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Abstract

THE IMPACT OF MENTAL CHALLENGE ON INDICATORS OF ENDOTHELIAL
FUNCTION IN OBESE INDIVIDUALS
By Chun-Jung Huang, M.S.
A Dissertation submitted in partial fulfillment of the requirements for the degree of Doctor
of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2009

Major Director: Dr. Edmund O. Acevedo
Professor, Department of Health and Human Performance

A number of investigators have examined psychological stress-induced endothelial
dysfunction, however, the underlying mechanisms for these responses have not been
clearly elucidated. The purpose of this study was to compare the effects of mental
challenge on forearm blood flow, total antioxidant capacity (a measure of oxidative stress),
the release of norepinephrine (NE; stress induced neurotransmitter), and pro-inflammatory
cytokine responses [both lipopolysaccharide (LPS)-stimulated TNF-a and IL-6 cytokine
and mRNA] in lean and obese individuals. Twelve subjects who had a BMI above 30
kg/m? and were above 30% body fat were categorized as obese and twelve subjects with a

BMI below 25 kg/m? and were below 25% body fat were categorized as lean subjects.
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Blood samples were drawn and forearm blood flow was assessed prior to and following
subjects’ participation in a mental challenge protocol consisting of a computer-based
Stroop Color-Word task and mental arithmetic task, for a total of 20 minutes. The mental
challenge elicited an elevation in HR and NE in both the lean and obese groups.
Furthermore, both lean and obese groups demonstrated an increase in FBF following the
mental challenge, whereas no changes in total antioxidant capacity were observed. In
addition, the lean group exhibited an increase in LPS-stimulated TNF-a cytokine
production from baseline to following the mental challenge, whereas the obese group
demonstrated a decrease in LPS-stimulated TNF-a cytokines. This corresponded with a
decrease in LPS-stimulated TNF-a mRNA expression in the obese group, although the
obese subjects maintained higher levels of both measurements (LPS-stimulated TNF-a
cytokine and mRNA expression) compared with the lean group. Furthermore, in the LPS-
stimulated IL-6 cytokine response, the obese group demonstrated a greater increase than
the lean group following the mental challenge, even though both groups showed an
increase in LPS-stimulated IL-6 mMRNA expression. These findings suggest that the
magnitude and direction of LPS-stimulated TNF-a cytokine response and mRNA
expression and LPS-stimulated IL-6 cytokine response to acute stress may be dependent

upon the effects of the additional percentage of body fat seen in obese individuals.



CHAPTER 1 REVIEW OF LITERATURE

Introduction

The epidemic of overweight and obesity has evolved and now includes 61.6% of
American women and 70.5% of American men (National Center for Health Statistics,
2006). Obesity-related health expenses are derived from diabetes, hypertension, and
cardiovascular diseases such as atherosclerosis (Quesenberry et al., 1998). One of the
earliest sub-clinical stages in the atherosclerotic process is an impairment of
endothelium-dependent vasodilation, also known as endothelial dysfunction (Singhai,
2005). The endothelium acts as a regulator of vascular homeostasis and maintains a
balance between vasodilation and vasoconstriction, which can be disturbed by alterations
in oxidative stress, inflammation, and obesity. One possible mechanism to explain
obesity-induced endothelial dysfunction is the elevation of leptin. Obesity-related
elevations in leptin can elicit elevations in oxidative stress (Bouloumie et al., 1999;
Considine et al., 1998) and have the ability to shift T-helper (Th) cell differentiation
toward the Th1 subtype, a pro-inflammatory condition (Loffreda et al., 1998). Another
factor that has been implicated as participating in the atherogenic process is
psychological stress. It is well established that laboratory-induced psychological stress is

capable of altering physiological homeostasis, and chronic stress has been demonstrated
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to be a determinant of cardiovascular disease (Olinski et al., 2002). One potential
mechanism that links psychological stress to endothelial dysfunction may be through the
direct impact of stress hormones on oxidative stress. However, endothelial dysfunction
may be exacerbated with acute and chronic psychological stress in obese individuals.
Therefore, this review will discuss the main mechanisms of vasodilation within the

endothelium and the impact of obesity on endothelial responses to psychological stress.

Mechanisms of VVasodilation within the Endothelium

The endothelium is a thin layer of cells that lines the blood vessel lumen which
has been recognized as a major modulator of vascular tone. When these cells regulate
vascular tone, either relaxing or constricting factors are released to induce vasodilation or
vasoconstriction. In addition to regulating vascular tone, endothelial cells play an
important role in preventing the development of cardiovascular diseases such as
atherosclerosis. The development of atherosclerosis is involved in a complex interaction
between the vascular endothelium, inflammatory cells, platelets, and vascular smooth
muscle cells (Ross, 1999). Ross has demonstrated that the initial process in the
pathogenesis of atherosclerosis is endothelial dysfunction, which may be caused by the
reduction of endothelial-derived relaxing factors.

The primary endothelial-derived relaxing factors are nitric oxide (NO),
prostacylin (PGI,) while endothelial-derived constricting factors include endothelin-1

11



(ET-1), angiotensin-11, thromboxane A2, prostaglandins H2, and oxidant radicals (Clines
et al, 1998). NO is the most potent endothelium-derived relaxing factor which maintains
vascular tone and reactivity by opposing the endothelium-derived constricting factors
such as ET-1 (Verma and Anderson, 2002). Thus, the balance between endothelium-
derived relaxing and constricting factors can regulate vascular homeostasis (Figure 1).
Luscher and Barton (1997) have stated that the endothelium is a regulator of vascular
homeostasis and maintains a balance between vasodilation and vasoconstriction.
Furthermore, NO can eliminate endothelin-induced arterial constriction and inhibit
further release of endothelin from the endothelium (Luscher et al., 1990; Shepherd,
1995). A reduction in bioavability of NO could facilitate an exaggerated production of
ET-1 (Verma and Anderson, 2002). Therefore, the endothelium-derived relaxing and
constricting factors play a crucial role in preventing the occurrence of endothelial

dysfunction.

Endothelium

. Relaxin.g fgctors * Constricting factors
(Vasodilation) (Vasoconstriction)

Vascular Homeostasis

Figure 1. The role of endothelium in the vascular homeostasis.
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When this balance is disrupted, the endothelium may result in expression of
adhesion molecules, activations of platelet aggression, vascular inflammation,
vasoconstriction, and stimulation of smooth muscle cell proliferation (Hamilton et al.,
2004). Furthermore, Kazuhiro and Michel (1997) have demonstrated that the increase in
enzymes from endothelial-derived relaxing factors can induce vascular smooth muscle
relaxation, inhibition of vascular smooth muscle growth, modulation of endothelium-
derived thrombogenic factors, and inhibition of platelet aggregation. Thus, endothelial
dysfunction has been regarded as an imbalance between endothelium-derived relaxing

and constricting factors.

A. Increased arterial blood pressure and sympathetic withdrawal

Studies have shown that the increase in blood flow and arterial blood pressure can
stimulate endothelial cells to release acetylcholine. Then, acetylcholine can activate
muscarinic receptors on endothelial cells and induce the release of NO to increase
vasodilation (Halliwill et al., 1997) (Figure 2). Furthermore, although catecholamines are
powerful vasoconstrictors due to the direct effect on vascular smooth muscle, they can
also cause vasodilation. Harris et al. (2000) have stated that the release of endogenous
catecholamines could increase the release of NO from endothelial cells and offset the
direct vasoconstrictor effects of the catecholamines. This mechanism has been further

demonstrated by Halliwill et al. showing that sympathetic withdrawal mediates the initial
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vasodilation, which can be enhanced by catecholamines (e.g. epinephrine) via 3,-
adrenergic receptor activation. The B,-adrenergic vasodilation in the human forearm is
dependent on nitric oxide synthases (Dawes et al., 1997). Glover et al. (1962) have
shown that B,-adrenergic blocker can reduce forearm vasodilation. In addition, an
increase in plasma epinephrine levels may suggest that forearm vasodilation is due to the
effects of B,-adrenergic-receptor vasodilation on the skeletal muscle vasculature (Rowell
and Seals 1990). Therefore, the contributions of catecholamines in vasodilation activated
by B,-adrenergic receptors may explain a withdrawal of sympathetic activity in
vasoconstrictive nerve fibers and/or an activation of vasodilatory fibers.

Another possible mechanism to explain the sympathetic withdrawal is
cardiopulmonary baroreceptor activity, which plays an important role in the control of
blood pressure and vasodilation. Hamer et al. (2003) have found that cardiopulmonary
baroreceptors are involved in the sympathetic withdrawal response during forearm
vasodilation to stress, and the vasodilation response can be attenuated when these
cardiopulmonary baroreceptors are inhibited. Moreover, Rea and Wallin (1989) stated
that the increase of cardiac filling pressure can stimulate the cardiopulmonary receptors,
which could induce the inhibition of sympathetic neural outflow and stimulation of
parasympathetic neural outflow. Thus, the possibility of sympathetic withdrawal during
stress-induced vasodilation may be due to excitation of cardiopulmonary baroreceptors,

resulting in an increased inhibition of sympathetic neural outflow. Additionally, DiCarlo
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et al. (1994) have demonstrated that the activation of cardiopulmonary baroreceptors is
due to changes in cardiac contractility mediated through changes in circulating
catecholamines. This may also suggest that the activated cardiopulmonary baroreceptors
may increase sympathetic outflow during stress-induced vasodilation via an increased

level of catecholamines.

[ 1 Blood flow ] [ 1 Arterial Blood pressure ] [ 1 Sympathetic withdrawal ]

Endothelial cell

Figure 2. Adapted from Halliwill et al. (1997). The vascular response to stress. NO =
nitric oxide; ACh = acetylcholine; B,-AR = B,-adrenergic receptor.

B. Synthesis and role of nitric oxide (NO)
NO is a critical homeostatic regulator of the vessel wall and plays a role in the

maintenance of vascular tone and reactivity. The impaired production of NO has been
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considered in many cardiovascular disorders such as atherosclerosis and hypertension.
Calver et al. (1992) have demonstrated that there is a significant reduction in the NO
production in essential hypertension. The reduction in NO production leads to arterial
vasoconstriction and hypertension (Nussler and Billiar, 1993), which reveal decreased
vascular compliance with higher blood pressure and volume. These findings are
consistent with an earlier study by Furchgott (1990) who demonstrated that NO has a
half-life of 3 to 5 seconds and is a major factor resulting in vasodilation via activation of
guanylate cyclase in vascular smooth muscle cells. In figure 3, NO syntheses catalyses
the synthesis of NO from amino acid L-arginine and molecule oxygen (O,) in generator
cells with the L-citrulline by-product. NO binds and activates to the enzyme (guanylate
cyclase) to produce cyclic guanosine monophosphate (cGMP) from guanosine
triphosphate (GTP) in target cells to cause biological effects such as vasodilation.
Haynes et al. (1996) have further stated that although the basal activity of guanylate
cyclase is extremely low, when NO binds to guanylate cyclase, its activity is enhanced
more than 400-fold. Therefore, an increase in the concentration of cGMP via guanylate
cyclase in endothelium can cause the relaxation of vascular smooth muscle and cardiac
myocytes, inhibition of platelet aggregation, and attenuation of white cell and platelet

adhesiveness (Plumpton et al., 1995).
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Generator Cell Target Cell

r N A

02 L-citrulline GTP cGMP \

L-arginine » NO » Guanylate Cyclase Vasodilation
NO Synthase

\_ J J

Figure 3. Adapted from Webb and Vallance (1997). Synthesis of nitric oxide (NO) and
its effect in vasodilation. NO = nitric oxide; GTP = guanosine triphosphate; cGMP =
cyclic guanosine monophosphate.

The NO synthases (NOS) which utilize L-arginine, oxygen, and cofactors
[NADPH, tetrahydrobiopterin (BH,), flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN)] exist in three isoforms which are endothelial NOS (eNQOS),
neuronal NOS (nNOS), and inducible NOS (iNOS) (Kearney, 2007). The eNOS and
nNOS are primarily expressed in endothelium and neurons, respectively. The eNOS and
nNOS are calcium/calmodulin dependent and usually synthesize low amounts of NO
(Webb and Vallance, 1997). NO produced by the eNOS in endothelial cells is used to
regulate blood pressure and blood flow. In contrast, the iNOS is inducible in many cells
such as macrophages and tissues by immunological stimuli such as cytokines (Nussler
and Billiar, 1993) and binds to calmodulin tightly so that its activity is regulated by its
rate of synthesis rather than by calcium concentration (Webb and Vallance, 1997). Thus,

Dallaire and Marette (2004) have stated that the lack of calcium still allows iNOS to
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produce high amounts of NO for longer periods of time than eNOS and nNOS.
Additionally, Webb and Vallance (1997) have shown that when expressed iNOS is fully
active, it can generate large amounts of NO. However, although the role of NO is to
maintain normal blood pressure and blood flow, NO overproduction can cause damage to

cells by reacting with one of the reactive oxygen species, superoxide (O2").

C. Synthesis and role of reactive oxygen species (ROS)

Reactive oxygen species (ROS), such as superoxide (O2"), hydrogen peroxide
(H20,), and hydroxyl radical (OH") are produced in vascular cells. Healthy vascular cells
metabolize oxygen and ROS is generated; normally, the rate of ROS production is
balanced by the rate of oxygen elimination (Vider et al., 2001). However, when ROS
production is increased, the process of endothelial dysfunction occurs, resulting in
damage to cell structures; this situation is also called oxidative stress. Ross (1999) has
stated that ROS may act as a common intracellular messenger that leads to adhesion
molecule expression.

The primary sources of ROS in the vasculature are NADPH oxidase, xanthine
oxidase, and uncoupled eNOS (Hamilton et al., 2004). O, has been recognized as the
most potent reactive free radical (Webb and Vallance, 1997). Thus, Webb and Vallance
have stated that NADH/NADPH oxidase and xanthine oxidase can induce O;".

Additionally, Tifenbacher (2001) has demonstrated that the uncoupling eNOS is a source
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to produce O;; for example, BH4 deficiency can induce an uncoupling eNOS, resulting
in the powerful oxidant such as O,and H,O, However, NADPH oxidase has been
found to be the most potent source of O," in the human vasculature (Griendling and
Ushio-Fukai, 1997) and could be activated by low-density lipoprotein and angiotensin Il
(Berry et al., 2000; Rajagopalan et al., 1996).

Oxygen (O) reacts with NADPH oxidase, resulting in O," production which can
further be converted to H,O; by superoxide dismutases (SOD). Thus, there are two ways
to increase O, levels; one is an increase in O;" generating enzyme (NADPH oxidase) and
the other is a decrease in the activity of SOD (Webb and Vallance, 1997). Furthermore,
H,0O, can be converted to either H,O and O, by catalase enzymes or OH" by ferrous ion
(Fe?) which can further induce lipid peroxidation and DNA damage (Figure 4).
Therefore, the ROS-induced damage can be prevented by use of SOD and catalases
(Belviranli and Gokbel, 2006). Although increased ROS production can damage cell
structures, “an optimal ROS level is essential for the cell’s survival; too much ROS may
cause impaired physiological function due to either random cellular damage or
programmed cell death (apotosis), whereas too few ROS may lead to decreased

proliferative response and defective host capacity (Ji et al., 2006).”
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NADPH oxidase SOD Catalase

O —_———y ] » H)O) —ou0 H,O0+ O,
NO\l Fez+l
OONO OH

——

Lipid peroxidation and membrane/DNA damage

Figure 4. Adapted from Webb and Vallance (1997). ROS production and its interaction
with NO in vascular cell. O," = superoxide; NO = nitric oxide; H,O, = hydrogen
peroxide; OONQO" = peroxynitrite; OH™ = hydroxyl radical. SOD = superoxide dismutase;
Fe?* = ferrous ion.

D. Destruction of NO by ROS

NO production and bioavailability are regulated by eNOS but can be dysregulated
by reacting with ROS. Cai and Harrison (2000) have stated that the production of ROS
such as O, within the vascular wall plays an essential role in the progress of endothelial
dysfunction; for example, the NO-induced toxic effect is through its interaction with O, .
A large quantity of NO has been shown to have the capacity to react with O, (Cai and
Harrison, 2000). This reaction results in the generation of peroxynitrite (OONO") which
is a powerful reactive oxidant and can further induce tissue damage and endothelial
dysfunction due to lipid peroxidation and DNA damage when O," levels maintain high
and NO is produced (Beckman et al., 1990; Cai and Harrison, 2000) (Figure 4). Thus,

NO is both antioxidant and oxidant dependant on the relative concentration of NO and
20



ROS such as O;".

Further evidence by Garcia et al. (1995) has stated that the reaction between NO
and O, is faster than the reaction between O, and SOD. H,0O;, is a stronger oxidant than
O,", but OONQO" is much more powerful than H,O,. Therefore, SOD plays a critical role
in preventing the production of OONQO™ from damage in vascular cells. An increased
destruction of NO by diminished scavenging O, via SOD has been demonstrated to

induce cardiovascular diseases such as hypertension (Tschudi et al., 1996).

E. Regulation of nuclear factor-kappa B (NF-kB) by NO and ROS

Although many signaling pathways regulate endothelial function, nuclear factor-
kappa B (NF-kB) has been considered to be the most important to cope with ROS. The
NF-kB family is divided into two groups based on the structure and function. The first
group consists of p65 (RelA), RelB, and c-Rel, and the second group consists of p50 (NF-
kB1) and p52 (NF-kB2). Under normal conditions, IkB, an inhibitory protein, binds and
maintains NF-kB inactive. Following the stress-induced ROS stimulation, IkB is
phosphorylated by IkB kinase (IKK), resulting in dissociation of IkB from NF-kB. Then,
the activated NF-kB is translocated into the nucleus and binds DNA to activate gene
expression. Many expressions of proteins are dependent on NF-kB to induce a change in
cell function such as expression of adhesion molecules (Figure 5). This is supported by

Marui et al. (1993) who demonstrated that ROS such as OONO™ and H,0O provides a
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pathway for activation of NF-Kb. Furthermore, Khan et al. (1996) stated that the
inhibitor of NO, NG-nitro-L-arginine methyl ester (L-NAME), could activate NF-kB
resulting in the vascular cell adhesion molecule-1 (VCAM-1) expression. However,
although an increase in NO production has been shown to inhibit the activation of NF-kB,
NO does not suppress IKK activity (Spiecker et al., 1998). Therefore, NO may use a

different pathway on the suppression of NF-kB rather than IkB phosphorylation by IKK.

Expression of adhesion molecules

Siress

Solid arrow indicates activation
«- - Dotted arrow indicates suppression

Figure 5. Activation of NF-kB by ROS. ROS = reactive oxygen species; NO = nitric
oxide; IKK = IkB kinase; P = phosphorylation.
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Inflammation and Endothelial Response

A. Process of inflammatory response

Immune cells circulate in the blood stream to protect against pathogenic
organisms and to ensure that the bodies’ immune response is efficient. A stress-immune
interaction is capable of causing an inflammatory response, which is important to host
anti-viral defenses and allows the elimination of invading microorganisms (Paulose et al.,
1998).

The initial step in the development of vascular inflammation is the activation of
endothelial cells (Ross, 1993), which can be generated by production of cytokines
induced by immune cells such as macrophages and T cells. This activated endothelium
can further express cell adhesion molecules (Cybulsky and Gimbrone, 1991). This
process of inflammatory response consists of four steps: rolling adhesion, tight binding,
diapedesis, and migration. For example, during inflammation, T cells are released in the
blood and bind with cell adhesion molecules such as E-selectin in the vessel wall.
Furthermore, T cells roll along the vessel wall and may bind tightly with other cell
adhesion molecules such as VCAM-1. In diapedesis, T cells migrate between adjacent
endothelial cells. Then, chemokines such as interleukin-8 (IL-8) promote T cells to sites
of infection, and these activated T cells ingest and kill bacteria and produce other

cytokines which can further recruit additional immune cells. Therefore, cytokines
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promote immune-endothelial cell interaction and play important roles in the initiation and

propagation of vascular inflammation.

B. Pro-inflammatory cytokines and endothelial function

The reduction of NO, the formation of ROS, and increased expression of cell
adhesion molecules in the vessel wall are early markers for atherosclerosis (Khan et al.,
1996). These relationships have been investigated with pro-inflammatory cytokines.
Many studies (De Caterina et al., 1995; Freeman, 1993; Khan et al., 1996; Moncada and
Higgs, 1991; Peng et al., 1995) have shown that NO functions as an immunomodulator of
the vessel wall because it attenuates the immune cells to adhere to endothelial wall and
decreases pro-inflammatory cytokine-induced expression of cell adhesion molecule such
as VCAM-1. Pober et al. (1993) further demonstrated that this suppression of cytokine-
induced expression of VCAM-1 is via elevation of cGMP. The primary pro-
inflammatory cytokines are interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-a),
which are mainly secreted by macrophages. IL-1 and TNF-a are involved in the
development of inflammation through an increased expression of endothelial cell
adhesion molecules such as E-selectin and VCAM-1(Chudek and Wiecek, 2006; Cotran,
1999) by NF-kB activation (Li, 2008; Marui et al., 1993; Paulose M et al., 1998).

Furthermore, the formation of ROS is associated with levels of TNF-a, which is a

potent activator for NADPH oxidase (Umeki, 1994). ROS is also involved in TNF-a.-
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induced VCAM-1 expression (Yu et al., 2006) which can further activate NADPH
oxidase (Tudor et al., 2001). Other studies have shown that ROS acts as a second
messenger to stimulate NF-kB-dependent expression of pro-inflammatory cytokines such
as TNF-a (Schreck et al., 1992; Toledano and Leonhard, 1991). In addition, a strong
correlation exists between TNF-a and endothelial dysfunction in patients with coronary
heart diseases (Sinisalo, 2000). Thus, pro-inflammatory cytokines such as IL-1 and TNF-
o play a major role in inducing the expression of endothelial cell adhesion molecules by
reacting with NO and ROS. An understanding of NO-ROS interaction and their effects on
the expression of pro-inflammatory cytokines and endothelial cell adhesion molecules

may explain the link between inflammation and cardiovascular diseases.

C. Th1/Th2 cytokines and endothelial function
(@) Th1/Th2 activation

Stress (physical or psychological) influences many aspects of the central nervous
system (CNS), immune system and endocrine system. There is coordinated
communication between the CNS and the immune system through the hypothalamic—
pituitary—adrenal (HPA) axis, the autonomic nervous system, and the mediators of
immune function (cytokines). The initial response to a physical or psychological stress
causes the release of corticotrophin-releasing hormone from the hypothalamus. This

initiates the release of adrenocorticotropin hormone via the blood to the adrenal cortex
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which releases cortisol intothe peripheral circulation. Cortisol prompts production of
cytokines induced by immune cells such as T-helper (Th) cells to prepare for a possible
antigen invasion. In response to stress, catecholamines (norepinephrine and epinephrine)
are also secreted from the adrenal medulla and sympathetic nerve endings. These
powerful modulators of sympathetic activity also interact with the immune system in
response to stressful stimuli and are thought to alter pro-inflammatory and anti-
inflammatory cytokine release.

Under normal conditions, a balance exists between pro-inflammatory and anti-
inflammatory cytokine production and release. This balance is mediated through
activation of Th cells and their subsequent differentiation to either Th1 subtypes,
associated with inducing cellular immunity, or Th2 subtype, associated with promoting
humoral immunity. Th cells are produced from precursors designated naive T cells that
have not encountered antigen-presenting cells (APCs) such as macrophages. When the
APCs are activated, Th1 subtypes release pro-inflammatory cytokines (e.g., IL-2 and
IFN-y) that stimulate the cytotoxic T cells, natural killer cells, and macrophages while
Th2 subtypes release anti-inflammatory cytokines (e.g., IL-4 and 1L-10) that stimulate
eosinophils, B cells and mast cells (Elenkov, 2002 and 2004). Thl and Th2 subtypes
exhibit inhibitory cross-regulation via their cytokine release (Elenkov and Chrousos

2002) (Figure 6).
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In addition, elevated cortisol (CORT), norepinephrine (NE), and epinephrine
(EPI) are thought to inhibit differentiation of Th cells toward the Th1 subtype, resulting
in the release of anti-inflammatory cytokines (Kidd, 2003). In general, CORT, NE, and
EPI inhibit pro-inflammatory cytokine synthesis and have immunosuppressive potential

by a shift of Thl to Th2 (Elenkov, 2004).
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Figure 6. Adapted from Elenkov and Chrousos (2002). Th1/Th2 diagram. APC =
antigen-presenting cell.
(b)  Th1/Th2 cytokines, NO, and ROS

Macrophages are important sources for NO production due to the activation by
Th1 cytokines (Murr C et al., 2005). Niedbala et al. (2006) have stated that the increased
cGMP by NO is associated with the enhanced Th1 cell activation. Furthermore, Moran et

al. (2006) have shown that Th1l cytokines induce the iINOS, but Th2 cytokines suppress
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the INOS. For example, Thl cytokines such as IFN-y and IL-2 up-regulate iNOS,
resulting in the production of large amounts of NO (Nathan, 1997; Oswald and James,
1996; Verma and Anderson, 2002; Xiao et al., 2008; Xie et al., 1992;). Xiao et al. (2008)
has further stated that a deficiency of IFN-y may reduce NO concentration in iNOS-
deficient mice. In addition, Th2 cytokines such as IL-4 and IL-10 have been shown to
decrease the induction of iINOS (Verma and Anderson, 2002). Thus, the level of iINOS
expression is likely dependant on the Th1/Th2 cytokine balance.

Furthermore, NO has been considered a major macrophage-immunosuppressive
factor for T-cell immunity (Taylor-Robinson, 1990; Tomioka and Saito, 1991). Large
amounts of NO have been demonstrated to inhibit the secretion of Thl cytokines such as
IL-2 and IFN-y, but not Th2 cytokines such as IL-4 (Taylor-Robinson, 1990). This
suggests that high levels of NO are produced by Thl-stimulated macrophages, resulting
in the suppression of T cell proliferation (Van der Veen et al., 2000; Xiao et al., 2008).
Niedbala et al (1999) have further supported that although high levels of NO are
detrimental, low levels of NO increase the Th1l differentiation, but not Th2. Other studies
have also shown that NO deficiency in mice enhances Th1l response, producing more
IFN-y and less IL-4 (MacLean et al., 1998; Mclnnes et al., 1998; Wei et al., 1995). Itis
likely that there is a negative feedback regulation between NO and Th1 cells. Therefore,
NO has the potential ability to regulate Th1 and Th2 cytokine balance.

The levels of ROS can also be produced by macrophages and are dependent on T
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cell activation during antigen presentation (Gelderman et al., 2007; Komatsu et al., 2006;
Snelgrove et al., 2006A and 2006B). Murr et al. (2005) have stated that ROS such as O,
H,0,, and OH" which are released by macrophages can enhance Th1 cell activation
(Figure 7). Within the Th1 immune response, the most potent trigger for macrophage-
induced ROS production is IFN-y (Nathan et al., 1983). The expression of other Thl
cytokines such as IL-2 can also be stimulated by macrophage-induced ROS (Miesel,
1995B). These Thil-derived cytokines are capable of inhibiting the Th2 response.
Furthermore, many studies have shown that ROS produced by macrophages
promotes the development of Thl-induced immune diseases including rheumatoid
arthritis. The generation of ROS by macrophage is enhanced in rheumatic patients
(Miesel R et al., 1994). The patients with rheumatic disease havel0-fold greater levels of
ROS compared to normal healthy individuals (Miesel, 1995A). In addition, decreased
severity in arthritis has been shown less Th1l response in the presence of macrophage-
mediated ROS (Snelgrove et al., 2006). It indicates that ROS by macrophages plays a
crucial role in the pathogenesis of arthritis and has an immunosuppressive potential in

altering Th1 and Th2 immunity.
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Figure 7. Th1 cell activation by ROS. ROS = reactive oxygen species.

The Impact of Obesity on Endothelial Responses to Psychological Stress

The epidemic of overweight and obesity has evolved and now includes 61.6% of
American women and 70.5% of American men (National Center for Health Statistics ,
2006). Obesity-related health expenses are derived from diabetes, hypertension, and
cardiovascular diseases such as atherosclerosis (Quesenberry et al., 1998). One of the
earliest sub-clinical stages in the atherosclerotic process is an impairment of
endothelium-dependent vasodilation, also known as endothelial dysfunction (Singhai,
2005). Obesity is also associated with endothelial dysfunction, and one mediator of the
process of obesity-induced endothelial dysfunction is the level of oxidative stress,
assessed as elevations in free radicals (Schafer and Bauersachs, 2008; Timimi et al.,
1998). Furthermore, the proinflammatory state of the vessel can negatively impact

oxidative stress and may play a crucial role in the pathogenesis of obesity-related
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diseases. Another possible mechanism to explain obesity-induced endothelial
dysfunction is the elevation of leptin. Obesity-related elevations in leptin can elicit
elevations in oxidative stress (i.e., elevations in free radicals including H202 and OH-)
(Bouloumue et al., 1998; Considine et al., 1996) and have the ability to shift T-helper (Th)
cell differentiation toward the Th1l subtype, a pro-inflammatory condition (Loffreda et al.,
1998). Another factor that has been implicated as participating in the atherogenic process
is psychological stress. It is well established that laboratory-induced psychological stress
is capable of altering physiological homeostasis and chronic stress has been demonstrated
to be a determinant of cardiovascular disease (Olinski, 2002). One potential mechanism
that links psychological stress to endothelial dysfunction may be through the direct
impact of stress hormones on oxidative stress. However, there is limited information
investigating the impact of psychological stress on the oxidative stress and inflammation
responses of obese individuals. The possible interaction (additive or synergistic) of
obesity and psychological stress on the development of endothelial dysfunction has not

been investigated.

A. Oxidative Stress and Inflammation
Oxidative stress is an imbalance between antioxidants (e.g. nitric oxide [NO]) and
reactive oxygen species (ROS) (e.g. superoxide [O27], hydrogen peroxide [H20:]) (Sies,

1997). Under normal conditions, NO is a critical homeostatic regulator of the vessel wall

31



and plays a role in the maintenance of vascular tone and reactivity (Verma and Anderson
TJ, 2001). Healthy vascular cells metabolize oxygen and ROS is generated; normally,
the rate of ROS production is balanced by the rate of oxygen elimination (Vider et al.,
2001). However, when ROS production is elevated, the process of cell damage leading
to endothelial dysfunction (e.g. vasoconstriction/lack of vasodilation) occurs (Ji et al.,
2006). In obese individuals, blood flow response to shear stress at rest (a dragging
frictional force generated by blood flow in the vasculature) has been shown to be
attenuated (Arcaro et al., 1999). This subsequent attenuation of shear stress may reduce
the activation of endothelial NO synthase (eNOS), resulting in the reduction of NO
(Halliwill et al., 1997).

Furthermore, obese individuals have demonstrated elevated levels of markers for
ROS, including urinary 8-1soprostane level (Keaney et al., 2003). Further evidence has
demonstrated that several mechanisms may explain elevated oxidative stress seen in
obese individuals (Lopes et al., 2003). For example, a decreased antioxidant defense,
represented by lower antioxidant enzymes (e.g. superoxide dismutases and catalase), has
been found in obese population (Olusi, 2002). However, in obese insulin-resistant
individuals, the effect of insulin on eNOS is impaired and inducible NO synthase (iNOS)
is stimulated, resulting in NO overproduction (Dallaire and Marette, 2004). Evidence has
demonstrated that when expressed iINOS is fully active, it can generate large amount of

NO which has been shown to have the capacity to react with 02" (Webb and Vallance,
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1997). This results in the generation of peroxynitrite which is a powerful reactive
oxidant and can further induce tissue damage, resulting in endothelial dysfunction, due to
lipid peroxidation and DNA damage (Beckman et al., 1990).

Inflammation and its subsequent impact on oxidative stress may play a crucial
role in the pathogenesis of obesity-related diseases. The development of vascular
inflammation is the activation of endothelial cells which can be generated by production
of cytokines induced by immune cells such as macrophages and T cells (Ross, 1993).
The formation of ROS is associated with the levels of pro-inflammatory cytokines such
as tumor necrosis factor-alpha (TNF-a)) which is a potent activator for NADPH oxidase
(Umeki, 1994) and maintains a strong correlation with endothelial dysfunction in patients
with coronary heart diseases (Sinisalo et al., 2000). Furthermore, interleukin-17 (IL-17), a
pro-inflammatory cytokine, is mainly secreted by memory activated CD4+ and
CD4+CD451R0O+ memory T cells (Yao et al., 1995), and increased expression of IL-17
has been related to a number of inflammatory diseases (Ziolkowska et al., 2000). This
increased IL-17 has been shown to up-regulate the expression of TNF-a (Jovanovic et al.,
1998). Additionally, Miljkovic et al. (Miljkovic et al., 2003) demonstrated that IL-17
induces the activation of iNOS in the rodent endothelial cells. iINOS-induced NO
production can be further elevated in the presence of both IL-17 and TNF-a (Miljkovic et

al., 2003).
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B. Obesity-induced Leptin and Endothelial Dysfunction

Another possible mechanism to explain obesity-induced endothelial dysfunction
is the interactions of leptin with oxidative stress and inflammation. Leptin, an adipocyte-
derived hormone, plays an important role in metabolism, adiposity, and vascular
inflammation, and recently has been implicated in the development of coronary heart
disease (Wannamethee et al., 2007). At rest, obese individuals have demonstrated
elevated plasma leptin concentrations (up to 10-fold greater than lean individuals)
(Considine et al., 1996). Recent evidence (Bouloumie et al., 1999) has demonstrated that
leptin is also associated with elevated oxidative stress. For example, in vitro stimulation
of cultured human endothelial cells with leptin has induced an increased accumulation of
ROS, including H,O, (Bouloumie et al., 1999). This leptin-induced oxidative stress may
contribute to the development of vascular diseases.

TNF-a has been shown to increase resting serum leptin levels in humans
(Zumbach et al., 1997). Evidence has shown up to three-fold increases in both TNF-a
MRNA and plasma levels in obese individuals compared with non-obese individuals
(Schachinger et al., 2000) and this high level of TNF-alpha is correlated with variables
associated with metabolic syndrome (Moon et al., 2004). Additionally, under normal
physiological conditions, a balance exists between two major types of T-helper (Th) cells:
Th1 and Th2 which can exhibit inhibitory cross-regulation via their cytokine release

(Elenkov and Chrousos, 2002). Thl cytokines (e.g. IFN-y and IL-2) have been
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demonstrated to induce the iNOS, but Th2 cytokines (e.g. IL-4) suppress iNOS (Xie et al.,
1992). Leptin has been shown to have an ability to shift Th cell differentiation toward

the Th1 subtype as a result of increased IL-2 and IFN-y production and release (Loffreda
et al., 1998). The study of leptin and its effects on oxidative stress and inflammation in

obesity-related endothelial dysfunction warrants further investigation.

C. Psychological Stress and Obesity

Psychological stress has been proposed as a major factor that can impact the
pathogenesis and the progression of cardiovascular diseases (Olinski et al., 2002).
Although a number of investigators have expressed interest in examining the mechanisms
underlying psychological stress-induced endothelial dysfunction, mechanisms that
explain this relationship have not been clearly elucidated. However, previous
investigations have shown that psychological stress may contribute to the development of
atherosclerosis by eliciting an elevation in ROS, which can further induce oxidative DNA
damage, a notion supported by an elevation in the DNA damage biomarker, 8-hydroxy-
2'-deoxyguanosine (8-OHdG) (Olinski et al., 2002). Initial evidence that psychological
stress can induce damage to nuclear DNA was in the liver cells of rats exposed to a
conditioned emotional stimulus (Adachi et al., 1993). Subsequently, in a study on
medical students, Sivonova et al. (2004) demonstrated greater nuclear DNA damage in

lymphocytes on the day of an examination (stress condition) compared with during the
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time between two examination periods (non-stress condition). One explanation for this
increase in oxidative stress during psychological stress could be the negative effect of
high circulating levels of stress hormones (cortiosl, epinephrine and norepinephrine).
Furthermore, Flint and colleagues (2007) has demonstrated that cortisol, norepinephrine,
and epinephrine released during psychological stress can induce DNA damage within 10
minutes.

Recent studies have shown that elevated cortisol responses to acute psychological
stress are associated with increased waist-hip ratio (Epel et al., 2000). Furthermore,
people who undergo acute psychological stress demonstrate increases in leptin, and these
increases are positively correlated with waist circumference (Otsuka et al., 2006). This
suggests that endothelial dysfunction may be exacerbated with psychological stress in
obese individuals. Another potential mechanism that links psychological stress to
endothelial dysfunction may be the increase of oxidative stress through the activation of
inflammatory cytokines. However, there is limited information investigating the link
between psychological stress, oxidative stress, inflammation, and endothelial dysfunction
in obese individuals. An understanding of the mechanisms that explain possible
differences in lean and obese populations may enhance our understanding of the link

between obesity, psychological stress and cardiovascular disease.
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Conclusion

Obesity is associated with endothelial dysfunction, and one regulator of the
process of obesity-induced endothelial dysfunction is the level of oxidative stress. The
pro-inflammatory state of the vessel can negatively impact oxidative stress, assessed as
elevations in free radicals and may play a crucial role in the pathogenesis of obesity-
related diseases. Furthermore, another possible mechanism to explain obesity-induced
endothelial dysfunction is the interactions of elevated leptin with oxidative stress and
inflammation. Obesity-related elevations in leptin can elicit elevations in oxidative stress
(i.e., H,O, and OH") and have the ability to shift T-helper (Th) cell differentiation toward
the Th1 subtype, a pro-inflammatory condition. Therefore, an understanding of the
interaction between oxidative stress and inflammatory cytokines may explain the link
between endothelial and immune function, especially in obese population. Furthermore,
relationships between elevations in leptin found in obese individuals and its effects on
oxidative stress and inflammation in obesity-related endothelial dysfunction may provide
insight into the mechanisms that explain the link between obesity and heart disease.

The possible interaction (additive or synergistic) of obesity and psychological
stress on the development of endothelial dysfunction has not fully understood. Therefore,
the future study should attempt to expand the understanding of the mechanisms
contributing endothelial dysfunction that links between obesity, psychological stress and

cardiovascular disease.
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CHAPTER 2 PILOT STUDY

Title: Stress Hormones and Immunological Responses to a Dual Challenge in

Professional Firefighters

Abstract

The purpose of this study was to examine the changes in heart rate (HR),
catecholamines (norepinephrine [NE] and epinephrine [EPI]), pro-inflammatory
cytokines (interleukin-2 [IL-2] and interleukin-6 [IL-6]), and lymphocytes (CD8+ and
CD56+) in firefighters exposed to a decision-making challenge (firefighting strategies
and tactics drill) while participating in moderate intensity exercise. Nine professional
male firefighters participated in two counterbalanced exercise conditions on a cycle
ergometer: (1) 37 min of cycle ergometry at 60% VO,max (exercise alone condition;
EAC) and (2) 37 min of cycle ergometry at 60% VO2nax along with 20 min of a
computerized firefighting strategies and tactics decision-making challenge (firefighting
strategies condition; FSC). FSC elicited significantly greater HR, NE, EPI, and IL-2
when compared to EAC. These elevations may suggest that the addition of a mental

challenge to physical stress can alter the hormonal and immunological responses during
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firefighting. In addition, this evidence provides insight into the possible mechanisms that

explain the link between physical activity, psychology stress, and stress-related diseases.

1. Introduction

Numerous occupations (e.g., firefighting, military operations, law enforcement)
are subject to inherent physical and psychological stress. Intense and prolonged physical
activity alone has been shown to increase the incidence of upper respiratory tract
infection (Nieman, 1994) and asthma (Cooper et al., 2007). Furthermore, psychological
stress has been proposed as a major contributor to the progression of cardiovascular
diseases (Dimsdale, 2008; Olinski et al., 2002). Interestingly, it has been proposed that
psychological stress may impact that pathogenesis of cardiovascular disease through
pathways that include elevated oxidative stress (Adachi, 1993; Sivonova et al., 2004).
One explanation for this increase in oxidative stress may be the elevated levels of stress
hormones (e.g. norepinephrine [NE]) and epinephrine [EPI]) and pro-inflammatory
cytokines (e.g. interleukin-2 [IL-2] and interleukin-6 [IL-6]) in response to psychological
stress (Sivonova et al., 2004; Cosentino et al., 2004; Wassmann et al., 2004). For
example, Flint and colleagues (2007) have demonstrated that NE and EPI released during
psychological stress can induce DNA damage within 10 minutes. Furthermore, IL-2 has
been found to be one of most potent triggers for macrophage-induced reactive oxygen

species (ROS production (Nathan et al., 1983), and IL-6 is thought to induce oxidative
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stress and play a major role in the pathogenesis of atherosclerosis (Wassmann et al.,
2004). Nevertheless, elevated NE and EPI could inhibit IL-2 but induce IL-6, thus
enhancing the potential for immunosuppression (Elenkov, 2004).

Physical and psychological stressors, when induced separately, have been shown
to elicit increases in IL-2 and IL-6 cytokines dependent on the acute or chronic nature of
the stimuli. The magnitude and direction of the IL-2 and IL-6 cytokine responses to
acute exercise are variable and dependent upon intensity and duration. For example,
Akimoto et al. (2000) examined the effects of brief anaerobic maximal exercise and
found that plasma IL-12 increased significantly after exercise. 1L-12 has been
demonstrated to generate the IL-2 response, further enhancing the activity of CD8+ and
CD56+ lymphocytes; Kobayashi et al., 1989; Morel & Oriss, 1998; Stern et al., 1990). In
addition, Steensberg et al. (2001) found that IL-6 increased following 2.5-hours of
treadmill exercise at 75% of maximal oxygen uptake. Thus, intense exercise may result
in initial increases in IL-2 followed by increases in IL-6.

Utilizing a more prolonged stress model, Uchakin et al. (2001) have examined
several inflammatory cytokines following 24 hours of an examination in medical
students, and found that IL-2 levels were lower than the control group, but no changes
were observed in interferon-gamma (IFN-y) and IL-10. Furthermore, Kang and Fox
(2001) also examined chronic academic stress during examinations and found that

decreased IL-2 (in both peripheral blood mononuclear cell [PBMC] and whole blood
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measures) and IFN-y (only PBMC) levels were observed whereas an elevation was seen
in IL-6. IL-4 and IL-5 did not change following the stress associated with exams.
Further study of the time course responses of IL-2 and IL-6 to varying stressors may
provide greater understanding of the impact of acute and chronic stress in cell-mediated
and humoral immunity. Furthermore, there are no studies that have examined IL-2 and
IL-6 responses following combined physical and psychological stress.

An examination of stress hormones and pro-inflammatory cytokines following a
combination of physical and psychological challenge may provide additional insight into
the mechanisms that explain the link between physical activity, psychological stress, and
stress-related diseases. Occupations such as military service, law enforcement and
firefighting provide a paradigm to investigate the mechanisms that explain stress-induced
immunological disorders and diseases. Therefore, the purpose of this study was to
examine the changes in heart rate (HR), catecholamine (NE, EPI), pro-inflammatory
cytokines (IL-2, IL-6), and lymphocytes (CD8+, CD56+) values in firefighters exposed
to a computerized firefighting strategies and tactics decision-making challenge while
participating in moderate intensity exercise (firefighting strategies condition; FSC).
Furthermore, this study examined the possible relationships among catecholamines (NE
and EPI) and cytokines (IL-2 and IL-6) and among IL-2, lymphocytes (CD8+ and
CD56+) following the FSC. It was hypothesized that FSC would elicit greater HR, NE,

EPI, IL-2, and IL-6. Finally, we expected that CD8+ and CD56+ lymphocytes would
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increase in both exercise alone condition (EAC) and FSC, and their peak levels would be

positively correlated to changes in IL-2.

2. Methods

2.1. Participants
Nine professional male firefighters were recruited following approval to recruit

participants from the Fire Chief (Table 1 for Participant Descriptive Characteristics).

Table 1. Participant descriptive characteristics (N = 9)

Variable Mean SD Minimum Maximu
Age (years) 334 5.1 28.3 42.9
Height (cm) 178. 8.0 165.0 196.0
Weight (kg) 88.1 9.5 72.7 107.3
Years as firefighter 11.3 7.5 4.5 23.0
VOomax (MI/kg/min) 36.9 5.6 27.2 47.4

Participants provided informed consent and completed a medical history questionnaire
prior to data collection. All experimental procedures were approved by the University of
Mississippi’s Institutional Review Board.

Participants in this study were (1) free of cardiorespiratory and metabolic

disorders, (2) free of any known blood disorders (e.g. anemia, hemophilia), (3) without
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hearing or vision problems (including color-blindness), (4) free of a history of
psychological disorders and/or chronic illnesses, (5) native English speakers (6) not
having used any prescription or nonprescription medication or tobacco products within
the previous eight hours, (7) non-smokers and consuming an average of less than ten
alcoholic beverages per week, (8) having not experienced any major life events within 30
days of participation (e.g. death in family, divorce, wedding), and (9) not engaged in
actual fire suppression tasks within the previous 72 hours. Additionally, prior to each
testing session, participants were asked to fast overnight for at least eight hours and to
abstain from alcohol consumption for at least 48 hours. Participants were also instructed
to maintain their normal physical activity levels throughout the duration of their
involvement in the data collection procedures.

In addition, all firefighters involved in this study had participated in advanced fire
training, beyond the basic firefighter I/11 instruction required of professional firefighters
in the State of Mississippi. Thus, all participants were qualified to assume the duties of

Incident Commander at a fire scene.

2.2. Instrumentation
During all testing sessions, a ParvoMedics TrueOne 2400 integrated metabolic
measurement system was used to assess metabolic variables, and a Quinton Q-4500 EKG

was used to assess heart rate. The EKG was integrated into the ParvoMedics sys