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Abstract Limitations in physical fitness, a consistent find-
ing in individuals with both type I and type 2 diabetes
mellitus, correlate strongly with cardiovascular and all-
cause mortality. These limitations may significantly contrib-
ute to the persistent excess cardiovascular mortality affect-
ing this group. Exercise impairments in VO2 peak and VO2
kinetics manifest early on in diabetes, even with good gly-
cemic control and in the absence of clinically apparent
complications. Subclinical cardiac dysfunction is often pres-
ent but does not fully explain the observed defect in exercise
capacity in persons with diabetes. In part, the cardiac limi-
tations are secondary to decreased perfusion with exercise
challenge. This is a reversible defect. Similarly, in the skel-
etal muscle, impairments in nutritive blood flow correlate
with slowed (or inefficient) exercise kinetics and decreased
exercise capacity. Several correlations highlight the likeli-
hood of endothelial-specific impairments as mediators of
exercise dysfunction in diabetes, including insulin resis-
tance, endothelial dysfunction, decreased myocardial perfu-
sion, slowed tissue hemoglobin oxygen saturation, and
impairment in mitochondrial function. Both exercise train-
ing and therapies targeted at improving insulin sensitivity
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and endothelial function improve physical fitness in subjects
with type 2 diabetes. Optimization of exercise functions in
people with diabetes has implications for diabetes pre-
vention and reductions in mortality risk. Understanding
the molecular details of endothelial dysfunction in dia-
betes may provide specific therapeutic targets for the
remediation of this defect. Rat models to test this hy-
pothesis are under study.
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1 Introduction

People with T2D are typically sedentary and overweight.
Over the last 5 decades there has been a substantive decrease
in occupational physical activity which correlates with the
current obesity epidemic [1]. A recent position paper sug-
gested that childhood obesity and physical inactivity predict
that children born today will have a shorter life expectancy
than their parents [2]. Of particular importance for diabetes is
the consistent observation that people with both type I (T1D)
and type 2 diabetes mellitus (T2D) have decreased physical
fitness as measured by VO2 peak compared to similarly obese
and or sedentary subjects [3—6]. This defect has the potential
to contribute importantly to the persistent excess cardiovascu-
lar and all-cause mortality observed in people with diabetes
despite aggressive cardiovascular risk factor intervention.
Cardiovascular disease is the leading cause of mortality in
people with diabetes. This is true even in light of the overall
decrease in cardiovascular mortality with improved cardio-
vascular risk factor modification over the past 10 years.
Specifically, population based prevalence of cardiovascular
disease has decreased remarkably in the last 10 years, yet
excess cardiovascular mortality related to diabetes remains
3-5 fold higher [7] . This persistent mortality gap may be, in
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part, secondary to inadequate achievement of cardiovascular
risk factor reduction [8]. It is also possible that additional risk
factors contribute to the excess cardiovascular and all-cause
mortality observed in diabetes. Our laboratory and others have
identified that children and adults with type I and type 2
diabetes mellitus have defects in functional exercise capacity
[3—6]. A primary manifestation of this defect is that people
with diabetes have decreased VO, peak and slowed kinetics
for oxygen uptake and heart rate. This is a clinically relevant
impairment in light of the strong relationship between cardio-
vascular fitness and all-cause mortality [9, 10]. In addition to
and in association with the decreased VO2 peak and VO2
kinetics, we have demonstrated a number of phenotypic char-
acteristics of diabetes including insulin resistance (IR), endo-
thelial dysfunction, decreased myocardial perfusion, slowed
tissue hemoglobin oxygen saturation and, most recently, im-
pairment in mitochondrial function [9, 10] ©reen and Nadeau
personal communication 1 thiq review article, we will outline the
importance of cardiovascular fitness and exercise for preven-
tion of diabetes mortality, review data from our group and
others that clarify the clinical parameters associated with
defects in functional exercise capacity, outline the role of
cardiac and muscle perfusion observed in diabetes, discuss
proof of concept clinical interventions targeting IR and endo-
thelial dysfunction for improvement in exercise capacity, and
close with recent mechanistic observations which highlight
the likelihood of endothelial-specific impairments as media-
tors of exercise dysfunction and diabetes.

2 Physical activity, physical fitness and mortality

Evidence endorsing a strong relationship between physical
fitness and mortality is compelling. These data have led both
the Centers for Disease Control (CDC) and the American
Heart Association (AHA) to present position statements
stating that physical inactivity is a leading cause of death
and that primary prevention of heart disease requires in-
creased physical fitness [11, 12]. In pivotal studies, Wei et
al. demonstrated a strong relationship between physical
fitness and mortality in men with and without diabetes [9,
10]. A recent position paper suggested that childhood obe-
sity and physical inactivity predict that children born today
will have a shorter life expectancy than their parents [2]. Of
note, physical activity also predicts cardiovascular and all-
cause mortality, but is a less potent predictor than physical
fitness [13, 14]. Of particular importance for diabetes is the
consistent observation that people with both type I (T1D)
and type 2 diabetes mellitus (T2D) have decreased
physical fitness as measured by VO2 peak compared
to similarly obese and or sedentary subjects [3—6].
This defect has the potential to contribute importantly
to the persistent excess cardiovascular and all-cause
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mortality observed in people with diabetes despite ag-
gressive cardiovascular risk factor intervention

Extensive epidemiological and observational data indi-
cate a correlation between physical activity and cardiovas-
cular all-cause mortality in people with T2D [9, 10, 15-20].
People with diabetes in the US had an increase in all-cause
mortality related to modifiable risk factors: Alc >8 % (HR
1.65), self-reported no regular physical activity (HR 1.58)
and current tobacco use (1.77) [18]. In two large epidemio-
logical studies examining the relationship between physical
activity and cardiovascular all-cause mortality, physical ac-
tivity was associated with decreased CVD and all-cause
mortality in T2D (n=5859, prospective cohort) and pre-
dicted decreased CVD and all-cause mortality in T2D across
all levels of glycemic control (n=10,352 NHANES III study
sample) [19, 20]. Physical fitness defined as exercise capac-
ity measured by VO2 peak or VO2 max is a more potent
predictor of cardiovascular and all-cause mortality than
physical activity (4-6). In a cohort of men referred for
exercise testing, exercise capacity was the top predictor of
CV mortality (n=6213, prospective cohort) [17]. This ob-
servation is further supported by three studies demonstrating
that cardiorespiratory fitness is predictor of mortality in men
across all BMI groups (n=25,714, prospective observation-
al) and men with T2D (n=1263, n=3148) [9, 10, 15]. Lee et
al. conducted a prospective observational comparison of
cardiorespiratory fitness to physical activity for mortality
protection. Cardiorespiratory fitness was more strongly as-
sociated with mortality than physical activity (n=50,244)
[16]. However in contrast to the strong mostly observational
data supporting the importance of physical activity/fitness
with regard to mortality, the NIH multicenter Look Ahead
trial recently was halted because it failed to show a differ-
ence in the rate of nonfatal myocardial infarction, nonfatal
stroke, death, or hospitalization for angina among patients
randomized to an intensive lifestyle intervention versus a
control arm consisting of education alone (communication
from Look Ahead leadership). The reasons for this are
unknown but may relate to the finding that event rates were
too low in both groups to enable detecting a significant
difference or that physical activity/physical fitness prior
is critical earlier in the disease process. Based upon the
epidemiological and cohort data both the CDC and the
AHA consider lack of physical activity as a risk factor
for heart disease.

3 Exercise in diabetes prevention

The likelihood of developing diabetes is substantially less in
those who participate in exercise versus those who report
being sedentary, even in high risk individuals and after
adjustment for major risk factors (e.g. BMI, family history,
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etc.). Likewise, higher levels of fitness are inversely related
to diabetes incidence. Women who reported engaging in
vigorous physical activity >1x/week had a 16 % decreased
risk of developing T2D over 8-year follow-up compared to
more sedentary women after adjustment for BMI and family
history of diabetes (n=87,253, ages 34-59) [21]. Exercise
intervention, whether aerobic, resistance, or the combina-
tion, can improve cardiorespiratory fitness in those with
T2D. For example, lifestyle intervention counseling (includ-
ing exercise, at least 150 min/week) in patients with im-
paired glucose tolerance reduced progression to T2D by
58 % (n=552, RCT, ~3 years) [22, 23]. Hamman and others
reported that even in the absence of weight loss, physical
activity alone still prevented diabetes [24].

Self-report from people with risk for the development of
diabetes demonstrated a decreased risk of developing dia-
betes in those reporting participation in exercise activity
versus being sedentary. Here again, physical activity (self-
reported) was associated with reduced risk of developing
T2D across BMI categories and in abdominally lean or
obese men and women (n=16,154, median 12.3 years
follow-up) [25]. Physical fitness is also inversely associated
with incident diabetes (n=23,444 men, 18 year follow-up,
mail-back survey and exercise testing) [26]. Taken all to-
gether, individuals at risk for diabetes who increase physical
activity and enhance their cardiorespiratory fitness can de-
crease their likelihood of developing diabetes with its asso-
ciated increased risk of mortality.

4 Effects of exercise training programs

In contrast to the well-established relationship between
physical activity, physical fitness and the development of
diabetes, the impact on outcomes of exercise training pro-
gram targeting physical activity or physical fitness are fewer
and varied. Most, but not all, participants in prospective
exercise interventions improved their cardiovascular risk
profiles with exercise interventions [27]. Our group has
demonstrated a significant improvement in VO2 peak and
exercise kinetics with supervised exercise training [28].
Larger studies including HERITAGE Family Study (n=
130), DREW (n=326), INFLAME (n=70), STRRIDE (n=
303); have demonstrated improvement in fitness with vari-
ous combinations of aerobic and resistance training [29-33].
To date, these prospective interventional studies other than
the Look Ahead trial have not been appropriately powered
to assess the relationship between training and cardiovascu-
lar and all-cause mortality. Despite this limitation with inter-
ventional trials, Booth et al. were able to synthesize
observations from two large prospective cohort studies
where physical fitness was characterized at baseline and
6 months to 8 years later [34]. This analysis took advantage

of the fact that individuals in these prospective cohorts had
fitness measured and some subjects changed their level of
fitness with time [14, 35]. Figure 1 illustrates the synthesis
of data from these two studies suggesting that fitness
decreases cardiovascular and all-cause mortality. Of greatest
interest, changing fitness level either from fit-to-unfit or
unfit-to-fit, as defined in the trials by maximal METS (A
MET is an index of aerobic exercise capacity: one MET
unit = resting metabolic rate) confers a survival advantage
suggesting a legacy effect of fitness [34]. Over the last 5
decades there has been a substantive decrease in occupa-
tional physical activity which correlates with our obesity
epidemic [1]. To summarize, physical activity and physical
fitness are not equivalent; both physical activity and phys-
ical fitness confer a survival advantage in prospective cohort
and epidemiological studies; not all interventions with phys-
ical activity improve physical fitness and physical fitness at
any point in time appears to confer a survival advantage.
Therefore, decreased physical fitness in diabetes poses an
important risk for cardiovascular and all-cause mortality.

5 Defects in functional exercise capacity in type 2
diabetes

We and others have demonstrated a consistent defect in
maximal exercise capacity in subjects with T2D. Of partic-
ular importance, children and adults with uncomplicated
T1D andT2D demonstrate decreased functional exercise
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Fig. 1 Fitness and relative risk of death: Relative risk of death is
expressed as a function of the maintenance of, or the change in,
cardiorespiratory fitness (CRF) level occurring between two CRF
determinations that were made years apart. Deaths were recorded for
5 or 8 years following the second test. Results for maintenance or
change in CRF are divided into four groups including: 1) stayed unfit;
2) became fit after being unfit; 3) became unfit after being fit; and 4)
stayed fit. Three sets of data using this experimental strategy were
obtained from two publications. The publications by Blair’s group
provided data sets for all-cause mortality (shown in rectangles) and
cardiovascular disease (shown in hexagons) for men [13, 14, 87]. The
publication by Kokkonis and Myers had a male data set (shown in
ovals) [15]. Note the essential similarity of data sets. Figure and legend
reprinted with permission
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capacity as assessed by VO2 peak and other measures of
cardiovascular exercise performance. In this section, we will
review the compelling clinical data supporting a consistent
defect and cardiovascular fitness in subjects with diabetes.
This will be followed by a review of the body of work
generated by our lab and others that forms the basis for
our working model that endothelial dysfunction and sub-
strate delivery are primary mediators of the defect and
functional exercise capacity observed in T2D.

6 Exercise deficit

Defects in functional exercise capacity in subjects with T2D
were first identified in the 1980s [36]. It was observed that
people with T2D have impaired submaximal and maximal
exercise performance that is independent of the effects of
obesity, and this impairment is present even in the absence
of clinically apparent cardiovascular (CV) disease [3-5,
36—42]. Fang and colleagues observed a correlation between
exercise capacity associated with impaired glycemic control,
subclinical LV dysfunction and impaired heart rate recovery
(170 pt with T2D vs. 56 controls) [43]. Decreased peak
exercise capacity in overweight and obese T2D subjects
was associated with older age, increased waist circumfer-
ence and BMI, longer duration of DM, increased A1C, a
history of CV disease, metabolic syndrome, B-blocker use
and African American ethnicity [44]. Our group has
reported an association IR as assessed by euglycemic hyper-
insulinemic clamp, endothelial dysfunction as measured by
decreased flow mediated vasodilatation after hyperemia,
decreased blood flow by plethysmography, abnormal tissue
hemoglobin oxygen saturation (STO,) assessed using near

Fig. 2 Working model of the
role of endothelial dysfunction
in exercise defect in diabetes:
Proposed factors contributing to

infrared spectroscopy, diastolic dysfunction and decreased
cardiac perfusion and more recently decreased muscle mi-
tochondrial function (unpublished). It is of importance to
note that these defects are consistently observed in subjects
who are similarly sedentary and overweight to the subjects
with diabetes (consistent with diabetes per se as an
important contributor to this defect). Based on these
correlations we have a working model positing endothe-
lial dysfunction as a critical component of exercise
dysfunction and diabetes (Fig. 2).

7 Insulin resistance correlates with defects in functional
exercise capacity

A relationship between IR and VO2 max was described by
Reaven in the 1980s [37, 45, 46]. We and others have con-
firmed and expanded upon this relationship. Individuals with
IR and/or T2D manifest decreased maximal oxygen consump-
tion and/or submaximal exercise capacity [37, 40, 47, 48]. In
addition, oxygen consumption at submaximal workloads is
decreased during graded exercise in T2D compared to healthy
controls [40]. Furthermore, individuals with T2D have slower
oxygen uptake kinetics at the beginning of constant load
exercise [4, 40, 49]. VO2 kinetics are a marker of the ability
to oxygenate the body upon exercise initiation at submaximal
levels of exertion. Lower VO2 peak and slowed VO2 kinetics
have been found to correlate with decreased insulin sensitivity
as measured using the euglycemic hyperinsulinemic clamp in
our work.

The relationship between IR and decreased functional
exercise capacity, observed in T2D, is also present in indi-
viduals with type 1 diabetes (T1D). Although TID is
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Fig. 3 Insulin resistance correlates with VO2 Peak: The relationship
of insulin resistance to VO2 peak was assessed a graded cycle ergom-
eter (Lode, Groningen, The Netherlands) protocol to exhaustion and
insulin sensitivity was assessed with a 3-h hyperinsulinemic-
euglycemic clamp (80 mU/m?min insulin). Glucose disposal rate was
expressed as milligrams per kilogram body mass and milligrams per
kilogram fat-free mass. Reprinted with permission J Clin Endocrinol
Metab, 95(2), 513-521 [6]

primarily a disease of insulin deficiency, we and others have
demonstrated IR (IR) in T1ID [50-53]. In the Pittsburgh
Epidemiology of Diabetes Complications study and the
DCCT, estimated IR predicted CVD events [54, 55].
Eighty seven subjects participating in the NIH CACTI
study, direct measures of IR correlate with CAC. These
results and others suggest that IR is a correlate of CVD in
T1D as well [55, 56]. Decreased insulin sensitivity in T1D is
present in adolescents as well as adults. Decreased insulin
sensitivity T1D population does not have the typical meta-
bolic syndrome phenotype associated with IR in other pop-
ulations, making IR harder to recognize and quantify in this
population and raising the possibility that the underlying
mechanism of IR in T1D may be distinct [55, 56].
Regardless of the etiology of IR in T1D there is a significant
correlation between IR and decreased functional exercise

capacity (Fig. 3).

8 Intervention augments functional exercise capacity
in T2D

Identification of a correlation between decreased insulin
sensitivity and defects functional exercise capacity in diabe-
tes suggested an opportunity for intervention with insulin
sensitizing agents. We hypothesized that a thiazolidinedione
would improve exercise function by improving insulin sen-
sitivity [57]. Twenty patients with uncomplicated T2D were
randomized in a double-blinded study to receive either
4 mg/day of rosiglitazone or matching placebo after baseline
measurements which included endothelial function (by

brachial ultrasound), VO,peak and insulin sensitivity with
reassessment after 4 months of treatment. The two groups of
patients did not differ at baseline in any measure. Patients
treated with rosiglitazone had significantly improved
VO,peak (by 7 %)(Table 1) as well as improved brachial
artery diameter (BAD) and insulin sensitivity [57].
Rosiglitazone increased the BAD response to cuff inflation
by 83 % over the baseline response (from 0.024+0.03 c¢cm to
0.044+0.03 cm, P<0.05) while no significant increase seen
in the response of placebo-treated controls (from 0.010+
0.02 cm to 0.017£0.02 cm, P = NS). Change in VO,peak
correlated with changes in BAD and IR in the rosiglitazone
treated group only. These data demonstrate that an agent that
improves insulin sensitivity can improve exercise function
in T2D.

Exercise training also augments functional exercise ca-
pacity in T2D. Our group has demonstrated that formal
exercise training improved VO2 peak in subjects with dia-
betes as well as obese and lean sedentary controls. The
favorable response to these 2 interventions indicates that
clarification of the underlying physiology determining de-
creased functional exercise capacity in people with diabetes
can be used to target interventions. In the next section, we
will discuss the contributions of abnormal central (cardiac)
and systemic responses contributing to defective exercise
capacity in diabetes.

9 Cardiac abnormalities and abnormal exercise capacity
in T2D

Subclinical and potentially reversible cardiac dysfunction,
particularly left ventricular diastolic dysfunction (LVDD),
during submaximal exercise is frequently seen in well-
controlled, recently diagnosed, sedentary subjects with T2D
(even in the absence of clinically evident coronary artery
disease or microvascular complications). Poirier et al. demon-
strated that the presence of LVDD was associated with reduce
exercise performance (time and METs achieved) in sedentary
men with well-controlled uncomplicated T2D [58]. Similarly,
myocardial metabolic derangements assessed using *'P-MRS

Table 1 Rosiglitazone effects on exercise capacity in T2D (*P<0.05
difference within group) from Diabetes Care, 28(12), 2877-2883 [57]

Placebo (N=10) Rosiglitazone treated (N=10)

VO,peak (ml/kg/min)

Pre 19.4+5.2 19.8+5.3

Post 18.1+5.3 21.245.1%
Oxygen pulse (VO,/HR)

Pre 11.3+£3.7 13.3+£3.7

Post 11.1£3.6 14.8+4.1%
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assessment correlated with LVDD in recently diagnosed un-
complicated men with T2D [59]. Our group demonstrated
elevated pulmonary capillary wedge pressure (PCWP; n=
10) during peak exercise in uncomplicated T2D women com-
pared to overweight controls consistent with diastolic dys-
function even though they were relatively recently
diagnosed (average T2D diagnosis 3.6 years, similar activity
levels, n=10) [39]. Additionally, myocardial perfusion fol-
lowing exercise is reduced in this group and the decreased
perfusion was correlated with the abnormally increased wedge
pressure. Importantly, these abnormalities only emerged dur-
ing exercise and were not evident at rest.

Many possible mechanisms have been proposed for car-
diac dysfunction in uncomplicated T2D, including impaired
calcium and ion transport, altered glucose and lipid metab-
olism, mitochondrial dysfunction, decreased perfusion and
renin-angiotensin-system activation. The early development
of preclinical diabetic cardiomyopathy has also been posit-
ed. Novel Cardiac MRI (CMR)-based measurements of
extracellular matrix expansion (via “T1 mapping techni-
ques”) are markedly abnormal in T2D even before the
development of significant diastolic dysfunction, ventricular
hypertrophy or clinical heart failure. Furthermore, these
indices are associated with long-term outcomes (beyond
ejection fraction) in a general referral population [60]. It is
unclear which of these abnormalities are reversible and their
contribution to limitations in functional exercise capacity.

A number of factors suggest that diabetic cardiomyopa-
thy alone cannot account for the exercise impairment in T2D
and supports the contribution of a perfusion defect. First of
all, LVDD correlates with reduced exercise performance,
but measurable differences in cardiac output are not a pre-
requisite. Some investigators have shown that cardiac output
significantly increases in T2D subjects at higher intensity
exercise compared to controls [38]. We have demonstrated
decreased myocardial perfusion with stress (termed de-
creased cardiac reserve) in uncomplicated T2D consistent
with findings of Schindler et al. [61].This group demonstrat-
ed that the impairment in cardiac reserve was improved by
glucose control with glyburide and metformin. Joshi et al.
demonstrated both decreased cardiac perfusion and stroke
volume in response to submaximal exercise challenge and
recovery in T2D (10 min, bicycle ergometry, constant load
of 50 W — mimic 6 min walk test [62]. This defect was not
significant in individuals with hemoglobin Alc less than
8 %. Of note, Brassard et al. demonstrated improvement in
diastolic dysfunction and normalization (in 5/11 T2D sub-
jects) after 3 months of aerobic exercise training (cycle
ergometry, 3x/week, 30—60 min, 60-70 % of VO2max)
[63]. The observation that intervention with either exercise
training or improved glycemic control can ameliorate the
subclinical cardiac dysfunction in T2D, suggests that the
contribution of cardiac dysfunction, related to decreased
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perfusion is a modifiable and targetable defect contributing
to decreased cardiovascular fitness in diabetes.

10 Muscle contribution to exercise dysfunction in T2D

The findings outlined above indicate that the cardiac dysfunc-
tion does not fully explain the observed defect in exercise
capacity in diabetes. We and others have reported decreased
functional exercise capacity in the context of preserved cardi-
ac output with exercise, suggesting factors beyond the heart
also contribute to exercise dysfunction [38, 39, 62]. In fact,
exercise capacity improves following a period of exercise
training prior to changes in left ventricular filling dynamics
(i.e. normalization of LVDD). These findings would suggest
systemic limitations of the exercising skeletal muscle distinct
from cardiac dysfunction, whether it is insufficient oxygen
supply and/or oxygen utilization, to contribute to the decline
in exercise capacity. Of particular interest for this review
article, experimental evidence from our group and others
indicates decreased skeletal muscle perfusion at baseline and
in response to insulin in subjects with T2D. Skeletal muscle is
quantitatively the most important tissue involved in maintain-
ing glucose homeostasis and is a major site of IR in T2D
patients [64]. Both the muscle vasculature and the skeletal
muscle fibers are insulin resistant in T2D. Muscle IR leads to
decreased glucose uptake, decreased glycogen stores and de-
creased efficiency of ATP production [65, 66]. Scheuermann-
Freestone, using MRS, found that T2D patients with appar-
ently normal cardiac function had impaired myocardial and
skeletal muscle energy metabolism related to changes in cir-
culating metabolic substrates before, during and after exercise
[67]. IR is associated with decreased insulin stimulated vaso-
dilation, decreased capillary recruitment and decreased nutri-
tive muscle blood flow [68—70]. Our group reported that the
slowed oxygen uptake kinetics upon initiation of constant
workload exercise is associated with slowed muscle perfusion
as assessed by near infrared spectroscopy (NIRS).
Concomitant VO2 and determination of the ratio of oxygen-
ated and deoxygenated hemoglobin measurement permitted
inference of regional blood flow (via Fick principle), demon-
strating delay response time of increasing blood flow at exer-
cise onset in T2D subjects [3]. Figure 4. Using a different
assessment, Sanchez et al. demonstrated impaired skeletal
muscle blood flow in T2D and obese-matched controls
(56 % lower MRI signal intensity with maximum voluntary
isometric contraction) [71]. There is evidence for both struc-
tural and functional abnormalities contributing to decrease
skeletal muscle blood flow in diabetes. These include de-
creased capillary recruitment in response to insulin, decreased
capillarization and capillary basement membrane thickening
[68, 69, 72, 73]. Capillary recruitment in the setting of exer-
cise is normal in uncomplicated T2D and impaired in subjects
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Fig. 4 Exercise kinetics correlate with slowed muscle O2 delivery:
Muscle deoxyhemoglobin ([HHb]) concentration kinetics in a repre-
sentative healthy subject and a subject with T2D at rest and following
the onset of moderate exercise. Exercise begins at time = 0. Note
pronounced overshoot of HHb in the T2D subject early in the exercise

with T2D and a microvascular complications [74]. To sum-
marize, in people with both complicated an uncomplicated
T2D, there are impairments muscle substrate delivery and
utilization presumed secondary to decreased cardiac function,
decreased blood flow in conduit vessels, increased precapil-
lary vasoconstriction and abnormal endothelium-mediated
vasodilatation, and decreased capillary recruitment. As such,
nutritive blood flow appears to be an important contributor to
the impaired response of the skeletal muscle to exercise in
people with T2D.

In healthy subjects, exercise training induces muscle an-
giogenesis and vasculogenesis. Seven consecutive days of
aerobic training in uncomplicated well-controlled T2D (n=
11, supervised exercise, 60 min/day at 60—75 % HRR) led to
higher femoral blood flow measurements from baseline dur-
ing oral glucose tolerance testing [75]. A similar exercise
intervention in healthy subjects led to increased muscle capil-
larization and mitochondrial density as assessed by mitochon-
drial enzyme content and activity [76]. The capillarization
response to exercise training is also present in people with
diabetes and metabolic syndrome (Goldberg ADA abstracts)
suggesting a potential reversible defect in muscle blood flow
in this population. Increased skeletal muscle substrate demand
and hypoxia are two potential mechanisms for exercise medi-
ated angiogenesis and vasculogenesis [77]. Two studies sug-
gest that hypoxia enhances the adaptive response to exercise
training in people with T2D [78, 79]. MacKenzie et al. dem-
onstrated that a single-episode of moderate-intensity (~50 %
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transition. This response indicates a greater reliance upon local muscle
oxygen extraction (e.g. due to slowed increase in microvascular blood
flow) early in exercise that is not observed in healthy muscle. Pub-
lished in Bauer, TA et al. Diabetes Care. 2007 Nov;30(11):2880-5 [3]

VO2max) normoxic exercise and resting hypoxic exposure
each improved insulin sensitivity in T2D; this improvement
was augmented when exercise and hypoxia were combined
[78]. This may in part be mediated by increased effective
muscle blood flow. This is an area of ongoing investigation
in the field.

11 Summary of human data

Physical activity and, to a greater extent, physical fitness
predict cardiovascular and all-cause mortality in subjects with
and without diabetes. In subjects who vacillate between phys-
ical fitness and lack of physical fitness, the period of fitness
will have a lasting effect on mortality risk. Adults and children
with T1D and T2D have decreased physical fitness relative to
control subjects matched for: age, body weight, physical
activity and co-morbidities. Characterization of the physiolog-
ical parameters predicting decrease physical fitness in diabetes
have revealed a significant correlation with IR, endothelial
dysfunction, decreased cardiac perfusion, LVDD, slowed
muscle oxygenation with exercise and decreased tissue perfu-
sion. Endothelial dysfunction, specifically in nitric oxide me-
diated nutritive blood flow to the heart and vasculature is a
consistently correlate with the exercise defect. Therapies tar-
geted at improving insulin sensitivity and endothelial function
improve physical fitness in subjects with T2D in the absence
of exercise training.
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12 Potential molecular mechanisms: future targets

The defect in functional exercise capacity observed in T2D is
improved with both exercise training and insulin sensitizer
therapy with thiazolidinediones. These proof-of-concept pilot
studies in humans with T2D demonstrate that targeting the
defects of IR, endothelial dysfunction or decreased tissue
perfusion with pharmacological therapy can improve physical
fitness. Exercise is a complex intervention that has been rigor-
ously studied in the heart, skeletal muscle and brain. Exercise
stimulates mitochondrial biogenesis and angiogenesis through
Nitric oxide synthases (NOS), the nicotinamide adenine dicu-
cleotide (NAD)-dependent histone deacetylase SIRT1 or both.
Deficiency in NOS enzymes or exposure to the NOS inhibitor
NS-nitro-l-arginine methyl ester (L-NAME) can decrease the
mitochondrial adaptation to exercise intervention [80—82]. In
healthy human subjects, 7 days of bed rest can eliminate
exercise induced mRNA expression of the regulators of mito-
chondrial biogenesis and vasculogenesis [83]. High fat feeding
can abolish stimulation of AMPK 2 muscle response to exer-
cise training [84]. Exercise failed to decrease oxidant load or
mitochondrial damage in hypercholesterolemic mice [85].
Taken together, these individual findings suggest a pattern
wherein metabolic disease, specifically endothelial dysfunc-
tion, leads to failed homeostatic response to stimuli.

We sought to begin to understand the molecular basis de-
creased fitness in diabetes by examining the vascular response
to an exercise intervention. We exposed control, hypertensive
and hypertensive diabetic rats to an 8 day exercise intervention
and examined the adaptive response in aortic lysates [86]. In
control Sprague Dawley rats, we observed a robust induction
of mitochondrial protein expression which was absent in the
hypertensive and diabetic rat models. We further observed no
induction of endothelial nitric oxide synthase. Ongoing work in
our laboratory indicates that therapies which block NOS inter-
fere with the adaptive response to exercise training and thera-
pies which target endothelial NOS for restore vascular
signaling to mitochondria and enhance functional exercise
capacity when combined with exercise training in diabetic
rodents (Reusch, Miller, Keller, Knaub unpublished).
Characterization of the molecular signaling defects interfering
with optimal tissue target training should present opportunities
for pharmacological interventions to augment fitness in persons
with diabetes and other forms of cardiovascular disease.
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