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Abstract

Background: Lack of exercise and sedentary behavior are primary risk factors for
the development of type 2 diabetes mellitus (T2DM). Furthermore, physical activity
(PA) and exercise are effective therapeutic tools for reducing diabetic complications
and may reduce mortality rates. Despite this evidence, only 65% of adults and 47%
of college students in the United States meet the suggested physical activity
guidelines, indicating that human behavior plays a fundamental role in the increasing
prevalence of T2DM. Human behaviors are formed through a reasoning process.
Therefore, a reasoning-based approach may prove efficacious in improving PA.
Furthermore, the mechanisms behind the beneficial effect of exercise on T2DM
remain elusive. Oxidative stress plays a causal role in diabetic complications. The
transcription factor, NF-E2—related factor 2 (Nrf2) protects against oxidative stress
and exercise increases Nrf2 in healthy humans. Therefore, research regarding the
effect of exercise on Nrf2 in T2DM is warranted. Purpose: The purpose of this
dissertation was to conduct two separate lines of research to explore behavioral and
physiological aspects of exercise and diabetes. Methods of study one: College-
aged individuals participated in an online higher-level reasoning based educational
intervention designed to increase PA. Measures of PA and social-cognitive variables
regarding PA were assessed pre and post intervention. Methods of study two:
normal and diabetic (db/db) mice underwent an acute exercise bout and Nrf2 activity
was examined. We further explored the role of O-GIcNAcylation on Nrf2 signaling

using an O-linked N-acetylglucosamine transferase (OGT) knockdown mouse and



conducted in vitro studies in cardiomyocytes. Results of study one: The reasoning
based intervention significantly increased the level of reasoning and leisure time PA
amongst the experimental group. Results of study two: acute exercise increases
Nrf2 protein content and mRNA expression Nrf2 transcription only in the normal
mice. We also showed that protein O-GIcNAcylation is altered in the db/db mouse
heart. Loss of the OGT enzyme resulted in drastic reduction in Catalase mRNA,
indicating reduced Nrf2 transcription. Conversely, increasing O-GIcNAcylation in
HIC2 cells augmented Nrf2 transcription. Lastly, we showed that Nrf2 is O-
GlcNAcylated and in silico analysis identified Thr®® as a possible O-GIcNAcylation
site near NLS and co-activation motif. Conclusions: The results from study one
suggest that improving reasoning regarding PA improves leisure-time physical
activity (LTPA) and cognitive domains associated with PA amongst college students.
The results from study two suggest that and exercise-induced increase in the Nrf2
response is blunted in the db/db mouse heart, indicating that an acute-exercise
elicits a lower Nrf2 response in diabetes. Furthermore our results demonstrate O-

GIcNAc as a novel mechanism of regulation in the Nrf2 signaling cascade.
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Chapter 1: Introduction

Background of the Problem

Lack of exercise and sedentary behavior are primary risk factors for the
development of type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD)
(Hu, Leitzmann, Stampfer, Colditz, Willet, & Rimm, 2001; LaMonte, Blair, & Church,
2005; Berlin & Colditz, 1990). Concurrently, increased levels of exercise reduce risk
for development of T2DM and CVD (LaMonte, Blair, & Church, 2005; Kohl, Gordon,
Villegas, & Blair, 1992; Berlin & Colditz, 1990). Furthermore, physical activity and
exercise are effective therapeutic tools for reducing complications from these
diseases and may reduce mortality rates (Tanasescu, Leitzmann, & Rimm, 2003;
Hambrecht, et al., 2000; Okada, et al., 2010; Boor, et al., 2009; Broderick, Poirier, &
Gillis, 2005). Despite this evidence, only 65% of adults and 47% of college students
in the United States meet the suggested physical activity guidelines, indicating that
human behavior and lifestyle play a fundamental role in the increasing prevalence of
T2DM. (State indicator report on physical activity, 2010; American College Health
Association-National College Health Assessment Il, 2009). Exercise and physical
activity are a known necessity for optimal health, but that knowledge does not
always generate behavior change. Education has always been argued as the means
to alter behavior, but current educational models are not effective. Thus, there is a
need to understand physical activity behavior, and to develop more effective
methods to improve knowledge of the benefits of exercise and behaviors regarding

exercise and physical activity in young adult populations of the United States.



(Haskell, et al., 2007; American College Health Association-National College Health
Assessment I, 2009).

Physical activity and exercise are effective therapeutic tools for reducing
complications from these diseases and may decrease mortality rates (Tanasescu,
Leitzmann, & Rimm, 2003; Hambrecht, et al., 2000; Okada, et al., 2010; Boor, et al.,
2009; Broderick, Poirier, & Gillis, 2005); however, the physiological mechanisms
behind exercise attenuated mortality and morbidity rates in T2DM are not completely
understood. Currently, the majority of medical interventions utilize pharmacological
agents to treat T2DM and subsequent complications; however, there is increasing
evidence that exercise provides the same benefits without the potential side-effects
of current medication (Sharoff, et al., 2010). Thus, there is a need to add knowledge
to the literature surrounding the physiology of diabetic complications and to provide
sound evidence of how exercise reduces complications and mortality in diabetes.

Evidence suggests diabetes increases the risk of developing CVD by three-fold
(Saydah, Miret, Sung, Varas, Gause, & Brancati, 2001). Currently, 8.3% of the
American population has been clinically diagnosed with diabetes and it is estimated
that over 35% of individuals over the age of 20 years have hyperglycemic conditions
(National diabetes fact sheet, 2011; Cowie, et al., 2009). Cardiovascular disease
and complications from T2DM are among the leading causes of death in the United
States (Hoyert & Xu, 2011). Given that the high prevalence of T2DM and the
increased risk of comorbidities, it is abundantly clear that T2DM presents a major

and escalating health concern for American society.



When taken together, both physiological and behavioral factors are central in
the high prevalence of T2DM and related diseases. Therefore, the purpose of this
dissertation is to conduct two separate studies to explore these two distinct, yet
conceptually related facets of T2DM and to add to the literature on both aspects.

Setting of the Problem for Study 1

Lack of physical activity is a risk factor for the development of obesity, T2DM,
and CVD (Hu, Leitzmann, Stampfer, Colditz, Willet, & Rimm, 2001; Powell,
Thompson, Caspersen, & Kendrick, 1987; Myers, 2003). Furthermore, physical
activity and exercise are effective therapeutic tools for reducing complications from
these diseases (Tanasescu, Leitzmann, & Rimm, 2003; Hambrecht, et al., 2000;
Okada, et al., 2010; Boor, et al., 2009; Broderick, Poirier, & Gillis, 2005). Even with
evidence highlighting the efficacy of physical activity in preventing and treating
chronic disease, only 65% of adults and 47% of college students in the United
States meet the suggested physical activity guidelines (State indicator report on
physical activity, 2010; American College Health Association-National College
Health Assessment I, 2009). The relationship between lack of physical activity and
the staggering rates of CVD and T2DM in the adult population highlights a dire need
to develop programs aimed at increasing physical activity amongst the adult
populations of the United States.

Behaviors, such as physical activity behaviors, are a skill set. They are acquired
over a long time, informed by consciously articulated principles and reasons that are
otherwise ‘second-natured’ into the cognitive unconscious (Damasio, 2010, p. 287).

This indicates that human behaviors are formed through a reasoning process.



Therefore, a reasoning-based approach may prove efficacious in improving
knowledge, attitudes, and behaviors regarding exercise and physical activity.

Currently, there is a paucity literature investigating the use of high-ordered
reasoning interventions to improve physical activity behaviors; however, there is
evidence that reasoning-based interventions can improve knowledge, attitudes, and
behaviors in other fields. Higher-ordered reasoning-based educational interventions
altered behavior in college-aged students regarding ethics (Stoll & Dieter, 2013;
Grant, 2012). While these data do not directly support the hypothesis that a
reasoning-based intervention can significantly improve physical activity, it does
present strong evidence that a reasoning-based curriculum can alter reasoning and
behaviors regarding the area in which the curriculum is focused.

Effective educational interventions aimed at changing behavior require a
theoretical framework to inform and guide the curriculum. Furthermore, the
framework must address aspects of behavior specific to the target behavior, i.e.,
physical activity. Thus, a theoretical framework capable of explaining how individuals
develop and sustain physical activity behavior is critical in the development of a
reasoning-based program aimed at modifying behavior. Research has demonstrated
the efficacy of using social cognitive theory (SCT) based education intervention
programs to improve exercise behaviors in older adult population (Anderson, Winett,
Woijcik, & Williams, 2010; Anderson-Bill, Suppini, & Apap, 2011; Hallam & Petosa,
20004; Doerksen, Umstattd, & McAuley, 2009). Despite the success of these
interventions, there is little research exploring the efficacy of online SCT-based

educational in improving exercise behaviors in college-aged populations.



Furthermore, online interventions provide a vector through which educational
interventions can reach a wider audience and require fewer resources for
implementation. Therefore, the purpose of study 1 is to develop a reasoning-based
online educational intervention based in SCT theory and examines its efficacy in
improving knowledge, attitudes, and behaviors towards exercise in a population of
university students.

Setting of the Problem for Study 2

Diabetes affects 8.3% of the American population and increases the risk for
associated complications including CVD and nephropathy (Cowie, et al., 2009).
Exercise is an effective tool for reducing complications in diabetes and may reduce
overall morbidity and mortality rates (Tanasescu, Leitzmann, & Rimm, 2003;
Hambrecht, et al., 2000). While benefits are well described in the literature, there is a
lack of data describing physiological mechanisms for the therapeutic benefits of
exercise in diabetes.

Oxidative and chemical stress is central to the development of diabetic
complications and causes early cell death (Shen, Zheng, Metreveli, & Epstein, 2006;
Kitada, Kume, Imaizumi, & Koya, 2011). A redox sensitive transcription factor, NF-
E2-related factor 2 (Nrf2) and the Nrf2 antioxidant-response pathway are one of the
major cellular defenses against the cytotoxic effects of oxidative stress (Zhong,
Mishra, & Kowluru, 2013). The reduced activity of Nrf2 observed in humans and
animals with diabetes has been suggested to have a causative effect in diabetic
complications (Tan et al, 2011; Zhong et al., 2013), while evidence indicates that

increasing Nrf2 activity in diabetic animals reduces complications (Zheng, et al.,



2011). Furthermore, human and animal studies have demonstrated increases in Nrf2
activity following exercise (Cartoni, et al., 2005; Baar, et al., 2002); however, a
mechanism has not been fully elucidated.

Diabetes is associated with increased O-linked N-acetylglucosamine (O-
GlcNAc) modification of proteins (Clark et al., 2003). O-GIcNAc is a sugar moiety
that can post-translationally modify serine/threonine residues of proteins (Ande,
Moulik, & Mishra, 2009; Chou, Hart, & Dang, 1995). Post-translational modifications
of proteins, including O-GlcNAcylation can induce protein conformational changes.
Conformational changes of proteins can alter cell signaling and metabolic processes
in the cell.

In addition to O-GIcNAcylation, proteins can also be modified by
phosphorylation. Phosphorylation is the addition of a phosphate molecule to a
protein. Like O-GIcNAcylation, phosphorylation also induces conformational changes
of proteins and alters cell signaling and metabolic processes. Phosphorylation and
O-GIcNAcylation can modify the same amino acid residues (Hart, Slawson,
Ramirez-Correa, & Lagerlof, 2011). Thus, phosphorylation and O-GIcNAcylation can
compete for post-translational modifications; when an amino acid residue is O-
GlcNAcylated it cannot be phosphorylated and vice versa. When a protein is
phosphorylated it displays different functions and results in different cellular
processes than when it is O-GlcNAcylated (Hart, Slawson, Ramirez-Correa, &
Lagerlof, 2011).

Phosphorylation is controlled by kinases and phosphatases. Briefly, phosphate

groups are enzymatically added to proteins by kinases and removed by



phosphatases. O-GIcNAcylation is also enzymatically regulated. The enzyme O-
GlcNAc transferase (OGT) adds O-GIcNAc moiety to proteins while O- GIcNAcase
(OGA) removes O-GIcNAc. There are hundreds of kinases and phosphatases;
however attachment and removal of O-GIcNAc are catalyzed by only two enzymes:
O-GIcNAc transferase (OGT) and O-GIcNAcase, respectively (Haltiwanger, Holt, &
Hart, 1990; Braidman, et al., 1974). This suggests two things: first that the O-GICNAc
modification plays a critical role in cell signaling, and secondly, O-GIcNAc
modification is more responsive to perturbations in the cellular environment and has
a more ubiquitous role in cell signaling than a single phosphorylation action. Thus O-
GlcNAcylation is likely to play an essential role in Nrf2 signaling.

Currently, there is a lack of research exploring the role of O-GIcNAc in the Nrf2
signaling cascade. Despite this substantial gap in the Nrf2 literature, cursory
evidence suggests O-GIcNAc mediates some aspect of Nrf2 signaling. Ngoh and
colleagues demonstrated that mRNA levels of Nrf2-mediated gene product catalase
are increased when protein O-GIcNAcylation is upregulated by inhibiting OGA in the
presence of oxidative stress in neonatal rat cardiomyocytes (Ngoh, Watson,
Facundo, & Jones, 2011). Additionally when they overexpressed OGT using and
adenovirus, reactive oxygen species (ROS) were greatly reduced in the neonatal rat
cardiomyocytes treated with hydrogen peroxide (H202). Conversely overexpression
of OGA increased ROS in neonatal rat cardiomyocytes. Despite this compelling
evidence, Nrf2 was never examined in this paper and the role of O-GIcNAc on Nrf2

signaling has never been directly been explored.



The cursory evidence suggests that O-GIcNAc plays a role in Nrf2 signaling. As
Nrf2 activity is regulated, in part, by posttranslational modifications, it is likely O-
GlcNAc directly modifies Nrf2. The YinOYangl.2 prediction server utilized protein
amino acid sequences to identify possible O-GIcNAc modification sites. Using the
YinOYang1l.2 prediction server to identify possible target amino acids, | identified a
key amino acid residue, Thr®%4, which is likely to be O-GIcNAcylated. Thr5% lies
immediately adjacent to a motif, Pss7KSKKPDsg3, which harbors a nuclear
localization signal and two key acetylation sites, which regulate Nrf2 transcription.
This suggests that O-GIcNAc may indeed play a role in nuclear localization and/or
binding affinity of Nrf2. Therefore, the purpose of study 2 is two examine the role of
exercise on Nrf2 in an animal model of diabetes and to explore the role of O-GIcNAc
on Nrf2 activity.

Statement of the Problem

The purpose of this dissertation is to examine two unique, but related facets of
diabetes: 1) to increase participant knowledge of the interaction of exercise and
health and improve exercise and physical activity behaviors and 2) to use an animal
model to understand how exercise prevents and attenuates T2DM and its
complications at a molecular level.

Specific Aims.

1. To create an online educational intervention to increase participants’
higher-level reasoning and psychological mediators of behavior change

in regards to exercise in college-aged individuals.



2. To utilize an online higher-level reasoning-based educational intervention
to effectively increase participants’ physical activity and exercise
behavior in college-aged individuals.

3. To determine whether exercise increases Nrf2 and activation of the
endogenous antioxidant system in diabetes.

4. To establish a role for O-GIcNAc modification and the OGT enzyme in
the Nrf2 signaling cascade.

Hypotheses
1. Study One

a. An online higher-level reasoning-based intervention utilizing
Social Cognitive Theory will improve higher-level reasoning and
psychological mediators of behavior change regarding physical
activity and exercise in college-aged adults.

b. An online higher-level reasoning program will improve exercise
and physical activity behavior in college-aged adults.

2. Study Two

a. Acute exercise will increase Nrf2 and alter O-GIcNAcylation in the
diabetic mouse heart.
b. O-GIcNAc modification will play a role in Nrf2 signaling.
Variables
1. Pedagogy Study
a. Independent Variables: Higher-level reasoning-based Social

Cognitive Theory intervention/ control, gender
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b. Dependent Variables: Measures of SCT related to physical
activity (self-efficacy, self-regulation, goal setting), levels of
physical activity, and reasoning related to physical activity.

2. Physiology Studies

a. Independent Variables: Exercise/non-exercise, diabetic/non-
diabetic, OGT KD/ WT, Angll and O-GIcNAc/Thiamet G.

b. Dependent Variables: Nrf2 protein levels, OGT protein levels, O-
GlcNAcylation of Nrf2 protein and global proteins, mRNA levels of
GCLM, HMOX1, NQO1, and Catalase

Delimitations

1. Students for the intervention group will be those enrolled in an online
physical activity and health-based course. There will be no
randomization sampling procedure for this intervention.

2. Measuring biochemical aspects of the Nrf2 signaling pathway in
exercised tissue is highly invasive; thus, human subjects will not be used
to collect the physiological data. Instead, diabetic mouse models will be
used.

Limitations

1. Students for the intervention group will not be randomly selected.

Therefore, the sample may not be an accurate representation of the

population.
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2. All physiological data regarding hypotheses 1 and 2 will be derived from

animal models. As a result this imposes some limitations in extrapolation

to humans.

Definitions

Acetylation — a post-translational modification in which an acetyl group is
added onto a molecular compound.

Advanced Glycation End Products (AGESs) — the end result of a chain of
chemical reactions beginning with glycation. AGES are causal in multiple
pathologies and are elevated in diabetes.

Cardiac Hypertrophy — thickening of the heart muscle, specifically of the
ventricular walls.

Cardiovascular disease — disease of the heart or blood vessels.
Glomeruli — a network of capillaries located at the beginning of the
nephron in the kidney involved in filtering blood.

Glutathione (GSH) — a tripeptide of glutamate, cysteine, and glycine.
GSH is an endogenous antioxidant responsible for maintaining proper
redox status in vivo.

Glycation — a non-enzymatic reaction involving covalent bonding of a
sugar with a protein or lipid.

Goal setting — developing plans to accomplish chosen behaviors.
HepG2 Cells — an in vitro cell model that allows for examination of

hepatic (liver) cell function.
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Histone deacetylase (HDAC) — a class of enzymes that remove acetyl
groups from lysine amino acids on histones and other proteins.
Kelch-like ECH-associated protein 1 (Keapl) — cytosolic inhibitor of Nrf2.
Myocardial fibrosis — excess fibrous connective tissue in the myocardium
form in response to cardiac injury or insult.

NIH 3T3 — standard fibroblast cell line that enables in vitro analysis of
fibroblasts.

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) — Nrf2 is a basic leucine
zipper (bZIP) transcription factor featuring a Cap “n” collar (CNC)
structure and is the key transcription factor regulating the antioxidant
response.

O-linked attachment of B-N acetyl-glucosamine (O-GIcNAc) — a post-
translational modification in which O-GIcNAc is added onto a molecular
compound. O-GIcNAcylation has been implicated in the pathogenesis of
diabetic conditions.

Oxidative stress — an imbalance between the production of prooxidants
(reactive oxygen/nitrogen species) and antioxidants.

Phosphorylation — a post-translation modification in which a phosphate
group is added to a molecule, altering its function. Phosphorylation plays
a major role in determining cellular function and processes.

Reactive oxygen/nitrogen species — chemically reactive molecules

containing oxygen or nitrogen. Examples include: superoxide radical
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(¢O2), hydroxyl radical (HOe), hydrogen peroxide (H2032), nitric oxide
(NO), and peroxynitrite (ONOO").

Self-efficacy — the confidence a person has in his or her ability to pursue
a behavior, it is behavior-specific and a function of the present.
Self-regulation — the sense that self-corrective adjustments are taking
place as needed to stay on track toward achieving the purpose, and the
sense that the corrective adjustments originate within the person.

Small interfering RNA (siRNA) — interferes with the expression of specific
genes through complementary nucleotide sequencing. SIRNA is used to
effectively silence gene expression by destroying mRNA and preventing
protein translation.

Social Cognitive Theory (SCT) — Social cognitive theory posits that
human behavior can be explained by behavior, environmental factors,
and personal factors.

Streptozotocin (STZ) — a toxic chemical that induces dysfunction of
pancreatic beta cells. Large doses induce T1DM and STZ used to
produce animal models of TLDM.

Type 1 diabetes mellitus (T1DM) — a form of diabetes mellitus that
results from autoimmune destruction of the insulin producing beta cells in
the islet of Langerhans in the pancreas.

Type 2 diabetes mellitus (T2DM) — a form of diabetes mellitus that arises

from the development of peripheral insulin resistance and a subsequent
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reduction in pancreatic function. Hyperglycemia, hyperlipidemia, insulin
resistance, and/or insulin deficiency characterize T2DM.
Ubiquitylation/ubiquitination — enzymatic post-translation modification
process where an ubiquitin protein is attached to a substrate, effectively
marking it for degradation in the proteasome.

y-glutamyl cysteine ligase-catalytic (GCLC) — The initial enzyme in the
GSH biosynthesis pathway that catalyzes the condensation of cysteine
and glutamate to form gamma-glutamylcysteine.

y-glutamyl cysteine ligase-modulatory (GCLM) — an enzyme involved in

GSH biosynthesis that catalyzes the efficiency of GCLC.
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Chapter 2: Review of the Literature

Epidemiology of Cardiovascular Disease and Diabetes

Cardiovascular disease (CVD) is the leading cause of death in the United
States, accounting for 25% of all deaths in 2008 (Hoyert & Xu, 2011; Heron, 2008).
Evidence suggests diabetes increases the risk of developing CVD three-fold and
25% of individuals with T2DM will develop other vascular complications, such as
nephropathy, within 10 years of diagnosis (Saydah, Miret, Sung, Varas, Gause, &
Brancati, 2001; Alder, Stevens, Manley, Bilous, Cull, & Holman, 2003). It is
estimated the worldwide prevalence of T2DM amongst adults (aged 20-79 years) is
285 million and will reach 439 million by the year 2030 (Shaw, Sicree, & Zimmet,
2010). As of 2009, 8.3% of the American population has been clinically diagnosed
with diabetes and it is estimated over 40% of individuals over the age of 20 years
have hyperglycemic conditions (Cowie, et al., 2009; National diabetes fact sheet:
National estimates and general information on diabetes and prediabetes, 2011).
Furthermore, an estimated $113 billion was spend on diabetes-related health care in
2009 (Huang, Basu, O'Grady, & Capretta, 2009). Epidemiological evidence clearly
indicates that CVD and T2DM present a major health and financial concern.
(National diabetes fact sheet: National estimates and general information on
diabetes and prediabetes, 2011).

Study 1: A Higher-Level Reasoning-based Approach to Improving
Physical Activity Knowledge and Behaviors.

Lack of physical activity is a risk factor for the development of T2DM and CVD

(Powell, Thompson, Caspersen, & Kendrick, 1987; Myers, 2003; Kriska, et al.,
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2003). The reduced levels of physical activity and pervasiveness of sedentary
behavior in our society is significantly contributing to the exponential increase in
obesity and obesity-related diseases such as CVD and T2DM (Hu et al. 2001;
Lamonte et al. 2005). Conversely, physical activity and exercise are effective
therapeutic tools for reducing complications from these diseases (Tanasescu,
Leitzmann, & Rimm, 2003; Hambrecht et al., 2000; Okada et al., 2010; Boor et al.,
2009). Independent of specific physiological mechanisms, exercise clearly improves
the development and progression of diabetes and diabetic complications (Okada et
al., 2010; Boor et al., 2009; Hambrecht et al., 2000).

Despite evidence highlighting the efficacy of exercise in preventing and
treating chronic disease, only 65% of adults and 47% of college students in the
United States meet the suggested physical activity guidelines (State indicator report
on physical activity, 2010; American College Health Association-National College
Health Assessment Il, 2009). The relationship between lack of physical activity and
high prevalence of CVD and T2DM highlights a dire need to develop programs
aimed at increasing physical activity amongst the adult populations of the United
States.

Behaviors are a skill set, acquired over repeated practice sessions and over a
long time, informed by consciously articulated principles and reasons but otherwise
‘second-natured’ into the cognitive unconscious (Damasio, 2010, p. 287). In
essence, behaviors result from physical manifestations of non-conscious and
conscious mental processes that are formed directly from knowledge and practiced

application of that knowledge. Subsequently, through the training of the conscious
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mind, one is able to affect the decisions of the non-conscious mind and behaviors at
multiple levels of cognition. Therefore, | argue that in order to positively change
physical activity behaviors, one must first begin with the conscious mind, through
which one can influence the decision making of nhonconscious mind.

Cognitive educational interventions and physical activity behavior. Damasio
(2010) clearly indicates that cognition and human intelligence drive behavior. The
notion that knowledge and intelligence drives behavior has been the primary focus of
interventions aimed improving exercise and physical activity behavior. While most
research regarding physical activity in college students is descriptive, there is some
literature showing that cognitive education interventions exist. Some colleges and
universities have educational curriculums directed toward increasing knowledge that
physical activity and exercise are beneficial for health, with the ultimate goal of
influencing physical activity/exercise behaviors. These programs focus on skill and
knowledge development, and result in moderate, short-lived improvements in
physical activity. Two large-scale studies have utilized cognitive educational
interventions to improve physical activity and exercise behavior amongst college-
aged student, project GRAD (Graduate Ready for Activity Daily) and the Active
Recreation on Tertiary Education Campuses (ARTEC) program. Project GRAD
examined the effect of a university course on 321 university students (Sallis, et al.,
1999). The course was 21.5 months long and utilized labs and lectures to teach
behavior change and physical activity skills. The intervention had small increases in
leisure time physical activity in women but showed no effect on men and long-term

changes in physical activity habits (Sallis, et al., 1999). ARTEC, which was shorter in



18

length (8 weeks), utilized similar methodology as project GRAD, but also offered
students a free activity class of their choice, fithess assessments, swimming
vouchers for a nearby facility, and on-campus media promotion. Similar to project
GRAD, the ARTEC program did not indicate that the interventions were successful
in establishing habitual physical activity patterns (Leslie, Fotheringham, Veitch, &
Owen, 2000). These findings suggest that current physical activity interventions are
not designed to facilitate long-term, habitual behavior change. Habits play a critical
role in physical activity and exercise adherence, and as such the ultimate goal of
physical activity and exercise interventions ought to be long-term and habitual
behavior change (Kretchmar, 2001; Keating, Guan, Pinero, & Bridges, 2010).

The lack of long-term and habitual changes in physical activity and exercise
behavior suggests such interventions are lacking the necessary components to
stimulate such a change. A recent meta-analysis of college student physical activity
behaviors found that there is a lack of multi-level approaches to college students’
physical activity, and an absence of physical education pedagogy specialists’
involvement in research on students’ PA (Keating, Guan, Pinero, & Bridges, 2010).
Additionally, Riebe et al. (2005) found that individuals who maintained long-term (24
months) regular exercise had higher use of experiential and behavioral processes.
Together, this suggests current educational interventions lack a higher level of
cognition or order of thinking

Levels of cognition and orders of thinking.

Researchers, such as Kohlberg and Piaget, have described a developmental

conception of intelligence, with cognitive processes underlying the intelligence in a
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chronological process (Kohlberg & Lickona, 1976; Kohlberg, 1981; Reimer, Paolitto,
& Hersh, 1983, pg. 19). The cognitive education formats present in the
aforementioned studies (Leslie et al., 2000; Sallis et al., 1999) utilize mechanistic
explanations of how exercise and physical activity are beneficial for health. The
pedagogical formats of these programs tend to focus on what is known as a first
order level of reasoning. In his work, Kohlberg flushed out three levels of reasoning
and cognitive development (Kohlberg & Lickona, 1976; Kohlberg, 1981). The first
level of reasoning involves instrumental purpose and exchange. In this order, one
makes decisions to serve one’s own immediate needs and adopt a concrete
individualistic perspective (Reimer, Paolitto, & Hersh, 1983). For example, at the first
level of reasoning one might decide to engage in exercise to simply fit into a dress,
or because they are told “it is the healthy thing to do”. At this level, decision-making
is fickle and behaviors are inconsistent. There is no greater purpose to one’s
chosen behavior.

The second level of reasoning is based upon the notion of mutual interpersonal
expectations and the foundation of relationships (Reimer, Paolitto, & Hersh, 1983).
In this order, one makes decisions based upon what others expect of them, and
what the perspective of how those decisions influence social relationships. At the
second level of reasoning one might decide to engage in exercise because their
family or significant other believes it is the right thing to do, or that exercising helps
retain their current relationships.

The third level of reasoning is the highest order of reasoning for at this level, the

reasoned functions at a reflective level (Reimer, Paolitto, & Hersh, 1983). At this
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highest order of reasoning an individual differentiates societal views from
interpersonal motives and makes decisions following self-chosen principles. Their
beliefs are rational and adopted a sense of personal commitment to themselves
derived from a reflective process. Decisions in this highest order of reasoning are
based upon personalized principles and behaviors are consistent, even in times of
conflict. At this level of reasoning, one might engage in exercise or physical because
it is their belief that exercise or physical activity is part of their nature and is good for
their own well being.

Higher-level reasoning requires education, reflection, and practice.

As evidenced in Leslie et al. (2000) and Sallis, et al. (1999) current educational
interventions have shown positive, but superficial changes in physical activity and
exercise behavior. Long lasting change requires a change in higher order reasoning,
and thus, is dependent upon reflection (Fishbein & Ajzen, 2010). The process of
reflection begins with education, the development of knowledge. Education initiates
the transformation of conscious reasoning to the nonconscious mind through
reflection. Reflection through conscious deliberation occurs over extended periods,
from days to weeks, not merely seconds or minutes. It is of vital importance that this
reflection is reflection over knowledge, not over trivial matters, but the true
knowledge of the matters at hand. In doing so, one is allowed to deliberate free from
distractions, and to arrive at independently derived conclusions. Reflection is crucial;
it is the keystone in the arch of changing reasoning. The theoretical notion of
Damasio’s ideas are supported in application by Piaget, Kohlberg, Reimer, Paolitto,

Hersh, Stoll, and the entire field of moral reasoning which is predicated on the notion
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that continual reflection and the practice that follows leads to higher order reasoning
and behavior change (Kohlberg & Lickona, 1976; Kohlberg, 1981; Stoll & Dieter,
2013; Reimer, Paolitto, & Hersh, 1983; Inhelder & Piaget, 1999; Piaget, 1997; Beller
& Stoll, 1992).

A well-reasoned mind is sharpened and reinforced through practice. The
ultimate goal of practice and repetition is the indoctrination of skills into the
unconscious mind; a goal that is no different for changing reasoning in regard to
physical activity and health. Damasio is of the belief that,

.. .The exercise of decisions can be honed into a skill with the help of
nonconscious mind processing, the submerged operations of our mind
in matters of general knowledge and reasoning often referred to as the
cognitive unconscious” (Damasio, 2010, p. 288).
Our nonconscious processes are indeed capable of reasoning, which can be
properly trained by past experiences, reflection, practice, and conscious decision
making, to make in the heat of the moment decisions, where otherwise our

reasoning might falter and undesired behaviors ensue.
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Figure 2.1. The formal process of higher-level reasoning through
education, reflection and practice.
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Behaviors are a skill set, acquired over repeated practice sessions and over a
long time, informed by consciously articulated principles and reasons but otherwise
‘second-natured’ into the cognitive unconscious” (Damasio, 2010, p. 287).
Therefore, an educational intervention program designed to positively change
physical activity behaviors ought to utilize a curriculum that implements the three
foundational steps in establishing reasoning: educational, reflection, and practice.
Thus, the intervention implemented in this dissertation will improve self-efficacy, self-
regulation, and goal setting through a reasoning-based approach in which the
participants will learn foundation knowledge, continually reflect upon that knowledge,
and practice implementing the knowledge and skills they develop along the way.

Application of higher-level reasoning-based education interventions.

Currently, there is no literature investigating the use of higher-level reasoning
interventions to influence physical activity behaviors. However, different approaches
to reasoning have been utilized to help explain physical activity and exercise
behavior through the theory of reasoned action (TRA) and the theory of planned
behavior (TPB). The theory of reasoned action was initially set forth by Ajzen and
Fishben (1997), in which they suggested that human behavior is a function of one’s
intention to engage in a specific behavior. This intention is formed by the individual’s
attitude toward the behavior, the effect of others on that behavior, and the
willingness to comply with the desires of others (Ajzen and Fishben, 1977). This
model was later revised into the TPB (Ajzen, 1985,1991). In the revised TPB, Ajzen
included perceived behavioral control, which explains a person’s perceived self-

efficacy in achieving the desired behavior.
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The theory of reasoned action and the theory of planned behavior consistently
show a positive correlational between intention to be active and physical activity
amongst a wide demographic, including college students (Gordon, 2008; Biddle and
Goudas, 1996; Blue, 1995; Ferguson et al., 1989; Godin and Shephard, 1986).
Gordon (2008) found that TPB accounted for roughly 54% of the variance in
intention to exercise and positively correlated (r=0.27) with self-reported physical
activity in college-students. In a critical review of the literature, Blue (1995) found
that both TRA and TPB have can be utilized to predict exercise behavior, but that
the revised TPB was a more promising framework. In a follow-up meta-analysis,
Hausenblas, Carron, & Mack (1997) also found that TPB more useful than TRA.
Therefore, the following evidence on the efficacy intervention studies on improving
physical activity will focus on TPB.

In addition to explanatory studies, intervention studies utilizing TBP have shown
to be effective in increasing physical activity (Duangpunmat, Kalampakorn, &
Pichayapinyo, 2013; Muzaffar, Chapman-Novakofski, Castelli, & Scherer, 2014).
Duangpunmat and colleagues investigated the effective of a walking exercise
program applying TPB in people at risk of hypertension in Thailand. The participants
were 35-59 years old, with hypertension and were randomly selected into the
intervention group (n = 34) and the comparison group (n = 34). The intervention
including health information, benefits of walking exercise, group discussion
in exercise barriers, modeling and experience exchange, walking exercise practice,
and monitoring of their walking activity. In contrast, the comparison group received

only health information at the beginning of the intervention. The authors found that
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the intervention group made significant improvements in attitude towards
walking exercise, perceived behavior control, subjective norm, whereas there was
no improvement in the control group.

The Healthy Outcomes for Teens project was a randomized control trial that
utilized the TPB in an online intervention program to improve behaviors for obesity
and T2DM amongst adolescents (Muzaffar, Chapman-Novakofski, Castelli, &
Scherer, 2014). 216 participants were recruited and randomized into the treatment
group (n=127) the control group (n=89). The intervention website included
interactive videos, narrated text, and knowledge/skill based games focused on
diabetes, energy expenditure, physical activity guidelines, nutritional
recommendations. The control website only included text and minimal images. In
regards to physical activity, both groups saw an increase the predictability of TBP to
explain intentions to exercise; however, the treatment group showed a greater
increase than the control group. Unfortunately, the authors did not present actual
physical activity data to compare the increase in intentions to actual physical activity.

Another randomized controlled trial evaluated the efficacy of a 4-week TPB
intervention on physical activity in older adults diagnosed with T2DM or CVD (White,
et al., 2012). 183 participants were recruited and randomized into an intervention
group (n=130) or a control group (n=53). The 4-week intervention included sessions
that explored the participants’ attitudes and beliefs about healthy eating and physical
activity, barriers that prevent them from making healthy eating choices and engaging
in regular physical activity, and common triggers to unhealthy behaviors, and how

unhealthy habits develop. The intervention also focused on planning for behavior
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change, practicing the steps of effective planning, generating strategies to deal with
barriers preventing them from meeting their healthy-eating and physical activity
goals. The authors reported that intervention group showed short-term increases in
physical activity as a result of planning. They ultimately concluded that TPB-based
interventions might encourage physical activity among people with diabetes and
cardiovascular disease (White, et al., 2012).

The results from the TPB studies indicate that reasoning is an integral part of
physical activity behavior and that a reasoning-based intervention may prove to be a
useful approach to improve physical activity. The TPB studies implement a distinct
type of reasoning, one in which reasoning is a convergence of different aspects of
human decision-making (i.e. attitude, beliefs, outside influences). Our approach to
reasoning is distinct from the reasoning utilized in TPB, wherein we utilize a
hierarchical approach to reasoning. As described above, we discuss reasoning in
terms of levels of cognition with the end goal of reaching a higher-level of reasoning.
Our approach is to bring participants to a new level of reasoning, not to improve the
integration of different cognitive faculties as in TRA and TPB interventions. This
specific approach, one of increasing the level of reasoning about physical activity
through and education intervention has not been done before. However, there is
evidence that reasoning-based interventions can improve cognitive faculties in the
physically active realm, namely sport. Sharon Stoll, at the Center for ETHICS at
University of Idaho, has utilized reasoning-based interventions to improve behaviors
and moral reasoning in sport. Specifically, in a longitudinal study Stoll and

colleagues showed that a reasoning-based intervention that involved education,
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reflection, and practice increased in reasoning in the field of sport ethics and
gualitative data demonstrated a change in moral-reasoning behavior in college-aged
students (Stoll & Dieter, 2013).

While these data do not directly support the hypothesis that a reasoning-based
intervention can significantly improve physical activity, it does present strong
evidence that a higher-level reasoning-based curriculum can alter reasoning and
behaviors regarding any area in which the curriculum is focused. To further support
the efficacy of cognitive, reasoning-based approaches to changing reasoning and
subsequent behavior, a similar educational intervention in journalism students
resulted in increases in writing, reading, and reasoning of ethical thinking in regards
to journalism (Grant, 2012).

Framework to implement reasoning-based Intervention.

Effective education behavioral interventions require a framework to guide
program development and research in which one must address and carefully explain
methods, methodology, and a theoretical perspective. Thus, a theoretical framework
capable of explaining how individuals develop and sustain behavior is critical in the
development of a reasoning-based program aimed at modifying behavior. There is
substantial research demonstrating the efficacy of using social cognitive theory
(SCT) based education intervention programs to improve exercise behaviors in adult
population (Anderson, Winett, Wojcik, & Williams, 2010; Anderson-Bill, Suppini, &
Apap, 2011; Hallam & Petosa, 20004; Doerksen, Umstattd, & McAuley, 2009).
Despite the marked success of these interventions, there is little research exploring

the efficacy of online SCT based educational in improving exercise behaviors in
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college-aged populations. Therefore, a central aim of this dissertation is to develop a
reasoning-based online educational intervention based in SCT theory and to
examine its efficacy in improving knowledge, attitudes, and behaviors towards
exercise in a population of university students.

Social Cognitive Theory and relevant constructs.

Social cognitive theory (SCT) posits that human behavior can be explained as a
triadic reciprocal causation (Sharma & Romas, 2008). The angles of the tripod
consist of behavior, environmental factors, and personal factors (i.e. cognitions,
affect, and biological events). Ultimately, it is the interaction amongst these three
aspects of SCT that results in behavior change. Furthermore, SCT rejects a dualism
between personal agency and a social structure disembodied from human activity
(Bandura, 2012). The unique ability of SCT to approach humans as sole individuals
and members of society allows it to be applied in facilitating change in human
behavior. It is this ability of SCT that spurred intervention programs built upon an
SCT framework to improve leisure-time physical activity.

Presently, there are nine constructs within SCT, with each construct
contributing to behavior change. While each construct contributes to behavior
change, the amount each construct contributes to behavior change is contextual,
being highly dependent on the chosen type of behavior. The literature regarding
SCT based intervention programs suggests the three constructs which play the
greatest role in changing behavior regarding exercise or leisure-time physical activity

are self-efficacy, goal setting, and self-regulation.
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Self-efficacy.

Self-efficacy is defined as the confidence a person has in his or her ability to
pursue a behavior; it is behavior-specific and a function of the present (Sharma &
Romas, 2008). Additionally, self-efficacy is a judgment of personal capability and is
independent of, and orthogonal to self-esteem (Bandura, 2012). According to
Bandura, unless an individual believes they are able to produce the desired changes
through their own effort, there will be little motivation or incentive to put forth that
effort.

The critical nature of self-efficacy in regards to facilitating behavior change has
made it the focus of a number of intervention studies, including those aimed at
increasing physical activity. Copious strategies aimed at improving self-efficacy have
been established; however, four strategies are prominent in the literature: 1) Break
down complex behaviors in practical and manageable steps, 2) use a demonstration
from credible role model, 3) utilize persuasion and reassurance, and 4) attenuate
stress (Sharma & Romas, 2008).

Self-efficacy is highly salient in regards to increasing physical activity as
perceived inefficacy increases vulnerability to relapse into previous behaviors, which
in this case would be sedentary behaviors (Bandura, 1982). Additionally, increased
levels of self-efficacy increase intrinsic motivation (Bandura, 1982). It is important to
note that increased intrinsic motivation as a result of improved self-efficacy occurs
both dependent, and independent, of goal setting and goal attainment. This
suggests that self-efficacy is a powerful construct of SCT in its own right, and as a

factor influencing the goal-setting construct.
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Goal setting.

Goal setting refers to developing plans to accomplish chosen behaviors
(Sharma & Romas, 2008). Goal setting is critical in enhancing self-efficacy through
promoting competence (Smith, Ntoumanis, & Duda, 2007), and is required for self-
regulation to be effective. Therefore, proper goal setting is a critical component in
successful behavior change within SCT. Effective goal setting requires individuals to
set realistic and achievable, yet challenging goals (Frederick-Recascino & Schuster-
Smith, 2003; Smith, Ntoumanis, & Duda, 2007; Standage & Ryan, 2012). This would
be best achieved through providing support and structure to these goals such that
the individual has clear expectations, comprehends how behavior influences
outcome, and also receives feedback (Standage & Ryan, 2012). Additionally, the
type of goals set can influence one’s perception of competence; setting intrinsic,
performance oriented goals are more likely to promote competence than extrinsic,
outcome oriented goals (Anderman & Midgley, 1997).

Self-regulation.

Self-regulation is the sense that self-corrective adjustments are taking place as
needed to stay on track toward achieving the purpose, and the sense that the
corrective adjustments originate within the person (Carver & Scheier, 2011). Thus,
the self-regulation construct is based on the assumption that behavior is goal
directed and controlled through feedback. Additionally, this construct is based upon
setting internal standards and engaging in self-evaluation of one’s behavior (Sharma
& Romas, 2008). Therefore, self-regulation is also an integral component to our

second construct, goal-setting.
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Self-regulation, while capable of being influence by external sources, is an
internal construct. One must regulate both action and affect for effective behavior
change. Regulation of action requires direct modification of physical behavior.
Simply, to regulate action one must either reduce an unwanted behavior or increase
a wanted behavior. In contrast, affect pertains to what an individual is feeling, their
desires, and whether those desires are being met (Carver & Scheier, 2011). While a
full explanation of feedback mechanisms influencing both action and affect is beyond
the scope of this review, it is important to note that what occurs in the affect loop has
direct influence on the action loop. There is substantial research exploring self-
regulation of action in regards to physical activity, which will be discussed in the
following sections. Presently, there is a lack of research exploring self-regulation of
affect in regards to increasing exercise behaviors or leisure-time physical activity.

Social Cognitive Theory and exercise interventions.

Anderson-Bill, Suppini, and Apap (2011) examined the social cognitive
determinates of nutrition and physical activity among web-health users enrolled in an
online social cognitive theory based nutrition, physical activity and weight-gain
prevention program. The authors utilized online surveys to measure nutritional and
physical activity related variables of social cognitive theory including social support,
self-efficacy, outcome expectations, and self-regulation. In regard to physical
activity-related social cognitive characteristics, the authors found that inactive
individuals generally did not perceive their friends and family members as taking
steps to being physically active themselves. However, they did find the participants

had moderate levels of confidence in their ability to increase physical activity in the
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face of social, emotional, and logistical barriers, indicating moderate levels of self-
efficacy. These scores varied depending on domain (e.g. social, emotion, physical),
with self-efficacy scores being higher in regards to ability to exercise and lower in the
social domain. Moreover, participants tended to believe physical activity was
beneficial for their health. Additionally, using structural equation modeling (SEM),
Anderson et al. (2011) found that social support and self-efficacy significantly
influenced the levels of leisure-time physical activity (P<0.01). Taken together, these
results indicate that social support and self-efficacy are critical in dictating leisure-
time physical activity behavior.

Hallam & Petosa (2004) examined the efficacy of work-site exercise
interventions on increasing selected SCT variables linked to adult exercise
adherence over the span of six weeks, six months, and one year. The authors
suggest the following three variables of SCT are highly associated with exercise
behavior: self-efficacy, outcome-expectancy, and self-regulation. Briefly, the authors
found a significant group-by-time increase in self-regulation in the treatment group
and a significant decrease in the control group. The same trend followed with
outcome-expectancy value with a significant group-by-time increase in the treatment
group and a significant decrease in the control group. Again, the analysis revealed a
significant group-by-time increase in self-efficacy in the treatment group and a
significant decrease in the control group. Together, the above data suggest exercise
intervention programs are efficacious in improving self-regulation, outcome-

expectancy value, and self-efficacy.
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Anderson et al. (2010) examined whether social cognitive (SCT) variables
mediated treatment effects on physical activity and nutrition in the Guide-to-Health
trial (GTH). Briefly, the GTH trial used an online intervention aimed at improving
nutritional behaviors and increasing physical activity. The GTH was based on SCT
theory and included 12 weekly modules. Using SEM, Anderson et al. (2010) found
robust application of SCT domains in regards to mediation of the treatment effects
on physical activity. Briefly, the intervention lead to increased physical activity, which
was due to activity-related self-efficacy and self-regulation. GTH participants
increased self-efficacy through frequent goal setting and planning and monitoring
activity. Increased perceptions of social support mediated the effect of increased
self-efficacy and self-regulation through enhancing the perceived social support of
one’s ability to self-regulate behaviors and succeed in those behaviors. This
suggests social support plays a role in increasing physical activity by bolstering self-
efficacy and self-regulation. Together, these data offer evidence that SCT-based
online intervention programs increase physical activity through improving social
support, self-efficacy, and self-regulation.

Doerksen, Umstattd, and McAuley (2009) examined the relationship amongst
social cognitive factors and physical activity in first-year college students from a
Midwestern university. Specifically, the authors measured exercise self-efficacy,
outcome expectations, and physical activity goals and compared them with their
levels of physical activity levels measured by an accelerometer. Doerksen et al.
(2009) utilized bivariate analysis to examine associations among physical activity

goals, self-efficacy, outcome expectations, and measures of physical activity. Briefly,
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physical activity goals were the only measure positively associated with time spent
engaging in moderate physical activity. High physical activity goals, internal feelings,
and strong self-efficacy were positively associated with time spent engaging in
vigorous physical activity. Additionally, both physical activity goals and self-efficacy
were associated with overcoming interpersonal and stressful barriers to exercise and
were significant predictors of vigorous physical activity. In agreement with previous
studies such as Anderson et al. (2010), the overall regression equation using SCT
variables accounted for 16% of the variance in moderate physical activity.
Consistent with previous and subsequent research, these data suggest that
constructs of SCT can partially explain physical activity behaviors in college
students. Furthermore, in agreement with previous research, goal setting appears to
play a significant role in determining amounts of physical activity, suggesting goal
setting ought to be a critical component in curriculum/program development. The
findings of Doerksen et al. (2009) indicate that SCT improving specific variables can
positively change exercise behavior.

There have been online educational interventions aimed at improving physical
activity levels amongst college students that have not employed SCT (Greene, et al.,
2012). Greene et al. (2012) implemented a 10-lesson curriculum focusing on
healthful eating and physical activity. Interestingly, Greene et al. (2012) found similar
results as project GRAD (Sallis et al., 1999); the intervention did not improve levels
of physical activity in college students. Additionally, Cardinal and Spaziani (2007)
examined the effect of a 10-week, online educational intervention designed using

technigues from the transtheoretical model (TTM) on exercise behavior amongst 109
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college students. The authors found that the web-based participants experienced a
52% in physical activity. Web-Based participants experienced a 53% increase in
their exercise behavior compared to control participants. Furthermore, the
participants also saw increases in self-efficacy, and in the behavioral processes of
change.

Comparing the results of these interventions with SCT based interventions
suggests the utilization and incorporation of the self-efficacy, self-regulation, and
goal setting components of SCT may be an integral part in the success of the
observed behavior change in the studies by Anderson et al. (2010) and Doerksen et
al. (2009). Therefore, we believe integrating reasoning constructs and SCT
constructs will provide a novel and effective approach for an online educational
intervention aimed at improving physical activity amongst college students.

Integrating reasoning constructs and SCT constructs.

A successful reasoning-based educational intervention based in SCT requires a
conceptual model through which the reasoning constructs (i.e. education, reflection,
and practice) are integrated with the selected SCT constructs (i.e. self-efficacy, self-
regulation, and goal setting). A graphic representation of the integration of reasoning
constructs and SCT constructs demonstrations how a reasoning-based intervention
results in desired behavior change (2.1).

In this model we begin the intervention with education. This effectively
establishes foundational knowledge that facilitates improvement in both self-efficacy
and provides a basis for reflection. Reflection upon the foundational knowledge and

skills developed through education the individual is able to engage in accurate self-
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regulation of their behaviors and practice the desired behaviors. Reflection is
essential in enhancing conscious decision making processes and is critical in
translating into nonconscious decisions and the establishment of natural behaviors,
actions, and responses (Damasio, 2010). The theoretical notion of Damasio’s ideas
are supported in application by Piaget, Kohlberg, Reimer, Paolitto, Hersh, Stoll, and
the entire field of moral reasoning which is predicated on the notion that continual
reflection and the practice that follows leads to higher order reasoning and behavior
change (Kohlberg, 1981; Stoll & Dieter, 2013; Reimer, Paolitto, & Hersh, 1983;
Inhelder & Piaget, 1999; Piaget, 1997).

Subsequently, goal setting in-turn provides continued opportunity for honest,
measurable self-reflection and further promotes practice. Thus, through application
of the reasoning process in an educational intervention one can improve self-
efficacy, self-regulation, and goal setting, ultimately resulting in the desired behavior

change.

|

Desired Behavior
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Figure 2.2. Integration of the reasoning process into SCT variables of physical
activity behavior change.

Decreased levels of physical activity increase the risk of obesity, type 2
diabetes, heart disease, and many other chronic, lifestyle induced diseases (Powell,
Thompson, Caspersen, & Kendrick, 1987; Myers, 2003; Kriska, et al., 2003).
Implementing successful behavior change through a higher order reasoning-based
intervention requires addressing the different aspects that influence that behavior.
SCT utilizes behavioral, environmental, and personal factors in attempts to facilitate
behavior change. While SCT based exercise interventions have been successfully
utilized to influence positive human behavior and increase physical activity, there is
little evidence regarding the efficacy of online reasoning-based SCT education
interventions in improving exercise behaviors in college-aged individuals. Therefore,
we propose that combining higher-order reasoning with SCT in an educational
intervention will result in greater cognitive growth and physical activity and exercise
behavior change.

Study 2: Physiological Mechanisms of Exercise and Diabetes

Chemical stress, including oxidative stress in skeletal muscle, has been
implicated in the development of T2DM as well as the progression of diabetic
complications, and causes premature cell death (Ogihara, et al., 2004; Matuzawa-
Nagata, et al., 2008; Kowluru, Kowluru, Xiong, & Ho, 2006; DeRubertis, Craven, &
Melhem, 2007). The redox sensitive transcription factor, NF-E2—related factor 2
(Nrf2) and the Nrf2 antioxidant response element pathway are one of the major
cellular defenses against the cytotoxic effects of oxidative stress (Zhong, Mishra, &

Kowluru, 2013). Reduced activity of Nrf2 observed in T2DM has been suggested to
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have a causative effect in diabetic complications (Tan et al, 2011; Zhong et al.,
2013), while evidence indicates that increasing Nrf2 activity in diabetic animals
reduces complications (Zheng, et al., 2011).

In health individuals, Nrf2 is increased in response to the production of reactive
oxygen species in acute hyperglycemia; however in T2DM we see decreased
activity, suggesting the chronic hyperglycemia present in diabetes results in down
regulation of Nrf2 (He, Kan, Cai, & Ma, 2009). It has been shown that diminished
Nrf2 activity present in patients with T2DM contributes to increased oxidative stress,
endothelial dysfunction, insulin resistance, and increased cardiac insult (Tan, et al.,
2011; Cheng, Slow, & Mann, 2011). Overexpression of Nrf2 and pharmacologically
enhanced activation of Nrf2 reduces oxidative stress and diabetic complications,
including cardiovascular complications and diabetic nephropathy (Cheng, Cheng,
Chiou, & Chang, 2012; Hsu, Lee, Li, Hsu, & Pan, 2013). Together, evidence
highlights the importance of the Nrf2 pathway in T2DM and its subsequent
complications.

Properties of Nrf2.

Nrf2 protects cells and tissues from a variety of endogenous and exogenous
toxicants (Jaramillo & Zhang, 2013). The Nrf2 pathway is the major regulator of
cytoprotective responses (Chen et al., 2006), is expressed in all tissues of the
human body, and is essential in maintaining cellular homeostasis (Moi, Chan,
Asunis, Cao, & Kan, 1994). Research regarding the role of Nrf2 in disease is

burgeoning and evidence has indicated Nrf2 plays a central role in the development
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of a variety of diseases including, T2DM, CVD, and cancer (Uruno, et al., 2013;
Satoh, Moriguchi, Takai, Ebina, & Yamamoyo, 2013).

Nrf2 is a cap ‘n’ collar (CNC) basic-region leucine zipper transcription factor that
provides cells the ability to adapt to oxidative stress and electrophiles by mediating
the induction of the cytoprotective genes (Hayes & Ashford, 2012). These genes
include the enzymes involved in glutathione (GSH) biosynthesis [i.e. y-glutamyl
cysteine ligase-catalytic (GCLC) and y-glutamyl cysteine ligase-modulatory (GCLM),
and phase Il detoxifying enzymes such as heme oxygenase-1 (HMOX1), glutathione
peroxidase (GPx), and superoxide dismutase (SOD)] (Osburn & Kensler, 2008).
Induction of these genes requires interaction of the Nrf2 transcription factor with the
antioxidant response element (ARE) (Nguyen, Sherratt, & Pickett, 2003) (Figure

2.3).
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Figure 2.3. Nuclear translocation of Nrf2 and antioxidant gene expression.

Nrf2 and vascular complications.
Diabetes increases vascular complications, such as nephropathy, neuropathy,

and retinopathy. Diabetic retinopathy leads to approximately 10,000 new cases of
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blindness each year, and diabetic nephropathy is the leading cause of renal failure in
the United States (Fong, Aiello, Ferris, & Klein, 2004; Association, 2004). There is
increasing evidence that Nrf2 is critical in the development of these vascular
complications in diabetes (Jiang, Huang, Lin, Zhang, Fang, & Zhang, 2010; Zheng,
et al., 2011).

Nrf2 coordinates the endogenous antioxidant system (Uruno, et al., 2013).
Given that oxidative stress is causal in diabetic nephropathy, and Nrf2 activity is
decreased in T2DM it is likely that Nrf2 plays a central role in diabetic nephropathy.
In support of this, examination of glomeruli of patients with diabetic nephropathy
revealed that diabetic patients are under severe oxidative stress and the Nrf2-
mediated antioxidant response is significantly different than non-diabetic controls.
Jiang et al. (2010) also demonstrated that Nrf2 deficient (Nrf2”-) diabetic mice
experience greater levels of oxidative stress and suffer greater levels of renal
damage than diabetic mice with normal Nrf2 function.

In addition to reactive oxygen species, another cellular toxicant, methylglyoxal
(MGO), is elevated in diabetes and is considered a major contributor to the
development of insulin resistance and diabetic complications (Silva, Gomes,
Ferreira, Freire, & Cordeiro, 2013; Rabbani, et al., 2011; Kilhovd, et al., 2003;
Riboulet-Chavey, Pierron, Durand, Murdaca, Giudicelli, & Van Obberghen, 2006).
MGO is involved in the pathogenesis of diabetic complications through a process
known as glycation. Briefly, MGO reacts with intracellular and extracellular proteins
and nucleic acids to form advanced glycation end-products which damage vascular

tissue in a similar manner to oxidative stress (Berlanga, et al., 2005). There is
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evidence that Nrf2 is involved in MGO-dependent vascular complications in diabetes
through its role in MGO detoxification.

MGO detoxification is the process by which cells convert cytotoxic MGO to
pyruvate, which can then be metabolized for energy. This process occurs via the
GSH-dependent glyoxalase pathway (2.4) (Thornalley, 1998). Nrf2 activation results
in transcription of GSH biosynthesis enzymes; thus, increased Nrf2 activation may
reduce MGO accumulation by increasing availability of the rate limiting substrate,
GSH. In support of this, pharmacological upregulation of Nrf2 by resveratrol in
human liver cells reduced MGO accumulation and attenuated MGO-induced insulin
resistance (Cheng, Cheng, Chiou, & Chang, 2012). Cheng et al. (2012) also
demonstrated depletion of Nrf2, using silencing RNA (siRNA), resulted in reduced
MGO detoxification (Cheng et al., 2012). Furthermore, MGO, MGO-derived
advanced glycation end products, and tissue damage from intraperitoneal injections
of MGO into mice pancreas was attenuated when the Nrf2 pathway was
concomitantly activated pharmacologically (Hsu, Lee, Li, Hsu, & Pan, 2013).
Individuals with uncontrolled T2DM have diminished GSH status; thus impaired GSH
biosynthesis and status may play a major role in MGO-related diabetic complications
(Sekhar, et al., 2011). When taken together, these data suggest increasing Nrf2
activity results in the attenuation of MGO accumulation, MGO-derived AGE
formation, and tissue damage, ultimately reducing vascular complications associated

with T2DM.
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Figure 2.4. The glyoxalase pathway and methylglyoxal detoxification.
Nrf2 and pathological cardiac hypertrophy.

Hypertension is a hallmark consequence of diabetes and leads to pathological
hypertrophy of the myocardium and cardiac dysfunction (Grossman, Shemesh,
Shamiss, Thaler, Carroll, & Rosenthal, 1992). Furthermore, there is increased
pathological hypertrophy in the diabetic heart independent of pressure overload;
suggesting additional mechanisms are responsible for the increased hypertrophy
(Grossman, Shemesh, Shamiss, Thaler, Carroll, & Rosenthal, 1992). Recent
evidence suggests in the presence of oxidative stress, Nrf2 is involved in modulating
hypertrophic signaling in the heart and may play a central role in regulating diabetic
cardiomyopathy (Li, et al., 2009; Bai, et al., 2013).

Li et al. (2009) subjected wild type (Nrf2**) and Nrf2 deficient (Nrf2”-) mice to
two weeks of hypertension by transverse aortic constriction. Hypertension caused
Nrf2 expression to transiently increase and then declined to basal levels (Li et al.,
2009). Both wild type and Nrf2 deficient mice showed signs of pathological cardiac
remodeling; however, Nrf2”- mice experienced significantly greatly cardiac
hypertrophy, myocardial fibrosis, overt heart failure and increased mortality than

Nrf2** mice when exposed to hypertension (Li, et al., 2009). Furthermore, Li et al.
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(2009) demonstrated that over expression of Nrf2 in rat neonatal cardiac myocytes
and fibroblasts significantly inhibited hypertrophic factor—-induced reactive oxygen
species production and growth in both cardiomyocytes and cardiac fibroblasts,
whereas knockdown of Nrf2 exerted opposite effects in both cells.

Increasing Nrf2 expression and transcription of Nrf2 regulated genes has been
shown to prevent diabetic cardiomyopathy in mice (Bai, et al., 2013). Bai et al.
(2013) treated diabetic mice with sulforaphane, a pharmacological Nrf2 activator,
and measured blood and cardiac function. The authors found that mice treated with
sulforaphane significantly increased Nrf2 activity and protein expression of Nrf2-
regulated antioxidants. The increased Nrf2 activity prevented diabetes-induced
cardiac hypertrophy and fibrosis, and almost eliminated diabetes-induced oxidative
damage in the myocardium. Additionally, in rat heart cells, silencing Nrf2 with siRNA
abolished the prevention of high glucose-induced fibrotic response by sulforaphane.

When considered together, the findings of Li et al. (2009) and Bai et al. (2013),
suggest Nrf2 is a key mediator in pathological cardiac hypertrophy and heart failure
in response to hypertension and oxidative stress. This novel interaction between
diabetes-related cardiomyopathy and Nrf2 could provide insight into individual
susceptibility to diabetic complications in the cardiovascular system and therefore
should be investigated carefully (Howden, 2013). Furthermore, the exact
mechanisms through which Nrf2-regulated signaling exert its cardio-protective
effects are not well understood. Further exploration of Nrf-2 regulated signaling may
provide a better understanding of the mechanisms regulating pathological cardiac

hypertrophy and myocardial damage in the diabetic heart.



43

Regulation of Nrf2.
Nrf2 is negatively regulated by Keapl

Concentration and activity of Nrf2 are regulated at several levels, including
degradation, translocation, post-translational modification, and translation. Nrf2 is a
transcription factor, and as such, nuclear translocation from the cytosol is required in
order for it to interact with DNA and encode cytoprotective genes. Nrf2 is located in
the cytosol by a negative regulator Kelch-like ECH-associated protein 1 (Keapl). In
normal, unstressed cells, Nrf2 protein is rapidly turned over in a Keapl-dependent
manner through Cul3-Rbx1 ubiquitination and proteasomal degradation (Sun,
Zhang, Chan, & Zhang, 2007; Eggier, Small, Hannink, & Mesecar, 2009) (Figure
2.5A). When cells are exposed to oxidative stress, electrophiles, or
chemopreventive agents, Nrf2 in the cell escapes Keapl-mediated repression,
translocates to the nucleus, and activates antioxidant responsive element-dependent
gene expression to maintain cellular redox homeostasis (Zhang, 2006) (Figure
2.5B). Given that diabetes results in increased oxidative stress, it is unlikely the
reduced Nrf2 activity in diabetes is due to increased inhibition by Keapl. Therefore,
we suggest that T2DM reduces Nrf2 activity at the level of transcription, in the

nucleus.
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Figure 2.5. Regulation of Nrf2
Acetylation of Nrf2 and Gene Expression.

Regulation of Nrf2 gene transcription is controlled by other post-translational
modifications, specifically acetylation. After Nrf2 disassociates from Keapl under
stressed conditions, it translocates to the nucleus. Once Nrf2 arrives in the nucleus it
is acetylated, which results in increased gene transcription (Bannister & Miska,
2000). Evidence indicates that acetylation of Nrf2 in human colon cells increases
binding of Nrf2 to DNA and increases transcription of Nrf2 induced genes, and that
acetylation of Nrf2 occurs within the nucleus and has no effect on basal Nrf2 protein
stability in human mammary cells (Sun, Chin, & Zhang, 2009). Sun et al. (2009)
demonstrated that acetylation induces promoter-specific DNA binding of Nrf2, with
acetylation directly influencing the Nrf2 regulated enzyme glutamate-cysteine ligase,
the first rate-limiting enzyme of glutathione synthesis. In support of the findings of
Sun et al. (2009), acetylation conditions in human hepatocytes cells resulted in
increased nuclear localization of Nrf2 (Kawai, Garduno, Theodore, Yang, & Arinze,
2011). Kawai et al. (2011) also demonstrated that deacetylation conditions increased

cytoplasmic rather than nuclear localization of Nrf2 (Kawai, Garduno, Theodore,
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Yang, & Arinze, 2011). Together, evidence indicates nuclear acetylation of Nrf2
results in binding to the antioxidant response element and gene transcription, and
that deacetylation disengages it from the antioxidant response element, thereby
resulting in transcriptional termination and subsequently in its nuclear export and
degradation (see Figure 2.6). Therefore, increasing acetylation of Nrf2 increases

expression while deacetylation decreases expression of Nrf2 regulated genes.
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Figure 2.6. Effect of acetylation and deacetylation on Nrf2 transcription.

Acetylation and deacetylation of transcription factors is regulated through
enzymatic reactions. For example, histone deacetylases (HDAC) are a class of
enzymes that deacetylate transcription factors and other proteins involved in DNA
transcription. HDAC 2 is a class | histone deacetylase that is phosphorylated and
has been shown to form a complex with Nrf2. When Nrf2 complexes with

phosphorylated HDAC2, Nrf2 is deacetylated, preventing in vivo binding to the
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antioxidant response element in DNA (Lee, et al., 2012) (see Figure 2.7). Preventing
Nrf2 deacetylation by inhibiting HDAC2 activity with trichostatin A increased Nrf2
binding to antioxidant response elements (Wang, et al., 2012), suggesting HDAC

activity plays an important role in regulating Nrf2 activity.
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Figure 2.7. Role of HDAC2:Nrf2 association on Nrf2 activity.
O-GIcNAc modification and Nrf2

The post-translational O-linked attachment of the beta-N-acetylglucosamine (O-
GIcNAc) sugar moiety modifies serine/threonine residues of thousands of structural
proteins and transcription factors, whereby it can regulate transcriptional activity. O-
GlcNAc cycling is controlled by the O-GIcNAc transferase (OGT) enzyme, which
adds O-GIcNAc serine and threonine residues, and O-GIcNAcase (OGA), which
removes it. O-GIcNAc modification is linked to cellular metabolism. Approximately 2—
4% of glucose entering the cell is shuttled through the hexosamine biosynthetic

pathway (HBP), whose end product is UDP-GIcNACc, the substrate for O-GIcNAc
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modification. As T2DM is a metabolic disease, it is no surprise that aberrant O-
GlcNAcylation is involved in disturbed cell signaling in the myocardium, including the
regulation of transcription factors (Kim, Woo, Joo, & Moon).

To date, no studies have been conducted on the role of O-GIcNAc in the Nrf2
signaling cascade, although substantial cursory evidence suggests O-GIcNAc
mediates some aspect of Nrf2 signaling. For example, increasing O-GIcNAc levels in
the presence of oxidative stress in neonatal rat cardiomyocytes (NRCMSs) increases
the Nrf2-mediated gene product catalase (Ngoh, Watson, Facundo, & Jones, 2011).
Furthermore, adenoviral overexpression of OGT reduced ROS while overexpression
of OGA increased ROS in NRCMs treated with H202. Additionally, they
demonstrated that overexpression OGA in NRCMs reduced mRNA expression of
Catalase and that inhibiting OGA with PUGNAc increased Catalase expression.
Despite this compelling evidence, Nrf2 was never examined in this paper and the
role of O-GIcNAc on Nrf2 signaling has never been directly been explored.

Advances in bioinformatics have allowed for the development of in silico
analysis capable of predicting possible sites of O-GIcNAc modification on proteins.
Using the YinOYangl.2 prediction server, we identified a key amino acid residue,
Thr5%4, which is likely to be O-GIcNAcylated. This residue is a likely candidate to
regulate Nrf2 function as it lies immediately adjacent to a nuclear localization signal,
Pss7KSKKPDsg3, in the NEH3 domain of the Nrf2 protein (Theodore, et al., 2008). In
addition to harboring a NLS, the Pss7KSKKPDsgz motif is involved in transcriptional
regulation of Nrf2 via acetylation (Figure 2.8). As previously mentioned, acetylation

of Nrf2 by CREB-binding protein (CBP) induces transcription and promotes nuclear
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localization and mutation studies have identified Lys®® and Lys®! as acetylation
sites essential for Nrf2 transcription (Kawai, Garduno, Theodore, Yang, & Arinze,
2011). This suggests that O-GIcNAc may indeed play a role in nuclear localization of
Nrf2. Thus, one possibility is that O-GIcNAc plays a role in altering the localization

and/or activity of Nrf2.
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Figure 2.8. O-GIcNAc modification of Nrf2 and role in localization and/or activity.
A) Structure of Nrf2 protein with NLS motif in the Neh domain. B) O-GIcNAc
modification of Ser®%4. C) Potential role of O-GIcNAcylation of Nrf2. O-
GlIcNAcylation of Ser®®* may cause localization of Nrf2 via the nuclear
localization signal or increase Nrf2 DNA-binding by increasing affinity for
acetylation by CBP
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Exercise increases Nrf2 activation and antioxidant gene expression.

Nrf2 activation occurs when it is release from its cytosolic inhibitor, Keapl, and
expression of Nrf2 regulated antioxidant genes occurs when Nrf2 binds to the
antioxidant response element of DNA. Recent evidence from animal model research
indicates that exercise results in increased Nrf2 activation and expression of Nrf2
regulated genes (Baar, et al., 2002; Gounder, et al., 2012; Muthusamy, et al., 2012).
Baar et al. (2002) reported a 56% increase in Nrf-2 expression in skeletal muscle of
mice after an acute bout of swimming. Similarly, two consecutive days of 90
minutes/day of treadmill exercise increased Nrf2 protein expression roughly 25%
and 100% in young and old rat heart muscle respectively (Gounder, et al., 2012).
Muthusamy et al. (2012) found that acute exercise stress activates Nrf2/ARE
signaling and promotes antioxidant mechanisms in mouse heart muscle. Utilizing
Nrf27- Muthusamy et al. (2012) also demonstrated that disruption of Nrf2 increases
the heart to oxidative stress and that the beneficial effects of exercise on cardiac
antioxidant mechanisms are dependent on Nrf2 function.

In addition to the benefits of acute exercise on Nrf2 function, chronic, moderate,
intensity exercise proves to be effective in increasing Nrf2 activation in rats (Ashgar,
George, & Lokhandwala, 2007). Ashgar et al. (2007) demonstrated that exercising
sixty minutes a day, five days a week for six weeks on a treadmill increased nuclear
levels of Nrf2 50% in rat models. Gounder et al. (2012) also found that impaired Nrf2
signaling was associated with GSH depletion and oxidative stress and that moderate
intensity exercise improved Nrf2 signaling, GSH levels and reduced oxidative stress.

There is also evidence that acute and chronic exercise in humans leads to



50

upregulation of the Nrf2 pathway (Cartoni, et al., 2005). Cartoni et al. (19) found
Nrf2 levels increased 5-fold 24 hours post exercise in skeletal muscle cells of trained
male cyclists after an acute bout of cycling exercise.

There is clear evidence that decreased Nrf2 activity is causal in diabetic
complications and that exercise increases Nrf2 activity; however, no studies to date
have examined the effect of exercise on Nrf2 activity in diabetes. Furthermore, there
is no research to elucidate a mechanism by which exercise improves Nrf2 activity
and expression of Nrf2 associated genes in T2DM. Therefore, the primary purpose
of these studies is to examine the effect of exercise on signaling mechanisms of Nrf2
activity in the myocardium in an animal model of diabetes.

Diabetes and exercise differentially alter protein O-GIcNAcylation

A unigue feature of the heart is its ability to differentially adapt to stress.
Exercise and diabetes expose the heart to distinct, opposing stresses and the heart
adapts physiologically in response to exercise while it adapts pathologically in
diabetes. Interestingly, exposing the diabetic heart to exercise causes physiological
cardiac hypertrophy and benefits the diabetic heart. The Marsh lab has previously
shown that exercise and diabetes have opposite effects on the O-GIcNAc
modification of transcription complexes that regulate cardiac remodeling in response
to stress. Briefly, they demonstrated that association of OGT and mSin3A (a co-
repressor in the REST complex) with HDAC1/2 was reduced in the db hearts, and
that exercise returned this to normal levels by increasing O-GIcNAc modification. As
the mSIiNn3A/REST complex is involved in regulated diabetic cardiomyopathy, the

authors concluded that diabetes and exercise oppositely affect interactions between
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pro-hypertrophic transcription factors and suggested that an increasing total O-
GIcNAc is a mechanism by which exercise benefits in T2DM hearts (Cox and Marsh,
2013). As our in silico analysis indicated that O-GIcNAcylation might increase Nrf2
nuclear localization, we hypothesized that acute exercise would increase Nrf2 and
alter O-GIcNAcylation in the diabetic mouse heart and that O-GIcNAc modification
plays a role in Nrf2 signaling.

Summary

Cardiovascular disease (CVD) and complications from T2DM are among the
leading causes of death in the United States (Hoyert & Xu, 2011). Currently, 8.3%
of the American population has been clinically diagnosed with diabetes and it is
estimated that over 40% of individuals over the age of 20 have hyperglycemic
conditions (Cowie, et al., 2009; National diabetes fact sheet, 2011). Evidence
suggests diabetes increases the risk of CVD by three-fold (Saydah, Miret, Sung,
Varas, Gause, & Brancati, 2001). The high prevalence and mortality rates of CVD
and T2DM present a major challenge to our health-care system.

Lack of physical activity is a risk factor for the development of obesity, T2DM,
and CVD (Hu et al., 2001; LaMonte et al., 2005; Berlin & Colditz, 1990).
Furthermore, physical activity and exercise are effective therapeutic tools in reducing
complications from these disease, including attenuating advanced glycation end-
product formation and attenuating pathological cardiac hypertrophy in the diabetic
heart (Tanasescu, Leitzmann, & Rimm, 2003; Hambrecht, et al., 2000; Okada, et al.,
2010; Boor, et al., 2009; Broderick, Poirier, & Gillis, 2005). Currently, only 65% of

adults and 47% of college students in the United States meet the suggested physical
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activity guidelines, highlighting the need to develop programs aimed at increasing
physical activity amongst the adult and young adult populations of the United States
(State indicator report on physical activity, 2010; American College Health
Association-National College Health Assessment Il, 2009). Behaviors such as
physical activity are a skill set. They are acquired over repeated practice sessions
and over a long time, informed by consciously articulated principles and reasons but
otherwise ‘second-natured’ into the cognitive unconscious” (Damasio, 2010, p. 287).
This suggests the formal process of reasoning is required to establish behavioral
patterns. Additionally, human behavior can be explained as a triadic reciprocal
causation: behavior, environmental factors, and personal factors (i.e. cognitions,
affect, and biological events) (Sharma & Romas, 2008). Therefore, the
implementation of a reasoning-based educational intervention designed to improve
the determinants of human behavior may indeed result in improved physical activity
amongst young adult populations.

Exercise has been shown to be effective tool for reducing complications in
T2DM. Despite the well-documented benefits of exercise, there is a lack of data
describing physiological mechanisms for the therapeutic benefits of exercise in
T2DM. Oxidative and chemical stress is central to the development of diabetic
complications and causes early cell death (Shen, Zheng, Metreveli, & Epstein, 2006;
Kitada, Kume, Imaizumi, & Koya, 2011). A redox sensitive transcription factor, NF-
E2-related factor 2 (Nrf2) and the Nrf2 antioxidant response pathway is one of the
major cellular defenses against the cytotoxic effects of oxidative stress (Zhong,

Mishra, & Kowluru, 2013). The Nrf2 pathway is downregulated in T2DM (Tan, et al.,
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Diabetic downregulation of Nrf2 activity via ERK contributes to oxidative stress-
induced insulin resistance in cardiac cells in vitro and in vivo, 2011) and plays a role
in development diabetic complications including nephropathy and pathological
cardiac hypertrophy (Li, et al., 2009). Furthermore, exercise increases Nrf2 content
and activity in normal animals and humans (Baar et al., 2005; Cartoni et al., 2002).
The exact mechanisms regarding reduced basal activity of Nrf2 in diabetes how
exercise affects Nrf2 in diabetes remain elusive. Nrf2 is regulated, in part, by
posttranslational modifications. O-GIcNAc is a sugar moiety that can post-
translationally modify serine/threonine residues of proteins (Ande, Moulik, & Mishra,
2009; Chou, Hart, & Dang, 1995). Prediction analysis indicates that Nrf2 is O-
GlcNAcylated and that this may regulate both localization and activity of Nrf2. As O-
GlcNAc cycling is aberrant in diabetes, we propose that O-GIcNAc modification
regulates Nrf2 activity and may be responsible for reduced basal activity of Nrf2 in

diabetes and may also affect how exercise affects Nrf2 in diabetes.
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Chapter 3: A Reasoning-Based Educational Intervention Utilizing Social
Cognitive Theory Improves Physical Activity Through Enhancing Reasoning,
Goal Setting, and Self-Regulation.

Introduction

Lack of exercise and physical activity, along with sedentary behavior are
primary risk factors for the development of type 2 diabetes mellitus (T2DM) and
cardiovascular disease (CVD) (Hu, Leitzmann, Stampfer, Colditz, Willet, & Rimm,
2001; LaMonte, Blair, & Church, 2005; Berlin & Colditz, 1990). Conversely,
increased levels of exercise reduce risk for development of T2DM and CVD
(LaMonte, Blair, & Church, 2005; Kohl, Gordon, Villegas, & Blair, 1992; Berlin &
Colditz, 1990). Furthermore, physical activity and exercise are effective therapeutic
tools for reducing complications from these diseases and may reduce mortality rates
(Tanasescu, Leitzmann, & Rimm, 2003; Hambrecht, et al., 2000; Okada, et al.,
2010; Boor, et al., 2009; Broderick, Poirier, & Gillis, 2005). Despite this evidence,
only 65% of adults and 47% of college students in the United States meet the
suggested physical activity guidelines, indicating that lifestyle plays a fundamental
role in the increasing prevalence of T2DM. (State indicator report on physical
activity, 2010; American College Health Association-National College Health
Assessment I, 2009).

Exercise and physical activity are a known necessity for optimal health, but
that knowledge does not always generate behavior change. Education has always
been argued as the means to alter behavior, but current educational models appear

not to be effective (Leslie, Fotheringham, Veitch, & Owen, 2000; Sallis J. F., et al.,
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1999). Thus, there is a need to develop more effective methods to improve
behaviors regarding exercise and physical activity in young adult populations of the
United States. (Haskell, et al., 2007; American College Health Association-National
College Health Assessment I, 2009).

Some colleges and universities have educational curriculums directed toward
increasing knowledge that physical activity and exercise are beneficial for health,
with the ultimate goal of influencing physical activity/exercise behaviors. These
programs focus on skill and knowledge development, and result in moderate, short-
lived improvements in physical activity (Leslie et al., 2002; Sallis et al., 1999). Two
large-scale studies have utilized cognitive educational interventions to improve
physical activity and exercise behavior amongst college-aged student, project GRAD
(Graduate Ready for Activity Daily) and the Active Recreation on Tertiary Education
Campuses (ARTEC) program. Project GRAD examined the effect of a university
course on 321 university students (Sallis et al., 1999). The course was 21.5 months
long and utilized labs and lectures to teach behavior change and physical activity
skills. The intervention resulted in small increases in leisure-time physical activity in
women but no effect on men and no long-term changes in physical activity habits
were observed (Sallis et al., 1999). ARTEC, which was shorter in length (8 weeks),
utilized similar methodology as project GRAD, but also offered students a free
activity class of their choice, fithess assessments, swimming vouchers for a nearby
facility, and on-campus media promotion. Similar to project GRAD, the ARTEC
program did not indicate that the interventions were successful in establishing

habitual physical activity patterns (Leslie, Fotheringham, Veitch, & Owen, 2000).
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These findings suggest that current physical activity interventions are not designed
to facilitate long-term, habitual behavior change. Habits play a critical role in physical
activity and exercise adherence, and as such the ultimate goal of physical activity
and exercise interventions ought to be long-term and habitual behavior change
(Kretchmar, 2001; Keating, Guan, Pinero, & Bridges, 2010).

The lack of long-term and habitual changes in physical activity and exercise
behavior with skill and knowledge focused interventions suggests that present
interventions are lacking the necessary components to stimulate such a change. A
recent meta-analysis of college student physical activity behaviors found that there is
a lack of multi-level approaches to college students’ physical activity, and an
absence of physical education pedagogy specialists’ involvement in research on
students’ physical activity (Keating, Guan, Pinero, & Bridges, 2010). Behaviors, such
as physical activity behaviors, are a skill set. They are acquired over a long time,
informed by consciously articulated principles and reasons that are otherwise
‘second-natured’ into the cognitive unconscious (Damasio, 2010, p. 287). This
indicates that human behaviors are formed through a reasoning process. Therefore,
a reasoning-based approach may prove efficacious in improving knowledge,
attitudes, and behaviors regarding exercise and physical activity.

Effective educational interventions aimed at changing behavior require a
theoretical framework to inform and guide the curriculum. Furthermore, the
framework must address aspects of behavior specific to the target behavior, i.e.,
physical activity. Thus, a theoretical framework capable of explaining how individuals

develop and sustain physical activity behavior is critical in the development of a



57

reasoning-based program aimed at modifying behavior. Research has demonstrated
the efficacy of using social cognitive theory (SCT) based education intervention
programs to improve exercise behaviors in older adult population (Anderson, Winett,
Woijcik, & Williams, 2010; Anderson-Bill, Suppini, & Apap, 2011; Hallam & Petosa,
20004; Doerksen, Umstattd, & McAuley, 2009). Recently, Dennis et al (2012)
demonstrated that an SCT based intervention is able modify behavior in college-
aged students. The authors demonstrated that a 14-week SCT based intervention
was effective in preventing increases in body fat in college freshman, indicating that
SCT based interventions can influence health behaviors in college-aged individuals.
Currently, there is no literature investigating the use of higher-level reasoning
interventions to influence physical activity behaviors. However, different approaches
to reasoning have been utilized to help explain physical activity and exercise
behavior through the theory of planned behavior. The theory of planned behavior
(TPB) consistently shows a positive correlational between intention to be active and
physical activity amongst a wide demographic, including college students (Gordon,
2008; Biddle and Goudas, 1996; Blue, 1995; Ferguson et al., 1989; Godin and
Shephard, 1986). Gordon (2008) found that TPB accounted for roughly 54% of the
variance in intention to exercise and positively correlated (r=0.27) with self-reported
physical activity in college-students. Blue (1995) found that TPB can be utilized to
predict exercise behavior, but that the revised TPB was a more promising
framework. In a meta-analysis, Hausenblas, Carron, & Mack (1997) also found that

TPB was useful in prediction of physical activity.
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In addition to prediction studies, intervention studies utilizing TBP have shown
to be effective in increasing physical activity (Duangpunmat, Kalampakorn, &
Pichayapinyo, 2013; Muzaffar, Chapman-Novakofski, Castelli, & Scherer, 2014).
Duangpunmat and colleagues investigated the effective of a walking exercise
program applying TPB in adults with hypertension in Thailand. The authors found
that the intervention group made significant improvements in attitude towards
walking exercise, perceived behavior control, subjective norm, whereas there was
no improvement in the control group. The Healthy Outcomes for Teens project was a
randomized control trial that utilized the TPB in an online intervention program to
improve behaviors for obesity and T2DM amongst adolescents (Muzaffar, Chapman-
Novakofski, Castelli, & Scherer, 2014). Two hundred sixteen participants were
recruited and randomized into the treatment group (n=127) the control group (n=89).
In regards to physical activity, both groups saw an increase in the predictability of
TBP to explain intentions to exercise; however, the treatment group showed a
greater increase than the control group. Unfortunately, the authors did not present
actual physical activity data to compare the increase in intentions to actual physical
activity. Another randomized controlled trial evaluated the efficacy of a 4-week TPB
intervention on intentions for physical activity in older adults diagnosed with T2DM or
CVD (White, et al., 2012). 183 participants were recruited and randomized into an
intervention group (n=130) or a control group (n=53). The authors reported that
intervention group showed short-term increases in physical activity as a result of

planning. They ultimately concluded that TPB-based interventions might encourage
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physical activity among people with diabetes and cardiovascular disease (White, et
al., 2012).

The results from the TPB studies indicate that reasoning is an integral part of
physical activity behavior and that a reasoning-based intervention may prove to be a
useful approach to improve physical activity. The TPB studies implement a distinct
type of reasoning, one in which reasoning is a convergence of different aspects of
human decision-making (i.e. attitude, beliefs, outside influences). Our approach to
reasoning is distinct from the reasoning utilized in TPB, wherein we utilize a
hierarchical approach to reasoning. We discuss reasoning in terms of levels of
cognition with the end goal of reaching a higher-level of reasoning. Our approach is
to bring participants to a new level of reasoning, not to improve the integration of
different cognitive faculties as in TRA and TPB interventions.

Researchers have described a developmental conception of intelligence, with
cognitive processes underlying the intelligence in a chronological process (Reimer,
Paolitto, & Hersh, 1983, pg. 19). The cognitive education formats present in most
studies utilize mechanistic explanations of how exercise and physical activity are
beneficial for health and the pedagogical formats of current educational physical
activity intervention programs for college students tend to focus on what is known as
a first order level of reasoning (Leslie, Fotheringham, Veitch, & Owen, 2000; Sallis,
et al., 1999). The first level of reasoning involves instrumental purpose and
exchange. In this order, one makes decisions to serve one’s own immediate needs
and adopt a concrete individualistic perspective (Reimer, Paolitto, & Hersh, 1983).

For example, at the first level of reasoning one might decide to engage in exercise to
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simply fit into a dress or suit, or because he/she is told “it is the healthy thing to do”.
At this level, decision-making is vacillating and behaviors are inconsistent. There is
no greater purpose to one’s chosen behavior. Philosophically, there are three levels
of reasoning and cognitive development (Kohlberg, 1981). The second level of
reasoning is based upon the notion of mutual interpersonal expectations and the
foundation of relationships (Reimer, Paolitto, & Hersh, 1983). In this order, one
makes decisions based upon what others expect, and the perspective of how these
decisions influence social relationships. At the second level of reasoning, one might
decide to engage in exercise because family or significant others believe it is the
right thing to do, or one may exercise to retain current relationships. The third level
of reasoning is the highest order of reasoning. Third order reasoning is a reflective
level of reasoning (Reimer, Paolitto, & Hersh, 1983). At this highest order, an
individual differentiates societal views from interpersonal motives and makes
decisions following self-chosen principles. Beliefs are rational and adopted from a
sense of personal commitment derived from a reflective process. Decisions in this
highest order of reasoning are based upon personalized principles and behaviors
are consistent, even in times of conflict. At this level of reasoning, one might engage
in exercise or physical because of a belief that exercise or physical activity is part of
their nature and is essential for personal self and well-being. Currently, there are no
interventions that utilize this specific reasoning-based approach to influence physical
activity behaviors and we believe improving reasoning through this approach can

lead to positive changes in physical activity amongst college-aged students.
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Despite some success of TPB and SCIT interventions, there is little research
exploring the efficacy of online ordered reasoning-based educational interventions in
improving exercise behaviors in college-aged populations. Furthermore, online
interventions provide a vector through which educational interventions can reach a
wider audience and require fewer resources for implementation, Therefore, the
purpose of the present study is to examine the efficacy of an ordered reasoning-
based online educational intervention based in SCT theory on improving knowledge,
attitudes, and behaviors towards exercise in a population of university students.

Methods
Study participants.

Participants were be recruited from a northwest university. The participants
were be between the ages of 18 and 22 years and were physically capable of
engaging in physical activity. The experimental group consisted of students enrolled
in an undergraduate health and nutrition class. Sixteen participants enrolled in the
course and 4 students dropped out, leaving a total of 12 participants in the
experimental group. The control group consisted of undergraduate students enrolled
in a sport in society course in which the students engaged in lectures and writing
about sports and physical activity. The control group was informed that they were
involved as a control group in a research study. Thirty-two students enrolled in the
course and 7 students dropped out, leaving a total of 25 participants. The study was
approved by the University of Idaho Institutional Review Board (exempt status

number 13-215).
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Educational intervention.

The educational intervention took place during a 16-week online course and
consisted of 6 distinct modules (experimental group only). Module 1 established
foundational knowledge about the relationship between physical activity and health.
Module 1 required students to complete the HBS, write a reflective response about
the importance of physical activity in health and to reflect upon how this information
might inform their future lifestyle habits.

Module 2 through 3 was aimed at improving self-efficacy in physical activity
and nutritional habits. The content helped students to develop knowledge and skills
to increase physical activity by providing information regarding different exercise
modalities, and structuring exercise programs. Modules 2 through 3 required
participants to submit questions they have regarding how to improve their self-
efficacy in regard to physical activity. These questions were directly answered using
a podcast format in which the students listened to the following week. The
participants were also required to write a reflective paper in which they discuss the
tools and skills they acquired in modules 2 and 3.The reflective paper is based upon
a higher level of reasoning as noted by Reimer, Paolitto, and Hersh (1983). This is
designed to increase information retention and allow the participants to realize the
skills garnered from the modules.

Module 4 was aimed at increasing self-regulation through reading case-
studies highlighting the importance of self-regulation and the articles provided

information on improving self-regulation. Participants were required to write a
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reflective paper discussing what they learned about the importance and application
of self-regulation in regards to physical activity.

Module 5 improved goal-setting skills in the participants. The module included
a lecture on the key points of goal setting and how to apply them to physical activity.
The patrticipants were then required to develop specific physical activity goals (e.g.
how will you choose to be physically active, what form of exercise will you partake in,
how will you structure your physical activity, how will you maintain your health
through exercise?).

Module 6 required the participants to reflect upon the knowledge and skills
they gain from the course and apply them to physical activity in the context of health.
The participants then engaged in an online discussion in which they discussed what
they learned from the intervention, how their self-efficacy, goal-setting, and self-
regulation improved in regards to physical activity.

SCT variables of physical activity.

Participants came in and completed demographic information, physical
activity, and the Health Beliefs Survey (HBS) questionnaires to assess SCT
variables of physical activity, requiring about 35 minutes. The SCT variables we
assessed included self-efficacy, self-regulation, and goal setting. The HBS was
completed during the first week of the intervention and then again upon completion
of the intervention. The survey has been used in previous SCT based exercise
intervention research and has shown to be valid and reliable in young adults aged
18-25 years (Anderson, Winett, Wojcik, & Williams, 2010; Anderson-Bill, Suppini, &

Apap, 2011; Rovniak, Anderson, Winett, & Stephens, 2002).
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Physical activity data.

The official long form English version of the International Physical Activity
Questionnaire (IPAQ) was used. The participants came in, the IPAQ was explained
and completed during the first week of the intervention and then again upon
completion of the intervention. We report total leisure-time physical activity (LTPA)
captured by scoring the IPAQ as per the IPAQ scoring guide. Briefly, total LTPA in
MET-minutes/week was calculated as the sum of (3.3 * walking minutes * walking
days) + (4.0 * moderate-intensity activity minutes * moderate-intensity days) + (8.0 *
vigorous-intensity activity minutes * vigorous-intensity days). To maintain
consistency with the instrument, all data are reported in MET-minutes per week.
Dinger, Behrens, and Han (2006) examined the validity and reliability of the long
form English IPAQ using pedometers and accelerometers. Dinger et al. (2006) found
that the IPAQ was significantly correlated (r=0.30-0.47, p<0.01) with steps/day from
both the accelerometer and pedometer and had an intraclass correlation coefficients
ranging from 0.71-0.89, indicating moderate to high reliability in college students.

Levels of reasoning.

In order to capture the reasoning process the responses from the writing
assignment of the participants were recorded and analyzed for themes to explore
development of the participants’ reasoning. Initial analysis was conducted through
immersion into the data as described in Pope, Zieband, and Mays (2000). The
responses blindly reviewed by one person to reduce interrater variability and were

categorized into one of the three levels of reasoning as established by Kohlberg
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(Kohlberg, 1981). Levels of reasoning were examined at the beginning, middle
(week 8), and end of the 16-week program.

Data analysis.

Independent sample t-tests were used to examine difference between groups at
baseline and paired t-tests were used to examine differences in physical activity and
SCT variables at the beginning and end of the intervention. Bonferroni corrections
were applied for the t-tests to control for experimentwise error. Repeated measures
analysis of variance (ANOVA) was conducted to examine changes of reasoning at
three different stages of the intervention. Statistical analysis was conducted using
SPSS (Version 22.0, IBM Corp, Armonk, NY) and R (version 3.1.0). Significance for
all measures of this study as set at a=0.05.

Results

Effect of intervention reasoning levels.

We assessed the levels of reasoning through the participants writing about
physical activity. As we wanted to maintain a true control group in which they did not
engage in reflective thinking about physical activity, only the intervention group
engaged in the reflective writing. We found that the intervention significantly
increased the level of reasoning amongst the experimental group (p<0.05). We
found incremental increases in the mean reasoning throughout the intervention at
the pre-test, mid-point, and post-test respectively (3.1). This improvement in
reasoning occurred alongside significant increases in the goal-setting and self-

regulation domains of SCT as well as increased levels of LTPA, suggesting that
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improving reasoning regarding physical activity improves LTPA and cognitive

domains associated with physical activity amongst college students.

Effect of Intervention on Reasoning Levels over Time
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Figure 3.1. Effect of intervention on reasoning levels. *Indicates
significant difference (p<0.05). Error bars represent standard deviation.

Physical activity.

We determined the effect of the reasoning-based intervention on leisure time
physical activity (LTPA. There was no difference between group differences in LTPA
at the start of the intervention (p=0.246) (Table 2). There was a non-significant
decrease in LTPA in the control group (A-832.00 MET-minutes/week, p=0.281)
(Table 3 and 3.1). Conversely, the experimental group saw a significant increase in
LTPA (A2928.33 MET-minutes/week, p=0.018) (Table 2). These results suggest
that a reasoning based intervention can effectively increase LTPA amongst college
students.

Social cognitive theory domains.

We determined the efficacy of the reasoning-based intervention on domains
of SCT by comparing the following variables from the Health Beliefs Survey within

and between the control and experiment groups: 1) physical activity goal setting (PA
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goal), 2) physical activity self-regulation (PA self-regulation), and 3) physical activity
self-efficacy (PA self-efficacy). The control group saw no change in PA goal (A -
0.15, p=.553), PA self-regulation (A 0.23, p=.39), or PA self-efficacy (A 17.88,
p=.181) (Table 3). Conversely, the experimental group saw an increase in PA goal
(A 0.58, p=0.03) and PA self-regulation (A 0.45, p=.037) but not in PA self-efficacy (A
6.54, p=.127 (Table 2). We also found that at baseline, the two groups were different
in PA Goal (3.14 control group vs. 4.0 experimental group, p<.05), PA self-regulation
(2.19 control group vs. 3.2 experimental group, p<.05), and PA self-efficacy PA self-
regulation (2.19 control group vs. 3.2 experimental group, p<.05) (Table 3). The
differences between groups at baseline presents a limitation to the results and is
likely due to the characteristics of the samples or self selection. These shall be
discussed at length in the discussion.

Discussion

Reasoning-based intervention improves reasoning about physical activity

Our study demonstrated for that an online reasoning-based intervention can

improve reasoning about physical activity amongst college students and that this
improvement in reasoning coincided with increased psychological domains related to
physical activity behavior and levels of physical activity. At the outset of the
intervention, the average reasoning level of the participants was 1.2, indicating the
participants were operating near the first order level of reasoning. This indicates their
reason for engaging in exercise or physical activity was that of instrumental purpose.
At this level of reasoning one might decide to engage in exercise because one is told

“Iit is the healthy thing to do” and there is no greater purpose to one’s chosen
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behavior. We also observed that lower levels of physical activity were associated
with this lower level of reasoning. At the midpoint of the intervention, the average
reasoning level of the participants was 2.2, indicating they were reasoning near the
second level of reasoning. Reasoning at the second level is based upon the notion
of mutual interpersonal expectations and the foundation of relationships (Reimer,
Paolitto, & Hersh, 1983). In this order, one makes decisions based upon what others
expect, and the perspective affect how decisions influence social relationships. At
the second level of reasoning one might decide to engage in exercise because
family or significant others believe it is the right thing to do, or one may exercise to
retain current relationships. At the end of the intervention the average reasoning
level of the participants was 2.8, indicating they were operating near the third level of
reasoning. At this level, reasoning functions at a reflective level, and an individual
differentiates societal views from interpersonal motives and makes decisions
following self-chosen principles (Reimer et al., 1983). Their beliefs are rational and
adopt a sense of personal commitment to self, derived from a reflective process. At
the third level of reasoning, one might engage in exercise or physical because of a
belief that exercise or physical activity is essential for personal self and well-being.
Decisions in this highest order of reasoning are based upon personalized principles
and behaviors are consistent, even in times of conflict.

In this study, we observed higher levels of physical activity associated with
higher levels of reasoning. Most importantly, the significant improvement of
reasoning regarding physical activity as it relates to health occurred alongside an

increase in physical activity. Additionally, we found that improving reasoning also
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coincided with improvements in psychological domains that predict physical activity.
Therefore, we propose that improving the reasoning of college age students in
regards to physical activity and health may improve physical activity levels.

While there is no existing literature investigating the use of higher-level
reasoning interventions to influence physical activity behaviors, different approaches
to reasoning have been utilized to help explain physical activity and exercise
behavior, namely the theory of planned behavior (TPB). TBP-based intervention
studies have also shown a reasoning based approach is effective in increasing
physical activity (Duangpunmat, Kalampakorn, & Pichayapinyo, 2013; Muzaffar,
Chapman-Novakofski, Castelli, & Scherer, 2014). Duangpunmat and colleagues
investigated the effective of a walking exercise program applying TPB in people at
risk of hypertension in Thailand and found that the intervention group made
significant improvements in attitude towards walking exercise, perceived behavior
control, subjective norm, whereas there was no improvement in the control group.
Additionally, a randomized controlled trial evaluated the efficacy of a 4-week TPB
intervention on physical activity in older adults diagnosed with T2DM or CVD (White,
et al., 2012). The authors reported that the intervention group showed short-term
increases in physical activity and ultimately concluded that TPB-based interventions
might encourage physical activity among people with diabetes and cardiovascular
disease (White, et al., 2012).

The results from the current study, along with the work of Duangpumat et al.
(2014) and White et al. (2012) indicate that reasoning is an integral part of physical

activity behavior and that a reasoning-based intervention may prove to be a useful
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approach to increase physical activity levels. The TPB studies implement a distinct
type of reasoning, one in which reasoning is a convergence of different aspects of
human decision-making (i.e. attitude, beliefs, outside influences). Our approach to
reasoning is distinct from the reasoning utilized in TPB, wherein we utilize a
hierarchical approach to reasoning. Therefore, further investigation on the efficacy of
these different approaches to reasoning and physical activity is warranted.

Reasoning-based intervention improves physical activity and Social
Cognitive Theory domains related to physical activity.

We found that a reasoning-based educational intervention program improved
leisure time physical activity approximately 1960 MET-minutes/week amongst our
participants while the control group saw a non-significant decrease of approximately
832 MET-minutes/week.

Our study demonstrated for the first time that a hierarchical, online reasoning-
based intervention can successfully improve self-regulation (A 0.45, p=0.037) and
goal setting (A 0.58, p=0.03) in college students as it relates to physical activity as
measured by the Health Beliefs Survey. Previous research has shown the positive
correlation between these variables and physical activity in varying populations and
that improving goal-setting and self-regulation leads to improved physical activity
(Anderson et al., 2010; Anderson et al., 2011; Doerksen, Umstattd, & McAuley,
2009; Hallam & Petosa, 2004). Therefore, we believe the increase in physical
activity was a result of increasing the participants reasoning about physical activity
and health while concurrently improving their goal-setting and self-regulation through

a reasoning-based SCT educational intervention.
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Doerksen, Umstattd, and McAuley (2009) measured exercise self-efficacy
and physical activity goals amongst college students and compared those with their
levels of physical activity as measured by an accelerometer. Doerksen et al. (2009)
found that physical activity goals were positively associated with time spent
engaging in moderate physical activity and that high physical activity goals along
with strong self-efficacy were positively associated with time spent engaging in
vigorous physical activity. Additionally, both physical activity goals and self-efficacy
were associated with overcoming interpersonal and stressful barriers to exercise and
were significant predictors of vigorous physical activity. Anderson et al. (2011) and
Anderson et al. (2010) found that self-regulatory behaviors was a strong predictor of
physical activity amongst elderly populations in an online intervention aimed at
improving physical activity. Furthermore, they found improving goal-setting
behaviors and establishing goals added considerable strength to these self-
regulatory behaviors. Hallam and Petosa (2004) also demonstrated that improving
self-regulation and self-efficacy in an adult population improved physical activity
levels.

Our findings are in concordance with Doerksen et al. (2009), Anderson et al.
(2009), and Hallam and Petosa (2004) in that improving these variables coincided
with an increase in physical activity levels. In contrast with Doerksen et al. (2009),
Anderson et al. (2009), and Hallam and Petosa (2004), we did not observe an
increase in self-efficacy in the experimental group (p=.127). We believe this result
can be partly explained by the initially high levels of self-efficacy in the experimental

group and the small sample size of the study. When considered together, these data
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suggest that a reasoning-based educational intervention increases goal setting and
self-regulation in college students and that improving these domains improves
physical activity.

A model of reasoning, SCT, and human behavior

Damasio (2010) articulates that behaviors are a skill set, acquired over
repeated practice sessions and over a long time, informed by consciously articulated
principles and reasons but otherwise ‘second-natured’ into the cognitive
unconscious. In essence, behaviors result from physical manifestations of non-
conscious and conscious mental processes that are formed directly from knowledge
and practiced application of that knowledge through the reasoning process.

In his work, Damasio (2010) describes the components and formal process
of reasoning and the importance of reflection on reasoning. The process of reflection
begins the development of knowledge through education. Education initiates the
transformation of conscious reasoning to the nonconscious mind through reflection.
Conscious decisions begin with reflection, simulation, and testing in the conscious
mind (Damasio, 2010). Reflection through conscious deliberation occurs over
extended periods, from days to weeks, not merely seconds or minutes. Therefore, it
is important that educational interventions be intensive and require reflective thinking
to improve reasoning. Through intensive reflection and the development of higher-
level reasoning, we can establish a form of reasoning within the non-conscious
mind. This reasoning, once it has been properly trained may lead to beneficial

decisions (Damasio, 2010). In essence, our intervention increased the level of
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conscious reasoning, which then improved nonconscious reasoning and behaviors
regarding physical activity.

This process of establishing “second-natured” behaviors through consciously
articulated principles has been shown to occur physiologically in the brain. Higher
order thinking, reasoning, and conscious decision making occur in the prefrontal
cortex. It is within the prefrontal cortex that we find the seat of intellection, of
cognitive functioning, of personality and identity, and of the integration of emotions
and thoughts (Tancredi, 2005). Additionally, the prefrontal cortex is associated with
complex behaviors and the establishment of principles (Frith, Friston, Liddle, &
Frackowiak, 1991). Conversely, the nonconscious mind is located within the limbic
system. It is within the limbic system where our immediate actions and decisions are
made; no reflection or deep thought is required to make our decision, the behavior
has become “who we are” (Mega, Cummings, Salloway, & Malloy, 1997). Engaging
in reflection and reasoning has been shown to transition decision-making regarding
behaviors from the prefrontal cortex to the limbic system (Pally, 2007). Thus, the
process of reflection and reasoning results in neurobiological changes in decision
making. Ultimately, this provides a physiological basis for reflection and reasoning
altering our thought processes and decisions.

The theoretical notions of Damasio’s ideas are supported in application by
the findings of our study, wherein we find that reflection and reasoning about
physical activity increases physical activity behavior. Reasoning and behaviors are
reinforced through practice, with the ultimate goal of practice and repetition as the

indoctrination of skills into the unconscious mind; a goal that is critical for changing
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physical activity behavior. Thus, it is critical that educational interventions aimed at
improving physical activity, utilize a reflective, reasoning-based approach.

A successful reasoning-based educational intervention based in SCT requires a
conceptual model through which the reasoning constructs (i.e. education, reflection,
and practice) are integrated with the selected SCT constructs (i.e. self-efficacy, self-
regulation, and goal-setting). A graphic representation of the integration of reasoning
constructs and SCT constructs demonstrations how a reasoning-based intervention

results in desired behavior change (3.2).

Initial Behavior

v

Desired Behavior

Figure 3.2. Integration of the reasoning process into SCT variables of physical
activity behavior change.

This models begins with education to effectively establish foundational
knowledge that facilitates improvement in both self-efficacy and provides a basis for
reflection. Reflection upon the foundational knowledge and skills developed through
education the individual is able to engage in accurate self-regulation of their
behaviors and practice the desired behaviors. Reflection is essential in enhancing

conscious decision making processes and is critical in translating into nonconscious
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decisions and the establishment of natural behaviors, actions, and responses
(Damasio, 2010). Subsequently, goal-setting in-turn provides continued opportunity
for honest, measurable self-reflection and further promotes practice. Thus, through
application of the reasoning process in an educational intervention one can improve
self-efficacy, self-regulation, and goal-setting, ultimately resulting in the desired
behavior change.

Strengths and limitations.

This was the first study to adopt a reasoning-based educational model to
improve physical activity. The intervention changed the level of reasoning about
physical activity amongst college-aged students. Furthermore, as indicated by the
changes in reasoning, the participants developed a value base about activity.
Lifestyle habits are a system of individual differences in the habitual use of
declarative and procedural knowledge structures that intervene between personal
values and situation-specific product perceptions and behaviors (Brunso, Scholdere,
& Grunert, 2004). Thus, the values developed in this intervention are likely to
establish a foundation of behavior, and as such, establish a value base for physical
activity which should promote a life-time of physical activity.

One limitation present in the study was our small sample size. Despite the
small sample size we were able to find significant changes in reasoning, goal
setting, self-regulation and physical activity amongst the experimental group. This
suggests that the intervention can successfully improve reasoning and physical
activity behaviors amongst college students. There were also differences present

between the groups at baseline, indicating the two samples were not identical and
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self-selection bias may indeed be present. Additionally, due to the nature of the
reasoning-based intervention and the need for a true control group, we did not
collect data on the reasoning levels of the control group. As this study was an initial
inquiry into the efficacy of a reasoning-based intervention on physical activity levels
among college-aged individuals, it is possible that being in a health and nutrition
class stimulated them to increase PA and self-efficacy. Future studies to compare
the efficacy of this method with other methodologies will elucidate this caveat in our
study. Despite these limitation we feel that the data presented in this paper
highlights the potential for a reasoning-based program to improve psychological
domains related to physical activity and levels of leisure time physical activity and
provides rationale for further inquiry.

Conclusion.

Decreased levels of physical activity increase the risk of obesity, type 2
diabetes, heart disease, and many other chronic, lifestyle induced diseases (Powell,
Thompson, Caspersen, & Kendrick, 1987; Myers, 2003; Kriska, et al., 2003).
Implementing successful behavior change through a higher order reasoning-based
intervention requires addressing the different aspects that influence that behavior.
SCT utilizes behavioral, environmental, and personal factors in attempts to facilitate
behavior change. While SCT-based exercise interventions have been successfully
utilized to influence positive human behavior and increase physical activity, there is
little evidence regarding the efficacy of online reasoning-based SCT education
interventions in improving exercise behaviors in college-aged individuals. Therefore,

we propose that combining higher-order reasoning with SCT in an educational
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intervention results in improved reasoning about physical activity as well as exercise

behavior change.
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Table 3.1. Effect of intervention on reasoning levels

Pre (n=11) Mid (n=11) Post (n=11)
Mean SD Mean SD Mean SD

Reasoning Level 1.18 0.42 1.82 0.75 2.73* 0.4
* Indicates significant difference in reasoning level from Pre-intervention

Table 3.2. Effect of Intervention on Leisure Time Physical Activity

CTL Pre (n=23) CTL Post (n=23) EXP Pre (n=11) EXP Post (n=11)

Mean SD Mean SD Mean SD Mean SD

Total MET-min/week LTPA 2876.28 2067.7 2043.83 2186.8 2341.29.5 1197.93 4278.83* 2775.01

* Indicates significant difference from pre-test (p<0.05)

Table 3.3. Between group comparisons for social cognitive theory variables

CTL Pre (n=23) CTL Post (n=23) EXP Pre (n=11) EXP Post (n=11)

Mean SD Mean SD Mean SD Mean SD
PA Goal 3.14 0.88 3.08 1 4.0* 0.73 4.31*f 0.68
PA Self-Regulation 2.19 0.85 2.5 0.99 3.2* 1.2 3.95*t 0.85
PA Self-Efficacy 61.21 18.1 70.04 19.04 85.81* 11.788 92.35* 7.86

* Indicates significant difference from CTL group (P<.05)
T Indicates significant different from Pre-test (P<.05)
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Chapter 4: Exercise induced Nrf2 response is blunted in the Db/Db mouse

and O-GIcNAc regulates Nrf2 activity

“The beautiful thing about setbacks is they introduce us to our strengths”. ~ Robin

Sharma

Research in science is unpredictable, and often we have to overcome
unforeseen obstacles and pursue interesting lines of inquiry. Such was the case in
this dissertation; the research presented in this chapter has deviated slightly from
the original research proposal. The original proposal included a chronic exercise
study to examine the effect of chronic exercise training on Nrf2 in diabetes. Due to
unforeseen and unpredictable circumstances, the research project deviated slightly
from the original proposal. Below is a summary of events that preclude the data from
the chronic exercise study being incorporated into this dissertation.

During the exercise intervention two of the diabetic mice died during training
sessions in uncontrollable accidents, effectively reducing our sample size. During
our drug trial we administered doses of tk228 that were identical to published
literature, however we found that this dose with lethal in 100% of our mice. As both
animals and the drug were extremely expensive, this project had to be sideline until
full analysis of the pharmacokinetics of the drug could be investigated. Lastly, we
completed the chronic exercise training in the control and diabetic mice; however,
due to an outbreak of Parvo virus in the vivarium, we were unable to have sedentary

tissue to compare the tissue with. As the diabetic mice are expensive and the
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outbreak is still no contained, we are unable to finish the tissue analysis of the
chronically exercised mice.

The aforementioned events were unforeseen and unavoidable. Despite these
setbacks, we decided to follow up interesting findings in the acute exercise studies
with several more research experiments to elucidate mechanisms of regulation of
Nrf2 that would be pertinent to our findings. These experiments required a
substantial amount of additional work. The additional experiments were fruitful and
elucidated a novel mechanism of regulation in Nrf2 signaling that may have vast
implications for diabetes and cancer research. In the end, the research remained
focus on the effect of exercise on Nrf2 function in diabetes and the role of O-GIcNAc
modification in response to exercise and its role in Nrf2 signaling.

The Ph.D. degree is a process of learning how to apply knowledge and
making novel contributions to your field with intellectual rigor. The experience of
dealing with adversity and learning to adjust in the face of setbacks greatly enriched
the Ph.D. experience. During this process | have become adept at applying newly
acquired knowledge and have made novel discoveries and contributions to our field.
As a Ph.D. is a process of learning, the original proposal for this study is presented
in Appendix A, so that others may see how and why research changes, and to
inspire future students to use setbacks as inspiration to push forward and pursue

interesting questions.
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Abstract
Background: Oxidative stress is a central feature of diabetes and plays a causal
role in the pathogenesis of diabetic complications. The redox sensitive transcription
factor, NF-E2—related factor 2 (Nrf2) protects against oxidative stress and exercise
increases Nrf2 in healthy humans. Therefore, research regarding the effect of
exercise on Nrf2 in T2DM is warranted. Methods: Normal and diabetic (db/db) mice
were subjected to an acute exercise test and western blotting and gPCR were
utilized to assess how exercise affects the Nrf2 transcription. We further explored
the role of OGT and O-GIcNAcylation on Nrf2 signaling using a tamoxifen-inducible
cardiomyocytes-specific OGT knockdown (OGTKD) mouse and in vitro studies in
cardiomyocytes (H9C2 cell line). Results: Acute exercise increases Nrf2 protein
content in normal mice (p=0.048) and mRNA expression of the Nrf2-mediated gene
products Catalase and NQO1 (p<0.05 for all comparisons), yet no changes were
observed in the diabetic mice. We also showed that protein O-GlcNAcylation (p<0.01

for all comparisons) and levels of the 110kDa isoform of the OGT enzyme is altered
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in the db/db mouse heart (p=0.002). Loss of the OGT enzyme resulted in drastic
reduction in Catalase mRNA (p=0.033). Conversely, increasing O-GIcNAcylation in
HIC2 cells augmented Nrf2 transcription of Catalase, GCLM, and HMOX1 (p<.05 for
all comparisons). Lastly, in silico analysis identified Thr>® as a possible O-
GlcNAcylation site near NLS and co-activation motif. Conclusion: An exercise-
induced increase in the Nrf2 response is blunted in the db/db mouse, which may be
due to aberrant O-GIcNAc modification. Furthermore, O-GIcNAcylation may play a
regulatory role in the localization and/or transcription of the Nrf2 transcription factor.

Introduction

Type 2 diabetes mellitus (T2DM) is reaching pandemic levels, affecting
approximately 350 million people worldwide. In 2012, the estimated cost of
diagnosed diabetes in the United States was $245 billion (Danaei, et al., 2011).
T2DM is characterized by metabolic dysfunction and increases debilitating
complications such as cardiomyopathy, nephropathy, neuropathy, and overall
mortality (Alder, Stevens, Manley, Bilous, Cull, & Holman, 2003; Kilhovd, Berg,
Birkeland, Thorsby, & Hanssen, 1999). The high prevalence and large financial
burden associated with the disease emphasizes the need to develop effective
therapeutic strategies that simultaneously and comprehensively target the many
aberrant aspects of the diabetic milieu. While the positive effects of exercise on
multiple aspects of the diabetic milieu are well described in literature (Short, et al.,
2003; Lumini et al., 2008), the molecular mechanisms are not well understood.
Developing a better understanding of molecular mechanisms behind the beneficial

effect of exercise in diabetes may lead to more effective therapeutic agents.
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Substantial evidence has demonstrated that oxidative stress plays a causal role
in insulin resistance, diabetic cardiomyopathy, neuropathy, and nephropathy (Jing,
et al., 2011; Bonnard, et al., 2008). Patients with T2DM have a diminished capacity
of the endogenous antioxidant system and oxidative stress is a central feature
underlying both the pathogenesis of T2DM as well as associated comorbidities.
Exercise has been shown to improve the endogenous antioxidant system via
upregulation of antioxidant gene expression (Gomez-Cabrera, Domenech, & Vina,
2008). Thus, it possible that exercise exerts its beneficial effects in diabetes via
improving the endogenous antioxidant system.

The redox sensitive transcription factor, NF-E2—related factor 2 (Nrf2) is one of
the major cellular defenses against the cytotoxic effects of oxidative stress (Zhong,
Mishra, & Kowluru, 2013; Bonnard, et al., 2008). In response to acute stress, the
Nrf2 signaling pathway induces the expression of cytoprotective genes such as
SOD, HMOX1, NQO1, GCLC, and GCLM (He, Kan, Cai, & Ma, 2009). Interestingly,
the chronic cytotoxic insult of the diabetic condition results in decreased Nrf2 content
and transcriptional activity in mouse models of type 2 diabetes mellitus (T2DM) and
in cross-sectional human studies (Tan, et al., 2011; Miao, Gonzalo, Lantin, &
Natarajan, 2004; Siewart, Gonzalez, Santillan, Lucero, Ojeda, & Gimenez, 2013).
Furthermore, defective Nrf2 signaling has been shown to contribute to diabetic
complications (Velmurugan, Sundaresan, Gupta, & White, 2013). Transgenic
overexpression of Nrf2 by knockout of its cytosolic inhibitor, Keapl, suppresses the
onset of diabetes in the Db/Db mouse and in high-calorie-diet induced obesity

(Uruno, et al., 2013). Small molecule activators of Nrf2 attenuate the onset of
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diabetes and diabetic nephropathy and cardiomyopathy in animal models (Zheng, et
al., 2011; Uruno, et al., 2013; Palsamy & Subramanian, 2011; Bai, et al., 2013). .
This evidence highlights Nrf2 as a central mediator of diabetic complications.

Recent evidence from both human and animal studies demonstrates that
exercise increases both the content and activity of Nrf2 in skeletal muscle and
myocardium in healthy subjects (Cartoni, et al., 2005; Baar, et al., 2002). Currently,
there is a lack of information regarding the cause for reduced Nrf2 function and the
effect of exercise on Nrf2 in diabetes. Therefore, a major purpose of this paper is to
explore the effect of exercise on Nrf2 and a novel mechanism of Nrf2 regulation, O-
GIlcNAc modification.

The Nrf2 signaling cascade is multi-staged and is regulated by post-
translational modifications. The post-translational O-linked attachment of the beta-N-
acetylglucosamine (O-GIcNAc) sugar moiety modifies serine/threonine residues of
thousands of structural proteins and transcription factors, whereby it can regulate
transcriptional activity. O-GIcNAc cycling is controlled by the O-GIcNAc transferase
(OGT) enzyme, which adds O-GIcNAC serine and threonine residues, and O-
GlcNAcase (OGA), which removes it. O-GIcNAc modification is linked to cellular
metabolism. Approximately 2—4% of glucose entering the cell is shuttled through the
hexosamine biosynthetic pathway (HBP), whose end product is UDP-GIcNAc, the
substrate for O-GIcNAc modification. As T2DM is a metabolic disease, it is no
surprise that aberrant O-GIcNAcylation is involved in disturbed cell signaling in the
myocardium, including the regulation of transcription factors (Kim, Woo, Joo, &

Moon).
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Increasing O-GIcNAc levels in the presence of oxidative stress increases Nrf2-
mediated gene products, suggesting O-GIcNAcylation may play a role in the activity
of Nrf2 (Ngoh, Watson, Facundo, & Jones, 2011). However, the role of O-GIcNAc on
Nrf2 signaling has never been directly been explored. We have previously
demonstrated that exercise alters global O-GIcNAc levels, O-GIcNAcylation of
transcription factors, and the association of OGT with transcription factors and
transcription complexes in animal models of T2DM (Cox & Marsh, 2013). Therefore,
we hypothesized that acute exercise would increase Nrf2 and alter O-GIcNAcylation
in the diabetic mouse heart and that O-GIcNAc modification plays a role in Nrf2
signaling.

Methods

Animals

The procedures in this study followed the guidelines of the Washington State
University Institutional Animal Care and Use Committee and the Guide for the Care
and Use of Laboratory Animals published by the National Institutes of Health (NIH
publication no. 85— 23, revised 1996). 8-week-old type 2 diabetic mice (B6.BKS (D)-
Leprdb /J, db+/db+ (db) and age-matched C57BL/6J non-diabetic lean background
strain controls (C57) were purchased from Jackson Laboratories (Bar Harbor, ME).
To control for activity, mice were singly housed without environmental enrichment in
a climate controlled vivarium on a 12:12 light:dark cycle. Mice consumed water and
standard chow ad libitum.

The tamoxifen-inducible, cardiomyocyte-specific OGT knockdown (OGTKD)

mouse model which was generated by crossing loxP-flanked OGT knockdown mice
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(OGTtm1Gwh/J) with B6;129-Tg(Myh6-creEsrl)1Jmk/J mice carrying a mutant
estrogen receptor ligand binding domain fusion protein-Cre (MerCreMer) under
transcriptional control of the a-myosin heavy chain gene promoter as previously
described (Watson, et al., 2010). Inducible cardiomyocyte specific OGT knockdown
(KD) and WT mice were treated tamoxifen or vehicle (corn oil) treated at 5 weeks to
generate the OGT KD. Mice lacking MerCreMer were used as ‘wild type’ controls
(WT).

Exercise Protocol

For the acute exercise, db/db and C57/B6J mice underwent a VO2 max test.
The VO2 max test was completed as previously described (Rocco, LeValley,
Eldridge, Marsh, & Rodgers, 2014) with one change for the db/db mice. The grade
was reduced to 5% for the db/db mice to ensure the mice reached maximal oxygen
consumption prior to volitional exhaustion. Similar workload mechanical and
metabolic workloads have been shown to elicit a Nrf2 response in mice (Muthusamy,
et al., 2012).The mice were sacrificed 15 minutes after cessation of the test.
Ventricular tissue was harvested from the mice and frozen in liquid nitrogen and in
4% paraformaldehyde for later analysis.

Cell Culture/ln Vitro

HI9C2 neonatal rat myoblasts from ATCC were used for these experiments.
One day prior to treatment, the medium was replaced with normal glucose (5.6mM),
low serum (1% FBS), and 1% L-glutamine. Cells were then treated with
combinations of Angiotensin Il (Angll), Glc-NAc, and ThiametG, a selective inhibitor

of OGA.Treatment concentrations were as follows: Angll (1uM), Glc-NAc (10mM),
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Thiamet G (10nM). Cells were harvested 24 hours after treatment. Samples for RNA
analysis were treated with RNAprotect Cell Reagent (Qiagen,Valencia, CA) and
stored at -80°C. Samples for western blotting and immunoprecipitation were treated
with homogenization buffer (RIPA Buffer 50 mM Tris-HCI, pH 8.0, with 150 mM
sodium chloride, 1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 1% v/v protease inhibitor, 1%v/v phosphatase inhibitor, and
0.1% PUGNACc), homogenized, centrifuged at 13,000 rpm for 10 min; the
supernatant was then removed at stored at -80°C.

Western Blotting

Heart tissue was homogenized in Tissue Protein Extraction Reagent (Sigma-
Aldrich, St. Louis, MO); 20 mM sodium fluoride; 1 mM sodium orthovanadate; 3%
protease inhibitor cocktail (Sigma); 0.02% PUGNACc, an OGA inhibitor (Sigma), was
also added in order to inhibit removal of O-GIcNAc from proteins. Total protein was
guantified using a modified Lowry assay (BioRad, Hercules, CA) and on a NanoDrop
2000™ spectrophotometer (Thermo Fisher Scientific, Rockford,IL) and equal protein
concentrations were separated by 10% SDS-PAGE and transferred onto PVDF
membranes. Membranes were probed overnight at 4°C with primary antibodies (anti-
Nrf2 (D1Z9C), Cell Signaling; anti-OGT (50271), -Nrf2 (181455) and —calsequestrin
(3516), Abcam; anti-OGIcNAc (CTD 110.6), gift from Mary-Ann Accavitti, University
of Alabama Birmingham), then probed with appropriate secondary antibody for 1
hour at room temperature. Chemiluminescent substrates (Thermo Fisher Scientific,
Rockford,IL) were used to detect horseradish peroxidase activity on a ChemiDoc

(BioRad). ImageJ software (National Institutes of Health, Bethesda, MD) was used
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to conduct densitometry for protein levels on duplicate blots. All protein levels were
normalized to the loading control calsequestrin.

RNA Isolation and gPCR

RNA was isolated from whole tissue with a fibrous tissue RNA isolation kit
(Qiagen,Valencia, CA); RNA from cells was isolated using a an RNA isolation kit
(Qiagen,Valencia, CA). All isolated was RNA quantified on a NanoDrop 2000™
spectrophotometer (Thermo Fisher Scientific, Rockford,IL). Complementary DNA
(cDNA) was created from isolated RNA using a cDNA synthesis kit (Thermo Fisher
Scientific) and amplified using a GeneAmp PCR System 9700 (Applied Biosystems,
Grand Island, NY). Quantitative polymerase chain reaction (QPCR) was performed in
triplicate with SYBR green fluorescence chemistry (Qiagen). The negative control
utilized water instead of cDNA for the reaction. Thermal cycling was performed on
an iCycler iQTM Real Time PCR Detection System (Biorad) using the following
cycle: 95°C for 10 min, and 40 cycles of 95°C for 30 sec and Tm for 10 sec. Melt
curve analysis was utilized to confirm primer specificity. The gPCR data were
analyzed utilizing the AACT method with normalization to a housekeeping gene
(GAPDH and RPLPO) as previously described (Livak & Schmittgen, 2001). Primer
were custom designed and details can be found in Table 2.

Immunoprecipitation

Ventricular tissue was homogenized in RIPA, 1% phosphatase inhibitor, 2%
protease inhibitor (Sigma), and 0.02% PUGNAc. Lysates were assayed for total
protein in the same manner as for Western blotting. Equal protein concentrations of

each sample were precleared over protein A/G agarose beads (Thermo Fisher
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Scientific) at 4°C for 4 hours. 5 yl of Nrf2 antibody was added to precleared
supernatants and incubated overnight at 4°C. The samples were then added to
washed beads and incubated for 2 hours at 4°C. After incubation the samples were
spun at 13,000 x G for 2 minutes, and supernatant was removed. The beads were
washed 6 times and then eluted at 100°C for 5 min. The eluents were then loaded
and ran on SDS page as described above. The negative control was ventricular
lysate that was immunoprecipitated without antibody.

O-GIcNAcylation site prediction

The YinOYang 1.2 prediction server (http://www.cbs.dtu.dk/services/YinOYang/) was

used to identify possible sites of O-GIcNAc modification in the murine Nrf2 protein.
Analysis of the murine Nrf2 protein was conducted by entering the proteins FASTA
sequence into the server. This server identifies consensus sequences that have
potential for both O-GIcNAc modification and phosphorylation.

Statistical analysis.

Data were tested for normality using Shapiro-Wilk test and appropriate
transformations were made. Two-way ANOVA was utilized to examine effects of
exercise and genotype on protein content and mRNA levels; Student t-tests were
used in cases where single comparisons were made (i.e. OGT KD data). One-way
ANOVA was utilized for cell culture data to compare treatments on Nrf2 protein and
MRNA of Nrf2-mediated gene products. Tukey’s HSD was used for post-hoc
analysis for all multiple comparisons. All statistical analysis was done using the R
statistical computing software. Statistical significance for all measures of this study

were set at a=.05.


http://www.cbs.dtu.dk/services/YinOYang/

96

Results

Animal characteristics
Physical characteristics of the exercised mice are presented in Table 1. Briefly, the
db/db mice weighed more (p<0.00001), had higher glucose levels (p=0.0006), and
had a lower heart weight to body weight ratio (HW:BW) (p=0.0005) but no difference
in heart weight(p=0.21).

Nrf2 response to acute exercise is blunted in the db/db mouse heart.

Here we show for the first time that the db/db mouse has a blunted Nrf2
response to exercise. We measured Nrf2 protein content and mRNA of Nrf2-
mediated genes in heart tissue from 7-week-old diabetic (db/db) and non-diabetic
(C57/B6J) mice that were subjected to an acute maximal exercise test. In 7 week-old
mice, there was no difference in Nrf2 content in the sedentary mice (p=.43) (4.1 A
and B). Acute maximal exercise induced an increase in Nrf2 content in the non-
diabetic mice (p=.048), but not in the diabetic mice (Figure 4.1 A and B). Acute
exercise also increased mRNA levels of Nr2-mediated genes in the control mice but
not in the diabetic mice. Catalase and NQOL1 expression were increased in the
acutely exercised control mice (p=0.0005 and p<0.00001, respectively) while the
diabetic mice showed no increase. Catalase and NQO1 expression in the acutely
exercised control mice was also higher than both the sedentary and exercised
diabetic mice (p<0.05 for all comparisons). GLCM expression showed a similar
response to exercise as Catalase and NQO1; however, the changes in GCLM were
not significant at a level of a=0.05. Together, these data suggests that the response

of Nrf2 to acute maximal exercise is blunted in the db/db mouse heart.
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Figure 4.1.The effect of acute exercise on Nrf2 protein content and Nrf2-
mediate gene products in C57/B6J and db/db mice. A) Representative Western
blot of Nrf2 protein content and loading control calsequestrin. B) Quantification
of Western blot by densitometry. C) mRNA levels of Catalase, GCLM, NQO1.
n=5 for each genotype in all experiments. * indicates significant effect of
exercise within genotype (p<0.05). $ indicates significant difference from
exercised control mice (p<0.05).

Protein O-GIcNAcylation and OGT protein content is altered in the db/db
mouse heart.

O-GIcNACc cycling is aberrant in the diabetic heart; therefore, we examined the
hearts of the exercised mice for global levels of protein O-GIcNAcylation to
determine how maximal exercise effects protein O-GIcNAcylation in the db/db
mouse heart. Total O-GIcNAc levels after exercise were not different between
genotype and acute maximal exercise did not significantly alter levels of total O-
GIcNAc in either the Db/Db or control mouse hearts. Densitometric analysis of O-
GIcNAc levels was also performed over the high, medium, and low molecular weight

ranges as previously described (Cox & Marsh, 2013). When analyzed by molecular

weight, we found that both the sedentary and exercised db mouse hearts had lower
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levels of high molecular weight O-GIcNAc when compared to both sedentary and
exercise controls (all comparisons p<0.01) (Figure 4.2A and 4.2B). No other
differences were observed in O-GIcNAc levels. Protein levels of the
nucleocytoplasmic 110kDa isoform form of OGT were modestly increased by
exercise in the control mice (p=0.103), although this was not significant at our a
priori determined level of significance. Protein levels of OGT in the exercised control
mice were higher than both the sedentary and exercised diabetic mice (p=0.002 and
p=0.01, respectively) and there was change in OGT levels by exercise in the diabetic
mice (Figure 4.2C and 4.2D).

The Nrf2 transcription factor lies in the high-molecular weight region and we
observed a positive relationship between high-molecular weight O-GIcNAc levels,
indicating O-GIcNAcylation may influence Nrf2. We analyzed the levels of high-
molecular weight O-GIcNAcylation and mRNA levels of the Nrf2 gene products and
found that high-molecular weight O-GIcNAcylated protein levels were positively
correlated with mRNA levels of the Nrf2 mediated gene products (p=.021, R?=0.43)
(Figure 4.2E). Together, these results suggest that O-GIcNAc modifications of high
molecular weight proteins may be altered in the db mouse heart and acute exercise
does not alter the genotype effect on global protein O-GIcNAc modification and that
diabetic mice have altered levels of 110kDa OGT. Furthermore, there may be a

positive relationship between OGT and O-GIcNAc modification and Nrf2.
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Figure 4.2. The effect of acute exercise on protein O-GIcNAcylation and OGT
protein content in C57/B6J and db/db mice. A) Representative Western blot of
protein O-GIcNAcylation and loading control calsequestrin. B) Quantification of
O-GIcNAc Western blot by densitometry. C) Representative Western blot of
OGT protein content and loading control calsequestrin. D) Quantification of O-
OGT Western blot by densitometry. E) Correlation analysis of high molecular
weight O-GIcNAc and mRNA expression of Nrf2 Gene products. * indicates
significant difference from C57/B6J mice (p<0.05). n=5 for all experiments
Loss of OGT enzyme decreases Nrf2 gene products
We then examined the role of O-GIcNAc on Nrf2 in vivo by observing the effect
of the loss of the OGT enzyme on Nrf2 in the mouse myocardium. We compared
whole heart tissue from inducible cardiomyocyte specific OGT knockdown (KD) mice
with WT mice for Nrf2 protein content and mRNA of the Nrf2-mediated gene product
Catalase. We found that Nrf2 protein content is increased 2-fold in the KD heart

(p=0.033) (Figure 4.3A and 4.3B). Despite the increase in Nrf2 protein content, the

KD mouse had a 5-fold reduction of mMRNA content of the Nrf2 gene product



100

Catalase when compared with WT (p=.027) (4. 3C). The marked reduction of the
Nrf2 transcript Catalase in the OGT KD mouse suggest that OGT and O-

GlcNAcylation play a vital role in the Nrf2 signaling cascade.
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Figure 4.3. Nrf2 function in OGT KD mice. A) Representative Western blot of Nrf2
protein content and loading control calsequestrin in WT and OGT KD mice. B)
Quantification of Western blot by densitometry. C) mRNA levels of Catalase in
the OGT KD mouse compared to control. n=5 for all experiments. * indicates
significant difference between WT and OGT KD (p<0.05)

O-GIcNAc increases Nrf2 transcription in response to cellular stress in

vitro

Based upon the results of the in vivo data, we hypothesized that O-GIcNAc
might serve as a positive regulator of Nrf2. To examine this hypothesis we
interrogated cardiomyoblasts (H9C2 cells) to determine the role of O-GIcNAc in Nrf2
signaling in response to a cellular stress. Angiotensin Il (Ang Il) has been shown to
induce both a hypertrophic stimulus and oxidative stress in the myocardium (Dai, et

al., 2011; Watkins, Borthwick, & Arthur, 2011). Therefore, we treated HOC2 cells with
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Ang Il and increased O-GIcNAc with N-acetylglucosamine or by inhibiting O-
GlcNAcase with Thiamet G (TG).

We found that Angll increased Nrf2 protein content (p=0.04) and increasing O-
GlcNAc by administering GIcNAc or TG attenuated the Angll induced increase in
Nrf2 protein content (p=0.49 and p=0.20, respectively) (Figure 4.4A and 4.4B).
Although Angll increased protein content, it did not significantly increase mRNA
levels of the Nrf2-mediated genes, Catalase, GCLM, and HMOX1 at a significance
level of a=.05 (Figure 4.4A and 4.4B). Interestingly, we found that increasing O-
GIcNAc levels with either N-acteylglucosamine (GIcNAc) or the PUGNACc inhibitor
Thiamet G, increased mMRNA levels of Nrf2 mediated genes in Angll treated
cardiomyoblasts despite no increase in Nrf2 protein content. Catalase expression
was increased only in the Angll + GIcNAc treated cells (p=0.04) (Figure 4.4C).
GCLM was increased in both the Angll + GIcNAc (p=0.017) and the Angll + Thiamet
G (p=0.027) treated cardiomyoblasts (Figure 4.4C). HMOX1 was also increased in
the Angll + GIcNAc (p=0.027) and the Angll + Thiamet G (p=0.0005) treated
cardiomyoblasts (Figure 4.4C). Together, this evidence suggests that in the
presence of cellular stress O-GIcNAc augments Nrf2 signaling in cardiomyoblasts

independent of increased Nrf2 protein content.
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Figure 4.4.The effect of angiotensin Il, N-acetylglucosamine (GIcNAc), and
Thiamet G on Nrf2 function in HOC2 cells. A) Representative Western blot of
Nrf2 protein content and loading control calsequestrin. B) Quantification of
Western blot by densitometry. C) mRNA levels of Catalase, GCLM, and
HMOX1. n=4 for each condition experiments. * indicates significant effect of
treatment from control (p<0.05).

Nrf2 is O-GIcNAcylated and prediction analysis of Nrf2 glyocsylation sites
identifies Thr®* as a possible O-GIcNAcylation site.

Accumulating data presented provide strong evidence that the O-GIcNAc PTM
is involved in the Nrf2 signaling cascade. A thorough review of the literature revealed
no data on O-GIcNAc modification of Nrf2. Therefore, we performed
immunoprecipitation of Nrf2 from heart tissue of the C57/B6J and performed
Western blotting for O-GlcNAcylation of the Nrf2 protein. We were able to

demonstrate for the first time that Nrf2 is indeed O-GIcNAcylated in vivo (Figure

4.5A). We then utilized computational modeling and performed an in silico analysis
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of the murine Nrf2 protein using YinOYang 1.2 prediction server. The analysis
identified several possible O-GlcNacylation sites (Figure 4.5B). Based upon current
knowledge of the Nrf2 peptide and known roles of specific residues in the Nrf2
signaling cascade, we identified Thr®% as a key residue. The murine Nrf2 protein
harbors a nuclear localization signal, the Pss7KSKKPDsg3 motif, in the NEH3 domain
(Theodore, et al., 2008) (Figure 4.5C and 4.5D). Additionally, acetylation of two
lysine residues within this motif, Lys®® and Lys®%?, by CREB-binding protein (CBP)
are involved in DNA binding and upregulation of Nrf2 transcription (Kawai, Garduno,
Theodore, Yang, & Arinze, 2011). As Thr®®* lies immediately adjacent to this motif,
this finding suggests that O-GIcNAcylation of this reside may regulate the
localization and/or activity of Nrf2. This finding coincides with our results that O-
GlcNAc positively regulates Nrf2 transcriptional activity and provides a possible
explanation for the blunted exercise-induced Nrf2 response observed in our db/db

mice.
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Figure 4.5. O-GIcNAcylation of Nrf2 and in silico prediction of protein
glycosylation of Nrf2 by the YinOYang 1.2 server identifies Ser®®* as a site
possible site of O-GIcNAc modification. A) Immunoprecipitation of Nrf2 and
Western blot with O-GIcNAc. B) Potential sites of O-GIcNAc modification. C)
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Structure of the Nrf2 protein and the NLS motif (Pss7KSKKPDsg3) within the

Neh3 domain. D) Possible O-GIcNAcylation of Ser>%*

Discussion

Oxidative stress is a central feature in the pathogenesis of diabetes and its
subsequent complications. Function of Nrf2 transcription factor, which coordinates
the endogenous antioxidant system, is downregulated in the diabetic heart and is
being heavily investigated as a therapeutic target for T2DM. Exercise has been
shown increase Nrf2 function in normal rodents and humans, however the effect of
exercise on Nrf2 in diabetes had not previously been studied. Additionally, Nrf2
signaling is regulated, in part, by posttranslational modifications. The O-GIcNAc
modification has been shown to reduce oxidative stress in cardiomyocytes,
suggesting a role of O-GIcNAc in Nrf2 function. In this paper we show that 1) the
exercise-induced Nrf2 response is attenuated in the db/db mouse heart, 2) O-
GlcNAc of high molecular weight proteins is reduced in the db/db mouse heart and
this is unaffected by exercise, 3) loss of cardiac OGT in vivo results in a marked
decrease in Nrf2 gene products, 4) O-GIcNAc augments Nrf2 transcription in the
presence of cellular stress in cardiomyocytes, 5) identified a potential O-
GlcNAcylation site of Nrf2 immediately adjacent to a motif that regulates nuclear
localization and DNA binding, and 6) established an association between O-GIcNAc,
OGT, and Nrf2.

Exercise-induced Nrf2 response is attenuated in the db/db mouse heart

We hypothesized that acute exercise would increase Nrf2 in the diabetic heart;
however, the findings of this study were in contrast to our hypothesis. The data from

our exercised mice provide evidence that the exercise-induced increase in Nrf2
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signaling is blunted in the db/db mouse. The control mice exhibited an increase in
Nrf2 protein content and transcription as assessed by mRNA levels of Nrf2-mediated
genes, while the db/db mouse showed no change in either Nrf2 protein level or
MRNA levels of Nrf2-mediated genes (Figure 4.1). Our findings from the control
mice are in concordance with several other papers (Muthusamy, et al., 2012;
Cartoni, et al., 2005; Asghar, George, & Lokhandwala, 2007). Muthusamy et al.
demonstrated that an acute bout of exercise increased Nrf2 binding to the ARE in
mice and showed similar levels of increased of mMRNA as shown in our study
(Muthusamy, et al., 2012). We found that acute exercise increased Catalase, GCLM,
and NQO1 2-fold, 1.6-fold, and 1.3-fold respectively; Muthusamy et al. found that
exercise increased mRNA levels 2-fold, 2-fold, and 1.5 fold respectively.
Furthermore, human studies have demonstrated that Nrf2 mRNA is increased in
skeletal muscle tissue approximately 1.5 fold immediately following a maximal
exercise test on a cycle ergometer (Cartoni, et al., 2005).

The increase Nrf2 and mRNA levels of Nrf2-mediated genes was not observed
in the diabetic mice, suggesting diabetic mice have an attenuated exercise-induced
Nrf2 response (Figure 4.1). While no other studies have directly examined the effect
of exercise on Nrf2 in diabetes, Laher et al. showed that acute exercise induces a
roughly 2-fold increase in the expression of Catalase and GGLC in normal mice but
not in db/db mice (Laher, et al., 2013), effectively demonstrating that the
endogenous antioxidant system response to acute exercise is reduced in the db/db

mouse. As Nrf2 regulates both Catalase and GCLC, the findings of Laher et al.
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support our conclusion of an attenuated exercise-induced Nrf2 response in the db/db
mouse and provides further explanation for the results of their paper.

O-GIcNAc of high molecular weight proteins and levels of OGT are
reduced in the db/db mouse heart

In this paper we also showed that exercised control mice show higher
expression of the nucleocytoplasmic isform of OGT (110kDa) when compared to
diabetic mice, and that O-GIcNAcylation of higher molecular weight proteins was
reduced in the diabetic mouse myocardium (Figure 4.2). These findings corroborate
earlier work demonstrating that O-GIcNAc modification is aberrant in the diabetic
heart (Fulop, et al., 2007) and that 15 and 30 minutes of exercise alters O-GIcNAc
levels (Medford, Porter, & Marsh, 2013). Our finding of increased 110kDa OGT in
the C57/B6J mice is intriguing as the 110kDa isoform is the only nuclear form of
OGT, suggesting exercise may result in increased O-GIcNAcylation of nuclear
proteins, such as transcription factors. This finding is consistent with previous work
from our lab where we showed that nuclear protein O-GIcNAcylation is elevated
following acute exercise in C57/B6J (Medford, Porter, & Marsh, 2013).

O-GIcNAc positively regulates Nrf2

O-GIcNAc can function as a nutrient and cell stress sensor and acute increases
in O-GIcNAc are cardioprotective in ischemia reperfusion, via augmenting the
antioxidant response system (Laczy, Marsh, Brocks, Wittman, & Chatham, 2010;
Ngoh, Watson, Facundo, & Jones, 2011). As Nrf2 coordinates the antioxidant
response and O-GIcNACc increases this response in oxidative environments, we

hypothesized that increased levels of O-GIcNAcylation would correspond with
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increased mRNA levels of Nrf2-mediated genes. Therefore, we examined the
relationship between the exercised-induced changes in Nrf2 transcription and
changes in O-GIcNAcylation of high molecular weight proteins and levels of 110kDa
OGT. Our analysis revealed a modest positive association with the Nrf2 mediated
genes, Catalase, GCLM, and HMOX1. When taken together, this data suggest a
positive association between the exercise-induced Nrf2 response and levels of high
molecular weight O-GIcNAc and levels of OGT enzyme.

The findings from our exercise mice and the association between Nrf2 and O-
GIcNAc led us to the second major aim of this paper; to examine the role of O-
GIcNAC on Nrf2 activity. To explore how changes in O-GIcNAc affect Nrf2 we
examined how the loss of OGT affects Nrf2 in vivo and how increasing O-GIcCNAc
affects Nrf2 in vitro. In this paper we demonstrated that loss of the OGT enzyme
effects Nrf2 function in vivo. In the OGT knockdown animals there was a marked
increase in Nrf2 protein content, yet marked reduction in mRNA levels of the Nrf2-
gene product Catalase. This finding was intriguing as increases in Nrf2 protein
content typically increase Nrf2 activity (Chen, et al., 2006; Li, Johnson, Calkins,
Wright, Svendsen, & Johnson, 2005). The drastic reduction in mRNA levels of
Catalase suggests that OGT and O-GIcNAc modification regulates Nrf2
transcription. The decreased Nrf2 transcription in the OGT KD was consistent with
the positive association we saw between O-GIcNAc and Nrf2 gene products in the
exercised mice. Research in C. elegans has demonstrated a similar finding on the
role of O-GIcNAc in the oxidative stress response. Null mutation of the homologous

OGT enzyme in C. elegans greatly reduces oxidative stress resistance, while null
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mutation of OGA is resistant to oxidative stress, further suggesting that O-GIcNAc is
an integral and perhaps essential part of the endogenous antioxidant system
(Rahman, Stuchlick, El-Karim, Stuart, Kipreos, & Wells, 2010).

The in vivo data from our exercised and OGT knockdown animals revealed a
distinct connection between the OGT enzyme, O-GIcNAcylation, and Nrf2 signaling.
After showing that knockdown of OGT reduced Nrf2 transcription, we hypothesized
that increasing O-GIcNAc in the presence of cellular stress would augment Nrf2
transcription. To explore this hypothesis we augmented O-GIcNAc in stressed
cardiomyocytes in vitro. The Nrf2-mediated gene products Catalase, GLCM, and
HMOX1 were increased only in cells where O-GIcNAc was augmented and this
occurred without increasing protein levels of Nrf2; further supporting the notion that
O-GIcNAc increases Nrf2 at a transcriptional level and not by increasing protein
stability. This data may help explain how acute increases in O-GIcNAc are
cardioprotective via reducing oxidative stress in ischemia reperfusion studies and in
cells treated with H202 (Laczy, Marsh, Brocks, Wittman, & Chatham, 2010; Ngoh,
Watson, Facundo, & Jones, 2011). The Jones lab has demonstrated that increasing
O-GIcNACc attenuates oxidative stress and augments Nrf2 transcriptional activity in
the presence of cellular stress (Ngoh, Watson, Facundo, & Jones, 2011). They
showed that adenoviral overexpression of OGT reduced ROS while overexpression
of OGA increased ROS in H202 neonatal rat cardiomyocytes (NRCMs). Furthermore
they demonstrated that overexpression OGA in NRCMs reduced mRNA expression
of Catalase and that inhibiting OGA with PUGNACc increased Catalase expression.

These data support our in vivo data from the OGT KD mice and further suggest that
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acute increases in O-GIcNAc can serve as a positive regulator of Nrf2 transcription.
Although we cannot entirely rule out that the increased O-GIcNAc in our cells
presented an additional stress which caused the augmented Nrf2 response to Ang I,
our in vivo data from the OGT KD mice, coupled with the findings from the Jones
lab, indicate that O-GIcNAc regulates Nrf2 transcription.

When considered in its entirety, these data indicates the blunted Nrf2 response
seen in the db/db mouse may be due to altered O-GIcNAc signaling. Increased
levels of O-GIcNACc are often considered maladaptive and pathological in diabetes.
As such, our findings may seem paradoxical. However, there appears to be an
important and distinct difference between acute and chronic increases in O-GIcNAc,
whereby chronic elevations of O-GIcNAc are indeed maladaptive yet acute
increases are beneficial. Furthermore, chronic elevation of the O-GIcNAc moiety in
diabetes does not result pan O-GIcNAc modification of proteins. In fact, diabetes can
result in decreased O-GIlcNAcylation of transcription factors. For example, in vivo
evidence has demonstrated that diabetes inhibits O-GIcNAcylation of the Sp1l
transcription factor (Majumdar, Wright, Markowitz, Martinez-Hernandez, Raghow, &
Solomon, 2004), indicating that despite elevated O-GIcNAc levels, diabetes can
reduce O-GIcNAc modification of certain transcription factors.

Nrf2 is O-GIcNAcylation may occur near a localization and DNA-binding
regulatory motif

Currently, precise mechanism by which the Nrf2 exercise-induced response is
blunted in diabetic mice or the exact role O-GIcNAc and OGT plays in this signaling

cascade remains elusive. We successfully demonstrated that Nrf2 is O-
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GlcNAcylated in the mouse heart (Figure 4.5A), suggesting O-GIcNAc directly
affects Nrf2 function. One possibility is that O-GIcNAc plays a role in altering the
localization and/or activity of Nrf2. Murine Nrf2 harbors two nuclear localization
signal (NLS) motifs in murine Nrf2, one located in the NEH2 domain
(R42QKDYELEKQKKSs3) and one in the NEH3 domain (Pss7KSKKPDses) (Theodore,
et al., 2008). In addition to harboring a NLS, the Pss7KSKKPDsg3 motif is involved in
transcriptional regulation of Nrf2 via acetylation. Acetylation of Nrf2 by CREB-binding
protein (CBP) induces transcription and promotes nuclear localization and mutation
studies have identified Lys®88 and Lys®%! as acetylation sites essential for Nrf2
transcription (Kawai, Garduno, Theodore, Yang, & Arinze, 2011). In silico analysis
of the murine Nrf2 peptide by the YinOYang glycosylation prediction server revealed
that Thr®%, which lies immediately adjacent to the NLS and acetylated Lys®8 and
Lys%°t in the NEH3 domain, is likely to be O-GlcNAcylated (Gupta & Brunak, 2002).
This suggests that O-GIcNAc may indeed play a role in nuclear localization of Nrf2.
Indeed, O-GlcNAcylation of a serine residue (Ser*®*) in the NLS of the sp1l
transcription factor enables nuclear localization and DNA binding, while RNAI of
OGT reduces Sp1l nuclear localization and transcription. Thus, this mechanism of
regulation is entirely plausible. Furthermore, O-GIcNAc modification can induce
conformational changes in proteins and it has been shown that protein glycosylation
can increase the binding affinity for CBP; therefore, O-GlcNAcylation of Thr*®* may
also increase Nrf2 transcription via acetylation increased CBP binding (Gewinner,
Hart, Zachara, Cole, Beisenherz-Huss, & Groner, 2003). Such a mechanism is

consistent with our data suggesting that O-GIcNAc positively regulates Nrf2
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transcriptional activity and provides a testable hypothesis to explain the blunted
exercise-induced Nrf2 response observed in our db/db mice.

It is also entirely plausible that O-GlcNAcylation of other potential sites as
identified by our prediction analysis regulate Nrf2. The YinOYangl1.2 server also
predicted that Ser®*” and Ser3®! may be modified by O-GIcNAc. These residues lie
within a GSK-3/ 3-TrCP mediated phosphodegron in the Neh6 domain of Nrf2 where
phosphorylation of a serine residue cluster (335, 338, 342, 347, 351, and 355)
promotes ubiquitination by B-TrCP E3 ligases (Rada et al., 2012). As O-GIcNAc can
compete for phosphorylation sites, it is possible that O-GIcNAc of Ser®*” and Ser35!
would increase Nrf2 activity by preventing GSK-3/ 3-TrCP mediated degradation.
Based upon the data available, we believe this is not the most likely mechanism.
Firstly, Hayes lab identified Ser33® and Ser®3® as the binding sites for GSK-3
phosphorylation site through which B-TrCP serves as a receptor for the Skp1-Cull-
RBX/Roc1l ubiquitin ligase complex (Chowdry et al., 2013). Secondly, our in vitro
data demonstrate a marked increase in Nrf2 transcription independent of increases
in Nrf2 protein content. Thus, our proposed model of O-GIcNAc increasing nuclear
localization and/or augmenting acetylation is more biologically parsimonious. Future
studies should involve investigation of site-specific O-GIcNAcylation of Nrf2 using
mass spectrometry and the role O-GIcNAcylation in the localization, transcriptional
activity, and protein stability of Nrf2.

A limitation of this study was the use of the leptin receptor deficient db/db
mouse model. Leptin plays a critical role in regulating metabolic pathways in the

heart and has been shown to alter Nrf2 signaling in the db/db mouse (More, Wen,
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Thomas, Aleksunes, & Slitt, 2012; Atkinson, Fischer, & Lopaschuk, 2002). However,
our use additional in vivo and in vitro models to examine Nrf2 attenuated the effect
of this limitation on the conclusions we drew from our data.

Conclusions

The findings of this study demonstrate that an exercise-induced increase in Nrf2
signaling is blunted in diabetes. Despite the evidence that diabetics have a blunted
acute response to exercise, exercise should not be ruled out as a therapeutic tool.
Where acute exercise fails to elicit substantial beneficial responses in biochemical
signaling, chronic exercise has proven to be beneficial in the same pathways (Cao,
et al., 2012; Sriwijitkamol, et al., 2007). Future research is warranted to determine
how chronic exercise alters Nrf2 functioning in the diabetic heart.

We have also shown for the first time that O-GIcNAc modification and the OGT
enzyme are involved in the regulation of Nrf2. We demonstrated that loss of the
OGT enzyme significantly reduces Nrf2 transcription and that acutely increasing O-
GIcNAc can increase Nrf2 transcription in stressed cells. This finding is significant in
the field of chronic disease as O-GIcNAc and Nrf2 are implicated in a wide range of
pathological conditions, including diabetes, Alzheimers, and cancer. As such, the
findings from this paper give rise to a new area of investigation for Nrf2 in chronic

disease.
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Table 4.1. Animal Characteristics for exercised mice

Db/Db (n=10) Control (n=10)

Body weight (g)
Heart wt (mg)

Glucose (ng/dl)
HW:BW (mg/g)

32.49 +£1.25% 20.41+ .45
0.11 +0.006 0.102 *0.005
318.6 £91.3* 93.8 +15.02

3.4 +0.03

4.9 +0.01

All values are presented as mean + SE

Table 4.2. Primer

Sequences
Gene Primer  Sequence
Mouse GAPDH Forward TGTGATGGGTGTGAACGAGAA
Reverse CATGAGCCCTTCCACAATGCCAAA
Mouse GCLM Forward GAGTTCCCAAATCAGCCCCG
Reverse CCACTGCATGGGACATGGTG
Mouse CAT Forward CTTCTGGAGTCTTCGTCCCG
Reverse GTGACCATCGGGAATCCCTC
Mouse NQO1 Forward CATTGGCCACACTCCACCAG
Reverse CTCCCAGACGGTTTCCAGAC
Rat RPLP Forward ATCGTCTTTAAACCCCGCGT
Reverse TAGTTGGACTTCCAGGTCGC
Rat GCLM Forward GAGCAGCTGTACCAGTGGG
Reverse GTGGCATCACACAGCAGGAG
Rat CAT Forward CAGGAGGCCATCCCTTACAC
Reverse TGAGTACCTCCCACCTCGTG
Rat HMOX1 Forward CAGGAGGCCATCCCTTACAC
Reverse TGAGTACCTCCCACCTCGTG
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Chapter 5: A Proposed Mechanism for Exercise Attenuated Methylglyoxal
Accumulation: Activation of the ARE-Nrf Pathway and Increased Glutathione
Biosynthesis

In addition to the studies conducted and presented above. We have written and
published a formal hypothesis regarding how using exercise to improve the Nrf2
system translates into improved cellular detoxification of the cytotoxic chemical
methylgyloxal. This article, which is published in Medical Hypotheses, is presented
in this chapter.

Citation

Dieter, B. P., & Vella, C. A. (2013). A proposed mechanism for exercise attenuated
methylglyoxal accumulation: Activation of the ARE-Nrf pathway and increased

glutathione biosynthesis. Medical Hypotheses. doi:10.1016/j.mehy.2013.08.034

Background
Recent evidence suggests that individuals with type 1 and type 2 diabetes

(T2DM) experience increased accumulation of methylglyoxal (MGO) in whole blood
(1). Methylglyoxal is an endogenous metabolite and a known intracellular precursor
of advanced glycation endproducts (AGES) (2). High serum levels of MGO have
been correlated with MGO-derived AGEs in individuals with type 2 diabetes (T2DM)
(). Furthermore, there is human and animal evidence to suggest that MGO is
causal in copious pathologies related to AGE accumulation including heart disease,

hypertension and nephropathy (1,3-5).
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In addition to its causal role in AGE-related pathologies, MGO modification of
proteins exacerbates insulin resistance by inhibiting insulin-dependent insulin
receptor substrate 1 (IRS-1) tyrosine phosphorylation and phosphoinositide 3-kinase
(PI3K) activity, and reducing protein kinase B (PKB) phosphorylation in cultured rat
skeletal muscle cells (6). The findings of Riboulet-Chavey et al. (6) indicate that
MGO is not only involved in diabetic complications, but in furthering the progression
of insulin resistance.

MGO is a by-product of metabolism and may serve important roles in cell
signaling, such as inhibiting glycolysis (7). However, excess MGO results in toxicity
through formation of AGEs and has been suggested to play a causal role in the
pathology of diabetic complications (8-9). To maintain normal physiological levels
and prevent accumulation, MGO is detoxified through the glutathione (GSH)
dependent glyoxalase system (Figure 5.1). Therefore, the detoxification of MGO is
heavily reliant upon GSH concentrations. Masterjohn (10) demonstrated that
depletion of hepatic GSH biosynthesis in rats increased hepatic MGO accumulation,
suggesting that depletion of GSH impairs MGO detoxification.

Glucose

&5H
Triosphosphate
_l—' MGO ‘; Hemithioacetal

6L0-1 *

l—‘ Glycerophosphate 5-D-Lactoglutathione

GLO-2
Lipids — Acetone — Acetol %

D-Lactate
D-Lactate

Dehydrogenase

Pyruvate

Figure 5.1. MGO formation from glucose and lipids and detoxification to
pyruvate
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GSH biosynthesis and recycling is heavily dependent upon the antioxidant
response element-nuclear respiratory factor pathway (ARE-Nrf) (11-13).
Pharmacological and dietary intervention studies have demonstrated that activation
of this pathway increases intracellular GSH and glyoxalase enzymes and reduces
MGO levels (11,12). Recent in vivo evidence suggests that pharmacological agents
that increase expression of ARE-Nrf2 results in increased GSH and attenuated MGO
levels in serum and organ tissue (14). Together, this evidence suggests activation
of the ARE-Nrf improves MGO detoxification thereby attenuating MGO-derived AGE
related complications.

There is evidence suggesting the ARE-Nrf pathway is also upregulated during
exercise (15-17). Specific to T2DM, acute bouts of exercise have been shown to
restore reduced Nrf-1 mRNA expression in streptozotocin induced diabetic rats on a
high-fat diet (18). There is also evidence demonstrating increased Nrf1/2 expression
with exercise in humans across wide age ranges and exercise modalities (15, 19).
Individuals with uncontrolled T2DM have diminished GSH status (20), which may
contribute to the MGO accumulation observed in these individuals (1). Currently,
indirect evidence suggests that exercise training may improve GSH status through
the ARE-Nrf pathway in individuals with T2DM, thereby improving increasing MGO

detoxification and attenuating MGO-derived AGE related complications.

Presentation of the hypothesis.
We propose that exercise will increase GSH status through the upregulation
of the ARE-Nrf pathway, thereby improving MGO detoxification and attenuating

MGO accumulation. This hypothesis describes a potential mechanism through
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which exercise can improve diabetic complications by reducing MGO accumulation.
Additionally, this hypothesis presents a mechanism through which exercise can
improve MGO-induced insulin resistance.
Evaluation of the hypothesis.
Glutathione status and MGO detoxification

MGO detoxification occurs through the GSH-dependent glyoxalase system
(21). Therefore, GSH status will dictate the ability of a cell to detoxify MGO.
Masterjohn demonstrated that suppression of hepatic GSH biosynthesis in rats
increased hepatic MGO accumulation (10). Additionally, Masterjohn et al. (2012)
found that increasing GSH concentrations by administering y-tocopherol eliminated
postprandial increases in plasma MGO in humans. These findings suggest

increased GSH concentrations will result in improved MGO detoxification.

ARE-Nrf1/2 pathway activation increases glutathione status.

The ARE-Nrf pathway is critical in maintaining GSH status. Under normal
physiological conditions, Nrf2 is located in the cytoplasm and kept dormant by a
cytoplasmic repressor named Kelch-like ECH-associated protein 1 (Keapl) (2). In
response to oxidative stress, Nrf2 dissociates from its cytosolic inhibitor Keap1,
translocates to the nucleus, and binds to antioxidant-response elements (ARES) in
the promoters of target genes (23). This leads to transcriptional induction of several
cellular defense genes, including GSH biosynthetic enzymes glutathione cysteine
ligase modifier subunit (GCLM) and GSH cysteine ligase catalytic subunit (GCLC),
GSH-dependent antioxidant enzymes (glutathione peroxidase 2 (GPX2) and

glutathione S-transferases (GST) (24).
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Nrf2 knockout mice have decreased expression of GSH S-transferases and
the catalytic subunit of glutamate cysteine ligase, a key enzyme in GSH metabolism
(25). These mice displayed decreased GSH status, reduced GSH dependent
detoxification, and failure to adapt to oxidative stress (25). Additional evidence from
animal models indicates age-related decreases in GSH biosynthesis are a result of
reduced nuclear Nrf2 (26). In vitro evidence suggests that the ARE-Nrf pathway is
critical to maintaining GSH status in human cells (27). Taken together, these
findings provide evidence suggesting that Nrf2 plays a major role in GSH

biosynthesis and maintenance of adequate GSH levels.

Exercise increases ARE-Nrf1/2 activation and expression

Low to moderate amounts of reactive oxygen species (ROS) produced during
skeletal muscle work are a part of “hormesis”, which describes the generally
favorable biological responses to low exposure to toxins and other stressors (2).
Exercise training results in increased levels of oxidative stress, thereby upregulating
antioxidant defense mechanisms in various tissues, including GSH (28). In response
to exercise-induced oxidative stress, Nrf2 dissociates from its cytosolic inhibitor
Keapl, translocates to the nucleus, and binds to antioxidant-response elements
(ARES) in the promoters of target genes, including GSH biosynthesis (Figure 5.2).
This suggests that exercise will result in increased ARE-Nrf activation and GSH

biosynthesis.
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Muscle
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Antioxidant
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Figure 5.2. Exercise and the antioxidant response element-nuclear respiratory
factor (ARE-Nrf) pathway. Muscle contraction results in reactive oxygen species
and changes in the cells redox status. Oxidation of Kelch-like ECH-associated
protein 1 (Keap-1) causes Nrf to detach and translocate to the nucleus. Nrf then
binds to the ARE, activating antioxidant genes, resulting in glutathione (GSH)
biosynthesis.

Research from rodent models has found a 50% increase of Nrf-1 expression
after an acute bout of swimming or running (16,17). Similarly, Baar et al. (16)
reported a 56% increase in Nrf-2 expression in mice after an acute bout of
swimming. Baar et al. hypothesized the increase observed in Nrf1/2 was due to
increased peroxisome proliferator-activated receptor-gamma coactivator 1 PGC-1
activation. Furthermore, acute bouts of exercise have been shown to restore
reduced Nrf-1 mRNA expression in streptozotocin-induced diabetic rats on a high-fat

diet (18).

Acute and chronic exercise in humans leads to upregulation of the ARE-Nrf
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pathway (19,29). Cartoni et al. (19) found Nrf-2 levels increased 5-fold 24 hours
post-exercise in skeletal muscle cells of trained male cyclists after an acute bout of
cycling exercise. Short et al. (29) demonstrated that 16 weeks of moderate-intensity
aerobic exercise increased Nrf-1 activity in men and women over a wide age range

(21-87 years). Furthermore, this change was not affected by age.

Exercise and MGO detoxification
MGO-derived AGEs are increased in individuals with T2DM (1). There is
substantial evidence to suggest that MGO is causal in several pathologies related to
AGE accumulation including heart disease, hypertension and nephropathy (5,30,

31). Additionally, MGO furthers the progression of insulin resistance (6).

MGO detoxification occurs through the GSH-dependent glyoxalase system
and impaired GSH status results in increased MGO concentrations (10,32),
whereas improving GSH status significantly and substantially decreases MGO
concentrations (22). Individuals with uncontrolled T2DM have diminished GSH
status (20); thus impaired GSH biosynthesis and status may be one mechanism

responsible for increased MGO accumulation and MGO-derived AGE’s in T2DM.

Activation of the ARE-Nrf pathway leads to the transduction of GSH
biosynthetic enzymes (24). Exercise-induced oxidative stress has been shown to
increase activation of the ARE-Nrf pathway and GSH biosynthesis, and improve
GSH status. Recent animal data from Boor et al. (33) demonstrated that exercise

effectively reduces advanced glycation and ameliorates diabetic nephropathy and
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reduces levels of oxidized proteins. These findings occurred independent of change
in glycemic conditions, supporting the hypothesis presented here.
Consequences of the hypothesis

Based upon the circumstantial evidence, we hypothesize that exercise
improves MGO detoxification and attenuates MGO accumulation by increasing GSH
biosynthesis and improving GSH status through activation of the ARE-Nrf pathway.
This testable hypothesis describes a potential mechanism through which exercise
can improve MGO-induced insulin resistance and diabetic complications by reducing
MGO accumulation. If proven to be accurate, it would provide mechanistic evidence
for exercise as an effective nonpharmacological approach to reduce glycation (33).
Additionally, it would provide evidence for the benefit of exercise in the prevention of

complications and overall metabolic function in patients with T2DM.
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Chapter 6: Dysregulation of Nrf2 signaling in diabetes: An opportunity for
a multi-target pharmaceutical approach

The findings of the study presented in chapter 5, Exercise Improves Nrf2
Content and Activity in db/db Mice Via O-GIcNAc and HDAC?2 Signaling
Mechanisms, highlighted a novel approach to improving Nrf2 signaling in diabetes.
The mechanism proposed from this study may be used in conjunction with current
Nrf2 activators to optimize Nrf2 in diabetic populations. This finding motivated a
through review of the literature regarding current therapeutic Nrf2 agonists. Based
upon this review of the literature, | have also written and submitted a formal review
to the Nature Reviews publication: Clinical Pharmacology & Therapeutics, describing
the dysregulation in Nrf2 signaling in diabetes and propose a novel, multistage
approach to pharmacologically targeting Nrf2 in T2DM. This paper is currently under
review after minor revisions were requested.

Introduction

Oxidative stress is a central feature of diabetes and plays a causal role in the
pathogenesis of diabetic complications. The nuclear factor-like 2 (Nrf2) transcription
factor mediates the induction of antioxidant and cytoprotective genes and is a major
regulator of the endogenous antioxidant and detoxification systems. Multiple aspects
of the Nrf2 signaling pathway are aberrant in diabetes and simultaneously targeting
the dysregulated aspects of the Nrf2 signaling pathway ought to be considered.

Manuscript

Diabetes affects over 360 million people worldwide and increases the risk for

cardiovascular disease (CVD), nephropathy, and neuropathy.’ 2 Compelling
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evidence exists to suggest that oxidative stress plays a causal role in the
pathogenesis of diabetic complications such as nephropathy, neuropathy, and
cardiac hypertrophy, suggesting oxidative stress is a central feature of the disease.*>
5 Improving the endogenous cellular antioxidant and detoxification system is under
investigation as a therapeutic approach to reducing oxidative stress and attenuating
complications in diabetes. Nrf2 is a cap ‘n’ collar (CNC) basic-region leucine zipper
transcription factor that functions as a major regulator of the endogenous antioxidant
and detoxification system and provides cells the ability to adapt to oxidative stress
and electrophiles by mediating the induction of the cytoprotective genes. It is
expressed in all tissues of the human body, and is essential in maintaining cellular
redox status.®

Nrf2 is decreased in diabetic mice and patients with type 2 diabetes mellitus
(T2DM), which contributes to increased oxidative stress, endothelial dysfunction,
insulin resistance, nephropathy, and increased cardiac insult. ”-° Genetic
overexpression of Nrf2 prevents the onset of T2DM in mice and small molecule
activation of Nrf2 reduces oxidative stress, and a myriad of diabetic complications,
including cardiovascular complications, nephropathy, and neuropathy. °! The
potential of the Nrf2 pathway as a panacea for the features of the diabetic milieu has
given rise to research aimed at developing pharmacological therapies that target the
Nrf2 pathway. Nrf2 is regulated through a multi-stage signaling process involving
cytosolic regulation, nuclear translocation, DNA binding, and nuclear export. Recent
evidence has demonstrated that the diabetic milieu results in dysregulation in

multiple aspects of the Nrf2 signaling pathway. 7 113 Current therapeutic
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approaches focus on targeting a single aspect of the Nrf2 pathway. Developing an
optimal therapeutic strategy for improving Nrf2 function would involve simultaneous
targeting of the dysregulated aspects of the signaling pathway. Therefore, the
purpose of this review is to discuss the effect of diabetes on Nrf2, the dysregulation
of nrf2 signaling in diabetes, and discuss current therapeutics that differentially
target the Nrf2 pathway.

Nrf2 in type 2 diabetes mellitus

Hyperglycemia, the hallmark feature of T2DM, causes increased production of
reactive oxygen species (ROS) and other cytotoxic molecules such as methylglyoxal
and advanced glycation end products. Initial cell culture studies demonstrated that
Nrf2 was critical in reducing hyperglycemia induced production of ROS, and
methylglyoxal. * Xue and colleagues found that incubating human microvascular
HMEC-1 endothelial cells with 25 mmol/l glucose resulted in a three-fold increase in
ROS and methylglyoxal and administering the Nrf2 activator sulforaphane (SFN)
attenuated the hyperglycemia induced increased in ROS and methylglyoxal. 14
Additionally, when Nrf2 was knocked down with siRNA, the protective effect of SN
was removed; indicating Nrf2 was indeed responsible for reducing the
hyperglycemia induced oxidative stress in vitro.

He and colleagues also demonstrated that Nrf2 is activated in response to the
oxidative and chemical stress caused by hyperglycemia. 1> They showed that Nrf2
MRNA was significantly increased after 24 hours when treated with glucose at
concentrations of 20 mM for 6 hours or 40 mM for 18 hours in neonatal

cardiomyocytes obtained from Nrf2 WT and that this effect was not present in Nrf2
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KO mice.'®> In WT cells, hyperglycemia increased mRNA levels of the downstream
Nrf2 gene products tO1 and HO-1 almost three fold and two-fold, respectively.
Additionally, ROS levels and apoptosis were significantly increased in the Nrf2 KO
cells compared to WT. He and colleagues also demonstrated that 2 weeks after
inducing type | diabetes in C57BL/6 mice with a single dose of streptozotocin (STZ)
there is a significant upregulation of Nrf2 downstream genes NQO1 and HO1 mRNA
expression.

While acute hyperglycemia causes an increase in Nrf2 function, the chronic
hyperglycemic milieu of the diabetic condition results in decreased Nrf2 function.
16-18 Tan and colleagues demonstrated that at the onset of diabetes in mice Nrf2
expression was increased at 2 months but decreased at 5 months and that
expression of Nrf2 was decreased in humans with late-stage T2DM. Furthermore,
immunochemical staining in normal and T2DM human hearts showed that Nrf2 was
significantly decreased in late stage, failing, diabetic hearts compared with the non-
diabetic hearts. ” Two further studies have validated these findings when they
demonstrated that Nrf2 protein content and mRNA levels of NQO1 and HO-1 were
increased at 3 months but decreased at 6 months in STZ-induced diabetic mice. 1,16
Diet-induced models of T2DM in C57BL/6J mice significantly reduced Nrf2 in
skeletal muscle and the downstream product of Nrf2, HO-1, when compared with
controls. 17 Additionally, Nrf2 along with several downstream products, NQO1, GSR,
GSTA2, TXNDR1, GCLC, and GCLM, is reduced in the arterioles of adult db/db

mice when compared to controls. *°
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Research in humans has also shown that Nrf2 function is decreased in subjects
with T2DM. 18 Sijewart and colleagues compared pro-oxidant status and mRNA
expression of Nrf2 and HO-1 in 40 patients with T2DM and 30 age-matched
controls. Using the thiobarbituric acid-reactive substances (TBAR’S) method, the
authors found that blood from patients with T2DM exhibit a roughly 100% increase in
oxidative stress compared to healthy controls. Furthermore, Nrf2 and HO-1 gene
expression was significantly lower in leukocytes from patients with T2DM when
compared to healthy controls.

The initial increase in Nrf2 occurs concomitantly with increases in ROS
suggesting Nrf2 increases in response to the cytotoxic insult of hyperglycemia, while
long-term studies demonstrate that after the initial increase in Nrf2 function there is a
marked decrease in both content and activity of Nrf2 and its downstream antioxidant
products. These in vivo and in vitro experiments provide substantial evidence for the
following hypothesis: expression of Nrf2 is initially increased in response to the onset
of the diabetic milieu, which is then decreased in late stage diabetes. This suggests
that therapies targeting the Nrf2 pathway in late-stage diabetes should be aimed at
increasing Nrf2 activity.

Mechanisms of Nrf2 signaling and dysregulation in diabetes.

Decreased Nrf2 content and activity is associated with the diabetic state and
plays a critical role in diabetic complications. For over a decade, Nrf2 has been
investigated in cancer research; it is only more recently that Nrf2 has been the focus
of diabetic research. Given the highly coordinated nature of Nrf2 signaling, it is

reasonable to assume that signaling dysregulation is involved the Nrf2 dysfunction
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observed in T2DM. As such, several reviews have been published describing the
mechanisms of Nrf2 signaling in the context of cancer cells, however, no reviews
have been published describing the current research on Nrf2 signaling in T2DM.
Therefore, one aim of this review is to discuss the relevant mechanisms of Nrf2
signaling in non-diabetic and diabetic states. Furthermore, Nrf2 is currently being
intensely researched as a therapeutic target for pharmaceuticals, thus it is highly
salient that we develop an understanding of Nrf2 signaling dysregulation in T2DM.
The Nrf2 transcription factor

Nrf2 is a cap ‘n’ collar (CNC) basic-region leucine zipper transcription factor that
is highly conserved amongst vertebrates, is constitutively expressed, and
homozygous KO mice develop normally, indicating it is dispensable for mouse
development. 2% 21 Nrf2 contains six highly conserved Nrf2-ECH homology (Neh)
domains (Figure 6.1). The Neh 1 domain is the DNA-binding domain that interacts
with small Maf proteins and incurs post-translational modifications, such as
acetylation, that influence DNA-binding affinity.1”- 2222 The Neh2 domain serves as
the binding domain for the Kelch domain of Keap-1 and contains seven lysine
residues for ubiquitin conjugation, thus allowing negative regulation of Nrf2 via
proteasome-mediated degradation.?* 2> The Neh 3 domain lies at the C-terminus
and has been shown to be requisite for transcription through the recruitment of
CHDS6, a coactivator that contains a helicase and chromodomain. 2! Neh 4 and 5 are
transcription transactivation domains which bind to p300-CBP and act synergistically
to optimize activation of reporter gene expression. 26 The Neh 6 domain functions to

regulate protein stability through the formation of a phosphodegron via GSK-3
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mediated phosphorylation of serine residues and B-TrCP mediated ubiquitination. 27-
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Figure 6.1. Structures of Nrf2 and Keapl and Keapl-mediated ubiquitination
and GSK-3/B-TrCP mediated ubiquitination. A) Human Nrf2 contains 589 amino
acids and six highly conserved Nrf2-ECH homology (Neh) domains. Neh 1
domain is the DNA-binding domain that interacts with small Maf proteins, HATS,
and HDACs. The Neh2 domain contains seven lysine residues for ubiquitin and
serves as the binding domain for the Kelch domain of Keap-1. The Neh 3
domain is requisite for transcription through the recruitment of CHD6, a
coactivator that contains a helicase and chromodomain. Neh 4 and 5 are
transcription transactivation domains that bind to p300/CBP and act
synergistically to optimize activation of reporter gene expression. The Neh 6
domain is a serine rich domain that is believed be involved in regulation of
degradation and regulation through phosphorylation. Human Keapl contains
624 amino acids and five domains. The BTB domain functions with the N-
terminus to mediate homodimerization and binding of Keapl to Cul3. The Kelch
domain functions with the C-terminus to mediate the binding of Nrf2 to Keapl.
B) Degradation of Nrf2 is regulated through the Keap1-Cul3-Rbx E3 ubiqutin
ligase complex in the Neh2 domain and by the Glycogen Synthase Kinase 3/B-
TrCP axis via a phosphodegron in the Neh6 domain.
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Nrf2 is negatively regulated by Keapl
Keapl-dependent Cul3-Rbx1 degradation

Nrf2 is located in the cytosol where it is associated with a negative regulator,
Kelch-like ECH-associated protein 1 (Keapl). The Kelch domain of Keapl binds to
an ETGE motif in the NEH2 amino-terminal regulatory domain of Nrf2, and in
unstressed conditions, the Nrf2 protein is rapidly turned over in through Keap-1
dependent manner Cul3-Rbx1 ubiquitination and proteasomal degradation. 3 Thus,
under basal conditions, the Neh2 domain of Nrf2 functions as a redox-sensitive
degron via Keapl, which associates with Cul3 and Rbx, forming an E3 ubiquitin
ligase complex that actively targets the lysine residues of Nrf2 for ubiquitination
(Figure 6.2).25

When cells are exposed to oxidative stress, electrophiles, or chemopreventive
agents, Nrf2 escapes Keapl-mediated repression, allowing it to translocate from the
cytosol to the nucleus, and induce the ARE response. Based upon our current
understanding, it appears that cellular stress or pharmacological therapy mainly
disrupts the Keap1-Nrf2 complex, thereby increasing Nrf2 protein stability through
direct modification of Keapl and Nrf2 residues. Keapl is rich in cysteine residues,
which often act as a molecular switch triggered by changes in intracellular redox
status. In vitro studies demonstrated that formation of the Keap1-Nrf2 complex is
dependent upon the presence of strong reducing agents and that thiol-reactive
reactive compounds can alter the Keap1-Nrf2 interaction, suggesting that cysteine
residues in Keapl may play a role in Keapl mediated repression of Nrf2. 32 Keapl

mutation studies demonstrated that C273 and C288 are essential for Keap1-
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dependent repression of Nrf2 under basal conditions. Additionally, these studies
demonstrated C151 is required for Keapl-dependent inhibition of Nrf2 by
pharmacological agent, and electrophilic and oxidative stress. 33

The Toledano lab elucidated a molecular mechanism through which Keap1-Nrf2
interaction is inhibited under oxidative conditions. They demonstrated that under
basal conditions, Keap1 carries a disulfide bridge between Cys??6 and Cys®3, and
exposure to H202, increases this disulfide bridge and initiates formation of an
intermolecular disulfide linking two KEAP1 molecules via Cys'®!, which then allows
for increased Nrf2 Stabilization.3* Independently, the Hayes lab demonstrated that
Cys??6 and Cys®®2 are required for the Zn2* sensor, which allows Keapl to sense
Cd?*, As®*, Se**, and Zn?*. This findings indicates that the Keap1-Nrf2 complex is
involved not only in sensing oxidative stress but also as a metal(oid) sensor. 3
When considered together, these studies support the hypothesis that the cysteine
residues of Keapl act as a molecular switch, thereby enabling Keapl to regulate
Nrf2 and respond appropriately to changes in the intracellular redox status and other
cellular stresses.

Most evidence suggests the majority of the disruption occurs through direct
modification of the Keap1-Nrf2 complex; however, several studies have shown that
the protein kinase C (PKC) and protein kinase RNA-like endoplasmic reticulum
kinase (PERK) pathways can also cause disruption of the Keap1-Nrf2 complex
(Figure 6.2). Two independent groups have demonstrated that antioxidant therapy
modifies the complex through the PKC pathway. 3¢ 37 Huang and colleagues and

Bloom and Jaiswal demonstrated that PKC phosphorylates Nrf2 at Ser40, which lies
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in the Neh2 domain that interacts with the Kelch-domain of Keapl, and releases
Nrf2 from Keapl. Bloom and Jaiswal also demonstrated that Ser40 phosphorylation
was not required for protein stability or nuclear accumulation.®® The unfolded protein
response (UPR) and endoplasmic reticulum (ER) stress has also been shown to
disrupt the Keap-Nrf2 complex and activate Nrf2 and its target genes. 3
Immunoprecipitation of PERK from 3T3 cells transduced with a retrovirus-encoding
PERK demonstrated that Nrf2 was a direct PERK substrate. In the same paper, The
Diehl Lab demonstrated that the UPR and ER stress activated PERK rapidly
phosphorylates Nrf2 and is necessary and sufficient for PERK-dependent
dissociation of Nrf2 from Keap1, nuclear import, and prevents reassociation with
Keapl. 3

This data suggests that stability of Nrf2 is primarily controlled by the Nrf2-Keapl
complex, which is regulated through 2 distinct mechanisms: 1) Nrf2 can be released
from Keapl through modification of cysteine residues in response to thiol-reactive
compounds, 2) through signaling pathways that sense cell stress through oxidative
stress-independent mechanisms (i.e. ER stress via the PERK pathway or
chemopreventative therapy via the PKC pathway) (Figure 6.2).

Keapl dependent nuclear export

Recent studies have demonstrated that Keapl also plays a role in regulating
post-transcriptional nuclear export of Nrf2. 3°41 Immunofluorescence studies have
shown that Keapl detaches from the cytoskeleton and translocates to the nucleus
after exposure to oxidative stress. 4° Velichkova and Hasson demonstrated that

Keapl possessed a nuclear export signal (NES), a LVQIFQELTL motif within the
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intervening region, and that mutation in the NES of Keapl resulted in nuclear
accumulation of both Keapl and Nrf2, suggesting that the NES of Keapl plays a
primary role in nuclear export of Nrf2. The Zhang lab confirmed these findings and
demonstrated that Keapl nuclear translocation is independent of Nrf2 and the Nrf2-
Keapl complex does not bind to the ARE. 4! These findings suggest that in the
presence of oxidative stress Nrf2 escapes Keapl, translocates to the nucleus
wherein it transcribes antioxidant genes and once cellular redox homeostasis is
recovered, Keapl translocates into the nucleus and complexes with the disengaged
Nrf2. The Keapl-Nrf2 complex is then exported from the nucleus where it associates
with the E3 ubiquitin ligase, thereby resulting in degradation of Nrf2. 4! The Jaiswal
lab identified a specific residue for this mechanism of nuclear export when they
demonstrated that phosphorylation of Tyr®® was required for Keapl-mediated
nuclear export of Nrf2.42

Keapl regulates Nrf2 protein stability via Cul3-Rbx1 ubiquitination and
proteasomal degradation by binding an ETGE motif in Neh2 domain. Additionally,
Keapl contains a NES, a motif LVQIFQELT within the intervening region, which
regulates nuclear export of Nrf2 through interaction with a phosphorylated Tyr85,
which is then marked for degradation by the E3 ubiquitin ligase. Thus, Keapl plays
a critical role in governing Nrf2 function.

Keapl is increased in diabetes

When bound to Keapl, Nrf2 is ubiquitinated and degraded by the proteasome

in a rapid manner, effectively preventing Nrf2 from transcribing Nrf2-dependent

phase 2 gene products. Furthermore, Keapl regulates post-transcriptional
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repression of Nrf2-via nuclear export and subsequent proteasomal degradation.
Together, these mechanisms reduce Nrf2 protein stability and transcription of Nrf2-
mediated genes.

Keapl levels are elevated in fibroblasts taken from diabetic rats and co-
immunoprecipitation analysis has demonstrated that association of Nrf2 with Keapl
is significantly increased in the diabetic fibroblasts when compared to non-diabetic
controls. Furthermore, Nrf2 is degraded by the 26S proteasome in diabetic
fibroblasts at a greater rate than in control fibroblasts.'? Additionally, Keapl mRNA is
elevated in high-fat diet induced models of diabetes in mice.*?

The Shinohara lab has recently demonstrated that increased Keap1l in diabetes
may due to epigenetic mechanisms. They found that CpG islands in Keapl promoter
were demethylated in cataractous lenses from diabetic patients and that treating
human lens epithelial cells with 5-aza-2'deoxycytidine (5-Aza), a demethylation
agent, induces a 10-fold increase in Keap1lmRNA, a 3-fold increase levels
of Keapl protein, and reduced Nrf2 function. Thus, demethylation of the CpG Our
results indicated that demethylation of the CpG islands in the Keapl promoter will
activate the expression of Keapl protein, which then increases the targeting of Nrf2
for proteosomal degradation. Decreased Nrf2 activity represses the transcription of
many antioxidant enzyme genes and alters the redox-balance towards lens
oxidation. Thus, demethylation of the CpG islands in the Keapl promoter may be a
contributor factor to increased Keapl levels observed in diabetes and that Nrf2
protein stability is reduced in T2DM, at least in part, through increased levels of

Keapl.
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Targeting Keapl-Nrf2 dysregulation

The antioxidants sulforaphane (SFN) and tetrahydroxyquinone (tBHQ) disrupt
the Keapl-Nrf2 complex and have been shown to be effective in reducing or
preventing diabetic complications by increasing Nrf2 content and activity in animal
models.8 1144 |t was originally believed that SFN and tBHQ increased Nrf2 activity
by modifying cysteine residues of the Nrf2-Keapl complex and caused dissociation
in a manner similar to ROS.3? This theory would present a paradox as the evidence
has shown that increased ROS causes Nrf2 to dissociate and translocate to the
nucleus and that late T2DM is associated with increased ROS but decreased Nrf2.
The evidence that treating oxidative stressed diabetic cells and animals with tBHQ or
SFN increases Nrf2 signaling suggests these compounds have a different
mechanism of action. Several research groups have been attempting to elucidate
exactly how SFN and tBHQ increase Nrf2 content and activity. Based upon current
evidence, SFN and tBHQ disrupt the Nrf2-Keapl complex by inhibiting the activity of
the Keapl-Cul3 ubiquitin ligase. Kobayashi and colleagues demonstrated that tBHQ
blocked ubiquitination of Nrf2. 45> Zhang confirmed this and demonstrated that SFN
functions in the same manner. 46 This presents an interesting question, how does
preventing ubiquitination of Nrf2 increase its activity? Zhang presented the following
saturation model to answer that question: during unstressed, basal conditions, large
amounts of Keapl molecules exist in relation to Nrf2, and as such the majority of
newly synthesized Nrf2 binds to Keapl and is degrading through proteasomal
degradation.*® Upon administration of tBHQ or SFN, Nrf2 degradation is suppressed

by blocking ubiquitination and its subsequent degradation. The amount of Nrf2 in the
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cell eventually saturates the binding capacity of Keapl, resulting in free Nrf2, which
is capable of transcription. This makes SFN and tBHQ an attractive target for
improving Nrf2 function in diabetes by reducing the ubiquitination caused by
increased levels of Keapl present in the diabetic state.'?

The triterpenoid derivative of dihydro-CDDO-trifluorethyl amid (Dh404) has also
been shown to directly disrupt Keapl association and reduce Keapl-dependent
suppression of Nrf2.4” Ichikawa and colleagues used a balanced Keap1-Nrf2
expression system and residue mutations of C151S, C273S, and C288S to examine
whether Dh404 increases Nrf2 by directly disrupting the Keap1-Nrf2 complex. They
found that Dh404 increased Nrf2 activity in all cells except those with Nrf2 and
C151S Keapl mutant. Furthermore, Dh404 increased Nrf2 activity and inhibited the
formation of ROS in in H9C2 cardiomyocytes. Together, this evidences indicates
that Dh404 directly disrupts the Keap1-Nrf2 complex by interacting with the C151
residue in Keapl, thereby increasing Nrf2 stability. Importantly, the mechanism of
Dh404 is independent of SFN and tBHQ, suggesting they may have synergistic
effects when administered in combination.

Targeting the Keapl-Nrf2 complex with SFN, tBHQ, and Dh404 in vivo has
shown promise in attenuating diabetic complications in animal models. Bai and
colleagues demonstrated that administration of SFN to diabetic mice upregulated
Nrf2 expression and its downstream genes and concurrently preserved ejection
fraction, reduced protein expression and mRNA of the hypertrophic marker ANP,
attenuated cardiac hypertrophy, reduced fibrosis and TGF-3 expression, decreased

inflammation and TNFa, and reduced oxidative stress in the myocardium.!* SFN has
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been shown to have similar effects in diabetic nephropathy. 3 months of SFN
treatment attenuated loss of kidney function, fibrosis and TGF-3 expression, reduced
inflammation and TNFa, and oxidative stress in the kidneys of diabetic mice #¢. The
improved renal function the diabetic mice by SFN treatment occurred concomitantly
with increased Nrf2 expression in the kidneys of the diabetic mice. Bai et al.
demonstrated that SFN upregulates renal expression of Nrf2 and its downstream
gene products at both mRNA and protein level.'! Importantly, in vitro studies from
the Cui et al. paper demonstrated that silencing Nrf2 abolished SFN’s prevention of
hyperglycemia induced fibrosis, indicating the therapeutic benefits of SFN treatment
occur predominately via Nrf2. Additionally, a recent randomized double-blind
placebo controlled trial found that a supplemental source of SFN, broccoli sprout
powder, reduced markers of oxidative stress in patients with T2DM.4°

tBHQ disrupts the Keap1-Nrf2 complex via the same mechanism as SFN and
has shown similar results as SFN in animal models of diabetic nephropathy. Feeding
diabetic mice a diet containing 1% tBHQ significantly reduced the levels of serum
and glomerular malondialdehyde, kidney weight and proteinuria, as well as
decreased levels of fibronectin while concomitantly increasing Nrf2 protein
expression and nuclear accumulation and expression of HO-1 and y-GCS. 8

Dh404 has been efficacious in attenuating diabetes-associated nephropathy via
increasing Nrf2 function. Tan and colleagues demonstrated that dh404 improves
diabetic kidney disease and atherosclerosis in an inverse dose-dependent manner.
50 A low dose but not a high dose of dh404 lessened diabetes-associated

atherosclerosis while concomitantly decreasing oxidative stress (markers) and TNF-
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a, ICAM-1, VCAM-1 and MCP-1. They also demonstrated that dh404 attenuates loss
of renal function and glomerular and renal tubular injury in diabetic mice.
Corresponding in vitro studies in NRK cells showed that low doses dh404 increased
the Nrf2 gene products HO-1, NQO1 and GSH-S transferase, and inhibited TGF[3-
mediated pro-fibrotic fibronectin and IL-6.° It is pertinent to note that analogues of
Dh404, namely bardoxolone methyl, have shown to have adverse effects. However,
it was believed that impure compounds were responsible for the adverse effects in
those studies.5! Follow up studies demonstrated that using structural analogs lacking
the impurities and at appropriate doses were unable to reproduce the adverse
effects and that dh404 is in fact well tolerated and exhibits efficacy in rodent models
of T2DM.%? It is believed these negative side effects were due to impure compounds
and that dh404 is both efficacious and well tolerated in several animal models and in
humans. As dh404 has shown promise in animal models and human trials have
already been conducted, both the dose and source of dh404 need to be given
thorough consideration in future research and human trials.

SFEN and tBHQ increase Nrf2 stability by preventing Keapl-mediated
ubiquitination and degradation of Nrf2. Dh404 increases Nrf2 protein stability
through a dissimilar mechanism by causing dissociation of the Nrf2 complex. In
combination therapy, dh404 may increase Keap1-Nrf2 disassociation while SFN or
tBHQ may reduce ubiquitination and improve Nrf2 protein stability. Therefore, a
therapy utilizing both approaches may prove synergistic in improving Nrf2 function in

diabetes and research exploring this is needed.
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Nrf2 is negatively regulated by Glycogen Synthase Kinase 3
Glycogen Synthase Kinase 3/B-TrCP regulates Nrf2 protein stability

Degradation of the Nrf2 transcription factor also occurs in a Keapl-independent
manner by the Glycogen Synthase Kinase 3/B-TrCP axis via a phosphodegron in the
Neh6 domain.?®30 Rada and colleagues initially demonstrated that Glycogen
Synthase Kinase 3 (GSK-3) regulates Nrf2 protein levels independently of Keap1. 3!
Administration of SB216763, a GSK-3 inhibitor, to Keapl” mice and Keap1** mice
SB216763 increased Nrf2 protein levels by increasing its half-life in both the Keap1™
and WT mice, suggesting GSK-3 alters protein levels through regulation of Nrf2
stability independently of Keap1.?° In the same paper, utilizing bioinformatics and a
series of elegant experiments, the authors were able to demonstrate that GSK3-3
phosphorylates a serine residue cluster (335, 338, 342, 347, 351, and 355) in a -
TrCP destruction motif within the Neh6 domain of Nrf2, and that serine to alanine
mutation of these residues prevented GSK-3/3-TrCP dependent degradation. These
initial findings indicate that the Neh6 domain in the Nrf2 transcription factor functions
as a phosphodegron in which GSK-3 phosphorylates serine residues within a 3-
TrCP destruction motif that is then ubiquitinated by the B-TrCP ES3 ligase.

Recently the Hayes lab identified the binding site for the GSK-3 phosphorylation
site through which B-TrCP serves as a receptor for the Skp1-Cull-RBX/Rocl
ubiquitin ligase complex. %° Utilizing biotinylated-peptide pull-down assays, they
identified DSGIS3%® as the binding site for B-TrCP, and that phosphorylation of Ser3%
and Ser®38 increased B-TrCP binding. Together, these findings indicate that GSK-3

represses Nrf2 by phosphorylating Ser33® and Ser33 within a phosphodegron in the
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Neh6 domain, which increases binding of B-TrCP and subsequent ubiquitination and
degradation.

GSK-3 activity is, at least in part, negatively regulated via the PISK and PKB/Akt
pathway. Several studies have demonstrated that inhibition of PI3K and PKB/Akt
pathway increases GSK-3 activity and downregulates Nrf2.2% 30 As there is aberrant
PI3K and PKB/Akt signaling in diabetes, the GSK-3/ B-TrCP axis is likely to be
involved in Nrf2 dysregulation in Diabetes.

GSK-3B-Fyn axis regulates nuclear export of Nrf2

Deacetylation of Nrf2 causes transcriptional termination and disengages it from
the ARE.®3 Upon disengagement from the ARE Nrf2 must then be exported from the
nucleus where it is degraded by the proteasome. Currently, there are two major
mechanisms for nuclear export of Nrf2; the GSK3B-Fyn pathway and Keap1l-
mediated nuclear export.

Upon completion of Nrf2 activation, the Src kinase, Fyn, phosphorylates Nrf2 at
Tyr%68 and causes nuclear export by Crm1 and ultimately degradation of Nrf2.3°
When treated with xenobiotics or hydrogen peroxide, Fyn is exported out of the
nucleus, thereby allowing Nrf2 to bind to the ARE and induce transcription. Allowing
accumulation of Fyn by removing its NES motif renders Nrf2 ineffective and
increases susceptibility to cellular death. Nuclear accumulation of Fyn is regulated
by Glycogen synthase kinase -3 (GSK-3). GSK-3p phosphorylates Fyn, causing it
to localize to the nucleus where it phosphorylates Nrf2 at Tyr®8, resulting in nuclear

export and degradation.
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Exposing granule neurons to oxidative stress by administrating H202 inhibits
GSK-3pB activation and promotes nuclear accumulation of Nrf2.5* Furthermore,
inhibiting GSK-3 with the compound TDZD-8 resulted in large increases of nuclear
Nrf2. These studies, along with several others suggest that in the presence of
oxidative stress GSK-3p-regulated nuclear translocation of Fyn is inhibited, thereby
reducing nuclear export of Nrf2.5 It has been hypothesized that there may be two
prominent phases of the Nrf2 stress response: 1) an early phase (0-4 hrs.) in which
Nrf2 translocates to the nucleus and the oxidative stress suppresses the GSK-33
pathways, thereby reducing nuclear export, 2) a delayed response (5-8 hours) in
which unknown kinases activate the GSK-3 pathways.%® This hypothesis poses
several novel questions and potentially rewarding areas of investigation. | propose
there may be an alternative hypothesis that explains GSK-3B-regulated control of
Fyn. | propose the GSK-3B-Fyn axis works on a feedback mechanism whereby
GSK-3p constitutively activates Fyn and causes nuclear translocation under basal
conditions and when exposed to oxidative and/or cellular stress, GSK-3p3-regulated
activation of Fyn is inhibited, and Nrf2 is allowed to accumulate in the nucleus and
transcribe antioxidant genes. When the antioxidant products of Nrf2 transcription
have attenuated the cellular stress, the GSK-3B-inhibitory signal is removed and Fyn
translocation is restored, exporting Nrf2, thereby attenuating the activity of the
endogenous antioxidant system. Such a mechanism is parsimonious and would be
effective in maintaining the redox status of the cell.

GSK-3 functions to downregulate Nrf2 through two distinct mechanisms, 1)

through the formation of a phosphodegron via the GSK-3/ B-TrCP axis, and 2) by
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enhancing nuclear export of Nrf2 via the GSK-33-Fyn axis. The dual role of GSK-3 in
regulating Nrf2 makes it an attractive potential target for improving Nrf2 function.
Diabetes increases GSK-3 activity

GSK-3 decreases protein stability through the formation of a phosphodegron
and ubiquitination via B-TrCP. GSK-3 is constitutively active at basal conditions and
is inhibited via the IRS-1/PI3K and Akt pathways, and inhibition of the PI3K/Akt
pathway increases Nrf2 degradation.?® 3° Hayes and Dinkova-Kostova noted that
this mode of regulation has been overlooked because GSK-3 is inhibited under
conventional cell-culture conditions.>” As such, no studies have explicitly
demonstrated that GSK-3/TrCP mediated degradation of Nrf2 is increased in
diabetes. However, GSK-3 is elevated in rodent models and humans of diabetes.%®
59 Furthermore, PI3K/Akt signaling is diminished in insulin-resistant rodents models
and in the skeletal muscle of obese humans with T2DM.%% 61 This suggests
increased degradation of Nrf2 via the GSK-3/B-TrCP axis is a plausible, and highly
probable mechanism for decreased Nrf2 function in diabetes. Research is needed to
establish the state of this mechanism in the function of Nrf2 in diabetes.

Gsk-3 is also involved in reducing nuclear accumulation of Nrf2 via the GSK-
3B/Fyn axis and evidence from animal models of diabetes suggest this mechanism
is increased in the diabetic state. Bitar and Al-Mulla demonstrated that GSK-33/Fyn
mediated nuclear export of Nrf2 was increased in diabetes when they showed
increased GSK-3 activity and expression of Fyn alongisde diminished accumulation
of nuclear Nrf2 and Nrf2 gene products in primary fibroblasts from diabetic mice.'?

Furthermore, they demonstrated that siRNA-mediated downregulation of GSK-3
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restored nuclear accumulation of Nrf2 signaling in the diabetic fibroblasts;
suggesting inhibition of GSK-33 can improve Nrf2 function in diabetes.
Independently of Bitar and Al-Mulla, the Calvert lab has also demonstrated that
nuclear expression of Fyn is increased in hearts of db/db mice when compared to
controls.'® Together, these findings indicate that augmentation in GSK-3B-Fyn
signaling in T2DM reduces nuclear accumulation of Nrf2 and transcription of its
antioxidant gene products.

Increased GSK-3 in diabetes can reduce Nrf2 protein stability through the
phosphodegron in the Neh6 domain and decrease nuclear accumulation through
nuclear export via the GSK-3B-Fyn mechanism. As such, GSK-3 inhibition is an
attractive target to improve Nrf2 function in diabetes.

GSK-3 inhibition in diabetes

GSK-3 inhibitors have shown efficacy in treating diabetes, primarily for their role
in restoring defects in glycogen synthesis and glucose uptake.®? 63 While the
majority of GSK-3 inhibition in diabetes has focused on improving insulin sensitivity,
inhibition of GSK-3 inhibition has also been shown to improve Nrf2 function in cell
culture and in non-diabetic and diabetic animal models.

In initial in vitro studies, Rojo and colleagues treated N2A neuroblasts with the
GSK-3 inibitors10 mM lithium or 30 yM TDZD8 and then submitted them to SFN or
tBHQ. Lithium or TDZD8 increased luciferase activity of an ARE-LUC reporter 2-
fold.>* Rada and colleagues found demonstrated that the GSK-3 inhibitor SB216763
increased Nrf2 protein levels in the liver and hippocampus of C57/BL6 mice.?® In

vitro work by Bitar and Al-Mulla showed that GSK-3 inhibition with lithium normalizes
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basal and inducible levels of Nrf2 and transcriptional activity in diabetic rat
fibroblasts.'?

When TDZD8 and lithium are combined with SFN or tBHQ, there is a
synergistic effect in increasing Nrf2 transcription.'? 28 54 Rojo and colleagues
demonstrated that combination of either lithium or TDZD8 with SFN increased HO-1
levels to a greater extent than any treatment alone, suggesting that combination
therapies targeting different mechanisms of Nrf2 signaling have additive effects.?®
Furthermore, Rojo et al. demonstrated that combining inhibition of GSK-3 with the
Keap1-Nrf2 disrupter tBHQ induced a roughly 4-fold increase in Nrf2 protein levels
and transcription in the diabetic fibroblasts, which was greater than either treatment
in isolation.%*

GSK-3 regulates Nrf2 stability and nuclear export in a Keapl-independent
manner. Recent evidence has demonstrated that combination therapy of the GSK-3
inhibitor TDZD-8 with the Keap1-Nrf2 modifying tBHQ have a synergistic effect on
Nrf2 transcriptional activity in diabetic rat fibroblasts.'® This provides a strong case
for combining therapies that target different aspects of the Nrf2 signaling pathway in

diabetes.
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Figure 6.2. Cytosolic regulation of Nrf2. Under unstressed conditions, Nrf2 is
located in the cytosol where it is associated with a negative regulator Kelch-like
ECH-associated protein 1 (Keapl), which is associated with Cul3 and Rbx,
forming an E3 ubiquitin ligase complex that actively targets the lysine residues
of Nrf2 for ubiquitination. Nrf2 protein is rapidly turned over in a Keap1-
dependent manner through Cul3-Rbx1 ubiquitination and proteasomal
degradation. When cells are exposed to oxidative stress, electrophiles, or
pharmacological agents, Nrf2 escapes Keapl-mediated repression, allowing it
to translocate from the cytosol to the nucleus. Cellular stress can disrupt the
Nrf2-Keapl complex directly through directly modifying cysteine residues, the
PKC pathway, or via the PERK pathway as a result of ER stress. Degradation
of the Nrf2 transcription factors also occurs in a Keapl-indepdent manner by
the Glycogen Synthase Kinase 3/B-TrCP axis via a phosphodegron in the Neh6
domain 2830, Briefly, GSK3 phosphorylates Ser3* and Ser®38 in the DSGIS33 of
Nrf2 which increases B-TrCP binding and ubiquitination.
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Transcriptional regulation of Nrf2 by acetylation/deacetylation

Nrf2 forms heterodimers with small v-maf musculoaponeurotic fiborosarcoma
oncogene family (Maf) proteins and activates gene expression directly through the
ARE.54%¢ Transcriptional activity of Nrf2 and its nucleo-cytoplasmic localization are
regulated via acetylation and deacetylation of lysine residues by the histone
acetyltransferase P300/CREB-binding protein (CBP) and histone deacetylase
(HDAC) proteins

Katoh and colleagues found that two transactivation domains, Neh4 and Nehb5,
bind to CREB-binding protein (CBP) and are critical in attaining maximal activation of
Nrf2-dependent gene expression as measured by reporter assays. 26 CBP induces
acetylation of Nrf2, which increases binding of Nrf2 to the gene promoter in the ARE,
and increases dependent Nrf2-dependent transcription.>® Mutation of Lys®® and
Lys®° to alanine or arginine of Nrf2 reduces Nrf2-dependent gene transcription and
abolishes the acetylation and transcription activating effect of CREB-binding protein,
identifying Lys®®8 and Lys®®! as critical sites of acetylation and transcription of Nrf2-
dependent genes.53

Kawai et al. demonstrated that the deacteylase sirtuin 1 (SIRT1) decreases
acetylation of Nrf2 and Nrf2-dependent transcription.>® Furthermore, acetylation of
Nrf2 is recapitulated when transfected the cells with negative SIRT1 or administered
the SIRT1 inhibitors nicotinamide or EX-527.52 In addition to SIRT1, HDAC proteins
have been shown to regulate nuclear Nrf2 function. Chromatin immunoprecipitation
(ChIP) studies in vascular endothelial cells have shown that association of class |

HDACs with Nrf2 results in deacetylation and inhibits its in vivo binding to the ARE
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and NQO1 expression.®” Conversely, Nrf2 was able to bind to the ARE and maintain
NQO1 expression after transfecting the cells with HDAC-1/2/3-specific SiRNA. This
indicates that HDAC proteins, specifically class | HDACs, associate with Nrf2 and
modulate its transcriptional activity.

Kawai and colleagues showed that acetylation/deacetylation also regulates
nucleo-cytoplasmic localization. Acetylation of Nrf2 increases nuclear localization
while deacetylation conditions promote cytoplasmic localization.>® The authors
hypothesized that nuclear acetylation of Nrf2 results in binding of to the ARE and
augments transcription, while deacetylation disengages Nrf2 from the ARE,
terminating transcription, and encourages nuclear export.>® When considered
together, these findings indicate that hyperacetylation results in increased
expression of Nrf2 regulated genes and hypoacetylation results in decreased
expression of Nrf2 regulated genes (Figure 6.3). This evidence suggests that Nrf2
activity is modulated by class | HDACs in a variety of cells and types of cell stress
and that Nrf2 is primarily regulated by HDACs by the following mechanisms: 1)
HDACSs associate with Nrf2 and deacetylate it, thereby reducing binding of Nrf2 to
DNA for transcription, 2) HDACs modify histone proteins and modulate chromatin to
condense it, thereby reducing the availability of the DNA for Nrf2 to bind and engage

in transcription.
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Figure 6.3. Nuclear regulation of Nrf2. Nrf2 forms heterodimers with Maf
proteins to control differential gene regulation through the antioxidant response
element (ARE). Acetylation of Nrf2 by the co-activator p300/CBP increased
binding of Nrf2 to promoters in the ARE. Deacetylation by SIRT1 and other
class | HDACs disengages Nrf2 from the ARE, thereby terminating
transcription. Upon disengagement from the ARE, Fyn phosphorylates Tyr568
of Nrf2, resulting in Keapl independent nuclear export via Crm1. Nrf2 can also
complex with Keapl1-Cul3-Rbx1, which is then ubiquitinated, exported, and
degraded by the proteasome.

HDAC inhibitors to improve Nrf2 in diabetes
Abnormalities in epigenetic regulation by class | HDACs have been associated
with T2DM.®8 Class | HDAC activity is elevated in diabetic mice and is associated

with metabolic dysfunction, hypertrophic cardiomyopathy, renal impairment and are
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considered to be regulators of diabetic complications.®870 Small molecule inhibitors
of class | HDACs have therapeutic potential in improving metabolic dysfunction, and
attenuating diabetic cardiomyopathy, nephropathy, and neuropathy in animal models
of diabetes.®® 7t

Currently the effect of class | HDAC inhibitors on Nrf2 function have not been
explored in diabetic models; however, evidence from non-diabetic studies indicate
that HDAC inhibitors are efficacious in increasing Nrf2 function.”®-8! Suberoylanilide
hydroxamic acid (SAHA), a class | and Il HDAC inhibitor, upregulates transcription of
the Nrf2 gene products GCLC and GLCM, without increasing expression of Nrf2 in
U937 cells.”? The pan HDAC inhibitor trichostatin A (TSA) restores the expression of
Nrf2 as well as transcription of NQOL1 in a TRAMP C1 cell line.”® TSA has also been
shown to increase Nrf2 binding to the ARE and transcription of HO1. Wang and
colleagues demonstrated that TSA increases Nrf2 nuclear translocation, enhances
Nrf2-ARE binding, and upregulates expression of HO1 in cortical neuronal cells. 74
Additionally, Correa and colleagues demonstrated that increased HDAC activity
decreased levels of Nrf2 and the downstream target yGCL-M in astroglial cells and
valproic acid (VPA) restored the Nrf2 function and protected against oxidative-stress
induced cell death in astroglial cells.”® In vivo experiments have show that TSA
protects against cerebral ischemia in mice, at least in part, through increased Nrf2
activity and that the protective effect of TSA was abolished in Nrf2-deficient mice.”*

As previously mentioned, SFN has shown to be efficacious in attenuating
diabetic cardiomyopathy and nephropathy in animal models of diabetes via

improving Nrf2 function. In addition to the ability of SFN to repress Keapl-mediated
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degradation of Nrf2, it is also an HDAC inhibitor. Thus, it is likely that SFN improves
Nrf2 function in diabetes, at least it part, through its ability to act as an HDAC
inhibitor. Future experiments exploring SFN as a potential therapeutic for diabetes
and diabetic complications ought to explore this mechanism of action.

The role of HDAC proteins on Nrf2 function has been overlooked in the diabetic
condition. Based upon the evidence that class | HDACs reduce Nrf2 function and
inhibition of these HDACSs restore Nrf2 function, HDAC inhibition may provide a
powerful therapeutic target in the Nrf2 signaling pathway.

Future perspectives

The redox sensitive transcription factor Nrf2 is one of the major cellular
defenses against the cytotoxic effects of oxidative stress and is currently being
investigated as a therapeutic target for diabetic complications.® Evidence indicates
that multiple aspects of the Nrf2 signaling pathway are dysregulated in T2DM,
including: 1) increased expression of the Keapl, 2) increased GSK-3 activity, 3)
upregulated nuclear Fyn expression, and 4) possibly decreased acetylation via
increased HDAC activity (Figure 6.4). Currently most therapeutic strategies for
increasing Nrf2 activity are aimed at targeting one aspect of the Nrf2 signaling
pathway. While this approach has shown to be modestly effective in reducing
diabetic complications such as nephropathy, hypertrophic cardiomyopathy, and
neuropathy in animals and to reduce oxidative stress in humans, it is likely that
combination therapy designed to target multiple aspects of Nrf2 signaling
simultaneously may lead to more powerful outcomes. Data from in vitro data studies

have shown that combination of a Keap1-Nrf2 disruptor with a GSK-3 inhibitor, were
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more effective in improving Nrf2 content and its downstream gene products in
diabetic fibroblasts than either treatment in isolation.'? Therefore, research aimed at
developing a better understanding of Nrf2 signaling in diabetes and the development

combination therapies to optimize Nrf2 activity in diabetes is warranted.

Type |l Diabetes Mellitus
Lithium & HDAC _|
SFN/BHQ —] sB216763 —] T02D-8 Inhibitors
& Dh404
v v v
Keap1- Mediated GSK-3/BTrCP Mediated GSK-3p/Fyn Mediated Reduced Acetylation
Nrf2 Degradation Nrf2 Degradation Nuclear Export of Nrf2
v
Decreased Nrf2 Function
Cardiomyopathy Retinopathy MNeuropathy MNephropathy

Figure 6.4. Effect of diabetes on Nrf2 signaling and current mechanism of action
of current therapeutics. Sulforaphane and tert-Butylhydroquinone (tBHQ)
prevents ubiquitination of Nrf2, thereby reducing proteasomal degradation. The
triterpenoid derivative of dihydro-CDDO-trifluorethyl amid (Dh404) has been
shown to directly disrupt Keapl association and reduce Keapl-dependent
suppression of Nrf2, thereby increasing Nrf2 stability. Inhibition of GSK-3 by
SB216763 increases Nrf2 protein stability by preventing phosphorylation of
Ser33% and Ser338 DSCIS338 gnd B-TrCP mediated ubiquitination. TDZD-8 and
Lithium are GSK-3B inhibitors that prevents GSK-3B-Fyn mediated nuclear
export of Nrf2 and normalizes basal and inducible levels of Nrf2 in diabetic rat
fibroblasts 2. Class | HDACs deacetylate Nrf2, which reduces DNA binding and
increases nuclear export and cytosolic accumulation. Class | HDAC inhibitors
reduce deacetylation of Nrf2, thereby promoting DNA binding and Nrf2 activity.
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Appendix A: Original Proposal
Chapter 1: Introduction
Background of the Problem
Lack of exercise and sedentary behavior are primary risk factors for the
development of type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD)
(Hu, Leitzmann, Stampfer, Colditz, Willet, & Rimm, 2001; LaMonte, Blair, & Church,
2005; Berlin & Colditz, 1990). Concurrently, increased levels of exercise reduce risk
for development of T2DM and CVD (LaMonte, Blair, & Church, 2005; Kohl, Gordon,
Villegas, & Blair, 1992; Berlin & Colditz, 1990). Furthermore, physical activity and
exercise are effective therapeutic tools for reducing complications from these
diseases and may reduce mortality rates (Tanasescu, Leitzmann, & Rimm, 2003;
Hambrecht, et al., 2000; Okada, et al., 2010; Boor, et al., 2009; Broderick, Poirier, &
Gillis, 2005). Despite this evidence, only 65% of adults and 47% of college students
in the United States meet the suggested physical activity guidelines, indicating that
human behavior and lifestyle play a fundamental role in the increasing prevalence of
T2DM. (State indicator report on physical activity, 2010; American College Health
Association-National College Health Assessment II, 2009). Exercise and physical
activity are a known necessity for optimal health, but that knowledge does not
always generate behavior change. Education has always been argued as the means
to alter behavior, but current educational models are not effective. Thus, there is a
need to understand this aspect of physical activity behavior, and to develop more
effective methods to improve knowledge of the benefits of exercise and behaviors

regarding exercise and physical activity in young adult populations of the United
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States. (Haskell, et al., 2006; American College Health Association-National College
Health Assessment I, 2009).

Physical activity and exercise are effective therapeutic tools for reducing
complications from these diseases and may decrease mortality rates (Tanasescu,
Leitzmann, & Rimm, 2003; Hambrecht, et al., 2000; Okada, et al., 2010; Boor, et al.,
2009; Broderick, Poirier, & Gillis, 2005); however, the physiological mechanisms
behind exercise attenuated mortality and morbidity rates in T2DM are not completely
understood. Currently, the majority of medical interventions utilize pharmacological
agents to treat T2DM and subsequent complications; however, there is increasing
evidence that exercise provides the same benefits without the potential side-effects
of current medication (Sharoff, et al., 2010). Thus, there is a need to add knowledge
to the literature surrounding the physiology of diabetic complications and to provide
sound evidence of how exercise reduces complications and mortality in diabetes.

Evidence suggests diabetes increases the risk of developing CVD by three-fold
(Saydah, Miret, Sung, Varas, Gause, & Brancati, 2001). Currently, 8.3% of the
American population has been clinically diagnosed with diabetes and it is estimated
that over 35% of individuals over the age of 20 years have hyperglycemic conditions
(National diabetes fact sheet, 2011; Cowie, et al., 2009). Cardiovascular disease
(CVvD) and complications from T2DM are among the leading causes of death in the
United States (Hoyert & Xu, 2011). Given that the high prevalence of T2DM and the
increased risk of comorbidities, it is abundantly clear that T2DM presents a major

and escalating health concern for American society.
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When taken together, both physiological and behavioral factors are central in
the high prevalence of T2DM and related diseases. Therefore, the purpose of this
dissertation is to conduct two separate studies to explore these two distinct, yet
conceptually related facets of T2DM and to add to the literature on both aspects.

Setting of the Problem for Study 2

Diabetes affects 8.3% of the American population and increases the risk for
associated complications including CVD and nephropathy (Cowie, et al., 2009).
Exercise is an effective tool for reducing complications in diabetes and may reduce
overall morbidity and mortality rates (Tanasescu, Leitzmann, & Rimm, 2003;
Hambrecht, et al., 2000). While benefits are well described in the literature, there is a
lack of data describing physiological mechanisms for the therapeutic benefits of
exercise in diabetes.

Oxidative and chemical stress is central to the development of diabetic
complications and causes early cell death (Shen, Zheng, Metreveli, & Epstein, 2006;
Kitada, Kume, Imaizumi, & Koya, 2011). A redox sensitive transcription factor, NF-
E2-related factor 2 (Nrf2) and the Nrf2 antioxidant-response pathway is one of the
major cellular defenses against the cytotoxic effects of oxidative stress (Zhong,
Mishra, & Kowluru, 2013). The reduced activity of Nrf2 observed in humans and
animals with diabetes has been suggested to have a causative effect in diabetic
complications (Tan et al, 2011; Zhong et al., 2013), while evidence indicates that
increasing Nrf2 activity in diabetic animals reduces complications (Zheng, et al.,

2011). Furthermore, human and animal studies have demonstrated increases in Nrf2
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activity following exercise (Cartoni, et al., 2005; Baar, et al., 2002); however, a
mechanism has not been fully elucidated.

Diabetes is associated with increased O-linked N-acetylglucosamine (O-
GlcNAc) modification of proteins (Clark et al., 2003). O-GIcNAc is a sugar moiety
that can post-translationally modify serine/threonine residues of proteins (Ande,
Moulik, & Mishra, 2009; Chou, Hart, & Dang, 1995). Post-translational modifications
of proteins, including O-GlcNAcylation can induce protein conformational changes.
Conformational changes of proteins can alter cell signaling and metabolic processes
in the cell.

In addition to O-GIcNAcylation, proteins can also be modified by
phosphorylation. Phosphorylation is the addition of a phosphate molecule to a
protein. Like O-GIcNAcylation, phosphorylation also induces conformational changes
of proteins and alters cell signaling and metabolic processes. Phosphorylation and
O-GIcNAclyation can modify the same amino acid residues (Hart, Slawson,
Ramirez-Correa, & Lagerlof, 2011). Thus, phosphorylation and O-GIcNAcylation can
compete for post-translational modifications; when an amino acid residue is O-
GlcNAcylated it cannot be phosphorylated and vice versa. When a protein is
phosphorylated it displays different functions and results in different cellular
processes than when it is O-GlcNAcylated (Hart, Slawson, Ramirez-Correa, &
Lagerlof, 2011).

Phosphorylation is controlled by kinases and phosphatases. Briefly, phosphate
groups are enzymatically added to proteins by kinases and removed by

phosphatases. O-GIcNAclyation is also enzymatically regulated. The enzyme O-
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GlcNAc transferase (OGT) adds O-GIcNAc moiety to proteins while O- GIcNAcase
(OGA) removes O-GIcNAc. There are hundreds of kinases and phosphatases;
however attachment and removal of O-GIcNAc are catalyzed by only two enzymes:
O-GIcNAc transferase (OGT) and O-GIcNAcase, respectively (Haltiwanger, Holt, &
Hart, 1990; Braidman, et al., 1974). This suggests two things: first that the O-GICNAc
modification plays a critical role in cell signaling, and secondly, O-GIcNAc
modification is more responsive to perturbations in the cellular environment and has
a more ubiquitous role in cell signaling than a single phosphorylation action. Thus O-
GlcNAcylation is likely to play a essential role in Nrf2 signaling.

Acetylation is another post-translational modification in which of an acetyl
group to a protein. Like phosphorylation and O-GIcNAcylation, acetylation can
change the structure and function of a protein. Acetylation of Nrf2 within the nucleus
increases Nrf2 binding to the DNA and transcription of Nrf2 regulated genes,
whereas deacetylation of Nrf2 reduces Nrf2 binding to the DNA and decreases
transcription of Nrf2 regulated genes. A class of enzymes known as histone
deacetylases (HDAC) play an integral role of reducing Nrf2 transcription in
pathological conditions by deacetylating Nrf2 (Yu, et al., 2010). Specifically, histone
deacteylase 2 (HDAC 2) is a class | histone deacetylase complexes with Nrf2. When
HDAC2 is phosphorylated, it complexes with Nrf2, and deacetylates it, preventing in
vivo binding to the antioxidant response element in DNA, thereby reducing the ability
of Nrf2 to function (Lee, et al., 2012). There is evidence that HDAC2 is O-
GlcNAcylated (Medford, Porter, & Marsh, , 2013). Given that O-GIcNAcylation

competes and often inhibits phosphorylation due to possible competition for binding
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sites, or protein conformational changes caused by post translational modification,
we hypothesize that O-GIcNAc opposes phosphorylation of HDAC2. Therefore, we
propose that O-GIcNAc maodification of HDAC2 will prevent phosphorylation of
HDAC2 and reduce Nrf2:HDAC2 complexing. O-GIcNAc modification of HDAC2
would then improve Nrf2 signaling be preventing deacetylation of Nrf2 by HDAC2.

Research has previously shown that HDAC2 activity and phosphorylation is
increased in diabetic mice (Cox & Marsh, 2013). Furthermore, there is evidence that
OGT:HDAC2 complexing, is reduced in T2DM mice, and that exercise removes the
difference. This evidence indicates that O-GIcNAcylation of HDAC?2 is reduced in
diabetic mice and that exercise increases GIcNAcylation of HDAC2. Therefore, we
hypothesize that T2DM increases Nrf2:HDAC2 complexing and that exercise
reduces Nrf2:HDAC2 complexing as a result of increased O-GIlcNAcylation of
HDAC2, thereby increasing Nrf2 activity.

Statement of the Problem

The purpose of this dissertation is to examine two unique, but related facets of
diabetes: 1) to increase participant knowledge of the interaction of exercise and
health and improve exercise and physical activity behaviors and 2) to use an animal
model to understand how exercise prevents and attenuates T2DM and its
complications at a molecular level.

Specific Aims.

1. To create an online educational intervention to increase participants’
higher-level reasoning and psychological mediators of behavior change

in regards to exercise in college aged individuals.
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2. To utilize an online higher-level reasoning-based educational intervention
to effectively increase participants’ physical activity and exercise
behavior in college aged individuals.

3. To determine whether diabetes increases Nrf2:HDAC2 complexing and
whether 8 weeks of aerobic exercise reduces Nrf2:HDAC2 complexing
as a result of O-GlcNAcylation of HDAC2 in the skeletal muscle of a type
2 diabetic mouse model.

Hypotheses
1. Pedagogy Study

a. An online higher-level reasoning-based intervention utilizing social
cognitive theory will improve higher-level reasoning and
psychological mediators of behavior change regarding physical
activity and exercise in college-aged adults.

b. An online higher-level reasoning program will improve exercise
and physical activity behavior in college-aged adults.

2. Physiology Study

a. Mice with diabetes will show decreased Nrf-2 content and 8
weeks of aerobic exercise will increase Nrf-2 content in the
skeletal muscle of diabetic mice.

b. Mice with diabetes will show increased skeletal muscle
Nrf2:HDAC2 complexing and 8 weeks of aerobic exercise will
reduce Nrf2:HDAC2 complexing in the skeletal muscle of diabetic

mice.
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c. 8 weeks of aerobic exercise will increase O-GIcNAcylation of
HDAC?2 in skeletal muscle of mice with diabetes, thereby reducing
Nrf2:HDAC2 complexing.

Variables
3. Pedagogy Study

a. Independent Variables: Higher-level reasoning-based Social
Cognitive Theory intervention/ control, gender

b. Dependent Variables: Measures of SCT related to physical
activity (self-efficacy, self-regulation, goal-setting), levels of
physical activity, and reasoning related to physical activity.

4. Physiology Studies

a. Independent Variables: Exercise/non-exercise, diabetic/non-
diabetic.

b. Dependent Variables: HDAC2 levels, Nrf2 protein levels, O-
GIcNACc of Nrf2 protein and HDAC?2 proteins, and Nrf2:HDAC2
complexing.

Delimitations
3. Students for the intervention group will be those enrolled in an online
physical activity and health-based course. There will be no statistically
accurate sampling procedure for this intervention.
4. Measurement of HDAC2, Nrf2 and O-GIcNAc in exercised tissue is
highly invasive; thus, human subjects will not be used to collect the

physiological data. Instead, diabetic mouse models will be used.
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Limitations

3.

4.

Students for the intervention group will not be randomly selected.
Therefore, the population may not be an accurate representation of the
population.

All physiological data regarding hypotheses 1 and 2 will be derived from
animal models. As a result this imposes some limitations in extrapolation

to humans.

Definitions

Cardiovascular disease — disease of the heart or blood vessels.

Histone deacetylase — a class of enzymes that remove acetyl groups
from lysine amino acids on histones and other proteins.

Type 1 diabetes mellitus (T1DM) — a form of diabetes mellitus that
results from autoimmune destruction of the insulin producing beta cells in
the islet of Langerhans in the pancreas.

Type 2 diabetes mellitus (T2DM) — a form of diabetes mellitus that arises
from the development of peripheral insulin resistance and the
subsequent reduction in pancreatic function. T2DM is characterized by
hyperglycemia, hyperlipidemia, insulin resistance, and/or insulin
deficiency.

Oxidative stress — an imbalance between the production of prooxidants
(reactive oxygen/nitrogen species) and antioxidants.

Reactive oxygen/nitrogen species — chemically reactive molecules

containing oxygen or nitrogen. Examples include: superoxide radical
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(¢O2), hydroxyl radical (HOe), hydrogen peroxide (H2032), nitric oxide
(NO), peroxynitrite (ONOO").

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) — Nrf2 is a basic leucine
zipper (bZIP) transcription factor featuring a Cap “n” collar (CNC)
structure and is the key transcription factor regulating the antioxidant
response.

Glycation — a non-enzymatic reaction involving covalent bonding of a
sugar with a protein or lipid.

Advanced Glycation End Products (AGES) — the end result of a chain of
chemical reactions beginning with glycation. AGES are causal in multiple
pathologies and are elevated in diabetes.

Glutathione (GSH) — a tripeptide of glutamate, cysteine, and glycine.
GSH is an endogenous antioxidant responsible for maintaining proper
redox status in vivo.

y-glutamyl cysteine ligase-catalytic (GCLC) — The initial enzyme in the
GSH biosynthesis pathway that catalyses the condensation of cysteine
and glutamate to form gamma-glutamylcysteine.

y-glutamyl cysteine ligase-modulatory (GCLM) — an enzyme involved in
GSH biosynthesis that catalyzes the efficiency of GCLC.

Glomeruli — a network of capillaries located at the beginning of the
nephron in the kidney involved in filtering blood.

HepG2 Cells — an in vitro cell model that allows for examination of

hepatic (liver) cell function.
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Small interfering RNA (siRNA) — interferes with the expression of specific
genes through complementary nucleotide sequencing. siRNA is used to
effectively silence gene expression by destroying mRNA and preventing
protein translation.

Cardiac Hypertrophy — thickening of the heart muscle, specifically of the
ventricular walls.

Myocardial fibrosis — excess fibrous connective tissue in the myocardium
form in response to cardiac injury or insult.

Kelch-like ECH-associated protein 1 (Keapl) — cytosolic inhibitor of Nrf2.
Ubiquitylation/ubiquitination — enzymatic post-translation modification
process where a ubiqutuin protein is attached to a substrate, effectively
marking it for degradation in the proteasome.

NIH 3T3 — standard fibroblast cell line that enables in vitro analysis of
fibroblasts.

Phosphorylation — a post-translation modification in which a phosphate
group is added to a molecule, altering its function. Phosphorylation plays
a major role in determining cellular function and processes.

Acetylation — a post-translational modification in which an acetyl group is
added onto a molecular compound.

O-linked attachment of B-N acetyl-glucosamine (O-GIcNAc) — a post-
translational modification in which O-GIcNAc is added onto a molecular
compound. O-GIcNAclyation has been implicated in the pathogenesis of

diabetic conditions.
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Streptozotocin (STZ) — a toxic chemical that induces dysfunction of
pancreatic beta cells. Large doses induce T1DM and is used to produce
animal models of TIDM.

Social Cognitive Theory (SCT) — Social cognitive theory (SCT) posits
that human behavior can be explained by behavior, environmental
factors, and personal factors.

Self-efficacy —defined as the confidence a person has in his or her ability
to pursue a behavior, it is behavior-specific and a function of the present.
Goal setting —developing plans to accomplish chosen behaviors.
Self-regulation — the sense that self-corrective adjustments are taking
place as needed to stay on track toward achieving the purpose, and the

sense that the corrective adjustments originate within the person.
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Chapter 2: Review of the Literature

Epidemiology of Cardiovascular Disease and Diabetes

Cardiovascular disease (CVD) is the leading cause of death in the United
States, accounting for 25% of all deaths in 2008 (Hoyert & Xu, 2011; Heron, 2008).
Evidence suggests diabetes increases the risk of developing CVD three-fold and
25% of individuals with T2DM will develop other vascular complications, such as
nephropathy, within 10 years of diagnosis (Saydah, Miret, Sung, Varas, Gause, &
Brancati, 2001; Alder, Stevens, Manley, Bilous, Cull, & Holman, 2003). It is
estimated the worldwide prevalence of T2DM amongst adults (aged 20-79 years) is
285 million and will reach 439 million by the year 2030 (Shaw, Sicree, & Zimmet,
2010). As of 2009, 8.3% of the American population has been clinically diagnosed
with diabetes and it is estimated over 40% of individuals over the age of 20 years
have hyperglycemic conditions (Cowie, et al., 2009; National diabetes fact sheet:
National estimates and general information on diabetes and prediabetes, 2011).
Furthermore, an estimated $113 billion was spend on diabetes-related health care in
2009 (Huang, Basu, O'Grady, & Capretta, 2009). Epidemiological evidence clearly
indicates that CVD and T2DM present a major health and financial concern.
(National diabetes fact sheet: National estimates and general information on
diabetes and prediabetes, 2011).

Study 2: Physiological Mechanisms of Exercise and Diabetes

Chemical stress, including oxidative stress in skeletal muscle, has been
implicated in the development of T2DM and progression of diabetic complications,

and causes premature cell death (Ogihara T. , et al., 2004; Matuzawa-Nagata, et al.,
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2008; Kowluru, Kowluru, Xiong, & Ho, 2006; DeRubertis, Craven, & Melhem, 2007).
The redox sensitive transcription factor, NF-E2—related factor 2 (Nrf2) and the Nrf2
antioxidant response element pathway is one of the major cellular defenses against
the cytotoxic effects of oxidative stress (Zhong, Mishra, & Kowluru, 2013). Reduced
activity of Nrf2 observed in T2DM has been suggested to have a causative effect in
diabetic complications (Tan et al, 2011; Zhong et al., 2013), while evidence indicates
that increasing Nrf2 activity in diabetic animals reduces complications (Zheng, et al.,
2011).

Nrf2 is increased in response to the production of reactive oxygen species in
acute hyperglycemia; however in T2DM we see decreased activity, suggesting the
chronic hyperglycemia present in diabetes results in down regulation of Nrf2 (He,
Kan, Cai, & Ma, 2009). It has been shown that diminished Nrf2 activity present in
patients and subjects with T2DM contributes to increased oxidative stress,
endothelial dysfunction, insulin resistance, and increased cardiac insult (Tan, et al.,
2011; Cheng, Slow, & Mann, 2011). Overexpression of Nrf2 and pharmacologically
enhanced activation of Nrf2 reduces oxidative stress and diabetic complications,
including cardiovascular complications and diabetic nephropathy (Cheng, Cheng,
Chiou, & Chang, 2012; Hsu, Lee, Li, Hsu, & Pan, 2013). Together, evidence
highlights the importance of the Nrf2 pathway in T2DM and its subsequent
complications.

Properties of Nrf2.

Nrf2 protects cells and tissues from a variety of endogenous and exogenous

toxicants (Jaramillo & Zhang, 2013). The Nrf2 pathway is the major regulator of
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cytoprotective responses, is expressed in all tissues of the human body, and is
essential in maintaining cellular homeostasis. Research regarding the role of Nrf2 in
disease is burgeoning and evidence has indicated Nrf2 plays a central role in the
development of a variety of diseases including, T2DM, CVD, and cancer (Uruno, et
al., 2013; Satoh, Moriguchi, Takai, Ebina, & Yamamoyo, 2013).

Nrf2 is a cap ‘n’ collar (CNC) basic-region leucine zipper transcription factor that
provides cells the ability to adapt to oxidative stress and electrophiles by mediating
the induction of the cytoprotective genes (Hayes & Ashford, 2012). These genes
include the enzymes involved in glutathione (GSH) biosynthesis [i.e. y-glutamyl
cysteine ligase-catalytic (GCLC) and y-glutamyl cysteine ligase-modulatory (GCLM),
and phase Il detoxifying enzymes such as heme oxygenase-1 (HO-1), glutathione
peroxidase (GPx), and superoxide dismutase (SOD)] (Osburn & Kensler, 2008).
Induction of these genes requires interaction of the Nrf2 transcription factor with the

antioxidant response element (ARE) (Nguyen, Sherratt, & Pickett, 2003) (Figure 3).

S Glutathione Biosynm_l_agis»/ .

Figure 3. Nuclear translocation of Nrf2 and antioxidant gene expression.
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Nrf2 and Vascular Complications.

Diabetes increases vascular complications, such as nephropathy, neuropathy,
and retinopathy. Diabetic retinopathy leads to approximately 10,000 new cases of
blindness each year, and diabetic nephropathy is the leading cause of renal failure in
the United States (Fong, Aiello, Ferris, & Klein, 2004; Association, 2004). There is
increasing evidence that Nrf2 is critical in the development of these vascular
complications in diabetes (Jiang, Huang, Lin, Zhang, Fang, & Zhang, 2010; Zheng,
et al., 2011).

Nrf2 coordinates the endogenous antioxidant system (Uruno, et al., 2013).
Given that oxidative stress is causal in diabetic nephropathy, and Nrf2 activity is
decreased in T2DM it is likely that Nrf2 plays a central role in diabetic nephropathy.
In support of this, examination of glomeruli of patients with diabetic nephropathy
revealed that diabetic patients are under severe oxidative stress and the Nrf2-
mediated antioxidant response is significantly different than non-diabetic controls.
Jiang et al. (2010) also demonstrated that Nrf2 deficient (Nrf27) diabetic mice
experience greater levels of oxidative stress and suffer greater levels of renal
damage than diabetic mice with normal Nrf2 function.

In addition to reactive oxygen species, another cellular toxicant, methylglyoxal
(MGO), is elevated in diabetes and is considered a major contributor to the
development of insulin resistance and diabetic complications (Silva, Gomes,
Ferreira, Freire, & Cordeiro, 2013; Rabbani, et al., 2011; Kilhovd, et al., 2003;
Riboulet-Chavey, Pierron, Durand, Murdaca, Giudicelli, & Van Obberghen, 2006).

MGO is involved in the pathogenesis of diabetic complications through a process



214

known as glycation. Briefly, MGO reacts with intracellular and extracellular proteins
and nucleic acids to form advanced glycation end-products which damage vascular
tissue in a similar manner to oxidative stress (Berlanga, et al., 2005). There is
evidence that Nrf2 is involved in MGO-dependent vascular complications in diabetes
through its role in MGO detoxification.

MGO detoxification is the process by which cells convert cytotoxic MGO to
pyruvate, which can then be metabolized for energy. This process occurs via the
GSH-dependent glyoxalase pathway (Figure 5) (Thornalley, 1998). Nrf2 activation
results in transcription of GSH biosynthesis enzymes; thus, increased Nrf2 activation
may reduce MGO accumulation by increasing availability of the rate limiting
substrate, GSH. In support of this, pharmacological upregulation of Nrf2 by
reseveratrol in human liver cells reduced MGO accumulation and attenuated MGO-
induced insulin resistance (Cheng, Cheng, Chiou, & Chang, 2012). Cheng et al.
(2012) also demonstrated depletion of Nrf2, using silencing RNA (si-RNA), resulted
in reduced MGO detoxification (Cheng et al., 2012). Furthermore, MGO, MGO-
derived advanced glycation end products, and tissue damage from intraperitoneal
injections of MGO into mice pancreas was attenuated when the Nrf2 pathway was
concomitantly activated pharmacologically (Hsu, Lee, Li, Hsu, & Pan, 2013).
Individuals with uncontrolled T2DM have diminished GSH status; thus impaired GSH
biosynthesis and status may play a major role in MGO-related diabetic complications
(Sekhar, et al., 2011). When taken together, these data suggest increasing Nrf2

activity results in the attenuation of MGO accumulation, MGO-derived AGE
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formation, and tissue damage, ultimately reducing vascular complications associated

with T2DM.
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Figure 4. The glyoxalase pathway and methylglyoxal detoxification.

Nrf2 and Pathological Cardiac Hypertrophy.

Hypertension is a hallmark symptom of diabetes and leads to pathological
hypertrophy of the myocardium and cardiac dysfunction (Grossman, Shemesh,
Shamiss, Thaler, Carroll, & Rosenthal, 1992). Furthermore, there is increased
pathological hypertrophy in the diabetic heart independent of pressure overload;
suggesting additional mechanisms are responsible for the increased hypertrophy
(Grossman, Shemesh, Shamiss, Thaler, Carroll, & Rosenthal, 1992). Recent
evidence suggests in the presence of oxidative stress, Nrf2 is involved in modulating
hypertrophic signaling in the heart and may be a central role in regulating diabetic
cardiomyopathy (Li, et al., 2009; Bai, et al., 2013).

Li et al. (2009) subjected wild type (Nrf2**) and Nrf2 deficient (Nrf2”-) mice to

two weeks of hypertension by transverse aortic constriction. Hypertension caused
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Nrf2 expression to transiently increase and then declined to basal levels (Li et al.,
2009). Both wild type and Nrf2 deficient mice showed signs of pathological cardiac
remodeling; however, Nrf2”- mice experienced significantly greatly cardiac
hypertrophy, myocardial fibrosis, overt heart failure and increased mortality than
Nrf2** mice when exposed to hypertension (Li, et al., 2009). Furthermore, Li et al.
(2009) demonstrated that over expression of Nrf2 in rat neonatal cardiac myocytes
and fibroblasts significantly inhibited hypertrophic factor—-induced reactive oxygen
species production and growth in both cardiomyocytes and cardiac fibroblasts,
whereas knockdown of Nrf2 exerted opposite effects in both cells.

Increasing Nrf2 expression and transcription of Nrf2 regulated genes has been
shown to prevent diabetic cardiomyopathy in mice (Bai, et al., 2013). Bai et al.
(2013) treated diabetic mice with sulforaphane, a pharmacological Nrf2 activator,
and measured blood and cardiac function. The authors found that mice treated with
sulforaphane significantly increased Nrf2 activity and protein expression of Nrf2-
regulated antioxidants. The increased Nrf2 activity prevented diabetes-induced
cardiac hypertrophy and fibrosis, and almost eliminated diabetes induced oxidative
damage in the myocardium. Additionally, in rat heart cells, silencing Nrf2 with siRNA
abolished the sulforaphane’s prevention of high glucose-induced fibrotic response.

When considered together, the findings of Li et al. (2009) and Bai et al. (2013),
suggest Nrf2 is a key mediator in pathological cardiac hypertrophy and heart failure
in response to hypertension and oxidative stress. This novel interaction between
diabetes-related cardiomyopathy and Nrf2 could provide insight into individual

susceptibility to diabetic complications in the cardiovascular system and therefore
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should be investigated carefully (Howden, 2013). Furthermore, the exact
mechanisms through which Nrf2-regulated signaling exerts its cardio-protective
effects are not well understood and further exploration of Nrf-2 regulated signaling
may provide a better understanding of the mechanisms regulating pathological
cardiac hypertrophy and myocardial damage in the diabetic heart.

Exercise increases Nrf2 activation and antioxidant gene expression.

Nrf2 activation occurs when it is release from its cytosolic inhibitor, Keapl, and
expression of Nrf2 regulated antioxidant genes occurs when Nrf2 binds to the
antioxidant response element of DNA. Recent evidence from animal model research
indicates that exercise results in increased Nrf2 activation and expression of Nrf2
regulated genes (Baar, et al., 2002; Gounder, et al., 2012; Muthusamy, et al., 2012).
Baar et al. (2002) reported a 56% increase in Nrf-2 expression in skeletal muscle of
mice after an acute bout of swimming. Similarly, two consecutive days of 90
minutes/day of treadmill exercise increased Nrf2 protein expression roughly 25%
and 100% in young and old rat heart muscle respectively (Gounder, et al., 2012).
Muthusamy et al. (2012) found that acute exercise stress activates Nrf2/ARE
signaling and promotes antioxidant mechanisms in mouse heart muscle. Utilizing
Nrf2/- Muthusamy et al. (2012) also demonstrated that disruption of Nrf2 increases
the heart to oxidative stress and that the beneficial effects of exercise on cardiac
antioxidant mechanisms are dependent on Nrf2 Function.

In addition to the benefits of acute exercise on Nrf2 function, chronic, moderate,
intensity exercise proves to be effective in increasing Nrf2 activation in rats (Ashgar,

George, & Lokhandwala, 2007). Ashgar et al. (2007) demonstrated that exercising
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sixty minutes a day, five days a week for six weeks on a treadmill has been shown to
increase nuclear levels of Nrf2 50% in rat models. Gounder et al. (2012) also found
that impaired Nrf2 signaling was associated with GSH depletion and oxidative stress
and that moderate exercise improved Nrf2 signaling, GSH levels and reduced
oxidative stress. There is also evidence that acute and chronic exercise in humans
leads to upregulation of the Nrf2 pathway (Cartoni, et al., 2005). Cartoni et al. (19)
found Nrf2 levels increased 5-fold 24 hours post exercise in skeletal muscle cells of
trained male cyclists after an acute bout of cycling exercise.

There is clear evidence that decreased Nrf2 activity is causal in diabetic
complications and that exercise increases Nrf2 activity; however, no studies to date
have examined the effect of exercise on Nrf2 activity in diabetes. Furthermore, there
is no research to elucidate a mechanism by which exercise improves Nrf2 activity
and expression of Nrf2 associated genes in T2DM. Therefore, the primary purpose
of these studies is to examine the effect of exercise on signaling mechanisms of Nrf2
activity in cardiac and skeletal muscle in animal model of diabetes.

Regulation of Nrf2.

Concentration and activity of Nrf2 are regulated at several levels, including
degradation, translocation, post-translational modification, and translation. Nrf2 is a
transcription factor, and as such, nuclear translocation from the cytosol is required in
order for it to interact with DNA and encode cytoprotective genes. Nrf2 is located in
the cytosol by a negative regulator Kelch-like ECH-associated protein 1 (Keapl). In
normal, unstressed cells, Nrf2 protein is rapidly turned over in a Keapl-dependent

manner through Cul3-Rbx1 ubuitylation and proteasomal degradation (Sun, Zhang,
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Chan, & Zhang, 2007; Eggier, Small, Hannink, & Mesecar, 2009) (Figure 6A). When
cells are exposed to oxidative stress, electrophiles, or chemopreventive agents, Nrf2
in the cell escapes Keapl-mediated repression, translocates to the nucleus, and
activates antioxidant responsive element-dependent gene expression to maintain
cellular redox homeostasis (Zhang D. D., 2006) (Figure 6B). Given that diabetes
results in increased oxidative stress, it is unlikely the reduced Nrf2 activity in
diabetes is due to increased inhibition by Keapl. Therefore, we suggest that T2DM

reduces Nrf2 activity at the level of transcription, in the nucleus.
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Figure 5. Regulation of Nrf2

Acetylation of Nrf2 and Gene Expression.

Regulation of Nrf2 gene transcription is controlled by other post-translational
modifications, specifically acetylation. After Nrf2 disassociates from Keapl under
stressed conditions, it translocates to the nucleus. Once Nrf2 arrives in the nucleus it
is acetylated, which results in increased gene transcription (Bannister & Miska,
2000). Evidence indicates that acetylation of Nrf2 in human colon cells increases

binding of Nrf2 to DNA and increases transcription of Nrf2 induced genes, and that
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acetylation of Nrf2 occurs within the nucleus and has no effect on basal Nrf2 protein
stability in human mammary cells (Sun, Chin, & Zhang, 2009). Sun et al. (2009)
demonstrated that acetylation induces promoter-specific DNA binding of Nrf2, with
acetylation directly influencing the Nrf2 regulated enzyme glutamate-cysteine ligase,
the first rate-limiting enzyme of glutathione synthesis. In support of the findings of
Sun et al. (2009), acetylation conditions in human hepatocytes cells resulted in
increased nuclear localization of Nrf2 (Kawai, Garduno, Theodore, Yang, & Arinze,
2011). Kawai et al. (2011) also demonstrated that deacetylation conditions increased
cytoplasmic rather than nuclear localization of Nrf2 (Kawai, Garduno, Theodore,
Yang, & Arinze, 2011). Together, evidence indicates nuclear acetylation of Nrf2
results in binding to the antioxidant response element and gene transcription, and
that deacetylation disengages it from the antioxidant response element, thereby
resulting in transcriptional termination and subsequently in its nuclear export and
degradation (see Figure 7). Therefore, increasing acetylation of Nrf2 increases

expression while deacetylation decreases expression of Nrf2 regulated genes.



221

o --\-\--\-"'-\_\_
— Nuclear Localtzation and R
. DMA Binding HNH
P \
& H“\
i Nrﬂ ..‘.
I'.
[
! ARE
L ll|I
Y f
L Antioxidant Gene Expression S
o i
\ /

e - m e
- . Removal of Transcription o,
P Factor and Nuclear Export .
/ Ac ﬂ\ By,
/
I| Nl-fz - |
|| . ARE

q-\-\-\-\-\_\-‘-‘-\_"‘—‘—-—._

e —

Figure 6. Effect of acetylation and deacetylation on Nrf2 transcription.

Acetylation and deacetylation of transcription factors is regulated through
enzymatic reactions. For example, histone deacteylases (HDAC) are a class of
enzymes that deacetylate transcription factors and other proteins involved in DNA

transcription. HDAC 2 is a class | histone deacetylase that is phosphorylated and
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has been shown to form a complex with Nrf2. When Nrf2 complexes with
phosphorylated HDAC2, Nrf2 is deacetylated, preventing in vivo binding to the
antioxidant response element in DNA (Lee, et al., 2012) (see Figure 8). Preventing
Nrf2 deacetylation by inhibiting HDAC2 activity with trichostatin A increased Nrf2
binding to antioxidant response elements (Wang, et al., 2012), suggesting HDAC

activity plays an important role in regulating Nrf2 activity.
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Figure 7. Role of HDAC2:Nrf2 association on Nrf2 activity.

Nrf2 and HDAC signaling in Diabetes

Nrf2 activity is down regulated in diabetes and the Keap1-Nrf2 system has been
shown to prevent T2DM (Uruno, et al., 2013). This evidence indicates that Nrf2
signaling is dysregulated in diabetes; however the underlying mechanisms are not
well understood. One possible mechanism is increased association of HDAC2:Nrf2.
As previously mentioned, HDAC?2 is phosphorylated and complexes with Nrf2 to

inhibit binding and reduce Nrf2 activity (Lee et al., 2012). There is evidence that
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HDAC2 activity and phosphorylation of HDAC2 is increased in diabetic mice (Cox &
Marsh, 2013). Therefore, we propose that diabetes increases HDAC2:Nrf2
complexing, thereby reducing Nrf2 activity.

Exercise reduces Nrf2:HDAC2 complexing

Currently there is no literature examining the effect of exercise on Nrf2:HDAC2
complexing in diabetes; however, there is evidence that mimicking the hemodynamic
environment produced by exercise in cell culture decreases HDAC?2 content and
phosphorylation, increases Nrf2 acetylation, and transcription of Nrf2 regulated
genes (Lee, et al., 2012). This suggests that exercise may reduce Nrf2:HDAC2
complexing; however, there is no published research to support this, nor has a
possible mechanism been described. Therefore, a central aim of this study is to
establish a potential mechanism for the effect of exercise on Nrf2:HDAC2
complexing in skeletal muscle.

O-GIcNAc modification of proteins and diabetes.

O-GIcNAc is a sugar moiety that can post-translationally modify
serine/threonine residues of proteins (Ande, Moulik, & Mishra, 2009; Chou, Hart, &
Dang, 1995). Post-translational modifications of proteins, including O-GIcNAcylation
can induce protein conformational changes. These changes can alter cell signaling
and metabolic processes in the cell. Changes in O-GlcNacylation of proteins has
been shown to be involved in the pathogenesis of insulin-resistance and
hypertrophic signaling in the diabetic heart (Vosseller, Wells, Lane, & Hart, 2002;
Marsh, Dell'ltalia, & Chatham, 2011). Furthermore, exercise has been shown to

return the O-GIcNAc modifications of proteins in diabetic mice to the same levels as
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healthy controls (Cox & Marsh, 2013). Therefore, exercise may improve Nrf2
signaling by changing O-GIcNAc modification of Nrf2 or proteins involved in the Nrf2
signaling pathway.

Exercise reduces Nrf2:HDAC2 complexing through O-GIcNAcylation.

As previously mentioned, Nrf2 activity is regulated by post-translational
modifications. O-GIcNAcylation is a post-translational modification that can induce
protein conformational changes and is analogous to phosphorylation. O-
GlcNAclyation and phosphorylation can modify serine and threonine residues and
that cross talk between O-GIcNAcylation and phosphorylation is extensive (Hart,
Slawson, Ramirez-Correa, & Lagerlof, 2011). Thus, there is competition between O-
GlcNAcylation and phosphorylation for serine and threonine residues (Hart,
Slawson, Ramirez-Correa, & Lagerlof, 2011). Furthermore, O-GIcNAcylation of a
protein may induce conformation changes of the proteins structure such that
phosphorylation of distant amino acid residues is no longer possible. There is
evidence that HDAC2 is O-GIcNAcylated (Medford, Porter, & Marsh, 2013). Due to
possible competition for binding sites, or protein conformational changes caused by
post-translational modification, it is likely that that O-GIcNAc opposes
phosphorylation of HDAC2. Thus, it is likely that O-GIcNAcylation may play a role in
the nuclear regulation of Nrf2 and the rate and level of transcription.

The enzyme O-GIcNAc transferase (OGT) adds O-GIcNAc moiety to proteins
while O- GIcNAcase (OGA) removes O-GIcNAc. Cox and Marsh (2013) have
demonstrated that OGT:HDAC2 association is reduced in diabetes, suggesting

decreased O-GIcNAcylation of HDAC2. Cox and Marsh (2013) have also
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demonstrated that phosphorylation of HDAC2 is increased in diabetes. As previously
mentioned, phosphorylated HDAC2 associates with Nrf2, deacetylates it, and
reduces transcription. Conisdering that O-GIcNAcylation and phosphorylation can
have opposite effects on signaling mechanisms, and they display a reciprocal
relationship in diabetes, we propose that Nrf2:HDAC2 complexing is increased in
T2DM. Furthermore, we propose that O-GIcNAc modification of HDAC2 will prevent
Nrf2:HDAC?2 association, thereby allowing Nrf2 to bind to the ARE and induce gene
expression (see Figure 9).

Exercise has been shown to increase O-GIcNAcylation of HDAC2 in the
diabetic heart (Cox & Marsh, 2013). In their study, Cox and Marsh (2013) showed
that OGT:HDAC2 association was reduced in diabetic mice, indicating reduced O-
GlcNAcylation of HDAC?2 and that four weeks of exercise increased levels of
OGT:HDAC2 in the such that they were no longer significantly different than the
health control mice. This evidence suggests that exercise increases O-
GlcNAcylation of HDAC2. Based upon this body of evidence, we hypothesize that
exercise increases Nrf2 activity in diabetes by increasing O’GIcNAcylation of

HDAC2, thereby reducing Nrf2:HDAC2 complexing in skeletal muscle.
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Figure 8. O-GlcNacylation of HDAC?2 prevents phosphorylation and association

of HDAC2 with Nrf2.

Summary.

Cardiovascular disease (CVD) and complications from T2DM are among the
leading causes of death in the United States (Hoyert & Xu, 2011). Currently, 8.30f
the American population has been clinically diagnosed with diabetes and it is
estimated that over 40% of individuals over the age of 20 have hyperglycemic
conditions (Cowie, et al., 2009; National diabetes fact sheet, 2011). Evidence
suggests diabetes increases the risk of CVD by three-fold (Saydah, Miret, Sung,
Varas, Gause, & Brancati, 2001). The high prevalence and mortality rates of CVD

and T2DM present a major challenge to our health-care system.
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Lack of physical activity is a risk factor for the development of obesity, T2DM,
and CVD (Hu et al., 2001; LaMonte et al., 2005; Berlin & Colditz, 1990).
Furthermore, physical activity and exercise are effective therapeutic tools in reducing
complications from these disease, including attenuating advanced glycation end-
product formation and attenuating pathological cardiac hypertrophy in the diabetic
heart (Tanasescu, Leitzmann, & Rimm, 2003; Hambrecht, et al., 2000; Okada, et al.,
2010; Boor, et al., 2009; Broderick, Poirier, & Gillis, 2005). Currently, only 65% of
adults and 47% of college students in the United States meet the suggested physical
activity guidelines, highlighting the need to develop programs aimed at increasing
physical activity amongst the adult and young adult populations of the United States
(State indicator report on physical activity, 2010; American College Health
Association-National College Health Assessment Il, 2009). Behaviors such as
physical activity are a skill set. They are acquired over repeated practice sessions
and over a long time, informed by consciously articulated principles and reasons but
otherwise ‘second-natured’ into the cognitive unconscious” (Damasio, 2010, p. 287).
This suggests the formal process of reasoning is required to establish behavioral
patterns. Additionally, human behavior can be explained as a triadic reciprocal
causation: behavior, environmental factors, and personal factors (i.e. cognitions,
affect, and biological events) (Sharma & Romas, 2008). Therefore, the
implementation of a reasoning-based educational intervention designed to improve
the determinants of human behavior may indeed result in improved physical activity

amongst young adult populations.
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Exercise has been shown to be effective tool for reducing complications in
T2DM. Despite the well documented benefits of exercise, there is a lack of data
describing physiological mechanisms for the therapeutic benefits of exercise in
T2DM. Oxidative and chemical stress is central to the development of diabetic
complications and causes early cell death (Shen, Zheng, Metreveli, & Epstein, 2006;
Kitada, Kume, Imaizumi, & Koya, 2011). A redox sensitive transcription factor, NF-
E2-related factor 2 (Nrf2) and the Nrf2 antioxidant response pathway is one of the
major cellular defenses against the cytotoxic effects of oxidative stress (Zhong,
Mishra, & Kowluru, 2013). The Nrf2 pathway is downregulated in T2DM (Tan, et al.,
Diabetic downregulation of Nrf2 activity via ERK contributes to oxidative stress-
induced insulin resistance in cardiac cells in vitro and in vivo, 2011) and plays a role
in development diabetic complications including nephropathy and pathological
cardiac hypertrophy (Li, et al., 2009). The exact mechanisms regarding reduced
basal activity of Nrf2 in diabetes are not well understood. Recent research has
shown that the acetylation posttranslation modification of Nrf2 significantly impacts
its activity (Sun et al., 2009; Wang et al., 2012). HDAC2 is phosphorylated and
associates with Nrf2 to deacetylate it and inhibit transcription (Wang, et al., 2012). In
addition to phoshorylation, O-GIcNAcylation can induce protein conformational
changes and O-GIcNAclyating and phosphorylation regulate each other. Work from
the Marsh lab has shown that HDAC2 is O-GIcNAcylated (Medford, Porter, & Marsh,
2013). Due to possible competition for binding sites, or protein conformational
changes caused by post translational modification, it is likely that that O-GIcNAc

opposes phosphorylation of HDAC2. The Marsh lab has also previously shown that
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HDAC2 activity and phosphorylation is increased in diabetic mice (Cox & Marsh,
2013). This suggests that HDAC2:Nrf2 association may be increased in T2DM,
resulting in the decreased activity demonstrated by Tan et al. (2011). Furthermore,
OGT:HDAC2 complexing is reduced in diabetic (db/db) mice, but exercise exercise
removed the difference (Cox & Marsh, 2013). Therefore, we hypothesize that
diabetes will inrease Nrf2:HDAC2 complexing and that exercise will reduce
Nrf2:HDAC2 complexing as a result of increased O-GIcNAcylation of HDAC2 in

skeletal muscle.
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Chapter 3: Methods

The purpose of this dissertation is two examine two unique, but related facets of
diabetes: 1) to increase participant knowledge of the interaction of exercise and
health and improve exercise and physical activity behaviors and 2) to use an animal
model to understand how exercise prevents and attenuates diabetes and its
complications at a molecular level.

Methods for Study 1

Human participants.

Participants will be recruited from a northwest university. The participants will
be between the ages of 18 and 22 years and will be physically capable of engaging
in physical activity. The study was approved by the University of Idaho Institutional
Review Board (exempt status number 13-215) and participants will be informed of
any possible risk and discomfort associated with the experimental procedure prior to
signing an informed consent form. See Appendix for IRB approval and consent form.

SCT variables of physical activity.

Participants will complete demographic information, physical activity, and the
Health Beliefs Survey (HBS) questionnaires to assess SCT variables of physical
activity, requiring about 35 minutes. The HBS will be completed during the first week
of the intervention and then again upon completion of the intervention. The survey
has been used in previous SCT based exercise intervention research and has
shown to be valid and reliable in young adults aged 18-25 years (Anderson, Winett,

Wojcik, & Williams, 2010; Anderson-Bill, Suppini, & Apap, 2011; Rovniak, Anderson,
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Winett, & Stephens, 2002). The survey can be found in its entirety in appendix A.
Briefly, the Cronbach Alpha values of the self-efficacy, self-regulation, and goal-
setting subscales are 0.95, 0.85, and 0.91, respectively.

Physical Activity Data.

The official long form English version of the International Physical Activity
Questionnaire (IPAQ) will be used. Dinger, Behrens, and Han (2006) examined the
validity and reliability of the long form English IPAQ using pedometers and
accelerometers. Dinger et al. (2006) found that the IPAQ was significantly correlated
(r=0.30-0.47, p<0.01) with steps/day from both the accelerometer and pedometer
and had an intraclass correlation coefficients ranging from 0.71-0.89, indicating
moderate to high reliability in college students.

The questionnaire consists of 27 questions that cover 4 domains of physical activity:
work, transport, domestic and garden, and leisure-time. The questions in IPAQ are
designed to provide domain-specific scores for walking, moderate-intensity, and
vigorous-intensity activity. The multiple domains of the IPAQ permit analysis of
physical activity levels from different aspects of physical activity. All questions refer
to the previous 7 days, thus the results are reflective of a limited window of time.
Results are presented as an estimation of energy expenditure in metabolic
equivalent-minutes per week (MET hours/week). The IPAQ will be scored based as
instructed in the IPAQ instrument.

Qualitative data.

In order to capture the reasoning process the responses of the participants will

be recorded and analyzed for themes and to explore development of the
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participants’ reasoning. Initial analysis will be conducted through immersion into the
data as described in Pope, Zieband, and Mays (2000). The data will then be
examined for themes and coded and categories into major themes. Coding and
categorizing of the data will be conducted as described in Glaser and Strauss (2012)
and Bradley, Curry, and Devers (2007). Hierarchical analysis of the data will then be
conducted in order to find relationships between the participant’s responses and the
constructs of SCT. This will be achieved by segregate responses under SCT
constructs and examining which experiences and/or perspectives influence the
specific constructs. Upon completion of theme establishment, development of the
coding structure, and hierarchical analysis, diagrams will be constructed to explain
relationships between perspectives, experiences, emotions, and SCT constructs.
Assessing reasoning process will be conducted by an expert in the reasoning field.

Educational intervention.

The educational intervention will take place during a 16-week online course and
consisted of 6 distinct modules. Module 1 establishes foundational knowledge about
the relationship between physical activity and health. It will utilize voiced-over video
lectures discussing the implications of sedentary behavior and disease and the role
physical activity plays in health. Module 1 requires students to complete the HBS
and engage in online discussion about the importance of physical activity in health
and to reflect upon how this information might inform their future lifestyle habits.

Module 2 through 3 will be aimed at improving self-efficacy in physical activity
and nutritional habits. The content includes voiced-over video lectures aimed at

developing the knowledge and skills necessary to improve physical activity by
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providing information regarding different exercise modalities, structuring exercise
programs, and resources on how and where to learn more. Modules 2 through 3 will
require participants to submit questions they have regarding how to improve their
self-efficacy in regard to physical activity as well as their nutritional habits. These
guestions will be answered using a podcast format in which the student will be able
to listen to. The participants will also be required to right a reflective paper in which
they discuss the tools and skills they acquired in modules 2 and 3.The reflective
paper is based upon a higher level of reasoning as noted by Reimer, Paolitto, and
Hersh (1983). This is designed to increase information retention and allow the
participants to realize the skills they have garnered from the modules.

Module 4 will be aimed at increasing self-regulation. The participants will read
case-studies highlighting the importance of self-regulation and articles that provide
information on improving self-regulation. Participants will be required to write a
reflective paper discussing what they learned about the importance and application
of self-regulation in regards to physical activity.

Module 5 will improve goal-setting skills in the participants. The module will
include a lecture on the key points of goal setting and how to apply them to physical
activity. The participants will be required to develop specific physical activity goals
(e.g. how will you choose to be physically active, what form of exercise will you
partake in, how will you structure your physical activity, how will you maintain your
health through exercise?).

Module 6 will provide the participants to reflect upon the knowledge and skills

they gain from the course and apply them to physical activity in the context of health.
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The participants will engage in an online discussion in which they will be required to
discuss what they learned from the intervention, how their self-efficacy, goal-setting,
and self-regulation improved in regards to physical activity.

Data analysis.

One-way analysis of variance (ANOVA) will be used to examine differences in
physical activity and SCT variables over time and to test for differences between
gender. Appropriate post-hoc tests will be conducted in the presence of significance.
Significance for all measures of this study will be set at a=.05.

Methods for Study 2

Animal care and facilities.

The procedures in this study will follow the guidelines of the Washington State
University Institutional Animal Care and Use Committee and the Guide for the Care
and Use of Laboratory Animals published by the National Institutes of Health (NIH
publication no. 85-23, revised 1996). 8-week-old type 2 diabetic mice (B6.BKS(D)-
Leprdb/J, db+/db+ (db) and age-matched C57BL/6J non-diabetic lean background
strain controls (C57) will be purchased from Jackson Laboratories (Bar Harbor, ME).
To control for activity, mice will be singly housed without environmental enrichment
in a climate-controlled vivarium on a 12:12 light:dark cycle. Mice will consume water
and standard chow ad libitum, except for one overnight fast per week prior to blood
glucose measurement.

Experimental groups.

Both type 2 diabetic mice db/db and age-matched C57BL/6J non-diabetic mice

will be randomized to either drug treatment of vehicle control groups. These groups
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will then be randomized into either exercise protocol or sedentary control. The

experimental groups can be seen visually in Figure 10.

- DB/DB - 1 C57 =
Fk228 Vehicle Fk228 Vehicle
Romidepsin I Romidepsin '_
Exercise Sedentary Exercise Sedentary Exercise Sedentary Exercise Sedentary

Figure 9. Experimental Groups

VO2 Max Testing

In order to determine accurate relative workload for each group db/db and C57
mice will undergo a VO2 max test. The VO2 test was completed as previously
described (Rocco, LeValley, Eldridge, Marsh, & Rodgers, 2014) with one change for
the db/db mice. The grade was reduced to 5% for the db/db mice to ensure the mice
reached maximal oxygen consumption prior to volitional exhaustion. The mice were
sacrificed immediately following the test, tissue was harvested from the soleus
muscle, and frozen in liquid nitrogen and in 4% paraformaldehyde for later analysis.

Exercise protocol.

Mice from each group, C57 and db/db, will be randomized to either exercise or
sedentary groups and housed in groups of no more than 5 mice per cage. All mice
will undergo an initial accommodation period of one week which will comprise 5 days
of sitting on the treadmill with the belt turned off for 10 minutes, followed by slow

walking at 0.5 m/min for 20 minutes. Exercise intensity will be determined by
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maximal oxygen consumption test (VO2 max) and matched for each subject. Based
on the results of this VO2 protocol, mice in the exercise groups will be trained 5 days
a per week at a workload corresponding to 60-70% of VO2 max for a duration of 20,
30, 40, 50, and 60 minutes during weeks 1, 2, 3, 4, and 5-8, respectively. This
exercise intensity corresponds to the clinical guidelines for humans with diabetes
and will therefore provide the most appropriate data for human disease (Colberg et
al., 2010)

Drug treatment.

C57 and db/db mice will also be randomized into groups receiving either Fk228
Romidepsin or a saline vehicle. Fk228 Romidepsin is a selective and potent
HDAC1/2 inhibitor (Furumai, et al., 2002). Both vehicle and drug will be delivered
using intraperitoneal injections. A pilot study will be conducted to determine the
minimal effective dosage and confirm drug efficacy on HDAC?2 activity. 0.5 pug/g and
2.5u/g have been shown to be effective dosages in in recent literature (Kosugi, et al.,
2001; Nishida, et al., 2004).

Tissue harvesting.

Following an overnight fast, mice will decapitated and blood glucose will be
measured in neck blood. Skeletal muscle from the soleus will be excised and stored
in 4% paraformaldehyde and snap-frozen in liquid nitrogen, and stored at —-80°C.

Nrf2 and HDAC?2 protein analysis.

Western blotting.
Tissue will be homogenized in Tissue Protein Extraction Reagent (Sigma-

Aldrich, St. Louis, MO); 20 mM sodium fluoride; 1 mM sodium orthovanadate; 3%
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protease inhibitor cocktail (Sigma); and 0.02% PUGNAc, an OGA inhibitor (Sigma),
to inhibit O-GIcNAc removal from proteins. Total protein will be quantified with a
modified Lowry assay (BioRad, Hercules, CA). Proteins will be separated by SDS-
PAGE and transferred onto PVYDF membranes, which will be probed overnight at
4°C with primary NRF2 antibody ((D1Z9C) XP® Rabbit mAb #12721, Cell Signaling,
MA) and HDAC2 antibody (Rabbit mAB #2545, Cell Signaling, MA), then probed
with the appropriate secondary antibodies for 1 hour at room temperature (see
Table X for antibody details). Chemiluminescent substrates (Thermo Fisher
Scientific, Rockford, IL) will be used to detect horseradish peroxidase activity on a
ChemiDoc (BioRad). Protein levels will be quantified on duplicate blots with standard
densitometry using ImageJ software (National Institutes of Health, Bethesda, MD),
and normalized to the loading control calsequestrin.

O-GlcNac of HDAC2 and Nrf2 and HDAC2:Nrf2 association.

Immunoprecipitation.

Skeletal muscle tissue will be homogenized in Tissue Protein Extraction
Reagent, 1% phosphatase inhibitor, 2% protease inhibitor (Sigma), and 0.02%
PUGNAC, an inhibitor of O-GIcNAc removal. Lysates will be assayed for total protein
as described for Western blotting. Samples will be diluted to equal protein
concentrations and precleared over protein A/G agarose beads (Thermo Fisher
Scientific) at 4°C for 4 hours. Precleared supernatants will then be added to 25 ul of
beads that will be been incubated with primary HDAC2 and Nrf2 antibody for 4 hours
at 4°C. IP will be performed overnight at 4°C; beads will then be washed and eluted

for 5 min at at 100°C. Eluents will then be assayed for co-immunoprecipitated
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proteins using immunoblotting. The positive control will be skeletal muscle lysate
and negative control will skeletal muscle lysate that will be immunoprecipitated
without antibody. Co-immunoprecipitated proteins with then be probed with either O-
GIcNAc, HDAC2, or Nrf2 antibody. will then normalized to the level of captured
target protein for analysis.

Immunohistochemistry.

Immunohistochemistry (IHC) will be used to examine the effect of O-
GlcNAclyation of HDAC2 on Nrf2 nuclear translocation. IHC will be performed as
previously described (Tan, et al., Diabetic downregulation of Nrf2 activity via ERK
contributes to oxidative stress-induced insulin resistance in cardiac cells in vitro and
in vivo, 2011). Briefly, skeletal muscle tissue will be harvested and perfusion fixed
with 4% paraformaldehyde, stored in 70% ethanol and then paraffin embedded and
section at 5 ym and mouted on slides. Slides will be deparaffinized in xylene,
rehydrated in ethanol, and blocked with 5% goat serum in 1% bovine serum
overnight at 4°C; appropriate secondary antibodies will be conjugated to either Alexa
Fluor 488 (green) or 594 (red) (Invitrogen, Carlsbad CA) to visualize specific
proteins; nuclei will be identified using 4’,6-diamidino-2-phenylindole (DAPI). Image
acquisition will be performed using an epiflourescence microscope.

Data analysis.

Based upon the experimental design of this study, a randomized factorial
design will be used for statistical analysis. All physiological data will be tested for
normality using a Shapiro-Wilks test and appropriate transformations will be made.

Kruskal-Wallis tests will be used in cases where data is resistant to transformation.
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One-way ANOVAs will be used to tests difference between groups for the following
dependent variables: Nrf2 protein expression, O-GIcNAc of Nrf2, O-GIcNAc of
HDAC2, Nrf2:HDAC2 complexing. Necessary post-hoc analysis will be conducted on

all significant results. Significance for all measures of this study will be set at a=.05.
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Appendix B: IRB Forms

Universityorldaho

September 5, 2013 875 Perimeter Drive, MS 3010
Moscow ID 83844-3010

Phone: 208-885-6162
Fax: 208-885-5752

irb@uidaho.edu
To: Sharon Stoll
Cc: Brad Dieter
From: IRB, University of Idaho Institutional Review Board
Subject: Exempt Certification for IRB project number 13-215

Determination:  August 30, 2013
Certified as Exempt under category 2 at 45 CFR 46.101(b)(2)
IRB project number 13-215: Assessment of Nutritional Knowledge and Attitudes of
College Students and Athletes

This study may be conducted according to the protocol described in the Application without further
review by the IRB. As specific instruments are developed, each should be forwarded to the ORA, in
order to allow the IRB to maintain current records. Every effort should be made to ensure that the
project is conducted in a manner consistent with the three fundamental principles identified in the
Belmont Report: respect for persons; beneficence; and justice.

It is important to note that certification of exemption is NOT approval by the IRB. Do not include the
statement that the Ul IRB has reviewed and approved the study for human subject participation.
Remove all statements of IRB Approval and IRB contact information from study materials that will be
disseminated to participants. Instead please indicate, "The University of Idaho Institutional Review
Board has Certified this project as Exempt.”

Certification of exemption is not to be construed as authorization to recruit participants or conduct
research in schools or other institutions, including on Native Reserved lands or within Native
Institutions, which have their own policies that require approvals before Human Subjects Research
Projects can begin. This authorization must be obtained from the appropriate Tribal Government (or
equivalent) and/or Institutional Administration. This may include independent review by a tribal or
institutional IRB or equivalent. It is the investigator's responsibility to obtain all such necessary
approvals and provide copies of these approvals to ORA, in order to allow the IRB to maintain current
records.

This certification is valid only for the study protocol as it was submitted to the ORA. Studies certified
as Exempt are not subject to continuing review (this Certification does not expire). If any changes are
made to the study protocol, you must submit the changes to the ORA for determination that the study
remains Exempt before implementing the changes. The IRB Modification Request Form is available
online at: http://www_uidaho.edu/ora/committees/irb/irbforms



4| Certificate of Completion

o3 3 The National Institutes of Health (NIH) Office of Extramural Research

certifies thal Brad Dieter successfully completed the NIH Web-based

_’.5'; training course "Protecting Human Research Participanis®.

% Date of completion: 09/28/2011

| Certification Number: 774429
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Appendix C: IACUC Approval

Subject: IACUC Approval for Amendment to add personnel to ASAF# 04142-009
Body: |T0: Susan Marsh

FROM: Rani Muthukrishnan, for Stephen A. Greene, Chair, The Institutional Animal Care and Use
Committee, IACUC

DATE: 11/14/2013
TITLE: Exercise, O-GlcNAc and the diabetic heart

ASAF: 04142-009

The Animal Subjects Protocol Amendment to, #04142-009, to add the following personnel--
Dieter, Brad
has been approved on 11/14/2013.

If you have any other changes before the protocol's annual review is due, please inform the
IACUC by submitting an amendment to the IACUC Program Coordinator at the Office of
Research Assurances (campus zip 3005).

All IACUC approved protocols and amendments are subject to Post Approval Review. Contact
Gary Turner (335-8043) to schedule one.

If you have any questions please contact the Program Coordinator listed below.
Thank you,

Rani Muthukrishnan, PhD.

IACUC Program Coordinator

Institutional Animal Care and Use Committee (IACUC)
Office of Research Assurances

Washington State University

Pullman, WA 99164

Phone: 509-335-7951

Fax: 509-335-6410

Email: rani_m@wsu.edu
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Subject: IACUC Approval for Amendment to add personnel to ASAF# 03900-012

Body:

TO: Susan Marsh

FROM: Rani Muthukrishnan, for Stephen A. Greene, Chair, The Institutional Animal Care and Use
Committee, IACUC

DATE: 11/14/2013
TITLE: O-GlcNAc and exercise training

ASAF: 03900-012

The Animal Subjects Protocol Amendment to, #03900-012, to add the following personnel--

Dieter, Brad

has been approved on 11/8/2013.

If you have any other changes before the protocol's annual review is due, please inform the
IACUC by submitting an amendment to the IACUC Program Coordinator at the Office of
Research Assurances (campus zip 3005).

All IACUC approved protocols and amendments are subject to Post Approval Review. Contact
Gary Turner {335-8043) to schedule one.

If you have any questions please contact the Program Coordinator listed below.
Thank you,

Rani Muthukrishnan, PhD.

IACUC Program Coordinator

Institutional Animal Care and Use Committee (IACUC)
Office of Research Assurances

Washington State University

Pullman, WA 99164

Phone: 509-335-7951

Fax: 509-335-6410

Email: rani_m@wsu.edu

Source: IACUC - Sub Activity
Priority: Med
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Appendix D: Surveys and Questionnaires

INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE

(October 2002)

LONG LAST 7 DAYS SELF-ADMINISTERED FORMAT

FOR USE WITH YOUNG AND MIDDLE-AGED ADULTS (15-69 years)
The International Physical Activity Questionnaires (IPAQ) comprises a set of 4
guestionnaires. Long (5 activity domains asked independently) and short (4 generic
items) versions for use by either telephone or self-administered methods are
available. The purpose of the questionnaires is to provide common instruments that
can be used to obtain internationally comparable data on health—related physical
activity.

Background on IPAQ
The development of an international measure for physical activity commenced in
Geneva in 1998 and was followed by extensive reliability and validity testing
undertaken across 12 countries (14 sites) during 2000. The final results suggest that
these measures have acceptable measurement properties for use in many settings
and in different languages, and are suitable for national population-based
prevalence studies of participation in physical activity.

Using IPAQ

Use of the IPAQ instruments for monitoring and research purposes is

encouraged. It is recommended that no changes be made to the order or wording of

the questions as this will affect the psychometric properties of the instruments.

Translation from English and Cultural Adaptation
Translation from English is encouraged to facilitate worldwide use of IPAQ.
Information on the availability of IPAQ in different languages can be obtained at

www.ipag.ki.se. If a new translation is undertaken we highly recommend using the
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prescribed back translation methods available on the IPAQ website. If possible
please consider making your translated version of IPAQ available to others by
contributing it to the IPAQ website. Further details on translation and cultural

adaptation can be downloaded from the website.

Further Developments of IPAQ
International collaboration on IPAQ is on-going and an International Physical
Activity Prevalence Study is in progress. For further information see the IPAQ

website.

More Information
More detailed information on the IPAQ process and the research methods used

in the development of IPAQ instruments is available at www.ipag.ki.se and Booth,

M.L. (2000). Assessment of Physical Activity: An International Perspective.
Research Quarterly for Exercise and Sport, 71 (2): s114-20. Other scientific

publications and presentations on the use of IPAQ are summarized on the website.


http://www.ipaq.ki.se/
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INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE

We are interested in finding out about the kinds of physical activities that people
do as part of their everyday lives. The questions will ask you about the time you
spent being physically active in the last 7 days. Please answer each question even
if you do not consider yourself to be an active person. Please think about the
activities you do at work, as part of your house and yard work, to get from place to
place, and in your spare time for recreation, exercise or sport.

Think about all the vigorous and moderate activities that you did in the last 7
days. Vigorous physical activities refer to activities that take hard physical effort
and make you breathe much harder than normal. Moderate activities refer to
activities that take moderate physical effort and make you breathe somewhat harder
than normal.

PART 1: JOB-RELATED PHYSICAL ACTIVITY

The first section is about your work. This includes paid jobs, farming, volunteer
work, course work, and any other unpaid work that you did outside your home. Do
not include unpaid work you might do around your home, like housework, yard work,

general maintenance, and caring for your family. These are asked in Part 3.

1.Do you currently have a job or do any unpaid work outside your home?

Yes

No =P Skip to PART 2: TRANSPORTATION
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The next questions are about all the physical activity you did in the last 7 days
as part of your paid or unpaid work. This does not include traveling to and from work.
2. During the last 7 days, on how many days did you do vigorous physical
activities like heavy lifting, digging, heavy construction, or climbing up stairs

as part of your work? Think about only those physical activities that you did

for at least 10 minutes at a time.

days per week

No vigorous job-related physical activity - Skip to question 4

How much time did you usually spend on one of those days doing vigorous
physical activities as part of your work?

hours per day
minutes per day

Again, think about only those physical activities that you did for at least 10
minutes at a time. During the last 7 days, on how many days did you do

moderate physical activities like carrying light loads as part of your work?
Please do not include walking.

days per week

No moderate job-related physical activity =P Skip to question 6

5. How much time did you usually spend on one of those days doing

moderate physical activities as part of your work?



248

hours per day
minutes per day

6. During the last 7 days, on how many days did you walk for at least 10
minutes at a time as part of your work? Please do not count any walking
you did to travel to or from work.

days per week

No job-related walking ==P-Skip to PART 2: TRANSPORTATION

7. How much time did you usually spend on one of those days walking as part
of your work?

hours per day
minutes per day

PART 2: TRANSPORTATION PHYSICAL ACTIVITY

These questions are about how you traveled from place to place, including to places
like work, stores, movies, and so on.

8. During the last 7 days, on how many days did you travel in a motor vehicle
like a train, bus, car, or tram?

days per week

No traveling in a motor vehicle — Skip to question 10
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9. How much time did you usually spend on one of those days traveling in a

train, bus, car, tram, or other kind of motor vehicle?

hours per day
minutes per day

Now think only about the bicycling and walking you might have done to travel

to and from work, to do errands, or to go from place to place.

10.  During the last 7 days, on how many days did you bicycle for at least 10
minutes at a time to go from place to place?

days per week

No bicycling from place to place

— Skip to question 12
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11. How much time did you usually spend on one of those days to bicycle from

place to place?

hours per day
minutes per day

12.  During the last 7 days, on how many days did you walk for at least 10

minutes at a time to go from place to place?

days per week

No walking from place to place =P  Skip to PART 3:
HOUSEWORK, HOUSE
MAINTENANCE, AND

CARING FOR FAMILY

13.  How much time did you usually spend on one of those days walking from
place to place?

_______hours per day
minutes per day
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PART 3: HOUSEWORK, HOUSE MAINTENANCE, AND CARING FOR

FAMILY

This section is about some of the physical activities you might have done in the last
7 days in and around your home, like housework, gardening, yard work, general
maintenance work, and caring for your family.

14.

15.

16.

Think about only those physical activities that you did for at least 10 minutes
at a time. During the last 7 days, on how many days did you do vigorous
physical activities like heavy lifting, chopping wood, shoveling snow, or
digging in the garden or yard?

days per week

No vigorous activity in garden or yard =P  Skip to question 16

How much time did you usually spend on one of those days doing vigorous
physical activities in the garden or yard?

hours per day
minutes per day

Again, think about only those physical activities that you did for at least 10
minutes at a time. During the last 7 days, on how many days did you do
moderate activities like carrying light loads, sweeping, washing windows, and
raking in the garden or yard?

days per week

No moderate activity in garden or yard =P  Skip to question 18
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17. How much time did you usually spend on one of those days doing moderate
physical activities in the garden or yard?

hours per day
minutes per day

18.  Once again, think about only those physical activities that you did for at least
10 minutes at a time. During the last 7 days, on how many days did you do
moderate activities like carrying light loads, washing windows, scrubbing
floors and sweeping inside your home?

days per week

No moderate activity inside home =P  Skip to PART 4:

RECREATION, SPORT
AND LEISURE-TIME

PHYSICAL ACTIVITY

19. How much time did you usually spend on one of those days doing moderate
physical activities inside your home?

hours per day
minutes per day

PART 4: RECREATION, SPORT, AND LEISURE-TIME PHYSICAL ACTIVITY

This section is about all the physical activities that you did in the last 7 days solely
for recreation, sport, exercise or leisure. Please do not include any activities you
have already mentioned.

20.  Not counting any walking you have already mentioned, during the last 7
days, on how many days did you walk for at least 10 minutes at a time in
your leisure time?

days per week
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22.

23.

24.

No walking in leisure time

No vigorous activity in leisure time
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Skip to question 22

How much time did you usually spend on one of those days walking in your
leisure time?

hours per day
minutes per day

Think about only those physical activities that you did for at least 10 minutes
at a time. During the last 7 days, on how many days did you do vigorous
physical activities like aerobics, running, fast bicycling, or fast swimming in
your leisure time?

days per week

Skip to question 24

How much time did you usually spend on one of those days doing vigorous
physical activities in your leisure time?

hours per day
minutes per day

Again, think about only those physical activities that you did for at least 10
minutes at a time. During the last 7 days, on how many days did you do
moderate physical activities like bicycling at a regular pace, swimming at a
regular pace, and doubles tennis in your leisure time?

days per week

No moderate activity in leisure time =P Skip to PART 5: TIME

25.

SPENT SITTING

How much time did you usually spend on one of those days doing moderate
physical activities in your leisure time?

hours per day

minutes per day
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PART 5: TIME SPENT SITTING

The last questions are about the time you spend sitting while at work, at home, while
doing course work and during leisure time. This may include time spent sitting at a
desk, visiting friends, reading or sitting or lying down to watch television. Do not
include any time spent sitting in a motor vehicle that you have already told me about.

26.  During the last 7 days, how much time did you usually spend sitting on a
weekday?

hours per day
minutes per day

27. During the last 7 days, how much time did you usually spend sitting on a
weekend day?

hours per day
minutes per day

This is the end of the questionnaire, thank you for participating.
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Physical Activity Beliefs
Strategies

Please, tell us what strategies you have you used in the past 3 months
to successfully walk or do other exercise.

Uze this scale to tell us how often in the past month you did the following:

1 2 3 4 5
MNever Seldom Oeccasionally Often Repeatedly
How Often

In the past month how often did you: (1-5)

L Set aside time each day to walk or do other exercise?
2. Make a plan to walk or do other exercise?

3. Keep or make a new plan based on how well you were doing with
your walking or other exercise?

4. Set a goal for the number of days you walked or exercised
each week?

5. Keep track of how many steps you take each day?

&. Keep track of the number of days you walked or exercised each
week?

7. Keep track of how long your walks or exercise sessions were?

8. Plan to walk or exercise b days a week?

2. Plan to make your walking or exercise sessions a little longer?

10. 5et goals for how long your walking or exercise sessions will
be?

1. Plan your walking or other exercise sessions so they are
enjoyable?

12. Get together with someone else to walk or do other exercise?

13. Keep track of how much you enjoy your walking or other
ExErcise?

14. Keep track of how fast you walked or how hard you did other

EXercises
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Physical Activity Beliefs
Social Support

What do the members of your family do and think about walking or other

exercise? We just want your opinion even if you are not sure.

Usze this zcale to tell uz if you agree with the felloewing statements:

1 2 3 4 5
Strongly Strongly
Dizagres Agree

Agree or Dizagree
1-5

The members of my family ..

1 make time to walk or do other exercize.

2. set goals to walk or exercise.

3. plan to walk or do other exercise.

4. exercise or walke most days of the week.

5. make their walks or other exercise as enjoyable as
possible.

6. keep track of their walking or other exercise.

7. keep or make new plans based on how well they are
doing with their walking or other exercise.

8. set goals to walk faster or exercise longer.




Physical Activity Beliefs
Social Support

What do your closest friends do and think about walking or other
exercise? We just want your opinion even if you are not sure.
Uze this scale to tell us if you agree with the following statements:

1 2 3 4
Strongly
Dizagree

5
Strongly

My clozest friends ..
1. make time to walk or do other exercise.

z set goals to walk or exercise.

3. plan to walk or do other exercise.

4. exercise or walke most days of the week.

5. make their walks or other exercise as enjoyable as
possible.

& keep track of their walking or other exercise.

7. keep or make new plans based on how well they are
doing with their walking or other exercise.

s set goals to walk faster or exercise longer.
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Physical Activity Beliefs
Self Efficacy

Usze any number from O to 100 on the following scale to tell how certain you are

that you can - all or most of the time:

o  TTTTTEEETT 50 - 100
Certain I Somewhat Certain
CAM NOT certain I can ICAM

How certain?
How certain are you that you can .. (0-100)

1 get up early during the week to walk or do other exercise?

2 get together with someone else to walk or do other exercise?

3. walk most days of the week?

4. keep track of when and how long you walk or do other exercizse?

6. go to social events or fun activities only after reaching your

waking goal?
& taoke small breaks during the day to take a walk or do other

exercise?
7. begin walking again if you miss a day or two?
& increase the enjoyment of your walks or other exercise?
5. make a plan to walk or do other exercise?
. plan your walks or other exercise so you will enjoy them?
u. each week. increase how long you walk or do other exercise?

1z. find a place to walk during bad weather?

13. change your normal routine to get in a walk or do other
exercise?

15. stay up later to make time for taking a walk or do other

EXErcise?
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Self Efficacy

Use any number from O to 100 on the following scale to tell how certain you are
that you can - all or most of the time:

o  TTTEEEEEET s  TTTTTTTmTTTT 100
Certain I Somewhat Certain
CAN NOT certain I can I CAMN

How certain are you that you can walk or do other exercise when _..

1. you are Teeling stressed?

16. you are tired?

17. your family wants more time?

1. your muscles might be a little sore?
19. you get busy at work?

z0. you have social activities?

21 you have chores or errands to do?
22 you need a babysitter to do so?

23.you are Teeling depressed?
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Self Efficacy

Thesze questions ask about what you expect will happen i you were take a walk or
do other exercise most days of the week. They also ask about how much it would

matter to you for these things to happen.

Uze thiz zcale to tell uz if you agree the following will happen:

1 2 3 4 5
Strongly Strongly
Dizagree Agree
Uze thiz scale to tell us how much it will matter:

1 2 3 4 5
It will net It will matter

matter at all very much

If I zlowly and steadily build up to walking or doing Do you | Will it

other exercize most days of the week, I expect I will agree® | matter?
(1-5) |(1-5)

L decrease my chance of becoming ill or dizabled.

z. have to give up some of my normal activities.

3. have to take more time than usual to plan my day.
4. have one more thing to worry about getting done.
6. not have enough time for other things I want to do.
6. have to change my normal routine.

7. sleep better.

. have less time to spend with my family.

5. have less time to spend with my friends.

w. fit into my clothes better.

u. manage my weight better,

1z. feel less stress.
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Self Efficacy

Uze thiz zcale to tell us if you agree the fellowing will happen:

1 2 3 4 5
Strongly Strongly
Dizagree Agree
Uze thiz zcale to tell uz how much it will matter:

1 2 3 4 5
It will net It will matter

matter at all very much

If I zlowly and steadily build up to walking or deing Do you | Will it

other exercize most dayz of the week, I expect I will agree? | matter?
(1-5 [(1-5)

13. be less irritable.

15. feel bored.

17. find it pleasurable

12. be very energizing

z1. be happier.

z3. feel very invigorated

26.be gratified.
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Self Efficacy

Uze thiz zcale to tell us if you agree the following will happen:

1 2 3 4 5
Strongly Strongly
Dizagres Agree
Uze thiz zeale to tell uz how much it will matter:

1 2 3 4 5
It will not It will matter

matter at all very much

If I zlowly and steadily build up to walking or deing Do you | Will it

other exercize most days of the week, I expect I will agree? | matter?
(1-5) |(1-5)

zr feel a strong sense of accomplishment.
z6 not want to do anything else.

20. be very absorbed by it.

30 feel refreshed.
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Appendix D: Student Writing Samples
Early Writing Samples
Student 1.
Physical Activity

Introduction- In this paper we will discuss physical activity as a whole. The
different types such as aerobic or anaerobic. Amounts in a scale of minutes in a
session or day. Intensity as in how strenuous physical activity needs to be. Finally
benefit in a sense of how physical activity can improve your daily life and long term
health as a whole. We also will explore the health costs and benefits of an active life
versus a sedentary lifestyle.

Before we get into amount or intensity of physical activity, lets first look at the
different types of activity. The four types are endurance or aerobic, strength or
anaerobic, balance, and flexibility. One of the two main types of physical activity is
aerobic. Aerobic exercise is doing things like running long distance, jogging, fast
walking, biking, hiking or swimming. This type of exercise improves the health of the
heart, lungs, and circulatory system. Keeping these parts of the body strong will help
fight off diseases such as heart disease and diabetes that usually develop as an
individual gets older.

The second major type of activity is anaerobic. This type of activity is doing
things like weight lifting, resistance running, or resistance bands. This type of
exercise is meant to strengthen muscles. Anaerobic activates are meant to work
muscles instead of the respiratory system because they use energy systems that do

not use much oxygen due to the capacity of the respiratory system. It is important to
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know the difference in the two different kinds of physical activity because both are
needed to maintain the body’s many systems and functions.

Taking what we now know in the difference between aerobic and anaerobic
activity, we can look at the intensity of each kind of physical activity and how that
affects the quality and amount of the particular activity. When looking at an overview
of physical activity most people know that 150 to 300 minutes of moderate to
vigorous activity is recommended per week. What most people do not know is if
there is a smaller amount of time that they can put in so they can get the same or
close results from a health standpoint. That being said one cannot make up for
lifting extremely light weights for longer instead of lifting a challenging weight that will
break down and build muscles stronger.

Intensity is an important part of every physical activity, because if you do
anything at a slow enough pace then it will not do anything beneficial for your body.
This means that depending on every individual’'s age, weight, history, current
physical shape, etc. That they know what is a light activity compared to a very hard
activity. As | said before, it varies from person to person on what is “difficult” or
“easy”. However this is a very important part of physical activity in gaging how long
the exercise should be for.

Knowing the amount of each activity is also very important in knowing how
many times a day or more popular a week. In our reading of “Physical Activity for
Health: What Kind? How Much? How Intense? On Top of What?” it states that the
desired amount for the majority of Americans that do not reach the required 150-300

minutes is simply a “some is better than nothing” approach. Although this sounds
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like a defeatist attitude two thirds of Americans do not even reach the recommended
amount of 150-300 minutes of moderate to vigorous activity. With these facts to be
evident the approach of “some is better than none” is as good as it gets. In knowing
these facts we can postulate that if the two thirds of Americans did do just a little bit
more than they would see a massive improvement of health from a preventative
standpoint as far as heart and circulatory system diseases go.

Now how does this help us as athletes when we stop being physically active
for the sake of competition? The two most important things to know is first the
connection between physical activity as a whole, keeping in mind the intensity,
frequency, type, and amount and overall physical health. The second is the rate of
which sedentary individuals try to become active too fast and sustain injuries as the
result.

The most important | believe to focus on is how crucial getting 300+ minutes
of moderate to vigorous physical activity is in disease prevention and overall
physical health. Getting the recommended amount of activity is not just for
maintaining a healthy weight. The benefits to this amount of physical activity is that it
will help prevent heart disease, stroke, high blood pressure, diabetes, breast and
colon cancer, and some other injuries. Not only can it help prevent getting major
diseases such as this but getting the recommended amount will prevent depression,
sleep quality, and overall cognitive function as well. In the elderly populations this
amount of exercise will help prevent things like osteoporosis and arthritis. To think
that millions of Americans can prevent early death by one of the aforementioned

diseases is an amazing thought.
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The second reason why we as athletes should continue to be physically
active is because once an individual becomes completely sedentary for a certain
period of time they increase their risk for injury when they begin to be physically
active again. These injuries mainly come in the form of musculoskeletal injuries from
doing exercises too often, having too much of the physical activity in one day or
week, or doing the wrong type of exercise.

The message in the readings and from this class as a whole when it comes to
the connection between physical activity and health is that it is much easier and
healthier to stay physically active and reap the many rewards throughout life than it
is to stop once competition is over and try to not be sedentary after a long period. In
conclusion, every individual should keep in mind the type, intensity, amount, and
duration of each physical activity and should reach the recommended amount of
physical activity of 150-300 minutes of moderate to vigorous activity a week. In
reaching this physical activity goal each week after competition is over we can

prevent many diseases and be healthy for years to come.

Student 2.
Physical Activity
Physical activity is an important aspect of life for all ages. Without exercise
the human body would not be healthy at all. Exercising results in many physical
benefits such as maintaining a healthy weight, conserving lean muscle, and how our

bodies look. Additionally, it has great physiological benefits. In this essay | will
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exemplify the different modes of physical activity, the physiological benefits that
come along with exercise, the appropriate amount of exercise and the types of
exercise that people should partake in.

There are multiple types of physical activities that people can partake in to
create an overall healthier and happier lifestyle. Different activities range from
aerobic exercises, which put more of an emphasis on cardiovascular gains such as,
walking, basketball, swimming and soccer these type of activities improve the
efficiency and capacity of the cardiorespritory system. Anaerobic activities is intense
enough to trigger lactic and acid formation, the type of activities include power lifting
and sprinting. The anaerobic activities require energy production systems that do not
use oxygen because they exceed the capacity of the cardiorespritory system to
distribute oxygen and other metabolites. Both groups of physical activity provide a
wide spectrum of health benefits. Those health benefits include reductions in risk of
gaining diseases, in fact the first the coronary heart disease was the first condition
whose incidence was shown to be reduced by regular physical activity, these same
physical activities can improve a person’s functional ability as well. Recent studies
on the relations between physical activity and health show that physical activity
reduces the risk of early death, coronary heart disease, strokes, high blood
pressure, type 2 diabetes, breast and colon cancer, excessive weight gain (which is
a big problem in the US), injurious falls, depression and loss of cognitive functions.
Those facts will take me into my next topic of discussion in this paper which is the

physiological benefits of physical activity.
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Exercising benefits that because it stimulated brain chemicals that may leave
a person feeling happier and more relaxed. Studies show that the physiological
changes caused by various physical activities overlap on some cases. But some of
the activities are associated with physiological changes more than others, such as
aerobic activities, they cause changes to the cardiovascular system that improve the
capacity and efficiency of the delivery of oxygen and glucose to tissues that need
them. They also improve cellular systems that release energy from substrates that
can be used for movement. But different activities cause different effects for
example; ambulatory activities strengthen your muscles and bones along the axial
skeleton and lower extremities, while swimming has a greater impact on the upper
body musculature and less impact on the skeletal systems. The physiological
response to exercise is dependent on the intensity, duration and frequency of the
exercise as well as the environmental conditions, and age. Exercise for older people
is crucial. They need to know the correct amount of time, energy, and amount of
exercise they need so that it will affect their bodies in the most positive way. For
older adults who don’t usually exercise they need to take it a step by step process
when speaking about the intensity of the activities. For example if they are working
out for the first time they will find that they gained a good amount of benefits from a
low intensity and small amount of time activity. If they were to go too long and too
hard they could possibly end up negatively affecting their health and body. The
same goes for younger adults, a small amount of exercise is better than no exercise

at all.
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Our bodies are engineered to meet the needs of our ancestor’s time which
mean we still need physical activity to be healthy. This means that an inactive
lifestyle is not safe to live, for inactive people even small increases in the volume of
exercises will provide important health gains. Basically people need to make sure
that they are not sedentary, once again some activity is better than none. Studies
show that 100-300 minutes a week of moderate intensity physical activities provide
substantial health benefits for the general adult population. Benefits that are just as
good as the moderate intensity activities can be reached with about 75 minutes per
week of vigorous intensity activity or by a combination of moderate and vigorous
activity.

Physical activity is essential for a healthy lifestyle; one must not be sedentary.
With a lack of exercise, one increases the likelihood of getting a sickness or disease.
Studies show that physical activity benefits a person’s life in numerous amounts of
ways ranging from preventing or managing a wide range of health problems all the

way to boosting your energy and mood throughout your days.

Student 3.
Physical Activity
Nutrition and exercise are very important aspects in physical health and the
overall length of life one lives. The thing that many people do not realize is that
without both at the same time, you are only guaranteed to obtain half of the potential
that your body’s peak performance could be. Student athletes have it the best and

the worst when it comes to nutrition and health. Many have access to top-of-the-line
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resources and exercise programs where knowledge is easily accessible. The
problem lies with how each individual chooses to use the information presented
before them. There are many student athletes that can literally eat anything they
want without having any major or noticeable setbacks in their performance. While it
seems like a blessing, what usually occurs with this section of student athletes is
that once their time of performance is up they continue to live with the same habits
they have built up for years while not putting in the same amount or intensity level of
exercise they have been. This results overall in the person becoming unhealthy after
they have moved on to having a regular life.

Being a student athlete since | was a freshman in High School, | have kept up
the same basic routine of exercise and diet throughout the years. The only changes |
have had are dietary changes and the intensity of the exercise increasing. | was one
of those student athletes in high school where | could eat anything | wanted without
having problems. It did not catch up to me until | had to grey shirt a semester before
coming to the University of Idaho. It was extremely noticeable and held me back for
a long period of time. Maintaining a healthy diet and exercise level is important to
ensuring you live a long healthy life. It is very hard to keep motivated when you are
done with athletics because once you are done putting your body through the
grinder for years, the last thing that is on your mind is the continuance of that. | can
attest that | have definitely thought before, “Once | am done with collegiate athletics,
| am not going to work out for a month.” While this seems like a nice treat, it actually
can end up hurting your body a lot more. Reading these articles and my personal

experiences in the past have led me to decide that rather than take a break from
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working out altogether, | am going to merely shift the focus on my workouts. Being a
football player, workouts focus on leg strength, upper body strength, and fast-twitch
muscle movement. Once | am done with the sport, | doubt | am going to have to
bash into 300 pound lineman every single day. This got me thinking that | would
better be served doing anaerobic activities that | enjoy, as well as lifting light weights
for high repetitions to tone muscle groups. My focus would be on losing and then
eventually maintaining a healthy body weight that | could operate on a daily basis
with.

| thought the articles were very informative. They shared really good
information that dealt with intensity level of exercises, and basically stated that little
low intensity exercise is better than doing absolutely nothing at all. | think | will be in
a great position when | graduate in December because | have so much knowledge

on what needs to be done; the thing that remains is whether or not | act on it.



272

End Writing Samples
Student 1.

The fact that all of these top athletes gained a substantial amount of weight
soon after retirement isn’t that surprising. It makes sense that they would have the
same eating habits, not thinking they needed to change, and they just stop working
out like they use to. It would also seem like if an athlete was kept to a strict diet that
they would want to branch out to many types of junk food to compensate for times
they have been missing out on, adding more calories that they aren’t burning off.
The same goes with beer consumption like the article mentioned, not being able to
burn off extra calories that unnecessary food was adding. What I liked to see was
that it wasn't just college athletes adjusting to life afterward; it was also hall of fame
athletes from all sports. | agree with Jeff Ruland’s statement ist!"You can work out all
you want, but no matter what you do, it's just not the same as running up and down
the court,” and Golic’s statement “l wasn't working out for football anymore, so |
didn't have the same drive.” I've experienced this even in just the three weeks on
Christmas break, working out on my own at my own pace but coming back to work
out in January with the team again and not having the stamina like | did four weeks
prior. It's really not that easy to get in the swing of working out when you don’t have
motivation like doing well in a sport. Even when you do go and work out of a
consistent basis it isn’'t the same as a sports workout that you have done in the past.
You’re not striving to get better every day because there’s nothing you need to be

better for; your team isn’t there, there is no reason to compete and no one to
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compete with. | also thought the second articles point about a “gym strike” was
interesting. It makes sense that athletes would want a long break from treating their
bodies the way that they do, | know | have felt like that a lot in the past. Putting your
body through long hours of heavy training multiple times a week for months on end
makes you feel like you deserve a break. | like how the article also mentioned the
likelihood of returning to training because of personal appearance and the desire to
find a relationship. It was kind of humorous that married athletes are less likely to go
back to hard training because they aren’t worried about their appearance anymore. It
was nice to get an inside look into what could happen after | end my sport. Now |
have a few years to get my head wrapped around the idea that I'm not going to be
playing for forever and | can plan for the future.

Lately I've been thinking a lot about how | will act and train after my sports
career is over. Right now it is still hard to believe that | only have three years left and
| don’t really want to dwell on that. While I'm still in my sport | want to gradually
increase the amount of nutrient dense, healthy foods | consume and decrease the
greasy, fat filled, fast food | consume. | want to create a diverse diet of all the
essential nutrients | need. That being said, | don’t want to decrease the amount of
food I eat, for now | actually want to increase the food intake to increase my weight.
When it comes time to switch up training and nutrition | plan on slowly decreasing
calorie intake by a certain goal a week until | reach a reasonable amount based on
my training regimen. As for training, first thing | will do is take one to two weeks off
right after my last competition to get that break in. To avoid a prolonged gym strike |

will begin a new type of training regimen. | feel like if | don’t start something new
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right away | will become like so many of those athletes, out of shape and out of
motivation. | understand | won't be lifting for any specific use but for myself. Even
though that is the case, | will keep on with the same exercise regimen, only at my
own pace and with a few alterations to add to it and make longer work outs. | want to
focus more of an effort on cardio. The way | workout for my sport there is little cardio
work expect sprint work emphasized at different times of the year. | would like to
focus on more long distant runs, starting with one mile after my short gym strike. |
will start off with doing one mile every few days, improving time as | go, eventually
adding more distance to my runs. | may switch up cardio workouts in the sense that
one day | will go for a certain distance and the next | will go for a certain time. Along
with running | plan on biking and other things to improve cardiovascular health. My
number one priority after sports isn’t to look good or be skinny; it's to make sure |
have the best heart health possible. My thought process is that if | focus on the steps
to maintain a healthy heart in diet and exercise my physical appearance will follow.
The articles mentioned that most athletes become unmotivated after athletics
because there’s no goal to work for, but | believe my case will be different because |
have that important goal of heart health to work for. As | have said in an earlier
essay, there is a large history of heart disease on both sides of my family that | want
to make a hard effort to avoid as much as possible if not completely. I'm not just
completely focused on the physical side of health either. It's no secret that those
who are or were involved with football have been at higher risk for mental issues
down the road. | have been doing a small amount of research on the risks, issues,

and long term effects of small and large, frequent blows to the head. | want to do a
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little more research to find ways to keep my brain at full functioning longer and
reduce risks of issues such as dementia. | fear that I'm likely to end up with
Alzheimer’s in my old age because of repeated blows to the head while playing
sports and heredity; | also have a history of Alzheimer’'s on my father’s side of the
family. If | focus on my main goals, heart health and mental function, | feel like
transitioning from the hard training lifestyle of an athlete to an everyday pedestrian
won't be that big of a change; | just need to keep my motivation strong.

Student 2.

Being physically something is something that | plan on doing for the rest of my
life. It is something that has not only changed my life for the better, but also my
family, and my friends. | might not be able to play football or any physically
demanding sport like that for the rest of my life, however there are many different
alternatives to staying physically fit and active without having to try and knock
someone out.

If I were to make goals for when my time is done with football, | would say
that my overall complete goal would just be to stay active and fit for as long as | live.
That's a pretty broad and bold goal, but | feel like trying to live that type of life style
will not only be beneficial to me, but also to those around me. Short term goal could
be things like stretching at least twice a day for a week, educating myself on new
ways of exercising and also educating others on the importance of being physically
active.

Since the profession | am choosing to go into requires me to deal with

physically active individuals, | feel that the goals | have set will be easy to reach.
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Like | have stated before being physically active is something that has been huge in
my life. It has helped me become a better athlete, and most importantly a better
person. The reason | say this is because working out provided almost like an escape
to other things that were going on around me, in there | got the solitude that |
wanted, nothing else mattered. This is one of the main reasons why | want to be a
strength and conditioning coach, to provide athletes the guidance to get the best out
of their bodies, but also to develop them as a person. | feel like a weight room can
really help shape a person, because at that point where a workout gets rough or
you’ve had a long day you have to make a choice, either to attack it, or give in. It's a
great tool to help develop mental strength and self-esteem, it's you against you in
there, only you know what your best is, now you just have to demand it out of
yourself.

My plan for staying fit after football season will consists of many different
things. One of them being cross fit, the person who trains me when I'm home lets
me workout at his gym for free and has even offered me an opportunity to work for
him when | graduate. The other motivating factor for doing cross fit is what |
mentioned in paper 4, my brother, I will finally get to train with him and compete with
him day in and day out. Another way | plan on staying physically active is hiking, or
hill runs. Hiking is probably one of my most favorite things to do when | am home,
during winter break | went on at least 5 hikes a week, even if they were not all
extremely long, they were still a nice little change.

The last way | plan on staying healthy is through football itself. Not playing

necessarily, but coaching. I plan on going back to my old High school and helping
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coach the linebackers and also the Strength and Conditioning aspect. Coaching high
school kids is something that will definitely keep me in shape, my brother is actually
the JV offensive coordinator and whatever he makes his players do as conditioning,
he does it as well. | feel like this is a great strategy because we all know what it’s like
to be dying during sprints, while we watched our out of shape just demand us to go
faster. | also want to be able to effectively demonstrate proper footwork and
technique for the linebackers that | am coaching.
Overall seeing the slides on goal settings didn’t really make me change my

mind on my goals or change how | originally planned them, however the slides did
provide me with a refresher from my sport psychology that | took back in Jr college.
Whether it's on the football field, in the gym, or out on a mountain every day, being
physically active is something that will forever be part of me.

Student 3.

| plan to transition from being a D1 athlete to a runner involved in all the local
fun road races and events. | will be able to accomplish all the things | have always
wanted to do: run a half-marathon, full-marathon, and some sort of triathlon. After
college, I will finally be able to relax and choose what activity | can do each day. For
example, run a trail run one day, bike to Pullman another, and play tennis on
Sundays without the worry of twisting an ankle. During my season, all | do is run.
The training is intense but it is solely running. Once | graduate, I'll be able to
broaden my activities and not just be so focused on running and school. Instead, |
can be focused on exercising, healthy living, and balancing activities. A lot of people

get bored with the same activities, so having a variety of activities will keep me
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interested and intrigued. Also running every day is a lot of wear and tear on my
body, mixing it up will keep my body injury free and more balanced. I'm excited to
broaden my activities and explore different sports.

Reading this article, shocked me because | did not realize so many ex-athletes
struggled with weight gain. Once | finish, | will definitely take a break and relax for a
while. However, | won't be able to stay down for long. Even when we had breaks
between Cross Country and Track season, | have trouble staying sedentary; | prefer
to be active and busy. | love working out and feeling like | can eat anything. | run so
that | can eat. | love food. | love health. | love life. Therefore, | doubt I will just be a
couch potato. I will definitely not run every day with the same intensity but I'll take
hikes and bike rides etc... If | can’t run one day, it won't kill me, I'll do something
else. That will be my retirement. My retirement won’t be a retirement from working
out, it will be a retirement of strict running routine intensity.

In regards to calories, | actually eat dramatically less when I’'m not running. |
usually gain weight when my season starts, which is muscle, but also | think fat
because I'm constantly hungry and eating whatever | want. When | am not running, |
watch what | eat more carefully. Surprisingly, | am way more self-conscious about
what | eat when I'm not running. Apparently, this isn’t normal according to the article.
My appetite just isn’t very big without burning all those calories during my intense
workouts. Therefore, | think that once | graduate, | will just naturally go back to
consuming the amount of calories | am currently burning. During the summer, when |
was running alone, | was able to really concentrate on my eating habits and get to a

good balance. Once school starts though, my eating goes to the back burner
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because | am just doing all that | can to keep my energy and intensity up along with
balancing school.

The article also talked about alcohol being a problem because it has so many
calories. | doubt this will be an issue for me because the only time | drink is right
after season with my college friends. Thus, once | am out of college | will hardly
drink because | don't like beer and | don’t enjoy sitting around drinking them. Also, |
do not enjoy golfing so it will not be my form of exercise.

Going to the gym will be hard. | have never been a gym type of person, | love
the outdoors and running so going to the gym to lift will be difficult to get used to. But
| want to be active and healthy, so if | need to go to the gym in addition to running |
will. During my season, | have to go to the gym to cross train so | will probably try to
keep that routine up. Especially if | can’t run one day, | would want to cross train.
Some seasons we have weight days where we have a certain routine we have to
accomplish. Therefore, | have learned some valuable techniques to carry with me
into my retirement.

The way for me to succeed in all of this is to have a set goal. | want to sign up
for events, running or triathlon, and make a day-by-day plan months in advance.
This will help me to stick to my plan, have a goal to look forward to, and see the
benefits of my hard work just like in college. My sister runs marathons, teaches spin
class, and does cross fit. She signs up for races frequently and just ran the Boston
Marathon. | really respect her and look up to her. | want to be like her because she is
very dedicated to sign up for events and then plan her training for that event. Once |

set a goal for myself, | accomplish it. | am very driven and love a challenge. The
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Spartan Race looks like so fun, I've always wanted to run it! Also, triathlons have
been a life time goal for me so I'm excited to finally be able to complete that.
Besides, | am not the type of person to become sedentary.

Apparently, the first year is the hardest for athletes, which is understandable. |
will definitely take a break to recover and let my body and mind have a rest.
However, I'll still be active by hiking, biking, tennis, swimming, etc... | think I'll give
myself a month and then I'll get back to running and start looking for races to enter
in. Really, exercising is a lifestyle. I'm an adventurous and curious person, | love
being busy and active. If I haven’'t done something active one day, | hate it, | have to
go outside every day. | love the outdoors and adventures.

The key is to be aware of my nutrition and the change in my calories burned.
Also, | need to have a plan and a goal. | will do this by signing up for events and
then setting a pre-race planner. Also, watching my calorie intake is important,
making sure I’'m burning the right amount of calories for the amount of exercise | am

completing.
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