5 centimeters below
the 12th rib, and 2 centimeters lateral to the second electrode below the 12th rib.
Gait Analysis: Accelerometer
Two-plane accelerometers were placed bilaterally on the front of the knees (tibia
plateau). The accelerometers measured movement in the medial-lateral and forwardbackward directions in the range of 0-2 Gs (force of gravity). The output of the
accelerometers was amplified and digitized at 1024 Hz samples per second and stored on
a digital computer for later analysis.
Measurement of Gait Timing
Foot pressure transducers manufactured by Biopac Inc. (Santa Barbara, CA)
measured the pressure distribution in the foot during gait. One transducer was placed
under the calcaneous, and the other was placed under the first metatarsal head. Resistive
output was recorded on a data recorder for later analysis. The cells were calibrated to
provide an output that would show actual pressure on the foot. The output of the foot
sensors was recorded on a Biopac system through a digital to analog recorder at a
sampling speed of 200 samples/sec.
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PROCEDURES
Three series of experiments were performed. Series 1 evaluated impairment of
metabolic control of blood flow by studying the effects of vascular occlusion on the
microcirculation. Series 2 evaluated autonomic function by measuring the response of the
autonomic nervous system when the subject was subjected to the combined stress of heat
and an orthostatic challenge. Series 3 evaluated somatic function through gait analysis.
Series 1: Vascular Endothelial Function
Subjects were seated on a chair next to a water bath. A Whitney strain gage was
placed around the right forearm at the midpoint of the distance between the ulnar head
and the olecranon process. Subjects were asked to keep their arms relaxed and avoid any
muscle activity, while an assistant supported their elbow to prevent muscle activity.
Blood flows were measured at rest for one minute, then for two minutes following four
minutes of vascular occlusion.
Series 2: Autonomic Functions
Subjects were positioned supine and asked to remain relaxed on a motorized tilt
table for 45 minutes. Room temperature was adjusted to 32 degrees centigrade. Sweat
capsules, skin thermisters, impedance electrodes, ECG electrodes, and laser pulse meters
were placed on the designated areas as previously described. The distance between the
impedance electrodes was measured. After 30-minute acclimatization to the room,
measurements were recorded for 60 seconds. Resting core temperature and blood
pressure were recorded manually. The laser Doppler was repositioned and the tilt table
elevated to a 45-degree vertical position, while data was continuously recorded. Blood
pressure and core temperature measurements were recorded after the subject had
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remained in the 45 degree head up position for 20 seconds. After 120 seconds in the 45degree vertical position, the tilt table was lowered to the horizontal position and blood
pressure and core temperature measurements were repeated. Impedance, ECG, pulse
rate, and skin temperature were continuously recorded from one minute before until one
minute after the subjects were repositioned from supine to 45 degree head up position.
At the end of this series of experiments, the room temperature was returned to normal and
the subjects were assisted to a sitting position and taken to the gait laboratory to complete
the remainder of the series of experiments.
Series 3: Somatic Nervous Function and Gait Analysis
Subjects rested in the sitting position for 10 minutes while demographic
information such as age, weight, and height were collected. Manual muscle testing and
sensory evaluation were performed. Sensory evaluation was accomplished bilaterally on
the plantar and dorsal aspect of the feet using nylon wires of various sizes (standardized
sensory test). Accelerometers and pressure sensors were applied. Foot sensors were
placed on each heel of the shoe (calcaneous) and the head of the first metatarsal. Subjects
were asked to walk seven meters, and then make a pivot turn to the left. Subjects returned
to the starting position, again walked seven meters, this time making a pivot turn to the
right. This protocol was repeated with three different turn diameters: pivot, 0.33 and 0.66
meter in radius to the left and right. On the last part of these series, subjects were asked to
stop walking as soon as they saw a randomly activated light flash. Reaction times to a
sudden signal to stop were then recorded. During all these activities, acceleration and
timing were recorded.
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Data Analysis
Statistical analysis involved the computation of means, standard deviation, t test,
single factor ANOVA, two-way ANOVA, and Pearson’s correlation. The SPSS statistical
computer package was used (SSPS User guide, Version 10, 2000). The level of
significant was ^<0.05.
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RESULTS
Series 1: Vascular Endothelial Function
Blood flow was measured prior to occlusion over a 2-minute period, after placing
the forearm in 37 °C water for 15 minutes. Diabetic subjects showed impairment of their
resting arm blood flows in comparison to the control group. As shown in Figure 6, the
mean blood flow for the control group was 3.2 +/- 1.35 cc/lOOml tissue/min, while for
subjects with diabetes was 0.99+/- l.Occ/lOOml tissue/min. This difference in blood flow
between the two groups was significant, t (26) = 3.9, P< 0.01. After 2 weeks of
administration of rosiglitazone, blood flow at rest was 1.34 +/- 1.38cc/100ml tissue/min.
After 4 weeks, blood flow at rest was 1.6 +/- 1.17cc/100ml tissue/min. The increase in
mean blood flow was significant, t (26) = 9.7, P < 0.001)
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Figure 6. The mean blood flow in the control group and the diabetic group before, at 2
weeks, and 4 weeks after administration of rosiglitazone. Each bar is the mean for the
group +/- the standard deviation.
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The impairment in endothelial function in the resting limb caused by diabetes was
magnified after vascular occlusion (Figures 7 and 8). As shown in Figure 7, blood flow in
the control subjects increased to a mean of 26.2+/- 5.4 cc/lOOml tissue / min for the first
flow post occlusion, and then decreased exponentially for two minutes to reach the
resting blood flow again. In contrast, diabetic subjects showed a smaller increase in the
first post occlusion blood flow (6.53 +/-3.4 cc/100 ml tissue/min) after which flow
decreased exponentially to reach the resting blood flow within one minute of recovery.
Two weeks after administration of rosiglitazone, diabetic patients showed a significant
increase in their post occlusion mean blood flow compared to before administration of
rosiglitazone t (26) = 2\.2,p< 0.001. After occlusion, the first blood flow was 9.85 +/2.8 cc/100 ml tissue/min. After 4 weeks, the first post occlusion mean blood flow was
13.28 cc/100 ml tissue/min. After 4 weeks, the flows were significantly higher than those
at two weeks or before administration of rosiglitazone, F (3, 52) = 52.5, p< 0.009.
Finally, after 4 weeks of administration of rosiglitazone, the flow response lasted the full
two minutes post occlusion.
Figure 8 shows that the total post occlusion mean blood flow over the 2-minute
recovery period was much greater in the control subjects (82.07+/- 14.7 cc/lOOml tissue/
min) compared to subjects with diabetes (18.2 +/- 14.17 cc/lOOml tissue/ min), t (26) =
2.8, p <0.01. After administering rosiglitazone for 2 weeks, total post occlusion blood
flow increased to 29.4 +/-10.9 cc/lOOml tissue/ min. After 4 weeks of rosiglitazone
administration, total post occlusion mean blood flow increased to 48.2 +/-15.8 cc/lOOml
tissue/ min. This increase in total mean blood flow was significant, t (26) = 5.6, p = 0.01
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Figure 7. First blood flow post occlusion and the following 8 flow cycles measured in
cc/100 ml tissue / minute, for the control group (diamond), Diabetic subject pre
rosiglitazone (empty square), diabetic subjects 2 weeks after rosiglitazone (triangle), and
diabetic subjects 4 weeks after rosiglitazone (solid square). The lines connecting the data
points are a 4th order polynomial fit, the polynomial equations are. Where X= time
Blood flow/ control = (-0.0237x4) + (0.4213x3) - (2.0178x2) — (1.3265x +24.198)
Diabetic subjects - (-0.0072x3) + (0.2506x2) - (3.2952x + 18.277)
2 weeks = (0.0401x2) - (1.1162x + 8.385)
4 weeks = y = (-0.023 lx3) + (0.6093x2) - (5.5553x + 18.779)
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Figure 8. Post occlusion total blood flow in control group, diabetic group, 2 weeks and 4
weeks post administration of rosiglitazone. Each bar is the mean +/- standard deviation.

Measuring total blood flow over a two minutes period, however, may inaccurately
depict the effect of diabetes on vascular function. This is due to the fact that the total
flow includes resting flow. Resting blood flow is present without vascular occlusion. As
such, to look at the cost of occlusion, resting flow must be subtracted from total flow.
Therefore, calculation of “excess blood flow” is a more accurate measurement for
assessing vascular reactivity. As shown in Figure 9, excess blood flow in control subjects
increased to a mean of 47.5+/- 12.5cc/100ml tissue/min, whereas, it was significantly
lower in the diabetic group with a mean of 12. 3+/- 8.0 cc/100 ml tissue/ min, t (26) =
6.8,;? = 0.01). After two weeks of administration of rosiglitazone, the mean excess blood
flow in the diabetic group increased to 18.4 +/- 8.0cc/100 ml tissue/ min. After 4 weeks
of administration of rosiglitazone, the mean excess blood flow increased to 22.5+/13.4cc/100ml tissue/min. The increase in mean excess blood flow at 4 weeks was
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significantly higher than the excess blood flow at 2 weeks and prior to rosiglitazone
administration, t (26) = 8.9,/? = 0.005.
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Figure 9. Excess blood flow post occlusion in the control group, diabetic group before
and 2 weeks and 4 weeks after administration of rosiglitazone. The bars are the means for
the group +/- standard deviation.
Series 2: Autonomic Nervous System Functions
The autonomic nervous system controls thermoregulation by increasing sweat rate
and dilating skin arterioles. Thus, skin temperature, sweat, and skin blood flow are three
factors controlled by the hypothalamus through the sympathetic nervous system to
maintain core body temperature. Figure 10 shows mean core temperature in the control
group and diabetic group exposed to 32.2 °C temperature for 30 minutes. Mean change in
core temperature was 0.051 +/- 0.12 °C, which was significantly less than the mean skin
temperature in the diabetic group 0.35 +/- 0.35 °C, F (3,52) - 4.88, p - 0.004. After 4
weeks of administration of rosiglitazone, the mean change in core temperature was still
higher in diabetic subjects (0.35 +/-0.31 °C) than in control group and there was no
significant change, F (2,7) = 0.42,/? - 0.80).
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Figure 10. The core temperature changes when subjects were exposed to a 32.2 °C room
temperature for 30 minutes in the control group, the diabetic group before and 2 and 4
weeks after administration of rosiglitazone. Each bar is the mean for the appropriate
group +/-standard deviation.
Generally, core temperature rises due to either impaired skin blood flow or low
sweat rates or both. Less frequently, an increase in skin temperature reduces heat loss
from the body. Total skin temperature in these experiments was measured in four areas of
the body: forehead, forearm, chest, and leg. The following formula was used to calculate
the total skin temperature (Petrofsky, Besonis, et al. 2003).
Total skin temperature = 0.16 forehead + 0.14 arm + 0.27 chest + 0.43 leg

As shown in Figure 11, skin temperatures in the control group were higher than in
the diabetic group. The highest mean for the control group, was on the forehead (33.9 +/-
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0.54 °C), lowest on the forearm (31.8 +/-1.86 °C), while in the diabetic group, the mean
skin temperature was also highest on the forehead (35.1 +/- 1.86 °C), arm
(34.5 +/- 1.4 °C), and leg (34.8 +/-1.1 °C), but lowest on the chest (31.3 +/- 1.1 °C).
Following 2 weeks of administration of rosiglitazone, there were no skin temperature
changes in the diabetic group except on the chest, where mean skin temperature
decreased to 31.3 +/- 1.6 °C This decrease was not significant, t (26) = 0.12,;? = 0.68.
After 4 weeks of administration of rosiglitazone, the skin temperature in the diabetic
group, was higher than the 2 weeks period, mean 33.36 +/-1.4 °C. There was no
significant effect of rosiglitazone on skin temperature when comparing data before
rosiglitazone to data at 2 and 4 weeks after administering rosiglitazone, t (26) = 0.43,;? =
0.66.
Skin temperature for the diabetic group was higher than the for control group. The
mean skin temperature (Figure 12) for the control group was 32.46 +/-0.55 °C. In
contrast, the diabetic subjects showed mean skin temperature significantly higher than the
control group with an mean of 33.99 +/- 1.15 °C, F (3,52) - 3.7,;? — 0.012, a value that
was not significantly changed following 4 weeks of administration of rosiglitazone 33.86
+/- 1.52 °C, t (26) = 0.29,;? = 0.79)
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Figure 11. Skin temperature in four different body areas: forehead, forearm, leg, and
chest in control group (black), diabetic subjects before rosiglitazone (pink), 2 weeks after
administration of rosiglitazone (yellow) and 4 weeks after administration of rosiglitazone
(blue). Each point is the mean skin temperature for the appropriate body area.
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Figure 12. Skin temperature in control group and diabetic group before and at 2 weeks
and 4 weeks after administering rosiglitazone. Each bar is the mean for the group +/standard deviation.
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Sweat rate was also impaired in diabetics. Total body sweat was calculated from
four areas in the body: the forehead, forearm, chest, and leg. The following formula was
used to calculate total sweat. (Petrofsky, Besonis, et al., 2003)
Total sweat = 0.16 forehead + 0.14 arm + 0.27 chest + 0.43 leg
Figure 13 shows that the mean sweat rate on the forehead was lowest in all groups
(0.0085 +/- 0.031 mg/sq cm/min). Highest mean sweat rates occurred on the chest (0.031
+/- 0.02 mg/sq cm/min). The control group had higher mean sweat rates on all skin areas
except for the forearm. For the control, the highest mean sweat rate was on the chest
(0.04+/-0.02 mg/sq cm/min) in contrast to the diabetic group (0.006 +/-0.02 mg/sq
cm/min), where the mean sweat rate was significantly lower, t (26) = 2.4,/? = 0.03). After
4 weeks of administration of rosiglitazone, the sweat rate improved in all areas except for
the forehead. The highest increase in sweat rate was in the chest sweat rate (0.035+/0.022 mg/sq cm/min) when comparing data to the same diabetic subjects prior to
administration of rosiglitazone. This increase was significant, t (22) = 6.4,/?= 001.
Thus, when looking at total body mean sweat rates, it is not surprising that there
was significantly more total body sweat in the control group than in the diabetic group F
(3? 44) = 3.45, p = 0.02). Figure 14 shows a significant difference between the control
group and the diabetic group in terms of total mean sweat rates. The mean sweat rate in
the control group was 0.1+/- 0.19 mg/sq cm/min and the mean sweat rate in the diabetic
group was 0.02 +/- 0.04 mg/sq cm/min. After 4 weeks of rosiglitazone administration, the
diabetic group showed a significant increase in its sweat rate 0.25 +/- 0.24 mg/sq cm/min,
t (22) = 6.2,/? = 0.001.
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Figure 13. Sweat rate in four different body areas: forehead, forearm, chest, and leg, in
the control group (black), diabetic group (pink), 2 weeks after rosiglitazone (yellow), and
4 weeks after administration of rosiglitazone (blue). The points presents mean sweat rate
in appropriate skin areas.
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Figure 14. The mean sweat rates in the control group and diabetic group before
rosiglitazone, and after administration for 2 weeks and 4 weeks. Each bar is the mean
+/- standard deviation for each respective group of subjects.
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Given these results, it is not surprising that skin blood flow was also impaired in
subjects with diabetes. Blood flow to the skin usually increases in response to heating.
When there is impairment of vasodilation, blood flow to the skin will be impaired, and
core temperature should rise with environmental temperature. Skin blood flow was
measured after subjects were exposed to a room temperature of 32.2 °C for 30 minutes.
Blood flow in the control group (mean 157.4 +/- 36.9 flux) was significantly higher than
in the diabetic group (mean 104.7+/- 28.24 flux), t (26) = 4.8,= 0.01) as seen in Figure
15. Although, blood flows increased after 2 weeks of administration of rosiglitazone
(mean 107.36+/- 34.44 flux), the increase was not significant, t (26) = 0.9,/?= 0.8).
Following 4 weeks of administration of rosiglitazone however, a significant increase in
blood flows occurred, (mean 125.2 +/- 34.4 fluxes), t (26) — 5.9,/? - 0. 01).
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Figure 15. Blood flow (flux) in the horizontal position (room temperature 32.2°C), in the
control group, diabetic group, and 2 weeks and 4 weeks after administration of
rosiglitazone. Each bar is the mean for the group +/- standard deviation.
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Orthostatic Control
The sympathetic nervous system generally responds to orthostatic stress by
adjusting vasoconstriction of blood vessels in the lower extremity and splanchnic bed as
soon as the baroreceptor detects a decrease in blood pressure. The diabetic group showed
a large drop in their systolic blood pressure when they were tilted from the horizontal to a
45 degree head-up posture (Figure 16). The mean drop of blood pressure in this group
was 8.33+/- 7.94 mmHg, compared to the control group, whose mean systolic blood
pressure drop was only 1.25 +/- 3.69mmHg. This difference was significant, t (26) = 2.3,
P = 0.01. Following 2 weeks of administration of rosiglitazone, the mean drop in systolic
blood pressure was significantly reduced to 4.36 +/- 6.71, t (26) = 11.4,7* <0.002. Four
weeks post initiation of rosiglitazone treatment, mean blood pressure dropped only 1.28
+/- 7.28 mmHg, a statistically significant improvement, t (26) = lA,p = 0.002), when
compared to the pre rosiglitazone and 2 weeks data. There was no significant difference
between the control group and the diabetic group after 4 weeks on rosiglitazone t (26) =
0.9,/? = 0.81.
Figure 17 shows diastolic blood pressure changes in the control and diabetic
groups. There was no significance difference between the control group and diabetic
group, t (26) = 0.45,/? = 0.87 before administering rosiglitazone. These results did not
change after 4 weeks of administration of rosiglitazone.
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Figure 16. Drop in systolic blood pressure in the control and diabetic group before, 2
weeks and 4 weeks after rosiglitazone administration. Each bar is the mean +/- standard
deviation
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Figure 17. Diastolic blood pressure changes in the control group and diabetic subjects
before rosiglitazone, 2 weeks, and 4 weeks after. Each bar is the mean of the group +/standard deviation
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Given the drop in blood pressure, it is not surprising that the diabetic individuals
prior to receiving rosiglitazone were not able to achieve enough vasoconstriction in their
skin when compared to the control subjects. To assess change in blood flow with posture
a ratio of blood flow in the vertical and horizontal positions was used. Lower ratios,
corresponded to greater vasoconstriction upon tilt. Figure 18 indicates the mean
vertical/horizontal ratio of skin blood flow in the control group was 0.5 +/- 0.1, whereas
in the diabetic group it was 0.68 +/- 0.1. After 4 weeks of administration of rosiglitazone,
the mean skin blood flow ratio was decreased to 0.54 +/- 0.08. This change was
significantly higher than before rosiglitazone, t (26) = 4.8,;? = 0.001.
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Figure 18. The ratio of blood flow in vertical and horizontal positions (room temperature
32.2 °C) in the control group and the diabetic group, 2 and 4 weeks after administration
of rosiglitazone. Each point is the mean +/- standard deviation.
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Cardiac Output
Other compensating factors for orthostatic change include the heart rate and
cardiac output. These factors are under the influence of the parasympathetic nervous
system. Diabetic subjects showed no change in their heart rate when tilted head-up from
horizontal. Before administering rosiglitazone, the mean heart rate at horizontal was
64.21+/-11.3. After 2 weeks of rosiglitazone, the mean was 65.75 +/-8.12. After 4 weeks,
the mean heart rate was 65.67+/-9.S3. There were no significant changes in the heart rate
before and after administration of rosiglitazone t (26) = 0.24,- 0.16.
Series 3: Somatic Nervous System
Diabetic subjects showed impairments in their autonomic nervous system. In this
series, diabetic and control groups were evaluated for gait quality to assess the somatic
nervous system. Diabetic subjects who received rosiglitazone did not complete the study
and were not included in this series. There were three gait parameters measured in this
series; gait timing, joint acceleration, and sudden stop
Gait Timing
Walking on a Straight Line
Figure 19 shows the results of the measurements of timing during the gait cycle in
the 9 control and 10 diabetic subjects. As shown in panel A of Figure 19, the mean ratio
of stance to swing (stance/swing ratio) was significantly higher in the control subjects
(1.23) than in the subjects with diabetes (1.03). This difference was statistically
significant, t (17) = 3.8,/? = 0.04. In addition to the higher stance/swing ratio in the
control subjects, mean velocity of walking was also significantly higher in the nine
controls when compared to the 10 subjects with diabetes. As shown in panel B of
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Figure 19, the mean velocity for walking was 1.8 meters per second in the control
subjects, and only 0.8 meters per second in the subjects with diabetes. In a similar
manner subjects with diabetes took a greater number of steps to complete the seven
meters walk. The mean number of steps by subjects with diabetes was 6.1 to complete
the seven meters walk; whereas the control subjects completed the same track using 4.6
steps. This difference was statistically significant, t (17) = 2.9, p = 0.05. In addition to
the differences in velocity and swing /stance ratio between diabetic and control subjects,
the reaction rates of subjects with diabetes were also slower. As shown in panel D of
Figure 19, the mean stop time for control subjects was 2.1 seconds, whereas the mean
stop time for subjects with diabetes was significantly, t (17) = 5.8, P = 0.05 higher (mean
of 4.94 seconds). It should be noted, however, that while the mean data for the diabetic
subjects was different from that of the controls, there were some specific exceptions. For
example, when assessing stop time for subjects with diabetes, one subject had a stop time
of 1.9 seconds, whereas the worst case had a stop time of 9.1 seconds. Most subjects
with diabetes had much longer stop times than the control subjects. The variability in the
data was large (e.g. the standard deviation for stop time was 2.2 seconds for the subjects
with diabetes), seven of the subjects had stop times in excess of 4.9 seconds. The same is
true concerning the number of steps during walking in a straight line for the distance of
seven meters. Whereas the mean number of steps was 6.09±1.71 for the subjects with
diabetes, two of the subjects completed the track in between 4 and 5 steps, while the rest
of the subjects took many more steps. When stop time was correlated to the number of
steps during walking of the seven meter distance, the Pearson correlation coefficient was
only 0.04. This correlation was clearly not statistically significant,
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t (17) = 0. 67, P= 0.78. Similarly the correlation between the stance/swing ratio and the
number of heel strikes, was also low (0.01), and statistically not significant, t (17) = 0.8,
P>0.05). Thus, there was no direct relationship between reaction time and gait
characteristics. The correlation between stance/swing ratio and stop time was 0.68. This
correlation indicates reaction time has some correlation at least, to the length of time the
leg was in the stance versus the swing phase of gait for subjects with diabetes t (17) - 3.9,
PO.05).

Walking and Turning
Timing data for gait during turns is shown in Figure 20. As can be seen in Figure
19, the 10 subjects with diabetes had slower steps and took more time to make turns than
the control subjects. Figure 20 shows specific responses only for the 0.66 turns and free
pivot turns in the controls subjects and subjects with diabetes. Panel A of Figure 20
shows mean results for control subjects and subjects with diabetes executing a 0.66-meter
right hand turn. As can be seen, the mean number of steps for the subjects with diabetes
was 2.3, whereas, control subjects required fewer steps with mean of 1.4 steps in the turn.
Mean time for subjects with diabetes was 1.7 seconds; whereas, for control subjects mean
turn was 1.5 seconds. These differences were statistically significant, t (17) = 5.2,
p<0.05). This same relationship occurred during the free turn. It can be assumed that
during a free turn, individuals will turn at the most comfortable radius, however, subjects
with diabetes still used a mean of 2 steps, whereas, control subjects used half that
number, with a mean of 1 step. Subjects with diabetes used 1.66 seconds to execute this
free pivot, whereas, the control subjects had a mean of 0.8 seconds. This difference was
statistically significant, t (17) = 6.4,/><0.01.
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Figure 19. Timing for walking in a straight line for the 10 subjects with diabetes and 9
control subjects. Each graph shows the mean results for each of the control and
experimental groups.
Panel A shows the stance /swing ratio for the control and subjects with diabetes.
Panel B shows the mean velocity of walking a seven meter straight line track for the
control subjects and subjects with diabetes.
Panel C illustrates the mean number of steps for the 9 control subjects and 10 subjects
with diabetes when walking the seven meter straight line track.
Panel D illustrates the time from a flash to a full stop in motion for the 9 control subjects
and 10 subjects with diabetes.
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Table 3
Data for Turns in Diabetic and Control Groups (number ofsteps and time (seconds))
Controls

Diabetes
Turns*

Time

Steps

Time

Steps
Mean

SD

Mean

SD

Mean

SD

Mean

SD

RP

1.6

0.7

1.2

1.1

1.0

0.6

0.7

0.4

1R

2.1

1.2

1.3

0.6

1.5

1.3

1.0

0.8

2R

2.3

1.6

1.7

0.5

1.4

1.5

1.5

0.7

LP

1.1

0.4

0.9

0.4

1.0

1.2

1.0

0.3

1L

1.9

1.2

1.2

0.6

1.3

1.8

1.1

0.7

2L

2.0

1.5

1.6

0.8

1.5

2.0

1.4

0.5

Free

2.0

1.0

1.7

0.71

1.0

2.0

0.9

0.7

*Right pivot turn (RP); right turns of 0.33 meter radius (1R); right turn of 0.66 meter
diameter turns (2R); left pivot turn (LP); left turns of 0.33 meter radius (1L) and left turn
0.66 meter radius (2L); as well as a free pivot turn.
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Figure 20. Data from the 9 control subjects and 10 subjects with diabetes during walking
in a 0.66 meter turn and a free pivot turn. Each panel and each figure illustrates the
mean of either 9 control subjects or 10 subjects with diabetes.
Panel A shows the mean number of steps for the 9 control subjects and the 10 subjects
with diabetes when walking a 0.66-meter turn.
Panel B shows the actual turn time that the subjects took to walk a 0.66 meter turn in the
control and subjects with diabetes.
Panel C illustrates the mean number of steps that the control subjects and subject with
diabetes used to make a free pivot turn.
Panel D shows the time necessary to go from the onset to the completion of the free pivot
turn in the control and subjects with diabetes.
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Joint Acceleration
The means, standard deviations, and coefficients of variation of the acceleration
in control group and the diabetes group during walking in a straight line are shown in
Figure 21 and when walking in turns are shown in Figure 22. For brevity, only data for
the knee and hip is shown, since data for the other joints was similar. In all cases, data is
shown for the accelerometers on the leg on the outside of the turns. As can be seen in
Figure 21, mean G forces for (flexion /extension) and lateral movement
(abduction/adduction) at the hip and knee was much less in the subjects with diabetes
than for control subjects. For control subjects, mean G forces for the right hip in the
flexion/extension direction was 0.012 Gs. For the same joint, the subjects with diabetes
only had a mean G force of 0.01 Gs in the flexion/extension direction. Subjects with
diabetes had less G loading at the hip than control subjects. The standard deviation,
however, for G forces was 0.15 in the control subjects and 0.02 in subjects with diabetes.
Whereas mean G forces, as exemplified in panel A of Figure 21, were certainly lower in
subjects with diabetes, the coefficient of variation was much larger. The coefficient of
variation for movement in the flexion/extension direction in the hip joint was 1.4 in the
subjects with diabetes, but 0.9 for the control subjects. This implies that, for a given
movement, there was a great deal more adverse movement or tremor in the
flexion/extension direction at the hip in the 10 subjects with diabetes than in the 9 control
subjects. The same can be said for movement in the lateral direction that is
abduction/adduction for the hip joint as shown in panel B of Figure 21. During walking
on a seven meter track in a straight line direction, mean G force was 0.15 Gs for the
abduction/adduction direction at the hip joint in controls and 0.01 Gs for subjects with
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diabetes. Once again, however, when comparing to the coefficient of variation, the
coefficients of variation was 0.8 for the control subjects and 1.3 in the subjects with
diabetes. Thus, subjects with diabetes had significantly more adverse movement both in
flexion /extension and abduction/adduction than the control subjects. The same
relationship was seen in the right knee in panel C for flexion/extension and D for lateral
movement at the knee, respectively. As shown in Figure 21 in panel C and D, the
coefficient of variation of movement in the flexion/extension direction at the knee was
0.7 for control subjects and 1.5 for subjects with diabetes, more than double that of the
control subjects. This difference was statistically significant, t (17) = 4.2,/><0.01.
Lateral movement of the knee, as shown in panel D of this figure, was also more than
double that of control subjects. The numbers in panel D show the coefficient of variation
for the control subjects was 0.6, whereas for subjects with diabetes, the coefficient of
variation was 1.6. This difference was significant, t (17) = 63,p = 0.003
During turns, as shown in Figure 22, data followed a similar pattern, but with
some differences. At the hip, the coefficient of variation in the flexion/extension
direction during a 0.66 meter turn was 1.3 for control subjects, 1.4 for subjects with
diabetes, an non-significant difference, t (17) = 0.9,/?>0.05. In a similar manner, the
coefficient of variation for abduction/adduction of the hip was 1.1 for control subjects
and the coefficient of variation for the subjects with diabetes was 1.2. This difference was
significant, t (17) = 3.4,p<0.05. Whereas, movement at the hip was strikingly similar
during turning for control subjects and subjects with diabetes, significant differences
between groups occurred at the knee. Looking at panel C, reflecting the 0.66-meter turns
for flexion/ extension at the right knee, mean G forces were much higher than reported
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during straight line walking. The mean G forces for control subjects was 0.19 Gs,
whereas, for the subjects with diabetes 0.06 Gs. But, again, the mean coefficient of
variation for control subjects was 0.9, whereas, for the subjects with diabetes, the mean
was 1.3.This difference was significant, t (17) = 7.2,/><0.05. In a similar manner, sideto-side (lateral) movement of the right knee had mean G force for the control subjects of
0.15 Gs and 0.09 GS for the subjects with diabetes. Whereas, the G forces were similar,
quality of movement as assessed by the coefficient of variation was much higher in the
diabetic subjects with a mean of 1.4 compared to the control subjects whose mean
coefficient of variation was only 1.0. This difference was statistically significant, t (17) =
2.7,/?<0.05.
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Figure 21. The mean standard deviations (SD), and coefficients of variation (CV) for the
control group (C) and diabetes group (D) of the acceleration on the right hip and
right knee during walking in a straight line.
Panel A of this figure shows the mean, standard deviation, coefficient of variation at the
right hip in the flexion /extension direction.
Panel B shows the same data on the right hip for movement in the abduction/adduction
direction.
Panel C, similar to panel A, shows the data for flexion/extension of the right knee during
walking in a straight line over a distance of seven-meters.
Panel D shows side-to-side (lateral) movement of the knee measured by accelerometry
for control subjects and diabetic subjects when walking in a seven-meters straight
line.
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Figure 22. The mean, standard deviations (SD), and coefficients of variation (CV) for the
control group (C) and diabetes group (D) of the acceleration on the right hip and
right knee during walking in a turn.
Panel A of this figure shows the mean, standard deviation, coefficient of variation at the
right hip in the flexion /extension direction.
Panel B shows the same data on the right hip for movement in the abduction/adduction
direction.
Panel C, similar to panel A, shows the data for flexion/extension of the right knee during
walking in a turn.
Panel D shows side-to-side (lateral) movement of the knee measured by acceleration for
control and diabetes subjects when walking in a seven meters turn.
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DISCUSSION
Numerous studies have linked diabetes to nervous system damage (Cameron &
Cotter, 2001; Cameron, et al. 1998; Silverthorn, 1998; Sima & Sugimoto 1999; Young, et
al. 1986). Young, et al. 1998). Autonomic neuropathy is a well-established syndrome in
diabetic patients. This impairment involves both the sympathetic and parasympathetic
nervous systems (Cameron, & Cotter, 2001; Petrofsky, Lee, et al., 2003; Vinik, &
Mehrabyan, 2003). Other studies have demonstrated that the somatic nervous system is
also damaged in patients with diabetes, potentially impairing gait and balance (Simoneau,
Ulbrechet, Derr, Becker & Cavangh, 1994; Meier, Desrosiers, Bourassa, and Blaszczyk,
2001; Horowitz, et al., 1993). The common dominator causing impairment in both cases
may be the effect of diabetes on circulatory system (Cameron, et al., 2001; Stansberry, et
al., 1996; McMillan, 1975). It is known that the vascular endothelium plays a
fundamental role in circulatory control through its ability to sense the local milieu and
respond by the synthesis and release of a variety of biologically active substances
(Meredith, et al., 1996; Ribiere, Jaubert, Sabourault, Lacasa, & Giudicelli, 2002). This
makes the integrity of the vascular endothelium crucial for maintenance of blood flow
(Boo & Hanjoong, 2003; Petrofsky, Lee, et al., 2003; Kihara and Low, 1995). But in
people with diabetes, it is this very integrity that is impaired (Hsueh & Quinones, 2003).
Endothelial dysfunction, in turn, reduces blood flow to the skin (Petrofsky, Lee, et al.,
2003) and other organs such as the kidney (Zhao, Thomas, Tomlison, Hsu, & Chan,
2003). Endothelial dysfunction also damages the nervous system by interfering with
proper synaptic transmission, since it is at the synapses where oxygen needs are highest.
(Cameron, et al., 2001).
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Although it is known that endothelial function is reduced in patients with diabetes
(Petrofsky, Lee, et ah, 2003; Stansberry, et ah, 1996), no previous study has looked at
endothelial, autonomic and somatic nervous function in the same subjects. If endothelial
dysfunction is the causative factor in reducing nervous function, then there should be a
high correlation between endothelial, autonomic and somatic dysfunction.
Testing vascular endothelial function is less complicated than testing nervous
function. It can be tested by simply looking at post ischemic blood flow in the arm
(Petrofsky, Lee, et ah, 2003; Meredith, et ah, 1996). The vasodilatation that results from
local anoxia is entirely dependent on endothelial cell function and independent of the
autonomic nervous system (Petrofsky, Lee, et ah 2003; Petrofsky, Bweir, lee, & Schwab,
2004; Betik, Luckham, & Hughson, 2003; Vogel, Corretti, & Plotnick, 2000).
In the present investigation, the control subjects showed significantly higher
resting blood flow than the subjects with diabetes. As shown by Stansberry et ah (1996),
and Petrofsky, Lee, et ah (2003), the blood flow in the arm at rest is the result of both
sympathetic adrenergic constriction and sympathetic cholinergic dilation (Koch,
Leuenberger, & Proctor, 2003; Lacolley, Lewis, & Brody, 1991). Both are active together
to maintain vascular tone when cells are at rest (Pegoraro, Carretero, Sigman, &
Beierwalter, 1992, Habler, 1997). Sympathetic adrenergic vasoconstrictor activity to the
skin causes activation of cyclooxyginase, which in turn produces prostaglandin H2, a
potent vasoconstrictor of smooth muscle, which functions by increasing sodium
permeability (Altura, Zhang, & Altura, 1990). Sympathetic cholinergic vasodilator
activity produces nitric oxide as an intermediate substance, which in turn increases
smooth muscle cells potassium permeability and cGMP, causing vasodilatation by
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muscle relaxation (Lacolley, et al., 1991; Pegoraro, et al., 1992). Since there is tonic
activity in both nerve tracts; when there is impairment in vasodilator activity,
vasoconstrictor activity predominates, lowering blood flow at rest. This case also was
demonstrated in elderly people, there is a reduction of nitric oxide production, reducing
vasodilatation. There is also a reduction in sympathetic beta adrenergic receptor activity,
which should move the balance to increase resting flow. But since there is a greater
reduction in vasodilator tone more than constrictor tone, the predominant effect is a
reduction in resting blood flow. (Petrofsky, et al., 2004; Koch, et al., 2003; Schutzer &
Mader, 2003)
Subjects with diabetes showed a lower blood flow at rest. These results are in
agreement with previous studies (Agewall, et al., 2002; Bell, 2003; Kagaya & Homma,
1997). When comparing blood flow in age matched controls to subjects with diabetes,
the subjects with diabetes showed a 68% reduction in resting blood flows compared to
the control subjects. Unlike ageing, there is no evidence that vasoconstrictor tone is
impaired in people with diabetes. But vasodilator tone is impaired even there is a
cholinergic activity, the intermediate is impaired, due to a reduction in nitric oxide
production ( Higashi & Yoshizumi, 2003), sensitivity, or lack of L-arganine, the
precursor of nitric oxide (Granstam & Granstam, 2003).This reduction in nitric oxide, in
turns would reduce resting blood flows.
Blood flow is usually adjusted to the metabolic needs of the tissue (Halliwill,
2003; Boushel, 2003). If blood flow is reduced by 68 %, then, there should be
considerable tissue anoxia at rest. In fact, in recent studies on the feet of subjects with
diabetes, tissue PO2 is greatly impaired at rest (Zimny, Dessel, Ehren, Pfohl, & Schats,
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2001; Weisz, Ramon, & Melamed, 1993). This predisposes the skin and other organs to
injury (Agewall, et ah, 2002). Translating this impaired flow to the nervous system, with
a 68% reduction in blood flow, it is not surprising that autonomic and somatic nerves
have impaired function as shown in the present investigation.
Certainly, any factor that would reduce the resting action potential of vascular
smooth muscle will in turn cause relaxation and vasodilatation (Vinik & Mehrabyan,
2003). Nitric oxide increases cyclic GMP in vascular smooth muscle causing an
increase in potassium permeability and hence causing relaxation and vasodilatation
(Schubert et ah, 2004; Delgado, 2004). Many studies show that RSG increases nitric
oxide production or sensitivity in tissue (Bagi, Roller, & Raley, 2004; Vinik, et ah.
2003). Also RSG increases Na/R ATPase cellular pumps increasing membrane stability
(Song, Rnepper, Hu, Verbalis, & Ecelbarger, 2004; Umrani, Banday, Hussain, &
Lokhanwala, 2002; Eto, Ohya, Nakamura, Abe, & Fujishima, 2001). It is not
surprising, that after only 4 weeks administration of RSG, there was enhanced
vasodilatation due to both of these factors. But the implications are much larger than this
study. In patients with diabetic wounds, it can be predicted that RSG will increase blood
flow and raise tissue PO2. This should increase healing in patients with diabetes (Bagi, et
ah, 2004). Exercise is also impaired in diabetes (Santeusanio, et ah, 2003). This should
also be reversed with RSG. Wayman et ah (2002), and Dandona, (2003) had proved this
concept in recent studies on non-diabetic cardiac patients. They had shown that, the
mortality of cardiac patients after their first heart attack drops by 79% after
administration of RSG. This shows the striking effect of RSG on the circulation.
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After four minutes of occlusion, the blood flow in the control subjects was three
times higher than in the diabetic subjects. Further, the results show that diabetic subjects
have shorter post occlusion recovery time. It took the control subjects two minutes for
their post occlusion blood flow to reach the resting level, whereas the diabetic subjects
required half that time to reach the resting level. This may be explained by the higher
ability of blood vessels to vasodilate in the control subjects than subjects with diabetes. In
subjects with diabetes, there is a decrease in post ischemia vasodilator activity. The same
results were demonstrated in brachial artery studies using high frequency ultrasound
(Kagaya, & Homma, 1997; Vogel, Corretti, & Plotnick,., 2000; Bhargava, Hansa, Bansal,
Tandon, & Kasliwal, 2003; Nakamura, et al., 2004).
This response is due to two factors, lack of true vasodilator activity and resting
vasoconstrictor activity. There is a balance between vasodilator and vasoconstrictor tone
in blood flow at rest. Post occlusion blood flow is under the influence of the vasodilators,
but vasoconstrictor tone can override this response.
Subjects with diabetes have weak vasodilator activity, which allows
vasoconstriction to override vasodilatation (Dandona, Aljada, & Chauduri, 2003; Coney,
Bishay, & Marshall, 2004). Immediately after occlusion, vasodilatation should
predominate. But as time passes and vasodilator activity is less, vasoconstrictor starts to
control flow (Zambetis & Grossman, 1988). For controls, the effect of vasoconstrictor
nerves should be minimal until the tissue has recovered. But in diabetes, the weak
vasodilators seem to be overridden by constrictors, such that after one minute, flows are
forced to the resting level.
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After administration of rosiglitazone, the post occlusion blood flow showed signs
of a gradual increase, which was significant after 4 weeks. The recovery time was also
longer, which reflects the improvement of vasodilatation over vasoconstriction. This
gradual increase of the post occlusion blood flow after administration of rosiglitazone
shows gradual improvement in the endothelial derived vasodilator production (Walker,
Naderali, Chantingtone, & Buckingham 1998). Rosiglitazone has anti-inflammatory
effects and suppresses free fatty acids and reactive oxygen species at the endothelial
level, which may contribute to the improved vascular reactivity (Bilsborough, et ah,
2002; Dandona, et ah, 2003; Petrofsky, et ah, 2004).
Rosiglitazone also lowers blood glucose in type 2 diabetes by binding to and
activating peroxisome proliferated-activated receptor gamma (PPAR gamma), which in
turn activates gene expression and production of GLUT 4 (Stumvoll & Haring, 2002).
Numerous studies have shown that rosiglitazone also increases expression and release of
adipocytokines and alters the inflammatory factors , lowering production of reactive
oxygen species and inhibiting poly (ADP-ribose) polymerase (PARP) activity (Stumvoll
& Haring, 2002; Dandona, et ah, 2003; Soriano, et ah, 2001). PARP is one of the most
abundant nuclear proteins. It functions as a DNA damage sensor. Upon binding to
damaged DNA, it synthesizes a branched nucleic acid to repair the damaged DNA unit. If
sever damage is continue, the cell is destroyed by both reducing tissue NADPH energy
stores and DNA fractionization (Szabo, 2002). In addition to the healing role, PARP
serves as a signal for protein degradation in oxidatively injured cells. PARP also serves
as mediator of oxidative cell dysfunction and cell necrosis, which contributes to vascular
endothelial dysfunction (Szabo, 2002; Pache, et ah, 2002). But, this healing process takes

82

time (Soriano et al., 2001; Pache, et al. 2002). Therefore, the response to rosiglitazone
may take weeks or months as was seen in this study.
Meredith et al. (1996) showed that vasodilatation related to production of
endothelial- derived nitric oxide is important in a reactive hyperemia. Nitric oxide is
impaired in diabetes. Further, Cameron et al. (1998); Petrie, et al. (1996); and Guigliano,
et al. (1997) showed that hyperglycemia causes a reduction in nitric oxide synthase
expression in endothelial cells and reduces postischemic and acetylcholine-induced
vasodilatation. Rosiglitazone increases endothelial nitric oxide production (Vinik, et al.,
2003). Thus, rosiglitazone may have an immediate effect of increasing nitric oxide in the
short term but also it has a long term effect on endothelial cell healing.
Finally, some previous attempts to look at the contribution of the vascular
endothelium to vasodilation failed to detect any differences in postischemic hyperemia in
the skin whereas others clearly show vasodilatation (Stansberry, et al., 1999).
Limitations of some prior experiments may have been that their procedures were
performed at room temperature. Normal arm temperature is about 5 °C below core
temperature (Kenney & Hodgson, 1987). But, temperature varies with body fat
(Petrofsky & Lind, 1975) and the menstrual cycle in women (Petrofsky, 1982) as well as
other factors. Since blood flow is directly related to metabolism, stabilizing temperature
is important since a small change in temperature greatly affects resting blood flow.
Furthermore, age reduces blood flow at rest and post occlusion (Petrofsky, et al., 2004).
In previous studies where temperature and age were not controlled, it is not surprising
that results are inconclusive.
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Another limitation of previous studies was allowing the hand circulation to be
included in flow measurements. Hand circulation is controlled by reflexes and emotional
factors more than the rest of the arm (Kamper, Harvey, Suresh, & Rymer, 2003) Further,
the hand is largely AV shunts and therefore, the circulation here is three times higher than
for the rest of the whole arm (Silverthom, 1998). We controlled this factor by placing an
occlusion cuff around the wrist during this experiment. Here, we were able to measure
the actual change of the blood flow in the forearm, without the hand, to see true
endothelial function.
In the present investigation, we demonstrated that diabetic subjects suffer from
vascular endothelial dysfunction. Since autonomic synapses require high blood flows, it
is logical to suspect that there is some impairment in the autonomic nervous system in
diabetic subjects.
Numerous studies show that diabetic patients suffer from autonomic nervous
system neuropathies (Jermendy, 2003; Vinik & Mehrabyan, 2003; Valensi, Paries, and
Attaldi, 2003; Cameron, et ah, 1998; Cohen, et al., 2003) demonstrated that diabetic
autonomic neuropathy is a significant independent risk factor for the occurrence of stroke
due to cerebral vascular damage and alteration in cerebral blood flow. Valensi et al.
(2003) demonstrated that cardiac autonomic neuropathy is found in 33.8% of the diabetic
patients. It was not clear in the previous studies whether damage to the autonomic
nervous system was caused by the vascular endothelial dysfunction or by other cellular
factors related to diabetes, like the production of super oxide (which inflicts direct
damage to the ganglion in the autonomic nervous system, or by activating production of
PARP, which causes cell dysfunction as shown above). Obrosova, et al. (2004)
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demonstrated that PARP deficient mice were protected from slowing in motor and
sensory nerve conduction and nerve ending failure. It is known that PARP accumulates in
endothelial and oligodendrocyte cells in people with diabetes (Scott, Virag, Szabo, &
Hooper, 2003; Szabo, 2002). In an animal experiment, acute onset of diabetes was
accompanied by an abrupt 20% decrease in nerve conduction velocity and evoked
potential amplitude (Sima & Sugimoto, 1999).
In this series of experiments, we explored the ability of the sympathetic nervous
system to control cholinergic vasodilatation and adrenergic vasoconstriction in response
to stimuli (stress). Adrenergic vasoconstriction was assessed by measuring systolic blood
pressure changes in response to tilting subjects head-up. The results in this series showed
impairment of vasoconstriction in diabetic subjects. The drop in systolic blood pressure
in the diabetic subjects was seven times that of the control subjects. During an orthostatic
challenge, blood pressure is sensed by pressure receptors in the carotid body and aortic
arch. These pressure receptors then send afferent information to the cardiovascular
centers in the hypothalamus, pons, and medulla and effect a change in peripheral
vasoconstriction to control blood pressure. If blood pressure falls, the autonomic nervous
system responds by peripheral vasoconstriction (sympathetic mediated) and an increase
in heart rate (parasympathetic mediated) (Silverthorn, 1998). While there is some
evidence that baroreceptors are impaired with ageing (Schutzer & Mader, 2003), there is
no evidence that this damage occurs in diabetics. Further, the small dysfunction of
carotid baroreceptors has no significant influence on the control of blood pressure even in
the elderly. Thus, in the present investigation, the drop in systolic blood pressure during
tilt must be mediated by damage to either the sympathetic nerve fibers or to the
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endothelial cells. Since no evidence has shown damage to vasoconstriction at the level of
the endothelial cell, the damage is probably at the autonomic ganglia as reported by
others in laboratory animals (Cameron, et ah, 2001; Meier, et ah, 2001) or to the nerves
themselves. While glyceration end products bind to peripheral nerves and slow the
conduction of nerve impulses, the most likely candidate is the synapse itself (Scott, et al.,
2003). Synapses, by nature, are highly susceptible to oxygen deprivation. PARP,
activated in diabetes, would energy deplete these synapses and contribute to synaptic
failure.
Systolic blood pressure is mediated by the carotid sinus which, whenever it senses
a decreased pressure (orthostatic hypotension), signal to the brain stem to activate
sympathetic nerves (Adrenergic) and accelerate the heart rate (Rhoades & Tanner, 1995).
As a result, heart rate increases and vasoconstriction is achieved in the peripheral
vasculature (Gorgy, Ben David, & Friedman, 1973; Rhoades, & Tanner, 1995). This
result reflects the damage to the vasoconstrictor sympathetic nervous system.
Two weeks after administering rosiglitazone, the drop in blood pressure during an
orthostatic challenge was 50% less than before the administration of rosiglitazone, After
4 weeks; the drop in the systolic blood pressure in the diabetic subjects was small with no
significant difference from that found in the control group. This rapid improvement in
diabetic subjects in response to an orthostatic challenge reflects the improvement in the
vasoconstrictor functions of the sympathetic nervous system. As was the case with the
vascular endothelial cells, there may be two mechanisms involved in the response of the
autonomic nervous system to RSG (Soriano, et al., 2001). First, an increase in nitric
oxide release may cause some improvement in autonomic function by increasing the
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blood supply to the autonomic nerves. Second, through inhibition of PARP and other
super oxide substances, the autonomic nerves or ganglia may begin to heal over time
(Soriano, et ah, 2001; Xiao, Chen, Zsengeller, & Szabo, 2004) This slow healing of
oxidation damage may be the mechanism for the slow return to function of the autonomic
nervous system in response to stress. Whatever the cause, 4 weeks were needed to
recover from the damage associated with diabetes. Rosiglitazone inhibits PARP
production (Sivarajah, et al., 2003; Dandona, et al., 2003). This preserves the energy
production and stops damage to the nerve cells and axons, which results in better nerve
conductivity. It was noticed in this study that there were no significant changes in heart
rate in the diabetic subjects after administration of rosiglitazone.
The return of autonomic function to normal under thermal stress was more
prolonged. Blood flow is impaired in diabetic subjects, as demonstrated by previous
studies (Petrofsky, Besonis, et al., 2003; Petrofsky, et al., 2004; Cacciatori, et al., 1997).
Warming of the skin and increasing core temperature can cause vasodilatation in healthy
humans. This response involves the cholinergic sympathetic nervous system and the
vascular response (Charkoudian, 2003). In this investigation, diabetic subjects showed
impairment in their skin blood flow by 30% less than the control subjects. This
impairment was curiously less than that for skin blood flow at rest or after vascular
occlusion in the first series of experiments. In the first series of experiments, blood flow
in response to occlusion was reduced by 60%. Here, however, blood flow under thermal
stress was reduced by only 30%. The implication is that the damage is less under thermal
stress than after occlusion. This may be the case, but there is a more likely other
explanation. After occlusion, the response of the vascular endothelial cells shows a
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response to highly anoxic stimuli. The cells respond with a maximal increase in blood
flow. In fact, for the control subjects, the first flow after occlusion is almost 70% of the
greatest flows recorded in the arm under maximal exercise (Petrofsky & Lind, 1975).
With mild heating, however, there is only a small stress on the autonomic system and, as
such; there may be enough reserve to accommodate the stress to only a 32 °C degree
environment. This may not be the case for warmer environments or exercise in the heat
but these were not examined here. Further, the best evidence of this is that when an
orthostatic stress is added to a thermal stress, the system does fail. It has been well
established that only

33 % of subjects with diabetes have orthostatic intolerance

(Stansberry, et ah, 1999; Martens, Visseren, Lemay, Koning, & Rabelink, 2002). The
system can accommodate well even if challenged by a single stress. However, if a
thermal stress is added to an orthostatic stress, all patients with diabetes with orthostatic
intolerance showed a failure of the autonomic system (Petrofsky, Besonis, et ah, 2003).
After 4 weeks of administration of rosiglitazone, diabetic subjects showed
improvement in their skin blood flow by 20%, however this was still less than the control
group. The improvement in blood flow showed gradual progress. These results reflect
that the healing of the vascular and the sympathetic systems takes time. A possible
mechanism may also involve the inhibition of PARP production, which allow less cell
damage.
Normally the body responds to an increase in core temperature by increasing skin
vasodilatation and increasing the sweat rate (Petrofsky, Besonis, et al., 2003;
Charkoudian, 2003; Rhoades, & Tanner, 1995; Khan, et al., 1992). The vasodilatation
requires neural and vascular integrity to be effective.
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In the warm room, diabetic subjects failed to maintain their core temperatures.
The rise in the core temperature in the diabetic subject was six times higher than the rise
of the core temperature of the control group. When we assessed the skin temperature and
the sweat rate in the four areas of the body, diabetic subjects showed higher skin
temperature and lower sweat rates. This is not surprising since ineffective vasodilatation
in the skin allows skin temperature to rise. Further, it has been shown previously that
skin sweat rate is reduced in diabetic patients. Previous studies on patients only showed
impairment in sweating by staining the skin with a cornstarch mixture (Shirmazu, et al..
1996). Here, we showed not just an absence of sweat but a general reduction in sweat.
Sweat gland response is mediated by nitric oxide. It is tempting to speculate that there is
impairment of nitric oxide release in sweat glands in patients with diabetes, but only one
publication has presented such data as this time (Weller, et al., 1996). If true, this or
impairment in nerve function would account for the lower sweat rates in these patients.
After 2 weeks of administration of rosiglitazone, the sweat rate increased at the chest and
the skin temperature was lower. The adaptation to heat was not improved after 4 weeks of
administration of rosiglitazone. Core temperature and skin temperature may require a
longer time to improve. This shows that the sympathetic cholinergic nervous system may
require a longer time to heal and to function properly after administration of
rosiglitazone, due the fact that this system requires vascular endothelium healing before
the healing of the ganglia and the nerve axons.
Given the fact that there is autonomic nervous system damage with diabetes, it is
not surprising that there is somatic damage as well. Diabetics have been reported to have
balance impairments due to loss of vestibular function that preceded, in many cases,
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apparent sensory loss (Dingwell & Cavanaugh, 2001; Andersen & Jakobsen, 1999).
Further, subjects with diabetes have reported loss of sensation in their feet, and loss of
autonomic function (Petrofsky, Lee, et al. 2003; Hiltunen, 2001). While the most
common features of diabetic gait are improper pressure distribution on the foot and a
longer stance phase and shorter steps (Sacco & Amadio, 2000; Salsich & Mueller, 2000;
Mueller, 1999), the true effect of somatic and autonomic polyneuropathies on gait
characteristics has yet to be elucidated prior to the present investigation. Though some
gait analysis had been performed both in control subjects and subjects with diabetes
while walking in straight lines, turns during gait offer a much greater challenge in that the
center of gravity shifts away from the legs and the body can become unstable (Cao,
Ashton-Miller, Schultz, & Alexander, 1997; Cao & Alexander, 1998; Thigpen, Light,
Creel, & Flynn, 2000). This is probably due to some inability of the body to compensate
for changing gravitational vectors. Therefore, in the present investigation, gait analysis
was performed in a much more complex manner than simple timing of steps walking in a
straight line by including different turn diameters to challenge the gait timing and balance
The mechanism of the damage to the vestibular, somatic and autonomic nervous
systems has been linked to damage to the microcirculation associated with poor glycemic
control in type 2 diabetes subjects. Pre-capillary damage occurs prior to any apparent
damage to the somatic or autonomic nervous systems. This pre-capillary damage is due
to dysfunction of endothelial cells and blocking of the normal nitric oxide pathways that
cause vasodilatation (Stansberry, et al., 1997). Their neuropathies certainly diminish
local reflexes, such as autonomic and somatic reflexes (Stansberry, et al., 1997; Ziegler,
et al., 1994). This reduction in nerve blood flow that causes somatic and autonomic
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nervous system damage is also believed to be linked to formation of non enzymatic
glycolation end products (Yagihashi, Kamijo, Baba, Yagihashi, & Nagai, 1992; Low,
Kihara, Cameron, Cotter, & Poduslo, 1993; Schmidt, 1993). There is also some
indication that there is a deprivation of nerve growth factors in subjects with type 2
diabetes (Cameron, et ah, 1998).
In the present investigation, there is indication of vestibular and reflex damage
long before the onset of a loss of sensation in the somatic nervous system. In the present
investigation, only one of the subjects with diabetes showed impaired sensation in his
feet, the other nine subjects did not, and yet in all subjects with type 2 diabetes there was
an increase in the number of steps and a reduction in the time that subjects used for both
walking in a straight line and when making turns of various diameters to the right and
left. This slowing in function itself could be linked to changes in the cerebellum or motor
cortex. The accelerometer data, however, is more telling in elucidating a mechanism for
this phenomenon. Accelerometry data clearly showed substantial increases in
flexion/extension and lateral movement of the joints associated with walking in straight
lines and in turning for subjects with type 2 diabetes. Since there was an increase in
adverse movement of the joints, this type of movement could only be linked to losses of
peripheral reflex control, and loss of central reflex control, or perhaps laxness of the
tendons. There has never been a study published suggesting an increase in tendon laxity
associated with diabetes at all the major joints. The mechanism for this type of
phenomenon would be difficult to speculate. As stated above, however, there is ample
evidence that diabetics have impaired vestibular reflexes and peripheral reflexes
associated with a peripheral polyneuropathies from a lack of circulation. In all
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probability, then, the average movement of the joints is simply an index of peripheral
polyneuropathies affecting reflex pathways and the decreased speed in gait is probably
due to the uncertainty of subject’s balance, due to damage to the vestibular system.
Diabetics have long been known to be at high risk for skin damage to the bottom
of their feet, which can lead to diabetic ulcers and perhaps amputations. Yet these same
subjects show a poor correlation between loss of sensation in their feet and the adverse
pressure distribution on their feet. In the present investigation, the loss of ability to
balance may explain why pressure distribution changes so greatly across the foot of the
diabetic patient, which can lead to diabetic ulcers. This study was performed on only ten
subjects with type 2 diabetes. Further studies should investigate the relationship between
diabetic foot ulcers and gait characteristics. Additional studies should investigate the
cross correlation of autonomic function with gait function and balance in similar groups
of subjects to further elucidate some of these mechanisms.
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CONCLUSION AND LIMITATIONS
Conclusion
There is a significant difference between diabetic and control in vasodilatation
response to ischemia and neurological functions
This difference improved within 4 weeks after administration of rosiglitazone
Neurological improvement was slower than endothelial improvement after
administration of rosiglitazone for 4 weeks
There is a week correlation between endothelial function and neurological
function improvement
Rosiglitazone may increase cellular energy level
The results of this study suggest that there may be other mechanisms causes’
nerves damage other than endothelial dysfunction
Rosiglitazone facilitate vascular and neurological functions, but don’t exceed
the normal age-matched functions
Rosiglitazone is a promising drug with multiple uses

Limitations
Small sample size
The control group and diabetic group were age-matched as groups but not as
individuals
Skin temperature not recorded prior to subject exposure to global heating
Leg length not recorded prior gait analysis
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Recommendations for Future Studies
Follow patients with diabetes for longer time after administration of
rosiglitazone
Study the effects of rosiglitazone on exercises (endurance and strength) in
patients with diabetes
Study the effects of rosiglitazone on wound healing in diabetic patients
Study the effects of rosiglitazone on balance in patients with diabetes
Study the reactions of the Cytokinesines in diabetes
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