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ABSTRACT

The purpose of this dissertation was to examine the following in spinal cord
injured (SCI) individuals: 1) the relationship between circulating leptin levels, body
composition, and resting metabolic rate (RMR) (Study one}, 2) the leptin response to a
36-hr fast (Study two) and 3) the effect of a 12-week FES-Rowing training program on
plasma leptin levels (Study three)

Study one showed that the SCI group had 105% higher resting plasma leptin
levels compared to the able-bodied (AB) group (P=0.004) when BMI was controlled for.
Plasma leptin levels correlated with RMR in the AB group (r=.90, P=0.006), but not in the
SCI group (r=44, P=0.43), which suggests the loss of sympathetic nervous system-
mediated RMR regulation in people with SCI. Study two showed that plasma leptin
levels significantly decreased during 36 hr of fasting by 38.6% and 48.8% in SCl and AB,
respectively, with the leptin reduction being delayed in the SCI group. This result
suggests that people with SCI still responded to an energy imbalance with a decline in
leptin, however, this delay in reduction may be due to an impaired SNS.

Following 12 weeks of FES-Rowing training, fat mass (4.58%, P=0.14) and plasma
leptin levels (33%, P=0.078) declined (Study three) but these changes were not
significant. Despite the small sample size in this study (N=5), plasma glucose levels
decreased after the training (P<0.05). This reduction is clinically important since plasma
glucose levels are well known markers of glucose metabolism and type 2 DM.

Overall, people with SCI have elevated plasma leptin levels compared to the AB
population. Due to an impaired SNS, the relationship between leptin levels and RMR is
not related in the SCI compared to the AB group. As a result of these changes, the risk
of developing obesity may be increased. Study three demonstrated the possible benefits

of exercise training as plasma leptin, glucose and fat mass were reduced after 12 weeks
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of FES-Rowing training.  Therefore, regular exercise training is recommended for

people with SCI to alleviate increased fat mass, obesity and obesity-related disorders.
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CHAPTER ONE
INTRODUCTION
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INTRODUCTION

People with a spinal cord injury (SCI) have a three to five times higher risk of
developing type 2 Diabetes Mellitus (DM) (1). Possible reasons for the high risk of
developing type 2 DM include changes in body composition (6, 14) and changes in
paralyzed muscle characteristics after the SCI (3, 5). The changes in body composition
include increased fat mass and decreased muscle mass (13). Increased fat mass is one of
the risk factors for the development of type 2 DM (2).

However, it remains unclear why people with SCI are more prone to becoming
obese. In order to prevent obesity-related disorders, such as type 2 DM, it is important to
understand the mechanisms underlying increased obesity in people with SCI. The
recently discovered hormone leptin has contributed to the acceleration of obesity
research in the last 7 years (14). Administration of leptin decreases food intake and
increases energy expenditure, resulting in body weight loss (7, 12). The central nervous
system (CNS) is the major site of leptin action (8, 12). This action of leptin is partially
mediated by the sympathetic nervous system (SNS) (4, 9). In people with SCI, the SN5 is
impaired and interrupted due to the spinal cord lesion (6, 12). Also, people with cervical
and high thoracic SCI have a reduced sympathetic nerve activity, which is associated
with development of obesity (10). These factors may explain the higher risk of obesity
and type 2 DM in SCI. However, to our knowledge, basal leptin levels, effects of short-
term fasting and /or exercise (acute exercise and exercise training) on circulating leptin
levels in the cervical and the high thoracic (above T6) (high lesion) SCI have not been
investigated. These findings will improve our knowledge of obesity and obesity-related
disorders in people with SCL

In this thesis, the following will be investigated in subjects with high lesion SCI:
1) basal leptin levels and its association with the body composition and resting
metabolic rate, 2) the leptin response to short term fasting, and 3) the leptin response to

exercise training.
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PURPOSES OF THE RESEARCH
Study 1:
Research objective
To identify basal leptin levels and determine the relationship between leptin
levels, body composition and RMR in the SCI group.

Research Hypotheses
¢ Plasma leptin levels will be higher in the SCI group compared to AB group.
¢ Plasma leptin levels will positively correlate with RMR in the AB group but not
in the SCI group.

Study 2:
Research objective

To determine the leptin response to Oh, 12h, 24h, and 36h of fasting in the SCI
and AB groups.

Research Hypothesis

e Plasma leptin will decrease with a 36- hour fast in the AB group but not in the
SCI group.

Study 3:
Research Objectives

1) To determine the effects of 12 weeks of FES-Rowing training on plasma leptin
level in people with spinal cord injury.

2) To investigate whether exercise training induced plasma leptin change in

subjects with spinal cord injury is independent of fat mass change.

Research Hypothesis:
e 12 weeks of FES-Rowing training decrease plasma leptin level in people with
SCL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER TWO
REVIEW OF LITERATURE

REVIEW OF LITERATURE INCLUDES TWO REVIEW PAPERS

PAPER 1. Obesity, Type 2 DM and Exercise in people with SCI -Implication of
sympathetic nervous system impairment in people with SCI

Submitted for publication at American Journal of Clinical Nutrition
PAPER 2. What are the true effects of exercise on leptin regulation and action? -Are we

measuring what we intend to measure?

Submitted for publication at Journal of Clinical Endocrinology and Metabolism
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REVIEW PAPER ONE

Obesity, Type 2 DM and Exercise in people with SCL:
Implication of sympathetic nervous system impairment in people with SCI
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Introduction

People with SCI have an increased risk of developing type 2 DM (1-3). Bauman
et al. (1) demonstrated that among 100 subjects with paraplegia or quadriplegia, 22%
have type 2 DM as compared to only 6% in the able-bodied (AB) control group. Sixty-
two percent of those with quadriplegia and 50% of those with paraplegia have abnormal
glucose metabolism, compared to only 18% in AB controls. Increased obesity following
SCl is one of the major contributors for the higher incidence of type 2 DM (4-10). People
with SCI have a significantly higher percent body fat compared to AB controls even after
the subjects are matched by age, weight and body mass index (BMI) (4-7).

The association of obesity with type 2 DM has been recognized for decades (8-
10). Insulin resistance is a fundamental aspect of the etiology of type 2 DM (9). The risk
of type 2 DM increases 11-fold as BMI increases from 20 to 30 kg/m? (10). Obesity
represents an expansion of the adipose tissue mass, which then influences its own
secretory products. Tumor necrosis factor-alpha (TNF-a) is over-expressed in adipose
tissue of obese and insulin resistant animals and humans (11-12). TNF-a is known to
impair insulin signaling, inhibit lipoprotein lipase (LPL), and stimulate lipolysis in
adipocytes, leading to an increase in the circulation of nonesterfied fatty acids (NEFA)
(11-13). The chronic elevation of free fatty acids (FFA) in the obese may contribute to the
decreased uptake of glucose into the peripheral tissues (14-15), and reduce the insulin
receptor substrate (IRS)-1-associated phosphatidylinositol (PI) 3-kinase activity (14). A
defect in the PI-3-kinase mediated insulin signaling pathway causes insulin resistance in
skeletal muscle, adipocyte, and liver (16). Obese individuals also show reduced GLUT-4
expression in the adipocytes and impaired insulin-stimulated translocation of GLUT-4 in
the skeletal muscle, as a result of defective PI-3-Kinase-mediated insulin signaling (16-
17).

Lesion level and percent body fat are strongly correlated in people with SCI (18-
20). People with high and complete lesions have significantly higher occurrences of
impaired glucose tolerance and type 2 DM than those who have low and incomplete
lesions (2). As well, people with high and complete lesions lose more of their
supraspinal regulatory controls and sympathetic nerve activity, resulting in a lower

resting metabolic rate (RMR) (21-22). Lower sympathetic nerve activity and lower RMR
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are also associated with obesity (23-26). When decreased energy expenditure is not
compensated by decreased food intake, adiposity will increase in the SCI population.

It is of special interest, therefore, to understand the physiology of leptin in people
with SCI whose SNS is impaired (18-20, 27, 28). The SN5 plays a key role in the normal
function of leptin and is required for the increase in glucose uptake (29-30), decrease in
insulin secretion (31), and increase in energy expenditure (32-34). Despite its
contribution to these key processes, basal leptin levels and the leptin production in
response to fasting or exercise in people with high lesion SCI have not been investigated.
In this review, we examine the following: 1) the role of leptin in body weight regulation,
2) exercise and leptin, 3) the role of SNS in leptin metabolism, 4) impairment of SNS in
SCI, 5) leptin metabolism in people with SCI, and, 6) effects of exercise training on type 2
DM.

ROLE OF LEPTIN IN BODY WEIGHT REGULATION

Despite the medical problem of obesity throughout the world, one of the most
interesting facts is the stability of body weight (35-36). Body weight is tightly regulated
by a feedback loop, which maintains body weight homeostasis (36). Identification of the
ob gene using positional cloning and the characterization of the hormone leptin has
greatly increased our understanding of the pathophysiology of obesity and its related
disorders (37-38). Leptin is produced by adipose tissue and affects food intake, energy
expenditure, and neuroendocrine status (39). Leptin deficiency, as seen in ob/ob mice
and human with congenital leptin deficiency, causes obesity (41-42). Lack of leptin in
circulation is perceived in the hypothalamus as energy deficient status and the brain
sends a signal to increase energy intake and to decrease energy expenditure, resulting in
obesity (41-42). Conversely, the administration of leptin to ob/ob mice and children with
congenital leptin deficiency decreases feeding, normalizes body fat, body temperature,
and also corrects neuroendocrine abnormalities (37, 41, 42, 43). Studies report that food
intake is reduced by 30-31% and glucose uptake increased up to 27% in response to
leptin administration in leptin-treated animals compared to a control group (43).
Although ob/ob mice have no leptin, it soon became apparent that leptin levels are almost

universally raised in obese rodent and human, in contrast to what was initially predicted
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(44-45). The finding that leptin circulates in plasma in proportion to the amount of fat
mass, suggests that human obesity is related to leptin resistance rather than leptin
deficiency.

There is also increasing evidence that leptin may regulate the neuroendocrine
response to starvation (46-50). In lean individuals, plasma leptin concentrations decline
markedly within the first 12 h of fasting, which may be important in regulating substrate
metabolism and energy expenditure during early starvation (4, 46-50). During a four-
week period of energy restriction, Weiss et al. (48) reported a 66% decline in the plasma
leptin level after one week followed by a more gradual decline thereafter. However, a
decrease in fasting-induced plasma leptin was prevented by maintaining euglycemia via
glucose infusion during a 72-h fasting period (50). Leptin reduction during fasting will
decrease energy expenditure and increase food intake and therefore, defends the body

from excess energy expenditure in the face of limited energy intake (39-40).

EFFECTS OF AEROBIC EXERCISE ON LEPTIN
Leptin response to acute exercise

Following an acute bout of exercise, plasma leptin levels have been reported to
decrease (51-53), increase (54), or remain unchanged (55-60). Activities such as 2 h of
cycling exercise (53) a 20-mile treadmill run (57), and 60 min of cycling at 50% VO2 max
(58) did not change leptin levels during or immediately following these protocols. On
the other hand, other studies noted that a marathon run (61) and a 2 h run at 75% VO2
max (62) significantly decreased plasma leptin levels. The studies that observe the
decreased leptin levels following physical activity often involve exercise of longer
durations at higher intensities, resulting in higher energy expenditure (52, 53}. Evidence
of this comes from Landt et al. (53) who detected a 32% reduction in plasma leptin after
a 101mile ultramarathon. In addition, Karamouzis et al. reported a 50.5% reduction in
leptin levels after marathon swimming (25 km sea swimming, 6.5-10.5 hours). These
data suggest that higher exercise energy expenditures resulting in higher negative

energy balance are more likely to alter leptin levels.
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Exercise stress vs Energy availability

In order to examine whether energy availability (energy intake minus energy
expenditure) or exercise stress (everything associated with exercise excluding energy
cost) influences plasma leptin levels, Hilton et al. (56) controlled energy intake and
exercise energy expenditure in healthy young women and measured the diurnal leptin
rhythm. These researchers found that low energy availability suppresses the 24 h mean
and amplitude of serum leptin, whereas exercise stress by itself does not. However, Van
Aggel-Leijssen et al. (63) reported that exercise with energy balance still decreases 24 h
mean serum leptin compared to a non-exercise energy balance control. Van Aggel-
Leijssen et al. (63) also reported that a disturbance in energy balance, caused by
overfeeding on a day of relatively high physical activity increases the absolute
amplitude of the 24h plasma leptin curve significantly. These conflicting results make it
difficult to draw any conclusive decision whether an acute bout of exercise independent

from negative energy balance would influence plasma leptin levels.

Factors influencing leptin production during exercise

Although a greater exercise-induced negative energy balance would most likely
cause a reduction in plasma leptin, a number of discrepancies in the findings still exist.
These discrepancies may be explained by hormonal response to intense and prolonged
exercise. An intense bout of exercise increases both plasma cortisol and catecholamine
levels (64-65). Cortisol is known to increase leptin production, while catecholamines are
known to reduce plasma leptin production (66-68). During and immediately following
an interval exercise at 76% of VO2max for 41 minutes (475kcal), Fisher et al. (54)
reported that both cortisol and catecholamine levels were increased, but leptin levels
were no different from baseline. Increased leptin levels were detected 139 min into the
recovery period while catecholamine levels returned to baseline and cortisol levels
remained significantly elevated (54). This finding may suggest influence of exercise
induced catecholamine and cortisol changes on plasma leptin during and immediately
after exercise. Also, intense exercise decreases insulin secretion through sympathetic
innervation (69). A recent investigation demonstrated that the treatment of rat

adipocytes with insulin increased tissue leptin content and secretion during a 2 h
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incubation period (71). In addition, leptin release increased within 10 min of insulin
administration, suggesting that insulin may act as a leptin secretagogue (72). Therefore,
the conflicting results about leptin's response to exercise may be due to counter-
regulatory responses during and immediately after exercise.

Knowing that elevation of catecholamine, insulin and cortisol decreased to the
basal levels within a few hours from cessation of an exercise bout, it is interesting that
studies that reported a decrease in plasma leptin levels following exercise have obtained
samples 2h-48h post-exercise (51, 62, 74). Following exercise bouts of similar duration
and intensity, Duclos et al. (51) detected a 30% reduction in plasma leptin 2 h after the
cessation of the exercise but Hickey et al. (59) found no difference when samples were
taken immediately following exercise. Additionally, Tuominen et al (62) reported a 34%
reduction in plasma leptin levels 44 h after 2h running at 75% VO2max and Essig et al.
(74) reported a 30% reduction in plasma leptin levels after 48 h after two treadmill
exercise sessions with different energy expenditures (800 or 1,500 kcal) at 70% VO2max.
Based on these findings, we may speculate that exercise with substantial energy
expenditure causes leptin reduction, however, when leptin levels are measured during
or immediately following exercise, exercise induced leptin reduction can be shadowed
by counterregulatory hormones which influence leptin production. Thus, one of the
possible reasons for the delayed decrease in plasma leptin levels may be related to the

influence of exercise-induced changes on hormonal responses.

Leptin production vs Leptin clearance

Animal studies generally produce consistent results on the effects of exercise on
leptin gene expression (75-77). Zheng et al. (77) reported that a single bout of exercise
significantly decreased ob mRNA levels approximately 30% immediately and 3 h after
exercise in male Sprague-Dawley rats. They also reported that 4 weeks of exercise
training decreased the ob gene expression by 48% at 2 h after the last bout of exercise
training compared to the control group. Bramlett et al. (75) reported that treadmill
exercise until exhaustion (average 85.5+1.5 min) decreased leptin mRNA significantly in
retroperitoneal fat. Moreover, the decrease in leptin mRNA after exercise resulted from

stimulation of cyclic AMP-dependent protein kinase and beta-3 adrenergic receptors.
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Norepinephrine as well as specific beta 3 adrenergic agonists reduce leptin expression in
white adipose Hssue. Intense exercise increases norepinephrine levels up to 14 fold,
which in turn increases cyclic AMP-dependent protein kinase necessary to decrease
exercise-induced leptin expression (78-79). Therefore, it can be speculated that the
exercise-induced catecholamine increase may reduce leptin gene expression in these
animals.

However, animal studies still produce conflicting results on the effects of exercise
on plasma leptin levels (75, 80-81). Pagano et al. (80) reported a 30% reduction in plasma
leptin after 30 min swimming exercise. On the other hand, Bramlett et al. (75) reported a
59% increase in circulating leptin level after 55 min of treadmill running. This
conflicting result could be related to leptin clearance during exercise. While leptin gene
expression solely represents leptin production, circulating leptin levels can be
contributed to leptin clearance as well as leptin production. Fogteloo et al. (82) recently
reported that 80% of the total body leptin clearance could be attributed to the kidney.
Interestingly, intense exercise decreases blood flow to the kidney and thus may decease
leptin clearance during intense exercise (83). Also, studies that have reported no change
in leptin levels immediately after exercise report a reduction in plasma leptin levels 2 to
44 hours after the cessation of an exercise bout (51, 62, 74). This result may be related to
a reduction in renal leptin clearance during exercise. In combination of the result from
human and animal studies, it is evident that exercise can decrease leptin mRNA and
leptin production in adipose tissue. However, due to the lack of control in leptin
clearance and counter-regulatory hormones that effect leptin production during
exercise, we may observe conflicting results on the effects of exercise on circulating

leptin level.

Leptin response to chronic aerobic exercise

There is also considerable variation in the reported effects of chronic exercise on
circulating leptin levels (84-92). Studies have demonstrated a reduction (84-88), or no
change in plasma leptin following an exercise training program (90-92). The differences
in these findings could be explained by concurrent weight loss with exercise training.

Studies observed weight loss with training have also observed a reduction in plasma
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leptin levels (85-87). Halle et al. (85) studied plasma leptin levels in 20 men with type 2
DM before and after six weeks of training (2,200kcal/wk). They reported that their
exercise program caused a 4.3% weight loss and a 30% reduction in plasma leptin levels.
Kohrt et al. {86) also reported a 4.9% loss in body mass and a 27.9% reduction in plasma
leptin levels after nine months of training. These results are not unexpected, as leptin is
known to be produced and secreted by adipose tissue and it is well documented that

plasma leptin correlates with body fat mass (44, 45).

Is weight loss necessary for plasma leptin changes?

Although there is convincing evidence that exercise training that leads to weight
loss will decrease plasma leptin levels, it is unclear whether exercise training-induced
leptin reduction is independent of changes in fat mass. Hickey et al. (91) reported a
reduction in plasma leptin level in females after 12 weeks of training (4d/wk, 1200
kcal/wk) despite stable fat mass. Perusse et al. (58) also reported a reduction in plasma
leptin in obese males after 10 months of exercise training independent of changes in
body fat mass. Furthermore, Okazaki et al. (87) also demonstrated that plasma leptin
levels decreased in 14 subjects whose fat mass either did not change or slightly increased
after a 9 month exercise intervention. Moreover, Ishii et al. (89) report a reduction in
plasma leptin with the combination of diet and exercise, but not with diet alone after 6
weeks of exercise training. Ishii et al. (89) also standardized leptin level per kg fat mass
and report that plasma leptin per kg fat mass was lower in the combination of diet and
exercise group as compared to diet only group. This was found to be conversely so in a
well-controlled study examining the independent effects of weight loss and exercise on
plasma leptin in 52 obese men (90). Subjects were randomly assigned to four 12-week
protocols: 1) control, 2) diet-induced weight loss, 3) exercise-induced weight loss, and 4)
exercise with weight maintenance. They found that leptin was reduced in both the
exercise- and diet-induced weight loss groups but not in the exercise with weight
maintenance group. The authors suggest that exercise-induced leptin reduction is
dependent upon weight loss. Kreamer et al. (92) also did not observe significant

changes in plasma leptin level after exercise training in 16 overweight women under
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weight stable conditions. Therefore, it is not yet clear whether exercise training induced

leptin reduction is independent of fat mass change or not.
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ROLE OF SYMPATHETIC NERVOUS SYSTEM IN LEPTIN METABOLISM
Role of Sympathetic Nervous System in leptin requlation

While the SNS-mediated fatty acid mobilization from adipose tissue have long
been understood (93-94), it has recently become apparent that the SNS is also a key
regulator of leptin production in adipose tissue (95-97). Sympathetic stimulation of
white adipose tissue by sympathomimetic amines and cold exposure or fasting
decreases gene expression and production of leptin (46, 67, 98). However, sympathetic
blockade often increases circulating leptin and leptin gene expression, which suggest a
tonic inhibitory action on leptin synthesis (99-100). The suggestion of a tonic inhibition
of the leptin system by the SNS is strengthened by the result of the administration of o-
Methyla-p-tyrosine (AMPT) or its more soluble methyl ester (AMPT-ME) on leptin.
AMPT depletes tissue norepinephrine by inhibiting tyrosine hydroxylase, the initial and
rate-limiting step in neuronal catecholamines synthesis (100). Administration of
intraperitoneal AMPT-ME, (250mg/kg) increased both plasma leptin (15-fold) and leptin
mRNA levels in interscapular brown adipose tissue and epididymal fat (99). Additional
evidence by Pinkney et al. (100) demonstrates that infusion of a B-adrenergic agonist
(isoprenaline) rapidly reduces circulating levels of leptin. As well, Commins et al. (68)
illustrates that leptin’s effects on gene expression in brown and white adipose tissue is
dependent upon norepinephrine synthesis and secretion. ~ We have recently
demonstrated that people with SCI have significantly higher levels of circulating leptin
after correction for body fat, which provides evidence for the presence of a tonic

inhibitory adrenergic influence on leptin secretion in humans (4, 21).

Role of SNS in mediating leptin’s metabolic effects

The SNS also mediates many of leptin’s metabolic effects (29-34). Administration
of leptin increases glucose uptake in the heart, brown adipose tissue and skeletal muscle,
independent of changes in plasma insulin (29-30). However, glucose uptake in
peripheral tissues is abolished after leptin injection when surgical or chemical
sympathectomy is performed (30). Also, leptin’s effect on glucose uptake was blocked

by preventing the release of norepinephrine from sympathetic nerves with guanethidine
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treatment, indicating the sympathetic innervation is responsible for these effects (29).
Leptin administration also suppresses glucose-induced insulin secretion and stimulates
hypoglycemia-induced glucagon secretion through activation of the SNS (31). Recently,
Monokoshi et al. (101) provided convincing evidence that leptin directly stimulate
AMPK activity and increases fatty oxidation in skeletal muscle as well as via the SNS.
They demonstrated that an intravenous injection of leptin increases AMPK activity in
the skeletal muscle at 15 min and at 6 hours after injection. To determine whether the
effects of leptin on AMPK activation require the hypothalamic-sympathetic nervous
system axis, they used pharmacological adrenergic blockade and two kinds of surgical
denervation. Denervation blocked the ability of intrahypothalamic leptin or intravenous
leptin 6 hours after injection to stimulate alpha 2 AMPK in soleus muscle. However,
alpha?2 AMPK activation at 15 min after i.v. leptin remained intact in denervated muscle.
This result suggests that leptin exerts its effect directly to the skeletal muscle within 15
min from the intravenous leptin injection, whereas, it takes three to six hours for SNS
mediated leptin effect to increase AMPK activity in the skeletal muscle.
Tang-Christensen et al. (34) reported that leptin administration increases
circulating norepinephrine levels by 55% in monkeys. Also, Satoh et al. reported
increased norepinephrine and epinephrine levels in a dose -dependent manner after a
leptin injection. Increase in catecholamine levels would increase RMR. The literature
also suggested that the activity of the SNS wasa determinant of energy expenditure and
that individuals with low resting SNS may be at risk for body weight gain because of the
lower metabolic rate (23-26). Therefore, it is likely that leptin increases overall
sympathetic nerve activity, thereby leading to a significant increase in energy

expenditure.

Non-SNS related regulating factors for circulating leptin

Regulation of leptin expression by nutrition is probably mediated in part by
insulin (70-73). Insulin directly regulates ob gene expression and changes in plasma
insulin levels under different physiological states have resulted in positively correlated
changes in leptin concentrations (71). The changes in leptin levels during euglycemic

clamp tests depend on the rate of insulin infusion, indicating a dose-dependent
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stimulatory effect of insulin on leptin secretion (70). These studies suggest that insulin
stimulates leptin production and release, thereby contributing to the regulation of
fasting- and meal- induced modulation of leptin levels.

Glucose has also been shown to influence leptin levels (102-103). Mueller et al.
(102) demonstrated that glucose metabolism influences leptin release from cultured
adipocytes, suggesting that circulating leptin may be regulated by insulin- and glucose-
mediated changes in glucose utilization. Maintaining euglycemia by continuous low-
dose glucose infusion during 72h of fasting prevents the normal decline in plasma leptin
concentration, suggests that plasma glucose availability regulates plasma leptin levels
(103).

Leptin levels are also regulated by other hormonal factors (104-108).
Glucocorticoids directly stimulate leptin synthesis in cultured adipocytes, and leptin
expression increases in response to chronic elevation of cortisol in humans (104). Tan et
al. (104) reported that short-term dexamethasone treatment increases leptin gene
expression and secretion about 2-fold and 1.4 fold respectively. They also reported that
dexamethasone-induced plasma leptin increase was independent of circulating insulin.
However, it is not clear whether dexamethasone stimulates leptin production or causes
central or peripheral leptin resistance. TNF-a also increases leptin production and this
occurs within 12 h in vivo (105-106). In addition, thiazolidines, which stimulate
peroxisome proliferator-activated receptor-y a regulator of adipose tissue differentiation,

decrease leptin production (107).

IMPAIRED SYMPATHETIC NERVOUS SYSTEM IN PEOPLE WITH SCI
Anatomical and physiological changes after SCI

Complete spinal cord lesions result in pathophysiological changes, including: 1)
loss of supraspinal regulatory control (18-20, 108); 2) reduced sympathetic activity (21,
109); and 3) morphologic changes in the sympathetic preganglionic neurons (27). As a
result, hormonal and metabolic responses to metabolic challenges are altered in people
with SCI, especially in people with cervical and high level thoracic SCI (high lesion SCI)
(110-114). Several research studies have identified the area of the 6t thoracic spinal cord

segment (T6) as the critical site for sympathetic innervation of adrenal medulla (18, 20).
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Individuals with 5CI below T6 demonstrate sympathoadrenal activity similar to the AB
population (20). However, individuals with high lesion SCI experience diminished
sympathetic nerve activity below the lesion level and a lower whole body
norepinephrine turnover, as well as an impaired release of epinephrine from the adrenal
medulla (6, 20). Consequently, in people with high lesion SCI, there is no increase in
plasma epinephrine concentration during exercise and insulin-induced hypoglycemia

when compared to low-level paraplegic subjects or AB subjects (20, 110, 114).

Hormonal and metabolic response to fasting in people with SCI

Dysfunction of the SNS associated with people with high lesion SCI causes
changes in hormonal response during fasting (110, 114)). Palmer et al. (114) investigated
the catecholamine response to insulin-induced hypoglycemia in AB controls and in
subjects with high lesion S5CI and AB subjects. They found that catecholamine levels did
not increase in people with high lesion SCI while it increased more than 200% in AB
controls. This result was confirmed by another study (28), in which a 12.8 fold increase
in norepinephrine during insulin-induced hypoglycemia in AB controls was reported,
while no changes were observed in the high lesion SCI group. Although the afferent
limb of the baroreceptor arc is intact in people with high lesion SCI, the sympathetic
component of the efferent limb is disrupted. This results in an inability to increase
sympathetic nervous activity. Interestingly, Corrall et al. (110) reported that people with
high lesion SCI have not lost the ability to restore normoglycemia after insulin- induced
hypoglycemia, suggesting that the SNS is not the only system involved in restoring
blood glucose during hypoglycemia.

Hormonal and metabolic response to exercise in people with SCI

The SNS plays an important role in the regulation of the metabolic and
neurocendocrine response to exercise (20, 78, 79, 115). During graded exercise tests in the
AB population, stimulation of the peripheral sympathetic system from the CNS is
observed, resulting in an exponential increase in free plasma epinephrine and
norepinephrine (78, 79). However, people with high lesion SCI have a blunted

catecholamine response to incremental exercise (18, 20). Catecholamine and lactate
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responses to an incremental VO2 peak test were measured in three men with SCI above
T6 and four men with SCI below T6. Subjects with a lower level injury showed a higher
epinephrine (Low vs High: 0.520.2 vs 0.1 ng/ml), norepinephrine (3.1£1.0 vs 0.48+0.11
ng/mil) and lactate (7.1£0.5vs 3.240.4 mM) response compared to subjects with a higher-
level injury (18). Schmid et al. (20) also investigated the influence of different injury
levels on epinephrine and norepinephrine at rest and during graded wheelchair
exercise. People with a SCI above C7 showed a lower epinephrine and norepinephrine
level at rest and only a slight increase during exercise compared to the other subject
group whose injury level was lower.

Plasma catecholamines exert potent effects on glucose metabolism by stimulating
lipolysis in adipose tissue, thus inhibiting excessive glucose consumption (115). Plasma
catecholamines contribute greatly to the maintenance of glucose homeostasis during and
after exercise (78, 79). Norepinephrine release at the nerve endings of the islets of
Langerhans diminishes insulin release during exercise, thereby enhancing FFA
mobilization (69). In contrast, people with high lesion SCI have an impaired ability to
increase norepinephrine release at the nerve endings of the B-cells in response to exercise
(111-112). Therefore, a SNS abnormality leads to different hormonal and metabolic
responses to exercise (111-112). Kjaer et al. (111) measured glucose turnover and other
hormonal responses to exercise using functional electrical stimulation (FES) and
voluntary arm crank at the same VO2 in subjects with high lesion SCI and compared the
results with an AB control group. They found decreased glucose levels only in the SCI
group due to unchanged glucose production and increased glucose uptake. In the
normal condition, however, aerobic exercise maintains glucose levels since glucose
uptake is compensated by increased hepatic glucose production and decreased insulin

level.

LEPTIN METABOLISM IN PEOPLE WITH SCI

We recently demonstrated that people with high lesion SCI (above C7) had
significantly higher plasma leptin levels compared with the AB group (4, 21). These
findings are consistent with other studies (116, 117). Bauman et al. (116) investigated the

relationship between plasma leptin levels, BMI and percent body fat in 48 AB male
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controls and 34 male subjects with SCL.  They reported that plasma leptin was
significantly higher in the SCI group compared to the control group (127 1.7 vs 7.6 %
ng/ml, p<0.005). This result is in agreement with the study done by Huang et al. (117)
who reported significantly higher plasma leptin levels among 47 men with SCI
compared to the AB controls (6.2310.66 vs 3.07+0.31 ng/ml, p<0.001). Adiposity appears
to predict plasma leptin levels in people with highlesion SCI as well as in the general
population. In our study we found increased percent body fat in the SCI group
compared with the AB group. However, when fat mass was controlled (plasma leptin
per kilogram of fat mass), leptin levels remained 45% higher in the SCI group compared
with the AB group. Although this difference was not statistically significant, these
findings suggest that factors other than fat mass may also be responsible for the higher
leptin levels in this group. Recent evidence suggests that adrenergic activation may
modulate leptin levels. Pinkney et al. (67) demonstrated that infusion of a 8-adrenergic
agonist (isoprenaline) rapidly reduces circulating levels of leptin. As well, Commins et al.
(68) illustrated that leptin’s effect on gene expression in brown and white adipose tissue
is dependent upon norepinephrine synthesis and secretion. These results suggest the
presence of a tonic inhibitory adrenergic influence on leptin secretion. Removal of this
inhibition would probably contribute to increased plasmaleptin levels. Our data support
reduced SNS activity accompanied by significantly lower norepinephrine levels in
people with SCI subjects (4).

In addition, we found that leptin does not correlate with RMR in the SCI group,
while leptin highly correlated with RMR in AB group (21). This result provides the
evidence that normal SNS function is required for leptin’s influence on energy
expenditure. Knowing that one of leptin’s roles is to maintain body weight homeostasis
by regulating RMR (32-34), obesity in people with SCI may be due to failure of SNS-
mediated RMR regulation (21). SNS B-adrenergic support of RMR in the healthy
population accounts for approximately 71 kcal/d. In other words, those with a reduced
sympathetic tone would need to compensate 26,000 kcal/yr through decreased energy
intake or increased energy expenditure by non-SNS mechanisms to prevent weight gain.

We also demonstrated that leptin’s response to fasting is altered in people with

SCI (4). A fasting-induced decrease in plasma leptin plays an important role in initiating
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changes in substrate metabolism and energy expenditure (39, 40). We demonstrated that
plasma leptin decreased with 36 h of fastingby 48.8 +4.5 and 38.6 £ 7.9% in both the SCI
and the AB groups, respectively. The literature in this area suggests that short-term
fasting (12 h) reduces plasma leptin levels in the AB population (46-50). Our data are
consistent with these findings (4). Plasma leptin was reduced significantly after 12 h of
fasting in the AB group but was not altered until 24 h in the SCI group. The mechanism
for the delayed leptin response in the SCI group may be related to SNS dysfunction and
adiposity level. Leptin mediates many of its physiological effects by activating neurons
in the hypothalamus that innervate and stimulate sympathetic preganglionic neurons in
the spinal cord (118-119). In individuals with high-lesion SCI, these neurons are
atrophied (27), and stimulation below the lesion may be impaired (6, 18, 19, 20).
Consequently, impairment of the SNS may alter leptin secretion and as well as its

metabolic effects in people with SCI (4, 21).

EFFECTS OF EXERCISE TRAINING ON TYPE 2 DM.

Increase in fat mass and changes in skeletal muscle biochemical and
histochemical characteristics are the two main causes of insulin resistance in people with
SCI (6-7, 10-17). Body composition changes abruptly in a few years after SCI due to
decreased physical activity as well as impaired SNS (4-7). Increased fat mass is one of
the risk factors for insulin resistance as mentioned earlier in this paper. Also, skeletal
muscle below the level of an upper motor neuron lesion undergo marked changes in
morphological, metabolic and contractile properties following 5CI (120-123). Skeletal
muscle changes in people with SCI include: 1) a pronounced reduction, or complete
disappearance of Type I fibres and Type Ila fibres (120, 122), 2) reduced capillary density
and blood flow in paralyzed muscles (124 125), 3) reduced content of GLUT-4 in
paralyzed muscle (121, 126), 4) activity of oxidative enzymes (121, 127)

Interestingly, the proportion of muscle fibre Type I and Ila, capillarization,
GLUT-4 content, oxidative enzymes appear to be correlated with insulin sensitivity (16,
121, 129). This was demonstrated by Lillicja et al. (129) who compared the capillary
density and muscle fibre types in the vastus lateralis with in vivo insulin sensitivity

determined by the euglycemic clamp. They found that insulin sensitivity was correlated
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with percent Type I fibres (1=0.29) as well as capillary density (r=0.63) and negatively
correlated with percent Type [I b fibres (r=-0.38). Also, the maximal capacity for insulin
to stimulate glucose transport was positively correlated with the total GLUT-4 content of
muscle (127). Therefore, it is suggested that changes in muscle characteristics after
paralysis are one of the major risk factors for insulin resistance in people with SCL

Can these SCl-induced changes in muscle characteristics be reversed to pre-
injury levels and eventually restore normal insulin sensitivity with exercise training?
Very few studies have examined the effects of exercise training on insulin sensitivity,
body composition and hormone levels in people with SCI (126, 128, 130, 131, 132). We
have examined the effects of eight weeks of FES Cycling (3 days/week, 30 minutes/day)
on GLUT-1, GLUT-4, capillary number, size of fiber area, glucose tolerance and insulin
sensitivity in people with SCI (126, 130). We demonstrated that eight weeks of training
with FES cycling improved insulin sensitivity and glucose tolerance in people with 5CI,
related to a 72% increase in GLUT-4 content and a 52% increase in GLUT-1 content.
Hjeltnes et al. (128) reported a 378% increase in GLUT-4 content, glycogen synthase
(526+146%) and hexokinase II (204+47%) in vastus lateralis muscle in people with SCI
after daily training for eight weeks with FES cycling. They also reported increased
whole body insulin-stimulated glucose uptake by 33+13% and 2.1-fold increase in
insulin-stimulated (100 microU/ml) 3-O-methylglucose transport in isolated vastus
lateralis muscle. In addition, Mohr et al. (132) also examine the effect of one year of FES
cycling on insulin sensitivity and GLUT-4 in individuals with SCI. Whole body insulin
sensitivity was increased but reduction of training from three times per week to once per
week failed to maintain-training induced improved insulin sensitivity. Anderson et al.
(120) demonstrated that 12 months of exercise training with FES cycling decreased Type
IIb from 37.2% to 2.3%, Type IIb/Ila from 40.7% to 4.6%, while the number of Type Ila
increased to 91.2% from 21.2% before training. Therefore, exercise with FES cycling is
capable of restoring SCl-induced changes in muscle characteristics and improve insulin
sensitivity in people with SCIL.

One of the reasons for the high risk of developing Type 2 DM in people with SCI
is increased fat mass. Hijeltnes et al. (131) reported that eight weeks of exercise training

with FES cycling decreases fat mass (29.7+2.6 to 27.8+2,1%, p<0.05) and increases lean
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body mass (66.242.6 to 68.2+2.1%, p<0.05). We have also recer;ﬁy determined the effects
of exercise training with FES-rowing on body composition in people with SCI (5). We
found a 7.5% and 8.8% reduction in fotal body fat mass and trunk fat mass, respectively
after 12 weeks of training with FES-rowing (5). Reduced fat mass especially abdominal
fat decreases the risk of developing Type 2 DM and cardiovascular disease. Therefore,
exercise-induced reduction in fat mass would decrease the risk of developing Type 2

DM.

SUMMARY AND RECOMMENDATION

In summary, people with SCI are more prone to obesity and obesity-related
disorders and this may be associated with an impaired SNS and decreased physical
activity. Leptin, known as the anti-obesity hormone, requires an intact SNS function for
its normal regulation and metabolic effects. People with SCI have impaired SNS and
therefore, the risk of developing obesity and obesity-related disorders may increase in
this population. Exercise is one of the best ways to prevent and treat obesity and
obesity-related disorders. Although we have observed positive effects of exercise on
body fat and insulin sensitivity, effects of exercise on plasma leptin or leptin’s metabolic

effects have not been investigated in people with SCIL.
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REVIEW PAPER TWO

What are the true effects of exercise on leptin regulation and action?

Are we measuring what we intend to measure?
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INTRODUCTION:

The identification of the ob gene using positional cloning and the characterization
of the hormone leptin have greatly increased the understanding of the pathophysiology
of obesity and its related disorders (1-3). Leptin deficiency, as seen in ob/ob mice is
perceived by the hypothalamus as an energy deficient state, which leads to increased
energy intake and decreased energy expenditure, resulting in obesity (2, 4). Conversely,
the administration of leptin to ob/ob mice and children with congenital leptin deficiency
decreases feeding, normalize body fat, body temperature, and also correct
neuroendocrine abnormalities (2-5). However, the findings that the leptin levels are
elevated in obese humans in proportion to the amount of fat mass, suggests that human
obesity is related to leptin resistance rather than leptin deficiency (6). One potential
reason for leptin overproduction is a defect in the leptin receptor, such as in db/db mice,
but genetic leptin receptor defects are unlikely to account for more than a small number
leptin resistance in humans (3, 6). Therefore, current research aims to understand the
cause of leptin resistance both at the level of hypothalamus and peripheral tissues (7-9).

Since the discovery of leptin, many investigations have been conducted to
understand the effects of acute aerobic and chronic exercise on leptin (10-20). However,
leptin’s response to exercise is varied including decreased (10-14), unchanged (15-19)
and increased (20) following exercise. In this review, the effect of acute and chronic
aerobic exercise on plasma leptin levels, the mechanism by which acute and chronic
aerobic exercise influence plasma leptin levels, and the possibility of changes in leptin

sensitivity after exercise will be discussed.

EFFECTS OF AEROBIC EXERCISE ON LEPTIN
Leptin response to acute exercise

Following an acute bout of exercise, plasma leptin levels have been reported to
be decreased (10-15), unchanged (16) or increased (17-20). Activities such as 30 -60 min
of cycling exercise (17) and a 20-mile treadmill run (18) did not change leptin levels. On
the other hand, other studies noted that a 2 h run at 75% VO2 max (15), a marathon run
(13) and an ultramarathon run (12) significantly decreased plasma leptin levels. The

studies that observe the decreased leptin levels following physical activity often involve
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exercise of longer durations at higher intensities, resulting in higher energy expenditure
(10-15). Evidence of this comes from Landt et al. (13) who detected a 32% reduction in
plasma leptin after a 10Imile ultramarathon but not after 2Zh of strenuous cycling. In
addition, Karamouzis et al. (12) reported a 50.5% reduction in leptin levels after
marathon swimming (25 km sea swimming, 6.5-10.5 hours). These data suggest that
higher exercise energy expenditures resulting in higher negative energy balance are
more likely to alter leptin levels.

Although a greater exercise-induced negative energy balance would more likely
cause a reduction in plasma leptin, controversial issues remain. Studies which observe
decreased leptin levels following exercise either involve extremely high energy
expenditure (11-13) or have obtained plasma samples during the 2h - 48h of recovery
period (10, 14-15) as opposed to immediately following the exercise bout (16, 19).
Following exercise bouts of similar duration and intensity, Duclos et al. (10) detected a
30% reduction in plasma leptin 2 h after the cessation of the exercise but Hickey et al.
(19) found no difference when samples were taken immediately following exercise.
Additionally, Tuominen et al (15) reported a 34% reduction in plasma leptin levels 44 h
after 2h running at 75% VO2max and Essig et al. (24) reported a 30% reduction in
plasma leptin levels after 48 h after two treadmill exercise sessions with different energy
expenditures (800 or 1,500 kcal) at 70% VO2max.

These discrepancies in findings may be explained by hormonal response to
intense and prolonged exercise (21-22). Counterregulatory hormones are critical for the
maintenance of glucose homeostasis during exercise (21-22). During intense exercise
(above 80% VO2max), hepatic glucose production increases up to 8-fold while plasma
catecholamines may increase up to 15-fold (21). Plasma insulin may remain constant or
decrease slightly, whereas glucagon and cortisol will increase 2- and 3- fold, respectively
(20).  During low to moderate intensity exercise, plasma epinephrine and
norepinephrine increase to a lesser extent whereas cortisol does not increase
substantially (20). Cortisol is known to increase leptin production, while catecholamines
are known to reduce plasma leptin production (23-25). Also, a recent investigation
demonstrated that the treatment of rat adipocytes with insulin increased tissue leptin

content and secretion during a 2 h incubation period (26). Therefore, if samples are
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collected during and immediately after exercise bouts, exercise-induced hormonal
changes may interfere with each other on leptin production in the adipocytes and we

may not observe any changes in plasma leptin levels.

Leptin production vs Leptin clearance

Animal studies generally produce consistent results on the effects of exercise on
leptin gene expression (27-30). Zheng et al. (30) reported that a single bout of exercise
significantly decreased ob mRNA levels approximately 30% immediately and 3 h after
exercise in male Sprague-Dawley rats. They also reported that 4 weeks of exercise
training decreased the ob gene expression by 48% at 2 h after the last bout of exercise
training compared to the control group. Bramlett et al. (27) reported that treadmill
exercise until exhaustion (average 85.5+1.5 min) decreased leptin mRNA significantly in
retroperitoneal fat. Moreover, the decrease in leptin mRNA after exercise resulted from
stimulation of cyclic AMP-dependent protein kinase and beta-3 adrenergic receptors.
Norepinephrine, as well as specific beta 3 adrenergic agonists, reduce leptin expression
in white adipose tissue (31, 32). Intense exercise increases norepinephrine levels up to
14 fold, which in turn increases cyclic AMP-dependent protein kinase necessary to
decrease leptin expression (24, 27). Therefore, it can be speculated that the exercise-
induced catecholamine increase may reduce leptin gene expression in these animals.

However, animal studies still produce conflicting results on the effects of exercise
on plasma leptin levels (27, 29). Pagano et al. (29) reported a 30% reduction in plasma
leptin after 30 min swimming exercise. On the other hand, Bramlett et al. (27) reported a
59% increase in circulating leptin level after 55 min of treadmill running. This
conflicting result could be related to leptin clearance during exercise. While leptin gene
expression solely represents leptin production, circulating leptin levels can be
contributed fo leptin clearance as well as leptin production. Fogteloo et al. (33) recently
reported that 80% of the total body leptin clearance could be attributed to the kidney.
Interestingly, intense exercise decreases blood flow to the kidney and thus may decease
leptin clearance during intense exercise (34). With the slight decrease leptin production,
reduction in leptin clearance may end up increasing circulating plasma leptin levels.

This may explain studies that have reported no change in leptin levels immediately after
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exercise report a reduction in plasma leptin levels 2 to 44 hours after the cessation of an
exercise bout (10, 14, 15). We may speculate that a reduction in renal leptin clearance
during exercise may compensate or overcompensate exercise-induced reduction in
leptin production. In combination of the result from human and animal studies, it is
evident that exercise can decrease leptin mRNA and leptin production in adipose tissue.
However, due to the lack of control in leptin clearance and counter-regulatory hormones
that affects leptin production during exercise, we may observe conflicting results on the

effects of exercise on circulating leptin level.

Leptin response to chronic aerobic exercise

There is also considerable variation in the reported effects of chronic exercise on
circulating leptin levels (35-40). Studies have demonstrated a reduction (35-38), or no
change (39-40), in plasma leptin following an exercise training program. The differences
in these findings could be explained by concurrent weight loss with exercise training.
Studies observed weight loss with training have also observed a reduction in plasma
leptin levels (35-37). Halle et al. (35) studied plasma leptin levels in 20 men with type 2
DM before and after six weeks of training (2,200kcal/wk). They reported that their
exercise program caused a 4.3% weight loss and a 30% reduction in plasma leptin levels.
Kohrt et al. (36) also reported a 4.9% loss in body mass and a 27.9% reduction in plasma
leptin levels after nine months of training. These results are not unexpected, as leptin is
known to be produced and secreted by adipose tissue and it is well documented that
plasma leptin correlates with body fat mass (6).

Although there is convincing evidence that exercise training that leads to weight
loss will decrease plasma leptin levels, it is unclear whether exercise fraining-induced
leptin reduction is solely dependent on changes in fat mass. Hickey et al. (40) reported a
reduction in plasma leptin levels in females after 12 weeks of training (4d/wk, 1200
kcal/wk) despite stable fat mass. Perusse et al. (18) also reported a reduction in plasma
leptin in obese males after 10 months of exercise training independent of changes in
body fat mass. Furthermore, Okazaki et al. (37) also demonstrated that plasma leptin
levels decreased in 14 subjects whose fat mass either did not change or slightly increased

after a 9 month exercise intervention. Moreover, Ishii et al. (41) report a reduction in
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plasma leptin with the combination of diet and exercise, but not with diet alone after 6
weeks of exercise training. Ishii et al. (41) also standardized leptin level per kg fat mass
and report that plasma leptin per kg fat mass was lower in the combination of the diet
and exercise group as compared to the diet only group. These studies raise some very
interesting questions. First, if exercise changes plasma leptin levels without fat mass
loss, what is the mechanism for decreased plasma leptin levels? Secondly, if exercise
does not change plasma leptin levels without fat mass change, should we consider that

there is no effect of exercise training on leptin action or regulation?

ARE WE MEASURING WHAT WE INTEND TO MEASURE?

Early studies on the effects of aerobic exercise training in Type 2 DM failed to
show significant improvements assessed by fasting plasma glucose or insulin level (42).
After the glucose clamp technique was developed and widely used, subsequent studies
demonstrated beneficial effects of exercise on Type 2 DM due to improvement in insulin
sensitivity independent of fasting plasma glucose and insulin changes after exercise
training (43-46). The same phenomena may explain conflicting results in the leptin
response to acute and chronic exercise. Just as one week of exercise does not change
fasting glucose or insulin levels but improves insulin sensitivity (46), so plasma leptin
levels do not change after one week of aerobic exercise even though leptin sensitivity

may be greatly enhanced.

Evidence of leptin’s direct effects in peripheral tissue

There are a total of five spliced forms of leptin receptors: Ob-Ra, Ob-Rb, Ob-Rc,
Ob-Rd and Ob-Re (3). The receptors share an identical extracellular ligand-binding
domain of 840 amino acids at the amino terminus as well as a transmembrane domain of
34 amino acids (3, 47, 48). The Ob-Rb is the only isoform with all the protein motifs: an
extracellular domain, capable of binding to leptin; a short transmembrane region; and a
cytoplasmic region, capable of signal transduction (3). Leptin mediates its intracellular
signaling by a member of the Janus family of protein kinases (JAK), specifically
increasing the hypothalamic expression of signal transducers and activators of

transcription (STAT)-3, 5 and 6 (3). It has been hypothesized that only functional leptin
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receptor is long form (OB-Rb), which was known to be located in hypothalamus.
However, recent evidence suggests that peripheral organs including the skeletal muscle
and adipose tissue also express OB-Rb (3). This fact raises a question as to whether or
not leptin may exert directly at the level of target tissue.

Minokoshi et al. (49) provided convincing evidence that leptin stimulates
Adenosine 5'-monophosphate-activated protein kinase (AMPK) activity directly in
skeletal muscle as well as via the sympathetic nervous system (SNS). AMPK regulates
lipid oxidation in muscle by reducing acetyl-CoA carboxylase (ACC) activity, which in
turn decreases malonyl-CoA levelsand increases the mitochondrial uptake of free fatty
acid (FFA). They demonstrated that an intravenous injection of leptin increases AMPK
activity in skeletal muscle at 15 min and at 6 hours after injection. To determine whether
the effects of leptin on AMPK activation require the hypothalamic-sympathetic nervous
system axis, they used pharmacological adrenergic blockade and two kinds of surgical
denervation. Denervation blocked the ability of intrahypothalamic leptin or intravenous
leptin 6 hours after injection to stimulate alpha 2 AMPK in the soleus muscle. However,
alpha2 AMPK activation at 15 min after intravenous leptin injection remained intact in
denervated muscle. This study demonstrated that leptin exerts its effect directly to the
skeletal muscle within 15 min from an intravenous leptin injection, whereas, it takes
three to six hours for a SNS mediated leptin affect to increase AMPK activity. These
findings suggest that leptin has peripheral effects on skeletal muscle by directly
stimulating AMPK activity. When we combine the findings of Minokoshi et al. (49) with
the studies by Steinberg et al. (7, 8) who reported a convincing evidence of peripheral
leptin resistance, it raises the question as toc whether or not exercise would change

peripheral leptin resistance.

Leptin’s direct effects on glucose uptake

Barzilai et al. (50) found that following 8 days of leptin treatment in Spraque-
Dawley rats, whole body glucose uptake as assessed by the euglycemic clamp technique
was increased 52% compared with control animals. Since over 80% of the glucose load
is disposed by skeletal muscle, it is possible that leptin may be capable of acting on

skeletal muscle to improve insulin action. Burks et al. (51) demonstrated that mice
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lacking insulin receptor substrate (IRS)-2 have five fold increased leptin levels by 8
weeks old and they demonstrated that IRS-2 play an important role in the Ileptin
signaling pathway which involves STAT3 phosphorylation. In addition, Kim et al. (52)
recently demonstrated that three minutes after intravenous leptin injection in normal
rats, there is an increased phosphorylation of STAT3 and STAT1 in adipose tissue and
phosphorylation of mitogen-activated protein kinase (MAPK) in adipose tissue and
liver. Also, they found that IRS-1 associated phosphatidylinositol-3-OH kinase (PI3-K)
activity in adipose tissue and IRS-2-associated PI3-K activity in liver were moderately
increased in leptin injected rats. Moreover, Niswender et al. (53) observed the effect of
systemically administered leptin on the activity of PI3-K and STAT3 in male Winstar rats
and demonstrated that an infusion of PI3-K inhibitor (LY294002) completely block
leptin’s effects on food intake. Therefore, the defective activation of IRS, PI3-K and
MAPK may reduce the ability of leptin to exert its effects in peripheral tissue (50-54).

This may cause peripheral leptin resistance.

Evidence of skeletal muscle leptin resistance for fat oxidation

Skeletal muscle is the major tissue contributing to basic metabolic rate and is also
the primary tissue responsible for whole body glucose and fatty acid metabolism.
Glucose uptake and fatty acid metabolism are regulated by several hormones, including
leptin, insulin and catecholamines. As mentioned earlier, human obesity is
characterized by high levels of circulating leptin, which suggests the development of
central and/or peripheral leptin resistance (7-9, 24). Steinberg and Dick (9)
demonstrated that 4 weeks of high fat feeding (high in saturated and n-6
polyunsaturated fatty acid) significantly decreased the rate of fat oxidation in the
skeletal muscle (150 to 20 nmol/ g/h) in rat soleus muscle. They speculated that high fat
feeding induced-skeletal muscle leptin resistance result from increased intramuscular
triglyceride (TG). Steinberg et al (8) also demonstrated that leptin stimulates fatty
oxidation in skeletal muscle from lean, but not obese subjects in vitro experiment, which
is the evidence of skeletal muscle leptin resistance in human. Intravenous leptin
administration increases the activity of AMPK which regulates lipid oxidation in muscle

by reducing ACC activity, which in turn decreases malonyl coenzyme A levels and
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increases mitochondrial uptake of free fatty acid (FFA). Yespelkis III et al. (9) reported
that chronic (12-15 days) leptin administration in high fat fed (3-6 months) rats
completely reversed high fat diet induced skeletal muscle insulin resistance. They also
demonstrated that leptin administration decreases intramuscular TG concentration
which improves skeletal muscle insulin sensitivity. Therefore, it is assumed that obesity

causes skeletal muscle leptin resistance.

Can exercise improve peripheral tissue leptin sensitivity?

Interestingly, exercise is known to increase phosphorylation of PI3-K, MAPK,
AMPK, and activity of IRS (54-57). Chibalin et al. (54) reported that insulin-stimulated
tyrosine phosphorylation of IRS-1 and associated PI3-K activity increased 2.5 and 3.5-
fold after 1 and 5 days of exercise. After 1 day of exercise, IRS-2 protein expression
increased 2.6 fold and basal and insulin-stimulated IRS-2 associated PI3-K activity
increased 2.8 fold and 9 fold, respectively. Treadmill running and muscle contractions
induced by electrical stimulation also improve MAPK and AMPK activities, which
stimulate translocation of GLUT-4 (55-57). Knowing that leptin increases glucose uptake
through insulin dependent as well as independent pathways such as IRS-2 expression,
IRS-1 associated PI3-K activity, MAPK and AMPK activities, the exercise induced
improvement in these factors could improve effectiveness of leptin in the skeletal muscle
(54-57).

In addition, exercise increases FFA binding proteins, mitochondrial density and
enhances the rate of FFA oxidation in the skeletal muscle and thus decreases the level of
intramuscular TG content. Stephens et al. (58) reported that there is a large, progressive
increase in ACCP phosphorylation during moderate-intensity exercise at 60% VO2peak
in humans, which is coupled with the progressive increase in AMPKa2 activity and fat
oxidation. Knowing that the increased intramuscular TG content in obese individuals is
the cause of skeletal muscle leptin resistance, it could be possible that exercise induced
reduction in TG content can improve leptin sensitivity. It is also possible that aerobic
exercise training could improve skeletal muscle leptin sensitivity and, consequently
decrease plasma leptin levels. If the effects of exercise on plasma leptin and leptin

sensitivity follow the pattern of the effects of exercise on a plasma insulin and insulin
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sensitivity, measuring plasma leptin levels without peripheral leptin sensitivity may not
truly represent the effect of exercise on leptin metabolism. Therefore, subjects from
studies that report no change in plasma leptin after exercise training may still have

improved peripheral leptin sensitivity.

Implication of improvement in skeletal muscle leptin sensitivity

Improvement in leptin sensitivity would could increase effectiveness of leptin on
fatty acid oxidation. Acute leptin administration causes a repartitioning or shunting of
fatty acid metabolism toward oxidation and away from esterification in skeletal muscle.
Leptin also stimulates the hydrolysis of stored intramuscular TG (8, 9, 59). Hence,
improved effectiveness of fatty acid oxidation will further decrease intramuscular TG.
Unger (60) proposed and provided evidence that leptin is the principal hormone of
liporegulation, maintaining normal intracellular lipid homeostasis despite wide
variation in dietary fat, much as insulin maintains tolerance to dietary carbohydrate. On
a 60% fat diet, adipocyte fat content of normal rats increases almost 150-fold, whereas
that of pancreatic islets, liver, heart, and skeletal muscle rises less than 10-fold. He
proposed that this low level of TG deposition in nonadipocytes during the consumption
of excess dietary fat is the result of release of leptin in proportion to ingested TG excess
being stored in adipocytes. Therefore, if leptin is deficient, or if its target tissues become
unresponsive during positive energy balance, steatosis will occur. This leads ultimately
to so-called lipotoxicity, dysfunction of nonadipose tissue such as the pancreatic -cells,
and skeletal muscle and may culminate in fatty acid-induced apoptosis (60). The net
result of lipotoxic disorders in human is syndrome X. As aerobic exercise is known to
decrease TG accumulation in the skeletal muscle, improvement in leptin sensitivity may
decrease the risk of lipotoxicity and eventually decrease the risk of developing
hyperlipidemia, cardiomyopathy, insulin resistance and Type 2 DM, the familiar

components of the metabolic syndrome X.

PERSPECTIVE FOR FUTHER RESEARCH
Although there have been many studies to determine the effects of acute/chronic

aerobic/resistance exercise on leptin metabolism, the results have been conflicting and
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rather confusing because factors that influence leptin production and clearance varies
depending on exercise intensity, duration and also blood sampling time. Future studies
need to control and compare different exercise intensities, duration and amount of
exercise energy expenditure, as well as more frequent and prolonged sampling time.
Since energy availability affects leptin production in a significant way, the energy intake
also needs to be tightly controlled. Studies also need to control other metabolic and
endocrine factors that influence leptin production and clearance. The use of hormone
antagonists might be one way to confrol specific hormones that regulate leptin
production during exercise.

In order to determine the true effects of exercise on leptin metabolism, both
plasma leptin as well as central and peripheral leptin sensitivity need to be measured.
Recently, a few studies addressed the existence of peripheral leptin resistance caused by
high fat feeding. However, the effects of acute or chronic exercise on leptin

responsiveness for fatty acid oxidation have not been investigated.
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Compared with able-bodied (AB), people with spinal cord in- levels than the AB group (P < 0.05). Plasma leptin levels cor-
jury (SCD have a 3- to 5-fold higher risk of developing iype 2 related with body mass index (SCLir = 0.80; P = 0.028; AB: r =
diabetes mellitus, which may be associated with increased fat 0.7%; P = 0.035) and fat maszs (SCLir = 0.95; P = 0.001; AB: r =
mass. Evidence suggests that leptin regulates body adiposity 78; P = 0.038) in both groups. The plasma leptin level corre-
through the sympathetic nervous system, which is impaired lated with the absolute RMR (8CLir = 0.15; P = 0.75; AB: r =
in people with high lesion SCI. The purpose of this siudy was 0.85; P < 0.006) and the RMR per unit fat-free mass (SCL:r =
to determine the relationship among leptin levels, body com- ~0.70; P < 0.08; AB: r = 0.843; P < 0.017) in the AB group, but
position, and resting metabolic rate (RMR) in people with not in the SCI group. The absolute RMR was significantly
high lesion SCI and body mass index-, weight., height., and reduced in the SCI group compared with the AB group, but
waist circumference-matched AB subjects. Fourteen subjects there was no difference in the relative RMR between the
{(seven SCI and seven AB) participated in the study. Afier an groups. In conciusion, the SCI group has a significantly higher
overnight fast, various hormones, glucose, and RMR were plasma leptin level than the AB group. The absolute and rel-
measured. There was ro significant difference in plasma glu- ative RMR correlated with leptin only in the AB group. (J Clin
cose, insulin, GH, cortisol, and glucagon levels beiween the Endocrinol Metab 88: 402-407, 2003)

two groups. The SCI group had 105% higher plasma leptin

NDIVIDUALS WITH SPINAL cord injury (SCI) undergo . increased by 35 = 16% 1 hafter icv leptin administration. The
abrupt changes in bedy composition as a result of the  finding that | leptin led to a significant elevation of plasma
injury (1-3). These changes include a reduction in fat-free  catecholamine levels provides strong evidence that central
mass (FFM) and bone mineral density and an increase in fat leptin administration activates the sympatheb;c nervous sys-
mass. Consequently, people with SCI have a greater risk of tem (SNS;.
developing obesity-related disorders such as cardiovascular Moreover, it has been reported that iv or icv administra-
disease and type 2 diabetes mellitus (4, 5). tion of leptin significantly increases glucose uptake by cer-
Leptin, the product of the obese gene, is a 16-kDa protein  tain tissues in mice in the absence of insulin changes (12, 13).
primarily produced by adipocytes (6). Leptin may regulate  These findings suggest that leptin-mediated glucose uptake
body adiposity via central nervous system pathways that s not due to an increase in insulin secretion. More likely,
modulate both food intake and energy expenditure (7-9).  leptin-mediated glucose uptake pathways are activated by
Although a wide variety of ceniral and peripheral tissues sympathetic nerves innervating the tissues. An enhanced
express leptin receptors (10, 11), intracerebroventricular (icv)  rare of glucose uptake by brown adipose tissue in response
administration of leptin is more potent than iv administra- 4 leptin injection into the VMH was abolished by surgical
tion, suggesting that its target of action lies within the central Sfmpathetzc denervation of the fssue (12). In addition, leptin
nervous system (8, 12, 13). In particular, the ventromedial suppresses glucose-induced insulin secretion via SNS acti-
hypothalamus (VMH) and specific nuclei of the hypothala-  yat0n (17). Therefore, it has been suggested that a major
mus are known targets for leptin action (12, 13). In VM-, o0s it for leptin is the brain and requires an intact SNS
lesioned animals, food intake is increased, whereas energy o normal leptin action (11-13, 16-18).
xpenditure is decreased, accompanied by a reduction in ’
sympathetic nerve activity (14, 15). Satoh et al. {16) demon-
strated that a single direct in;’ectv'on of leptin into the VMH
caused a significant increase in plasma epinephrine and nor-
epinephrine concentrations. Similar results were reported by
Tang-Christensen et al. (8); circulating norepinephrine was

People with SCI suffer decentralization of the SNS after the
injury (19). Complete SCI results in a loss of motor and
sensory functions via afferent and efferent spinal pathwvays
and also in an interruption of pathways from the brain to the
peripheral SNS (20-22). This interruption leads to patholog-
ical changes in sympathetic innervation through the ana-

Abbreviations: AB, Able-bodied; BMI, body mass index; TV, coeffi- tomic reorgm;zation of pathsvays in the spinal cord (23),' As
cient of variation; FFM,, fat-free mass; icv, intracerebroventricular; RMR, a result, leptin’s influence on the regulahon of energ intake
resting metabolic rate; SC1, spinal cord injury; SNS, sympathetic nervous  and energy expenditure in people with high lesion SCI may
system; VMH, ventromedial hypothalamus; WC, waist circumference.  be impaired and may increase the risk of ovesity. However,
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the relationship between plasma leptin levels and resting
metabolic rate (RMR} has not been investigated in people
with high lesion SCL

Thus, the purpose of this study was to identify basal leptin
levels and determine the relationship among leptn jevels,
body composition, and RMR in an SCI group and an able-
bodied (AB) group matched for age, weight, height, bedy
mass index (BMI), and waist circumference {WC).

Subjects and Methods
Subjects

Healthy male subjects [n = 7 with complete 8CI (C5-C7), SCI group;
n =7 in the AB group} agreed to participate in the study. AB subjects
were matched to SCI subjects for age, weight, height, BMI, and WC.
Participants were free of type 2 diabetes mellitus or coronary heart
disease. An institutional ethics review board at University of Alberta
approved this study. All subjects gave written informed consent to
participate in the study. Subjects were asked to abstain from any stren-
uous physical activity during the period of study. Subject characteristics
are surnmarized in Table 1.

Protocol

At 1800 on d 1, subjects consumed a standard meal (55% carbohy-
drate, 30% fat, and 15% protein) containing 12 kcal/kg body weight for
lean subjects and 12 keal/kg adjusted body weight for obese subjects
(BMI, >30; adjusted body weight = ideal body weight + (actual body
weight — ideal body weight) % (0.25)] (24). At 2100 on d 1, all subjects
ingested a snack (140 kcal, 27 g carbohydrate, 2.7 g fat, and 1.6 g protein).
At 900 on d 2, after a 12-h fast, blood samples (18 ml) were collected in
heparinized tubes. Blood samples were immediately centrifuged (at 4 C)
and separated, and the plasma was frozen (—80 C} until analysis was
performed.

RMR

RMR was measured at 0800 hond 2 after an 11.5-h fast. During testing
all subjects were instructed to lie still and awake. Subjects rested for 30
min in a quiet room in the supine position. An adult-size canopy hood
was used to collect expired air for an additional 30 min to measure RMR.
The Weir equation was used to calculate RMR (25) (CPX-D, MedGraph-
ics, Minneapolis, MN).

Body composition

Fat mass, FFM, abdominal obesity, and percent body fat were de-
termined by a trained technician using dual energy x-ray absorptiometry
{QDR 45C0A, Hologic, inc., Waltham, MA) on all subjects according to
a previously published procedure {26). With the participant in the supine
position, a series of transverse scans was made from head to toe at a
standardized transverse scan speed of 5 cm/sec. Dual energy x-ray
absorptiometry has been shown to be the most practical and accurate
way to measure body composition in people with SCI (27).

Analytical procedures

All plasma samples from each subject were analyzed in duplicate in
asingle assay to eliminate between-assay variation. Plasma leptin {nano-
grams per deciliter) and glucagon (picograms per milliliter) levels were
measured by RIA (human leptin RIA, Linco Research, Inc, St. Charles,
MO). The intraassay coefficients of variation (CVs) were 4.7% and 7.3%,
respectively. Plasma insulin {microunits per milliliter} and GH {nano-
grams per milliliter) levels were measured by RIA (Diagnostic Products,
Los Angeles, CA). The intraassay CVs were 6.9% and 10.5%, respec-
tively. Glucose levels were measured by the enzymatic method (Glucose
Analyzer [T, Beckman, Irvine, CA). Plasma epinephrine (picomoles per
liter) and norepinephrine {nanomocles per liter) levels were measured
by HPLC with electrochemical detection (electrochemucal detector
model 1045, Hewlett-Packard Co., Waldbronn, Germany) (28). The in-
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traassay CV for these assays was 3% for epinephrine and 2.8% for
norepinephrine.

Statistical analysis

Variables between the two groups were analyzed using independent
t tests. Pearson’s product-moment correlation was used to measure the
strength of association between the variables. Stepwise multiple linear .
regression was used to determine the strongest predictor-for RMR {de-
pendent variable) from leptin, ¥FFM, and GH (independent variables).
All data were expressed as the mean + sE. Statistical significance was
set at P < 0.05.

Results
Body composition

Subject characteristics are listed in Table 1. Although sub-
jects were matched for age, weight, height, BMI, and WC, the
SCI group showed a significantly higher percent body fat
(346 = 7% vs. 24.4 = 6.3%; P = 0.016) and lower FFM (52.7 +
41 s 634 = 1.1; P = 0.03) than the AB group.

Leptin

The 12-h fasting leptin level in the SCI group was signif-
icantly higher than that in the AB group (15.1 = 38vs. 7.3 =
2.0ng/dl; P = 0.004) when BMI was conirolled for. When the
plasma leptin levels were expressed relative to fat mass (ki-
lograms), the SCI group still had higher plasma leptin levels
than the AB group (0.45 = 0.14 vs. 0.31 % 0.15 ng/dl'kg fat
mass; P = 0.92). The difference, however, was not statistically
significant. In both groups leptin correlated with weight,
WC, BMI, and fat mass (Fig. 1 and Table 2).

Catecholamine, insulin, glucose, glucagon, and GH

The SCI group had significantly lower 12-h fasting plasma
epinephrine (163 = 16.3 vs. 121.4 * 233 pmol/liter; P =
0.003) and norepinephrine (0.6 = 0.1 vs. 2.5 = 0.3 nmol/liter)
concentrations compared with the AB group (P < 0.001).
There was no significant difference in the levels of 12-h
fasting plasma insulin, glucose, glucagon, and GH between
the two groups. Table 3 summarizes the hormone levels in
both groups.

Leptin and RMR (Fig. 2)

Absolute RMR was lower in the SCI group compared with
the AB group (SCI, 1431 = 241; AB, 1848 x 258 kcal/d; P =
0.01). However, when RMR was expressed relative to FFM,
the difference was not detected between the groups {SCI,
283 = 6.3; AB, 29.1 = 3.8 kcal/d-kg FFM; P = 0.77; Table 4).

TABLE 1. Subject characteristics

SClin=T17) ABn=T)
Age (yr) 38331 38 = 4.4
Height {em) 178.00 = 8.8 176.4 = 3.1
Weight (kg) 86,3 = 7 91.7 = 4.3
BMI (kg/m® 26.7 =15 29.4 = 1.6
Surface area (m¥) 32=03 3.1=01
Body fat (%) 346 =26 24.4 x 2.5°
Fat mass (kg) 344 =45 22238
FFM kg 32741 63.4 x 1.1°

Data are the mean = sg. Body composition was measured by DEXA.
P < 0.05.
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FiG. 1. Relationship between plasma leptin and fat mass in the SCI
and AB groups. Leptin correlated with fat mass both in SCI(r = 0.95;
P < 0.001) and AB {r = 0.78; P < 0.038) groups.

Positive correlations were found between fasting leptin lev-
els and absolute RMR (kilocalories per day; Fig. 2) and be-
tween leptin levels and relative RMR (kilocalories per kilo-
gram of FFM per day) in the AB group, but not in the 5CI
group.

Discussion

In the following study we hypothesized that 1) people with
high lesion SCI would have higher plasma leptin levels com-
pared with AB controls, and 2) plasma leptin levels would
not correlate with absolute RMR and relative RMR in people
with high lesion SCI. Results from the current study dem-
onstrated that people with high lesion SCI had significantly
higher plasma leptin levels compared with the AB group.

Jeon et al. ¢ Leptin and RMR in Spinal Cord Injury

TABLE 2. Association (R) between 12-h leptin and body
composition and hormones
SClin=T1 ABn =T
Weight 0.93° 077"
WC 0.38° 0.78¢
BMI 6.81° 0.7¢¢
% Fat Q7% 0.79"
Fat mass 0.95° 0.78%
FFM 0.88° 0.35
Abdominal fat 0.71° 0.81%
Insulin 0.22 0.74°
RMR -0.13 0.90°
RMR/FFM ~0.70% 0.85%
=P < 0.05 %P <01,
TABLE 3. Metabolic parameters
SCiin=17 ABn=T7)
Glucose {mg/dl) 87642 92328
Insulin (pU/mD) 13.3 = 3.3 13.66 = 2.7
Leptin (ng/dl) 15.1 - 38 73x18
GH (ng/ml) 0.4 =03 09 =04
Glucagon {pg/ml! 03 +98 779389
Epinephrine (pmolliter) 183 = 16.3 121.4 = 23.3¢
Narepinephrine (nmolliter) 06 =01 25 =03

Data are the mean = sE.
*P<0.05 %P <01l

These findings are consistent with othe: studies (29, 30).
Bauman ef al. (29) and Huang et al. (30) reported that people
with 5CI have significantly higher plasma ! enh‘r levels than
the AB controls. Higher leptm levels in people with SCI may
be partly explained by a higher fat mass in the SCI group than
in the AB group. A positive linear relation was found be-
tween plasma leptin levels and BM], fat mass, percent body
fat, weight, and WC in both the SCI and AB groups. Adi-
posity appears to predict plasma leptin levels in people with
high lesion SCI as well as in the general population. In our
study we found increased percent body fat in the 5CI group
compared with the AB group. When fat mass was controlled
(plasma leptin per kilogram of fat mass), leptin levels re-
mained 45% higher in the SCI group compared with the AB
group. Although this difference was not statistically signif-
icant, these findings suggest that factors other than fat mass
may also be responsible for the higher leptin levels in this
group.

Recent evidence suggests that adrenergic activation may
modulate leptin levels. a-Methyla-p-tyrosine or its more sol-
uble methy! ester depletes tissue norepinephrine by inhib-
iting tyrosine hy droxﬂase the initial and rate-limiting step
in neuronal catecholamine synthesis {31). Intraperitcneal ad-
ministration of soluble methvl ester of a-met. z1a~p tvrosine
{250 mg/kg) increased both plasma leptin {15-fold) and 1 lep-
in mRNA levels in interscapular brown adipose tissue and
epididymal fat (31). Additional evidence »y Pinkney ef al.
(32) demonstrated that infusion of a B-adrenergic agonist
{(isoprenaline) rapidl y reduces circulating levels of leptin. As
well, Commins ¢t al. (33) illustrated thar leptin’s effect on
gene expression in brown and white adipose tissue is de-
pendent upon norepinephrine synthesis and secretion. These
results sugoest the presence of a tonic inhibitory adrenergic
influence on leptin secretion (31-35). Removal of this inhi-
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F15. 2. Relationship between plasma leptin and RMR in the SCl and
AB groupd. Leptin significantly correlated with RMR in the AB group
{r = 0.90, P < 0.006), but not in SCI subjects (r = 0.44; P = 0.43).

TABLE 4. RMER

SCia="1 ABla=T
RMR (keal/d) 1451 = 224 1847.7 = 28°
RMR (keal/d - kg) 283 =63 29.1=33

Data are the mean * SE.
P < 0.01.

bition would probably contribute to increased plasma leptin
levels. Our data support reduced SNA accompanied by sig-
nificantly lower norepinephrine levels in SCI subjects. There-
fore, in addition to a higher fat mass, an impaired SNS may
explain the elevated leptin levels in our SCI group.

The current study demonstrated that the SCI group had a
significantly lower absolute RMR (kilocalories per day) com-
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pared with the AB group; however, when expressed per
kilogram of FFM, the differences in the RMR between groups
disappeared. Monroe ¢f al. (36) reported significantly lower
24-henergy expenditures, RMR, and sleeping metabolic rates
in people with SCI compared with the AB conirols. They
reported significantly lower RMR even after FFM, fat mass,
and age were controlled, suggesting that reductions in pe-
ripheral SNS activity in those individuals may lead to a
reduction in the overall metabolic rate. In the current study
the SCI group had a significantly lower catecholamine level
compared with the AB group. The lower sympathetic nerve
activity in the SCI group may be related to a reduced RMR
{20, 36). It has been well documented that lower sympathetic
nerve activity is associated with decreased RMR in humans
(37, 38). Reduced absolute RMR in the SCI group in the
current study can be explained by reduced FFM and sym-
pathetic nerve activity.

The present study showed that plasma leptin positively
correlated with absolute and relative RMR in the AB group.
When a multiple stepwise forward regression analvsis was
performed with RMR as the dependent variable and plasma
leptin, FFM and GH as the independent variables, plasma
leptin was the strongest predictor of RMR, accounting for
80.9% of the RMR variation. These data strongly support
previous findings (39-42), which have demonstrated that a
leptin level is a positive determinant of RMR in men (39),
Pima children {40), women with anorexia nervosa (41), and
patients with heart failure (42).

In contrast, leptin does not correlate with absolute RMR or
with relative RMR in the S5CI group. This result supports our
hypothesis that normal SNS function is required for leptin’s
influence on energy expenditure. Administration of exoge-
nous leptin or activation of the gene that encodes for leptin
in normal mice (44), rats (12, 45), and rhesus monkeys (8) has
resulted in increased energy expendifure, increased glucose
uptake, and decreased insulin secretion. The enhanced rate
of glucose uptake and the decreased insulin secretion due to
administration of leptin were effectively suppressed with
surgical sympathetic denervation of the tissue (12, 17). In
addition, increased glucose uptake in skeletal and heart mus-
cles after leptin injection in rats was completely prevented by
pretreatment with guanethidine and not adrenal demedu-
lation (13). Because guanethidine does not inhibit epineph-
rine secretion from adrenal medulla and does not affect brain
norepinephrine, this resuit suggested that increased glucose
uptake in peripheral tissue was via the SNS-Also, Monroe et
al. {46) examined the effects of iv propranolol infusion (a
B-adrenergic blocker) on RMR and demonstrated that 8-
adrenergic blockade decreased RMR. This suggests the pres-
ence of a tonic SNS S-adrenergic support in healthy adult
humans. They suggested that the activity of the SNS was a
determinant of energy expenditure, and that individuals
with low resting SNS may be at risk for body weight gain
because of the lower metabolic rate. It is, therefore, likely that
leptin increases overall sympathetic nerve activity, leading to
a significant increase in energy expenditure. Therefore, de-
centralization and impairment of the SNS may interrupt the
pathway of leptin-mediated energy expenditure change.
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Loss of association between plasma leptin levels and RMR in
the SCI group, therefore, may be due to the dysfunction of
SNS in this group.

Consequently, impaired or reduced activity of the SNS
may put people with high lesion SCI at a higher risk of
developing obesity {1-3). Peterson et al. {47) reported a neg-
ative correlation between body fat and plasma norepineph-
rine levelsand suggested that decreased sympatheticactivity
ray be a cause of obesity. Overfeeding and underfeeding in
lean subjects result in significant changes in plasma norepi-
nephrine fluxes, correlating with changes in energy expen-
diture (48). In addition, SNS 8-adrenergic support of RMR in
the healthy populationn accounts for approximately 71
keal/d. In other words, those with a reduced sympathetic
tone would need to compensate 26,000 kcal/yr through de-
creased energy intake or increased energy expenditure by
non-SNS mechanisms to prevent weight gain (46).

In conclusion, the results from the present study support
the hypethesis that people with high lesion SCI have higher
plasma leptin levels than AB controls, and these differences
are associated with increased fat mass and SNS dysfunction.
To our knowledge, this is the first study to examine SNS
activity, leptin levels, and RMR in people with SCI. Subjects
with high lesion SCI have reduced SNS activity, which may
lead to a higher risk of developing obesity and obesity-
related metabolic disorders.
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Jeon, Justin Y., Vicki J. Harber, and Robert D.
Steadward. Leptin response to short-term fasting in sym-
pathectomized men: role of the SNS. Am J Physiol Endocri-
nol Metab 284: E634-E640, 2003. First published November
12, 2002; 10.115%/ajpendo.00302.2002.—We studied plasma
leptin levels in six people with high-lesion spinal cord injury
[SCI; body mass index (BMI) 25.9 = 1.5 kg/m?, age 37 = 3.0
yr) and six able-bodied (AB) controls (BMI 29.1 * 1.9 kg/m?,
age 35 = 3.5 yr) before and after 12, 24, and 36 h of fasting.
The plasma leptin levels significantly decreased during 36 h
fasting by 48.8 % 4.5% (pre: 11.3 = 2.3, post: 6.2 = 1.5 ng/ml)
and 38.6 * 7.9% (pre: 7.6 = 5.0, post: 4.2 * 1.0 ng/m!) in SCI
and AB, respectively. Plasma leptin started to decrease at
24 h of fasting in the SCI group, whereas plasma leptin
started to decrease at 12 h of fasting in the AB group. The
current study demonstrated that plasma leptin decreased
with fasting in both SCI and AB groups, with the leptin
decrease being delayed in the SCI group. The delayed leptin
response to fasting in the SCI group may be because of
increased fat mass (%body fat, SCI: 33.8 = 3.0, AB: 24.1 =
2.9) and sympathetic nervous system dysfunction.

spinal cord injury; tetraplegia; ob gene; diabetes; sympa-
thetic nervous system; spinal cord injury

LEPTIN, THE PRODUCT OF THE OBRESE GENE, is a 16-kDa
protein produced by adipocytes (58) that is delivered to
the brain, primarily to the hypothalamus (6, 18). Ad-
ministration of exogenous leptin to the medial basal
hypothalamus in normal mice (2}, rats (56), and mon-
keys (50) effectively decreases food intake and in-
creases energy expenditure, Also, synthesis and secre-
tion of leptin are increased in proportion to the degree
of adiposity in several models of rodent obesity (15) and
human obesity (4, 9), suggesting that leptin may rep-
resent one of the defense mechanisms against the de-
velopment of obesity (30).

There is increasing evidence that another important
function of leptin is to regulate the neurcendocrine
response to fasting (1). In lean persons, plasma leptin
concentrations decline markedly within the first 24 h of
fasting, which may be important in regulating sub-
strate metabolism and energy expenditure during
early starvation (5, 17, 55). Weiss et al. (85) reported

up to a 66% decline in plasma leptin levels after 1 wk
of energy restriction. Decreases in the fasting-induced
plasma leptin levels were prevented by maintaining
euglycemia via glucose infusion during 72 h of fasting
(5). Sonnenberg et al. (48) reported that plasma leptin
levels declined steadily and significantly during 26 h of
fasting. However, when the plasma leptin levels re-
mained constant through glucose infusion, leptin levels
did not change. These studies have provided convine-
ing evidence that leptin has a role as an afferent signal
of glucose availability to the central nervous system for
modulating both long-term and short-term energy im-
balance (1, 17, 54). This function of leptin defends the
body from excess energy expenditure in the face of
limited energy intake (1, 56).

One of the possible mechanisms of the modulation of
leptin secretion during fasting may involve the sympa-
thetic nervous system (SNS; see Ref. 14). Sivitz et al.
(47) reported that the administration of ec-methyl-p-
tyrosine methyl ester (AMPT-ME) increased plasma
leptin 15-fold, increased epididymal fat leptin mRNA
up to 2.5-fold, increased interscapular brown adipose
tissue leptin mRNA, and decreased lumbar sympa-
thetic nerve activity. Rayner et al. (41) also presented
complementary findings by showing that administra-
tion of AMPT produced hyperleptinemia in mice. Be-
cause AMPT-ME inhibits catecholamine production,
the increased leptin levels after administration of
AMPT-ME most likely suggest that catecholamines are
required for normal leptin secretion and lack of sym-
pathetic nerve innervation would increase leptin lev-
els. In addition, epinephrine and norepinephrine infu-
sion acutely decreases 0b gene expression and plasma
leptin levels (8, 39). It is assumed that a regulatory
pathway involving the suppression of-leptin release
acts through sympathetic activation of adipose adren-
ergic receptors {41, 43, 47). The data suggest that the
SNS may play a key role in the modulation of leptin
during fasting.

People with spinal cord injury (SCI) have experi-
enced the dysfunction of the SNS, which results in an
altered hormonal and metabglic response during fast-
ing in humans (49, 58). Palmer et al. (38) investigated
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the catecholamine response to insulin-induced hypo-
glycemia in subjects with high-lesion SCI and in able-
bodied (AB) subjects. They found that catecholamine
did not increase in people with high-lesion SCI,
whereas it increased >200% in AB controls. This result
was confirmed by anocther study (32) that reported a
12.8-fold increase in norepinephrine during insulin-
induced hypoglycemia in AB controls while no changes
were observed in the high-lesion SCI group. Although
the afferent limb of the baroreceptor arc is intact, the
lesion in people with high-lesion SCI disrupts the sym-
pathetic component of the efferent limb in the cervical
spinal cord. This results in their inability to increase
sympathetic nerve activity during fasting (32).

Because intact SNS is required for normal leptin
action (7, 8) and catecholamine response to fasting, it is
important to determine the leptin response to short-
term fasting in people with high-lesion SCI. However,
leptin response to fasting has not been investigated in
people with SCI whose SNS is impaired. Therefore, the
purpose of the study was to determine the leptin re-
sponse to 0, 12, 24, and 36 h of fasting in the SCI and
AB groups.

METHODS

Subjects. Six male subjects with complete SCI (Cs-Co,
complete lesion) and six male AB subjects participated in the
study. Subjects were matched by age, weight, height, body
mass index (BMI}, and waist circumference, and no partici-
pants had type 2 diabetes mellitus or coronary heart disease.
Written informed consent was obtained before participation
in the study, which was approved by the University of Al-
berta Ethics Review Board. Subjects were asked to abstain
from any strenuous physical activity during the period of
study. Subject characteristics are summarized in Table 1.

Experimental procedure. At 1800, subjects consumed a
standard meal (5% carbohydrate, 30% fat, and 15% protein)
containing 12 keal/kg body wt for lean subjects and 12 kealkg
adjusted body weight for cbese subjects {BMI >30; adjusted
body wt = ideal body wt + (actual body wt — ideal body wt X

Table 1. Characteristics of subjects

SCi(n =6 AB (n = 6) P Value
Age, 5t 37.0+3.0 35+35 0.47
Height, cm 175.8+29 176614 0.80
Weight, kg 81.6+6.0 96.7+5.0 0.27
BMI, kg/m? 25.9=1.5 28.1+19 0.22
Body fat, % 33.8x30 241+29 0.04
Fat mass, kg 27.1=37 21.6%3.3 0.30
FFM, kg 49.4=2.3 63.2x 13 <0.01
Leptin, ng/ml 12.0=2.8 8113 0.08
Glucose, mg/dl 88.0x47 922x3.0 0.38
Insulin, pUlml 12.8x4.4 125%29 0.97
GH, ng/ml 04230 09=04 0.06
Epl, prmolit 19.0=18.0 1245=274 0.01
NE, nmold 05202 2.3+0.3 <0.01
RMR, keal/day 1,489 289 1,812.7 £ 1073 0.04
RMR/FFM,
keal/day~t-kgt 30.3=16 28.7x1.6 0.48

Data are means = SE; n, no. of subjects. SCI, spinal cord injury;
AB, able bodied; BMI, body mass indsx; FFM, fat-free mass; Epi,
epinephrine; NE, norepinephrine; GH, growth hormone; RMR, rest-
ing metabolic rate

E635

0.25); see Ref. 31]. At 2100, a snack (140 keal, 27 g carbohy-
drate, 2.7 g fat, and 8.8 g protein) was ingested by every
subject. After the anack, subjects were asked not to consume
any food except water until 0800 of day 3. At 5900 and 2100
of day 2 and 0900 of day 3 (12, 24, and 356 h of fasting,
respectively), subjects were asked to come o the laboratory,
and blood samples (18 mi) were collected in heparinized
tubes. Blood samples were centrifuged immediately (4°C),
separated, and frozen (-80°C) until an analysis was per-
formed.

Resting metabolic rate. Oxygen consumption at rest was
used to calculate the resting metabolic rate (RMR) and fuel
utilization. RMR were measured at 0800 of day 2 and day 3.
The subjects rested in a supine position for 30 min before
measurement. A transparent canopy was placed over the
heads of the subjects while oxygen consumption was mea-
sured. Subjects were not permitted to sleep or move during
the testing. Energy expenditure was calculated using the
Weir equation (model CPX-D; MedGraphics, Minneapolis,
MN; see Ref, 54).

Body composition. Fat mass, fat-free mass {FFM), abdom-
inal obesity, and percent body fat were dstermined by a
trained technician using dual-energy X-ray absorptiometry
(DEXA; Hologic QDR 43004, Hologic, Waltham, M) on all
subjects according to a previously published procedure (21).
With the participant lying supine, and witk all metal objects
removed, a series of transverse scans was made from head to
toe at a standardized transverse scan speed of 5 cm/s. DEXA
has been shown to be the most practical and accurate way to
measure body composition in people with SCI (21).

Analyticel procedures. All samples from sach subject were
analyzed in one assay to avoid between-assay variation.
Plasma leptin levels (ng/ml) were measured in duplicate at
each time point by RIA (Human leptin RIA: Linco Research,
St. Charles, MO). The limit of sensitivity was 0.5 ng/ml. The
intra-assay coefficient of variation (CV) wzas 4.7%. Plazma
insulin levels (WU/ml) were measured in duplicate at each
time peint by RIA (Diagnostic Products, Les Angeles, CA).
The intra-assay CV was 6.5%. Growth hormone (GH) levels
were measured in duplicate at each time point by RIA (Di-
agnostic Products). The intra-assay CV was 10.5%. Glucose
levels were measured by the enzymatic method (Glucose
analyzer II, Beckman Instrument, Irvine, CA). Plasma epi-
nephrine (pmoll) and norepinephrine (nmoll) levels were
measured by HPLC with electrochemical detection (electro-
cherical detector model 1045; Hewlatt-Packard, Waldbronn,
Germany; see Ref. 26). The intra-assay CV %r these assays
was 7% for epinephrine and 9.8% for norepinephrine.

Statistical analysis. The statistical analysis was per-
formed by a two-way ANOVA repeated measurement; be-
tween-groups (SCI va. AB) and within-subject (0, 12, 24, and
36 h of fasting) factors and their interaction wers considered.
Comparisons among the variables between the two groups
were made by independent ¢-tests. Pearscn's product-mo-
ment correlation was used to measure the strength of asso-
ciation between the variables. Stepwise multiple linear re-
gression was used to determine the stro t predictor for
FT, arnd GH (in-
dependent variables). All data have beer expressed as
means = SE. Statistical significance was set for P < 0.05.

]

C)

RESULTS

Plasma leptin response to fasting. At 0 h of fasting,
plasma leptin was higher in the SCI group compared
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with the AB group; however, the difference did not
reach statistical significance. During the 36-h fasting
period, plasma leptin decreased significantly below the
prefasting level in both the SCI (0 h fasting: 11.34 =
2.27 vs. 36 h fasting: 6.16 = 1.46 ng/ml) and the AB (Q
h: 7.58. = 2.05 vs. 36 h: 4.18 = 1.0%1 ng/ml) groups.
Plasma leptin started to decrease at 24 h and contin-
ued to decrease until 36 h of fasting in the SCI group,
whereas it started to decrease at 12 h and started to
plateau after 24 h of fasting in the AB group (Fig. 1).
When the BMI was controlled, the two-way ANQOVA
repeated measurement showed an interaction between
leptin responses to fasting in the groups (P = 0.011).

Plasma hormone and metabolite response to fasting.
There was no significant difference in plasma glucose,
insulin, cortisol, and GH before fasting between the
groups. There was no significant difference in the hor-
mones and the glucose response during 36 h of fasting
in either group.

RMR. Absolute RMR (keal/day) was higher in the AB
vs. SCI group at both 12 and 36 h of fasting. However,
there were no differences between the groups in rela-
tive RMR (keal-day ! kg FFM™1) at either 12 or 36 h
of fasting. Over the 36-h period of fasting, RMR (abso-
lute and relative) values did not change in either
group.

Relationship between RME and plasma lepiin during
fasting. Positive correlations were found between lep-
tin levels and RMR (absolute and relative) in the AB
group. On the other hand, no correlations were found
between leptin levels and RMR (absolute and relative)
in the SCI group at either 12 or 36 h of fasting (Fig. 2).

Body composition. Although subjects were matched
for age, weight, height, BMI, and waist circumference,
the SCI group showed a significantly higher percent-
age of body fat (33.8 * 3.0 vs, 24.4 = 2.5%), resulting
from higher fat mass (27.1 = 3.7 vs. 21.6 = 3.3) and
lower FFM (494 = 2.3 vs. 63.41 + 2.96), compared
with the AB group (Table 2).

20 -

~—&— 5C1
—@— AB

Leptin (ng/ml)
3

0 —r— T

Base Line i2h 24h 36h
Hours of Fasting

Fig. 1. Plasma leptin response to 36 h of fasting. SCI, spinal cord
injury; AB, able bodied. *P < 0.05 compared with baseline.
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Fig. 2. Relationship between leptin and resting metabolic rate
(RMR) in AB (A) and SCI (B) groups.

DISCUSSION

To our knowledge, the present study was the first to
examine the leptin response to a 36-h fast in SCI and
AB individuals. We demonstrated that leptin levels
declined in both groups but was delayed in the SCI
volunteers. ‘

Leptin response to shori-term fasting. A fasting-in-
duced decrease in plasma leptin plays an important
role in initiating changes in substrate metabolism and
energy expenditure (44, 50). In humans, a significant
reduction of energy intake or fasting suppresses leptin
levels to a much greater extent than would be expected
on the basis of changes in the adipose tissue mass (5,
17, 24). This is consistent with evidence that leptin has
a role as a signal of energy deficiency and an integrator
of neuroendocrine function (1). The present study dem-
onstrated that plasma leptin decreased with 36 h of
fasting by 48.8 = 4.5 and 38.6 = 7.9% in both the SCI
and the AB groups, respectively. The literature in this
area suggests that short-term fasting (12 h) reduces
plasma leptin levels in the AB population (5, 28). Our
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Table 2. RMR
SCI Group (n = 6) AB Group (n = T)
Day I Day 2 Day I Day 2
RMR, keal/day 1,489 =89 1,411=68 1,812.17 = 107.5% 1,896 = 108.9*
RMR/FFM, keal-day™~! kg PFM~! 30.26 1.6 28.9=2 28.67 > 1.61 30=16

Data are means = SE; n, no. of subjects. *P < 0.05 between groups.

data are consistent with these findings. Plasma leptin
was reduced significantly after 12 h of fasting in the AB
group but was not altered until 24 h in the SCI group.
The mechanism for the delayed leptin response in the
SCI group may be related to SNS dysfunction and
adiposity level.

Leptin mediates many of its physiological effects by
activating neurons in the hypothalamus that innervate
and stimulate sympathetic preganglionic neurons in
the spinal cord. In individuals with high-lesion SCI,
these neurons are atrophied (28), and stimulation be-
low the lesion may be impaired. Consequently, impair-
ment of the SNS may alter leptin secretion and action
(11, 12, 18, 33, 34). Stimulation of the SNS by infusing
catecholamine or isoprenaline decreases leptin produc-
tion and leptin expression in peripheral tissues (7, 8,
39). In addition, sympathetic blockade or chemical
sympathectomy increases circulating leptin (41). These
results suggest that a tonic inhibitory adrenergic mod-
ulation influences leptin action and secretion (24, 27,
28). Hence, removal of this inhibition, as a result of
SCI, may lead to an abnormal leptin response to fast-
ing in SCI. Therefore, the delayed leptin response
during fasting in the SCI group may be because of an
impairment of the SNS system.

In addition to SNS dysfunction, the significantly
higher percentage of body fat in our SCI group may be
another factor contributing to the delayed leptin re-
sponse to fasting. Excessive adiposity is known to re-
duce whole body lipolytic sensitivity, and obese indi-
viduals have a blunted leptin response to food
restriction (19, 20, 25, 24). Fasting-induced secretion of
epinephrine stimulates adipose tissue B-adrenergic re-
ceptors and leads to inereased lipolysis and decreased
leptin concentrations (19, 20, 24). The failure of circu-
lating levels of epinephrine to increase in our SCI
subjects is likely because of their SNS dysfunction.
Furthermore, their higher levels of body fat could fur-
ther reduce lipolytic semsitivity (19, 20, 25). These
results suggest that the delayed leptin decline during
fasting in the SCI group may be because of both SNS
dysfunction and decreased lipolytic sensitivity accom-
panied by increased fat mass.

Mechanisms for fasting-induced leptin decline. Both
the SCI and AB groups experienced a significant de-
crease in plasma leptin levels, although the SCI group
showed a delayed leptin response to fasting, which may
suggest that adrenergic mechanisms are not the scle
mechanism of leptin production and/or regulation dur-
ing fasting. For example, evidence suggests that glu-
cose metabolism is partly responsible for leptin produc-
tion in humans (5, 17). The importance of glucose

metabolism in regulating the level of leptin was dem-
onstrated by Boden et al. {(5), who found that glucose
infusion during fasting prevented the fast-induced lep-
tin decline. Also, Sonnenberg et al. (48) reported that
plasma leptin levels declined steadily and significantly
during 26 h of fasting. When the plasma glucose levels
remained constant between 104 and 117 mg/dl via
glucose infusion, the leptin leve! did not change during
fasting. The plasma leptin even increased during 26 h
of fasting when glucose levels were increased >157
mg/dl via glucose infusion. These studies have pro-
vided convincing evidence that the plasma glucose
level is one of the major contributors for leptin produc-
tion. Wang et al. (53) suggested that glucoregulation of
leptin production may be mediated by the entry of
glucose in the glucosamine pathway via L-glutamine,
the p-fructose-8-phosphate amidotransferase step.

Another leptin-regulatory factor during fasting may
be circulating insulin. Barr et al. {(3) showed that treat-
ment of rat adipocytes with insulin increased tissue
leptin content and secretion during a 2-h incubation
period. Also, insulin administration increased leptin
release within 10 min, suggesting that insulin may act
as a leptin secretagogue (27). Other studies have dem-
onstrated that leptin administration inhibited insulin
secretion (35). Our findings would support the hypoth-
esis of an SNS-mediated leptin-insulin interaction.
There was a positive correlation between the 36-h
fasting leptin levels and the 36-h fasting insulin levels
in the AB group (r = 0.83, P = 0.04), but no similar
correlaticn was identified in the SCI group (r = 0.61,
P =0.20).

Relationship between plasma lepiin and RMR. The
present study showed that plasma leptin positively
correlated with RMR (absolute and relative) in the AB
group. When a multiple stepwise forward regression
analysis was performed with the RMR as the depen-
dent variable and with the plasma leptin, FFM, and
GH as the independent variables, plasma leptin was
the strongest predictor of RMR, accounting for 74.5% of
the RMR variation. Together with the previous dem-
onstration that the leptin level is a positive determi-
nant of RMR in men, Pima children, women with
anorexia nervosa, and patients with heart failure {22,
31, 40, 42, 31), the present study supports the hypoth-
esis that leptin is a significant factor in the regulation
of energy expenditure in humans. In contrast, leptin
was not correlated with RMR (absolute and relative) in
the SCI group. This result supports the hypothesis that
normal SNS function is required for leptin to influence
energy expenditure. Administration of exogenous lep-
tin or activation of the gene that encodes for leptin in
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normal mice (2), rats (35, 58), and rhesus monkeys (50
has resulted in incredséd energy expenditure, in-
creased glucose uptake, and decreased insulin secre-
tion. The enhanced rate of glucose uptake and decreased
insulin secretion resulting from administration of leptin
was suppressed effectively with surgical sympathetic de-
nervation of the tissue (18, 33-35). Also, increased glu-
cose uptake in skeletal and heart muscles was prevented
completely by pretreatment with guanethidine but not by
adrenal demedullation (18). Because guanethidine does
not inhibit secretion of epinephrine from the adrenal
medulla and does not affect brain norepinephrine, these
results suggest that the SNS mediates the effects of
leptin.

Monroe et al. (36) examined the effects of intrave-
nous propranolol infusion, a B-adrenergic blocker, on
RMR. They demonstrated that B-adrenergic blockade
acutely decreased RMR, suggesting that a tonic SNS
B-adrenergic effect in healthy adult humans was oper-
ating. The literature also suggested that the activity of
the SNS was a determinant of energy expenditure and
that individuals with low resting SNS may be at risk
for body weight gain because of the lower metabolic
rate (45). Therefore, it is likely that leptin increases
overall sympathetic nerve activity, thereby leading to a
significant increase in energy expenditure. It follows
that the decentralization of the SNS may interrupt the
pathway of leptin-mediated energy expenditure regu-
lation in this study. Therefore, the lack of association
between leptin and RMR in the SCI group in this study
may be because of the dysfunction of the SNS.

The effect of short-term fasting on RMR is controver-
sial (57). Hypoglycemia is known to increase the level
of SNS activity and increase the release of norepineph-
rine (38), which in turn causes an increased rate of
lipolysis to compensate for the decreased level of glu-
cose (20, 24). The increased level of norepinephrine
resulting from hypoglycemia would also increase en-
ergy expenditure (36). However, it has also been dem-
onstrated that hypoglycemia decreases circulating lep-
tin levels in animal and human models (5, 24), which
would result in decreased SNS activity. Because nor-
epinephrine is a marker of the level of SNS activity,
decreased SNS activity would theoretically decrease
energy expenditure (37). Thus the response of SNS to
fasting is paradoxical and requires further investiga-
tion and explanation. Our study suggests that RMR
does not change with 36 h of fasting in either the AB or
SCI group compared with the level obtained from 12 h
of fasting in both SCI and AB groups. However, Zauner
et al. (57) reported that RMR in short-term fasting is
increased as a result of an increase in serum norepi-
nephrine. They measured resting energy expenditure
after 36, 80, and 84 h of fasting and found that norepi-
nephrine concentration increased from 1,716 + 574 to
3,728 = 1,636 pmol/l. The resting energy expenditure
was increased from 3.97 = 0.9 kJ/min at 12 h of fasting
te 4.53 = 0.9 kJ/min at 84 h of fasting.

In conclusion, the leptin decline in response to short-
term fasting is delaved in the SCI group. The altered
response in leptin secretion in the SCI group with

LEPTIN RESPONSE TO FASTING IN 8CI

short-term fasting may be because of SNS dysfunction
and increased adiposity. However, other mechanisms
may influence leptin production during fasting (.e.,
glucose and insulin levels). Leptin was a strong deter-
minant of energy expenditure in the AB group, which
suggests that leptin-mediated regulation of energy ex-
penditure requires an intact SNS,

This study was funded by the Alberta Paraplegic Foundation,
Edmonton, AB, Canada, and Rick Hansen Institution, Vancouver,
BC, Canada.
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CHAPTER FIVE
EFFECTS OF TRAINING WITH FES-ROWING ON PLASMA LEPTIN LEVELS
IN PEOPLE WITH SPINAL CORD INJURY

This chapter was prepared for publication in American Journal of Physiology.
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INTRODUCTION

Despite the medical problem of obesity throughout the world, one of the most
interesting facts is the stability of body weight over lengthy periods of time (34, 43).
Body weight is tightly regulated by a feedback loop, which maintains body weight
homeostasis (43). Identification of the ob gene using positional cloning and the
characterization of the hormone leptin has greatly increased the understanding of body
weight control (1, 25, 105). Leptin is produced by adipose tissue and affects food intake,
energy expenditure, and neuroendocrine status (1, 2, 30). Leptin deficiency, as seen in
ob/ob mice and humans with congenital leptin deficiency, contributes to obesity (25, 30).
Lack of leptin in circulation is perceived by the hypothalamus as an energy deficient
status. In response, the hypothalamus secretes neuropeptide mediators of leptin action
such as neuropeptide Y (NPY) and melanin-concentrating hormone (MCH), causing
increased energy intake and decreased energy expenditure, contributing to obesity (1,
14, 22, 83). Conversely, the administration of leptin to ob/ob mice and children with
congenital leptin deficiency decreases feeding, normalizes body fat and body
temperature, and also corrects neuroendocrine abnormalities (9, 25, 30). Studies report
that food intake is reduced by 30-31% and glucose uptake increased up to 27% in
response to leptin administration in leptin-treated animals as compared to a control
group (103). Although leptin deficiency is associated with morbid obesity in some
animals and humans, most obese humans generally have elevated circulating leptin
levels, which suggests that in general, human obesity is related to leptin resistance
rather than leptin deficiency (16, 60).

In addition to leptin’s role as an anti-obesity hormone, another important role
that leptin plays is as an anti-starvation hormone (2). Plasma leptin regulates the
neurcendocrine response to starvation (6, 49). In lean individuals, plasma leptin
concentrations decline markedly within the first 12 hrs of fasting (6). Also, we recently
demonstrated that plasma leptin levels were reduced by 48.8+4.5% and 38.6+7.9% within
36 hrs in both spinal cord injury (SCI) subjects and able-bodied (AB) subjects,
respectively (39). Weiss et al. (100) reported up to a 66% decline in plasma leptin levels
after one week of energy restriction, and may be important in regulating substrate

metabolism and energy expenditure during early starvation (2, 39, 59). However, a
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decrease in fasting-induced plasma leptin was prevented by maintaining euglycemia via
glucose infusion during a 72-h fasting period (6). Sonnenberg et al. (87) reported that
plasma leptin levels declined steadily and significantly during 26 hr of fasting
However, when plasma glucose levels remained constant through glucose infusion,
leptin levels did not change. These studies have provided convincing evidence that
leptin has a role as an afferent signal of glucose availability to the central nervous system
for modulating both long-term and short term energy imbalance. This function of leptin
defends the body from excess energy expenditure in the face of limnited energy intake.

In contrast to the consistent plasma leptin response to energy imbalance resulting
from restricted energy intake, plasma leptin response to exercise is more controversial.
Following an acute bout of exercise, plasma leptin levels have been reported to be
decreased (19, 41, 55, 56), unchanged (18, 35, 53, 78, 80) or increased (27). Activities such
as 30-60 min of cycling exercise (53) and a 20-mile treadmill run (78) did not change
leptin levels. However, other studies noted that a 2 hr run at 75% VOarax (20), a
marathon run (56) and an ultramarathon run (55) significantly decreased plasma leptin
levels. Studies that observe the decreased leptin levels following physical activity often
involve exercise of longer durations at higher intensities, resulting in greater energy
expenditure (55, 56). Evidence of this comes from Landt et al. (55), who detected a 32%
reduction in plasma leptin after a 101mile ultramarathon but not after 2 hr of strenuous
cycling. In addition, Karamouzis et al. (41) reported a 50.5% reduction in leptin levels
after marathon swimming (25 km sea swimming, 6.5-10.5 hr). These data suggest that
higher exercise energy expenditures resulting in higher negative energy balance are
more likely to alter leptin levels.

Although a greater exercise-induced negative energy balance would more likely
cause a reduction in plasma leptin, controversial issues remain. Studies which observe
decreased leptin levels following exercise either involve extremely high energy
expenditure (41, 55, 56) or have obtained plasma samples during the 2 hr - 48 hr of
recovery period (20, 23, 96) as opposed to immediately following the exercise bout (18,
35). Following exercise bouts of similar duration and intensity, Duclos et al. (20)
detected a 30% reduction in plasma leptin 2 hr after the cessation of the exercise whereas

Hickey et al. (35) found no difference when samples were taken immediately following

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

exercise. Additionally, Tuominen et al (96) reported a 34% reduction in plasma leptin
levels 44 hrs after Zhr of running at 75% VOamax, and Essig et al. (23) reported a 30%
reduction in plasma leptin levels 48 hr after two treadmill exercise sessions with
different energy expenditures (800 or 1,500 kcal) at 70% VOomax.

These discrepancies may be partly explained by the response of other hormones
to intense and prolonged exercise (13, 19, 47, 48, 61, 71). Counterregulatory hormones
are critical for the maintenance of glucose homeostasis during exercise (13, 61, 88).
During intense exercise (above 80% VOazmax), hepatic glucose production increases up to
8-fold while plasma catecholamines may increase up to 15-fold (61). Plasma insulin may
remain constant or decrease slightly, whereas glucagon and cortisol will increase 2- and
3- fold, respectively (13, 61, 71, 88). During low to moderate intensity exercise, plasma
epinephrine and norepinephrine increase to a lesser extent whereas cortisol does not
increase substantially (47, 48). Cortisol is known to increase leptin production, while
catecholamines are known to reduce plasma leptin production (5, 79, 86, 93). Also, a
recent investigation demonstrated that the treatment of rat adipocytes with insulin
increased tissue leptin content and secretion during a 2 hr incubation period (69).
Therefore, if samples are collected during and immediately after exercise bouts, the net
effect on leptin’s response to exercise may be influenced by other hormones. As a result,
changes in plasma leptin levels may not be observed.

There remains controversy over whether exercise training influences resting
plasma leptin levels (31, 50, 54, 73, 76). However, most studies, which report a weight
loss after exercise training, have also observed a reduction in resting plasma leptin levels
(31, 50, 73). Halle et al. (31) studied resting plasma leptin levels in 20 men with type 2
diabetes mellitus (DM) before and after 6 weeks of training (2,200kcal expenditure/wk).
Their exercise program caused a 4.3% weight loss and 30% reduction in plasma leptin
level. Kohrt et al. (50) also reported a 4.9% weight loss and a 27.9% reduction in resting
plasma leptin levels after 9 months of training. These results are not unexpected, as
leptin is known to be produced and secreted by adipose tissue and it is well documented
that plasma leptin correlates with body fat mass (FM) (16, 60). Although there is

convincing evidence that exercise training, which leads to weight loss will decrease
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plasma leptin level, it is unclear whether exercise training-induced leptin reduction is
independent of changes in FM.

The sympathetic nervous system (SNS) plays an important role in leptin
synthesis (15, 29, 38, 79, 85) and leptin -mediated resting metabolic rate (RMR)
regulation (21, 38, 66), glucose uptake (33} and insulin secretion (65). Complete spinal
cord lesions result in pathophysiological changes, which include: 1) loss of supraspinal
regulatory control (47, 82), 2) reduced sympathetic activity (38, 67), and 3) morphologic
changes in the sympathetic preganglionic neurons (52). As a result, hormonal and
metabolic responses to a metabolic challenge have been altered in people with SCI,
especially in people with cervical and high level thoracic SCI (47, 62, 75). However, the
effects of exercise training on plasma leptin levels in people with SCI have not yet been
investigated. Therefore, the purpose of the study is 1) to determine the effects of 12
weeks of FES-Rowing training on plasma leptin level in people with SCI and, 2) to
investigate whether or not exercise training induced plasma leptin change in subjects

with SCI is independent of fat mass change.

Research question:
1) Does training with FES-Rowing decrease plasma leptin levels in people with
SCI?

2) Is the reduction in plasma leptin after training independent of FM change?
Research Hypothesis:

1) 12 weeks of FES-Rowing training decreases plasma leptin levels in people with
SCL
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METHODS
The current study was part of a training study, which also determined the effects
of FES-Rowing training on blood lipids in people with SCL

Subject

Six healthy male subjects with paraplegia participated in the study (age 48.616,
weight 70.06+3.28, injury levels between T4-T5). An institutional ethics review board at
University of Alberta approved this study. All subjects gave their written informed
consent to participate in the study. Individuals with pacemaker implants, uncontrolled
arrhythmias, uncontrolled angina, congestive heart failure, current deep venous
thrombosis, severe skin reaction to surface electrodes or FES, less than 90° of flexion at
hips and knees, severe lower extremity spasticity, severe type 2 DM, and a regular
aerobic exercise regime were excluded from the study. Subject characteristics are

summarized in Table 1.

General study protocol:

After an initial interview, medical examination, and aerobic fitness assessment,
subjects underwent a leg-strengthening training phase (0-4 weeks). A leg-strengthening
training phase was implemented since many people with SCI are unable to perform
FES-Rowing. Blood samples were obtained before and after the leg-strengthening
training phase. Subjects who were able to complete a 10-minute bout of leg extension
and flexion exercise proceeded to FES-Rowing training without the leg-strengthening
training phase. Final blood samples were taken 48 hr after the last bout of exercise
training in order to eliminate the acute effect of the last bout of exercise. Body
composition and body weight were measured before any exercise training and within

six days of the last bout of exercise training.

FES-Rowing VOapea testing:
Arm-only power output max (AMPO) was determined before the FES-Rowing
VO peax test. The AMPO test provides guidelines for setting the power output during

VOgpeak testing. To determine AMPO, subjects were asked to start arm-only rowing at
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10 watts and asked to increase the intensity of exercise by 10 watts at two-minute
intervals until subjects voluntarily ceased the test due to exhaustion. The maximal
power output that they were able to maintain for one minute was used as the reference
value for the FES-Rowing VO 2 peax testing. Power output was monitored and recorded
as displayed on the Concept Il rowing machine (Morrisville, VT, USA).

Expired gases were assessed during the exercise testing using a Horizon
metabolic measurement cart that provided data averaged over 15 seconds interval
(Beckman, Sensormedics, Anaheim, CA, USA) and heart rate was monitored every
minute using a Polar heart rate monitor (Woodbury NY, USA). To determine VO pea,
subjects were asked to perform arm-only rowing without FES-stimulation at a
comfortable rate (between 25 to 30 strokes per minute) for two minutes at 40% of their
pre-determined AMPO. After the initial two minutes of arm -only rowing, subjects were
asked to row another 2 min at 60% of AMPO with passive leg movement (the seat was
manoeuvred by the research assistant). Then, subjects were asked to perform FES-
Rowing with both upper and lower body muscle contraction with FES at a stroke rate
between 25 to 30 strokes per minute at 80% of AMPO for two minutes. Thereafter, the
subjects were asked to row at maximal power output until exhaustion. Criteria for a
valid VO3 peak test includes any two of the following: (17, 94): 1) respiratory exchange
ratio greater than 1.1, 2) achievement of age-predicted maximum heart rate within 15
beats per minute (102), 3) maintenance or reduction of VO despite an increase in

workload. All subjects achieved an RER>1.1 during the VO3 peak test.

Exercise training:

Subjects who were not able to complete 10-minutes of leg extension and flexion
exercise against gravity were required to perform leg-strengthening training (75 leg
extensions and flexions in 30 minutes, Spectrastim 2000, Therapeutic Alliance, Fairborn,
OH) before they started training with FES-Rowing.

Pre- Rowing Training Criteria: 1) When the subjects were able to complete a 10-
minute leg extension and flexion continuous exercise bout, the subjects proceeded to the
12 weeks of FES-Rowing training program. 2) If the subjects were not able to complete

10-minutes of leg extension and flexion exercise after two weeks of training, the leg-
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strengthening phase was extended until the subjects were able to meet this criteria.
Subject #1 and #3 completed six and seven sessions of leg-strengthening training,
respectively. The other subjects were able to complete 10-minutes of leg extension and
flexion exercise without leg-strengthening training.

FES-Rowing Machine: The FES-Rowing machine operates on an open-loop system
and is suitable for use by persons with paraplegia. A specifically designed and modified
electric stimulator (15 channel capability Motorola 68332 microcontroller with up to 15
mA and 180V, rectangular monophasic waveform, pulse with 0-500 ps) was mounted
beneath a specially designed extended ftract seating system for convenience and simple
client-based electrode application (102). The seating system has been specially molded
to include two adjustable backrests with a specialized honeycomb seat cushion and
customized and fully adjustable seat belt system. Control of the extension and flexion
phase of the rowing stroke was implemented manually through an open loop control
system (simple, thumb-operated variable pressure sensors mounted on the rowing
handle). Electronic data displayed by the rowing ergometer included strokes per
minute, power output per stroke, and average power output for duration of the exercise
bout.

FES-Rowing Training: Subjects trained for 12 weeks, 3-4 days per week. Initial
sessions were conducted using sets of 5 minutes of rowing at 80% of predetermined FES-
Rowing VO 2peax with a work to rest ratio of 1:0.5 (e.g. row 5 minutes, rest 2.5 minutes).
Participants who were unable to row continuously for five minutes at the outset of the
study were allowed 30-second rest intervals (e.g. If subject fatigued at three minutes, a
30-second rest was allowed, and then they were asked to continue rowing for two more
minutes to complete a five-minute exercise interval). Participants were asked to expend
200 kcal per day or 600-800 kcal per week. This daily exercise-energy expenditure
reflects an upper limit of exercise tolerance for SCI individuals. Individuals were unable
to complete exercise bouts of greater value (higher intensity and/or longer duration).
Power output and energy expenditure were monitored continually and adjusted on a
biweekly basis. In order to monitor exercise intensity and energy expenditure, subjects
were asked to perform FES-Rowing at the prescribed power output for five minutes and

the steady state VO, was determined. If the steady state VO. was lower than 80% of
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their most recently measured VOqpeax at the prescribed power cutput, the power output
was increased by 10 W and then the steady state VO, was determined again. Based on
the VO, and RER value at the prescribed power output, the energy expenditure and the
time needed to expend 200 kcal were calculated (63).

Body Composition.

Pre- and post training body compositions were measured by dual-energy X-ray
absorptiometry (DEXA) in all subjects. DEXA has been suggested as a practical and
accurate way to measure body composition in people with SCI and able-bodied subjects
(85). A CV of 3.8% is reported in the literature for FM assessment by DEXA (32).
Subjects were asked to consume their usual diet and daily routine before the test.
Subjects were asked to lie on a padded exam table, relax and breathe normally. FM, lean

mass and percent body fat were measured.

Blood collection

Two or three blood samples were drawn (before and/or after leg-strengthening
training and after completion of 12 weeks of FES-Rowing training). All blood samples
were drawn from an antecubital vein after overnight fasting between 8:00 to 10:00am.
For each sample, 21 ml of blood were drawn and collected in chilled vacutainers
containing EDTA (norepinephrine assay) and heparin (insulin, leptin and glucose
assay). Blood samples were separated by centrifugation at 4°C for 12 min at 3,000 rpm.

Plasma was transferred to a storage vial and stored at -80°C until analyzed.

Analytical procedures

All plasma samples from each subject were analysed in duplicate in a single
assay to eliminate between-assay variation. Plasma leptin (ng/dl) and insulin (uU/ml)
were measured by RIA (human leptin RIA, human insulin RIA, Linco Research, Inc, St.
Charles, MO) in our lab. The intra-assay coefficients of variation (CVs) were 3.4% and
6.1% respectively. Glucose levels were measured by the enzymatic method (Glucose
Analyzer II, Beckman, Irvine, CA) in our lab and the intra-assay CV was 1.5% . Plasma
norepinephrine (nmol/L) levels were measured by HPLC with electrochemical detection

(electrochemical detector model 1045, Hewlett-Packard Co., Waldbronn, Germany at
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the Calgary Laboratory Service in Foothills Hospital (Calgary, Alberta, Canada). The

intra-assay CV for norepinephrine was 4.0%.

Statistical analysis:

The leg-strengthening phase was a period of adaptation; and used to determine
baseline values. Therefore, pre and post leg-strengthening phase values were averaged
and used as the pre-rowing training baseline. Since the data were not normally
distributed, nonparametric statistics, Wilcoxon matched-paired signed ranks test was
used to determine the effects of FES-Rowing training on each variable (95). Spearman’s
rank order correlation coefficients were used to test for the relationship between plasma
leptin and body composition. The differences were considered significant at P<0.05. To
determine the effects of FM change on plasma leptin levels after FES-Rowing training,
the subjects were divided into two groups based on FM response to training: 1) FM loss
group (> 1% loss of FM, Reseland et al. (81) report that as little as 1% FM reduction leads
to a 4.1% reduction in circulating leptin), 2) FM maintained group (FM maintained or
increased). Due to the small number of subjects, descriptive statistics were also used to
describe the results from body composition, metabolic, hormonal response to 12 weeks

of FES-Rowing training. All data are presented as means = S.E.M.
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RESULTS

Subjects

Table 2 illustrates subject characteristics before and after the 12 weeks of FES-
Rowing raining. Six subjects completed the training program. However, the data from
one subject was removed from group data analysis due to lack of adherence to the

training program. The data for this subject are presented in Appendix A,

Exercise training

Exercise training data are summarized in Table 3. Subjects expended an average
estimate of 19916 kcal per training session for 3643 exercise sessions. Over 12 weeks,
they expended a total of 70794546 kcal during exercise training. Exercise power output
increased significantly after the exercise training (pre: 35.8+.6 vs post: 55.9+4.2 watts,
P=0.043). VO 2peax did not change significantly after training (P=0.47)

Body composition
Group analysis (N=5): Body composition did not change significantly with
training (P=0.14). Body composition data are summarized in Table 2 and Figure 1.

Descriptive analysis (N=5): FM decreased in three subjects (average 7.4%
reduction) and remained unchanged in two subjects (average 1.6% increment) Lean

mass increased in three subjects and remained unchanged in two subjects.

Metabolic and hormonal response to 12 weeks of FES-rowing training

Metabolic and hormonal response to training is also presented as FM loss vs FM
maintained groups. Metabolic and hormonal responses to fraining are summarized in
Tables 2 and 4, Figure 2, 3, and 4).

Group analysis (N=5): Plasma leptin was not significantly changed with 12 weeks
of training (P=0.078). Plasma insulin (Figure 4) and norepinephrine did not change
while plasma glucose (Figure 3) significantly decreased after the training (P=0.043).
Also, plasma leptin and FM were positively correlated at both pre-(r=.90, P=0.04) and
post-training (r=.90, P=0.037) periods (Figure 5).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

Descriptive analysis: The data are summarized in Table 2, 4 and Figure 2, 3 and 4.
The data are presented as 1) FM loss and maintained groups combined (N=5), 2) FM loss

group (N=3) and 3} FM maintained group (N=2).

1) FM loss and FM maintained groups combined (N=5): Plasma leptin decreased by
33% with 12 weeks of training. Plasma leptin decreased in four out of five participants.
Plasma glucose levels decreased in all five subjects (4.1%). Plasma insulin levels were
reduced in four subjects (9.33%) and increased in one subject (13.66%). Plasma
norepinphrine levels were reduced after training (2.52%).

2) FM loss group (N=3): An average FM loss in these subjects was 1.47 kg (7.43%).
Plasma leptin levels were reduced by an average of 36%in all three subjects who lost FM.
Plasma glucose levels were reduced in all three subjects by 11%. Plasma insulin levels
were increased by 3.53% and norepinephrine levels were decreased by 9%.

3) FM maintained group (N=2): Plasma leptin levels were decreased in one subject
(32.7%) but increased in the other subject (12%). There was a slight reduction in plasma
glucose (1.5%) and insulin levels (11.7%) in both FM maintained subjects after the
training. Norepinephrine levels increased in one subject by 30% and decreased in the

other subject by 9.5%.
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DISCUSSION

Although there are many studies that investigate the effects of exercise training
on plasma leptin concentrations, to date there is no study that has investigated the
effects of exercise training on plasma leptin in people with SCI. The purpose of the
study was to: (a) to determine the effects of 12 weeks of FES-Rowing training in people
with SCI whose injury levels were higher than T6 and (b) to explore whether reduction
in plasma leptin after FES-Rowing training in people with SCI is independent of fat
mass change.

The results of the present study did not show statistically significant changes to
plasma leptin after 12 weeks of exercise training with FES-rowing in people with 5CI
(Table 4). However, descriptive statistics show that plasma leptin was reduced by 33%
after the training (N=5). Plasma leptin levels were reduced in four out of five subjects
after training. Considering that the effect size of plasma leptin levels after the training
was 0.85, the primary mechanism for not finding statistical significance in plasma leptin
after the training was likely the small sample size (N=5) leading to a lack of statistical
power. The reduced exercise capacity in people with SCI may also explain the lack of
change in plasma leptin levels after training.. In the current study, 200 kcal of exercise-
induced energy expenditure was the upper limit of exercise tolerance for the volunteers,
which is considerably less compared to an AB population. The SCI population are less
capable of performing prolonged exercise at higher intensities compared to their AB
counterparts. In addition, the literature suggests that approximately an 800kcal deficit is
required to reduce plasma leptin levels following an acute bout of exercise (53).

There is considerable variation in the reported effects of exercise training on
circulating leptin levels (31, 50, 54, 73, 76, 78). Studies have demonstrated a reduction
(31, 50, 73), or no change (54, 78), in plasma leptin following an exercise-training
program. The differences in these findings could be explained by concurrent weight loss
with exercise training (31, 76). When weight loss occurs with training, reduction in
plasma leptin levels are observed (31, 50, 73). Halle et al. (31) studied plasma leptin
levels in 20 men with type 2 DM before and after six weeks of training (2,200kcal/wk).
They reported that their exercise program caused a 4.3% weight loss and a 30%
reduction in plasma leptin levels (P<0.001). Kohrt et al. (50) also reported a 4.9% loss in
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body mass and a 27.9% reduction in plasma leptin levels after nine months of training
(P<0.01). In the current study, we observed that a 1.9% reduction in body weight and a
4.6% reduction in FM result in 33.1% reduction in plasma leptin levels (P=0.078). In
addition, those subjects who lost FM after training also showed reduced plasma leptin
levels. These results are not unexpected, as leptin is known to be produced and secreted
by adipose tissue, and it is well documented that plasma leptin correlates with FM (16,
60). Plasma leptin levels correlated with fat mass before and after training in the current
study. Also, we have recently demonstrated that plasma leptin levels correlate with fat
mass in people with tetraplegia (38).

Although there is convincing evidence that exercise training that leads to weight
loss will decrease plasma leptin levels, it is unclear whether exercise training-induced
leptin reduction is solely dependent on changes in FM. We have divided our subjects
into two subgroups: FM loss and FM maintained group. Fat mass was reduced in three
subjects while FM of two subjects remained unchanged or slightly increased. Plasma
leptin was reduced by 36% and 23% in FM loss and FM maintained group, respectively.
Although plasma leptin was reduced more in the FM loss group, the FM maintained
group also showed reduced plasma leptin after the training. This may suggest that
another mechanism is contributing to reduced plasma leptin levels. Hickey et al. (36)
reported a reduction in plasma leptin levels in females after 12 weeks of training
(4d/wk, 1200 kcal/wk) despite stable fat mass. Pasman et al. (76) also reported a
reduction in plasma leptin levels in obese males after 10 months of exercise training,
independent of changes in body fat mass (P<0.05). Furthermore, Okazaki et al. (73)
demonstrated that plasma leptin levels decreased in 14 subjects whose fat mass either
did not change or slightly increased after a 9 month exercise intervention (P<0.05).
Moreover, Ishii et al. (35) report a reduction in plasma leptin with the combination of
diet and exercise, but not with diet alone after 6 weeks of exercise training. Ishii et al.
(37) expressed leptin levels per kg fat mass and found that plasma leptin per kg fat mass
was lower in the combined diet and exercise group compared to the diet only group
(p<0.05). Therefore, these authors suggest that exercise training can reduce plasma

leptin levels independent of fat mass loss.
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Knowing that exercise training may reduce plasma leptin levels independent of
FM changes, repetitive exercise stimulation of B3-Adrenergic stimulation may contribute
to reduced plasma leptin levels after the training (7, 24, 74). Bramlett et al. (7) tested the
hypothesis that Bs-adrenergic receptor stimulation was involved in the downregulation
of leptin mRNA levels. Rats were randomised into one of four groups: control, control
+B3 antagonist, 55 min of treadmill running exercise alone and 55 min of treadmill
running exercise +f; antagonist (SR-59230A). They found that exercise alone reduced
leptin mRINA in retroperitoneal fat, but ; antagonism blocked this effect. Interestingly,
intense exercise increases norepinephrine levels up to 15 times (13, 61, 88). Knowing
that norepinephrine infusion acutely decreases both ob gene expression and plasma
leptin levels (15, 79), it is assumed that a regulative pathway involving the suppression
of leptin release during exercise may be mediated by sympathetic activation of adipose
adrenergic receptors. However, people with high lesion SCT lost their ability to increase
catecholamine secretion in response to exercise as well as hypoglycemia (28, 47, 82).
Catecholamine and lactate responses to an incremental VO2 peak test were measured in
three men with SCI above T6 and four men with SCI below T6. Subjects with a lower
level injury showed a higher epinephrine (Low vs High: 0.50.2 vs 0.1 ng/ml),
norepinephrine (3.1+1.0 vs 0.48+0.11 ng/ml) and lactate (7.1£0.5vs 3.240.4 mM) response
compared to subjects with a higher-level injury (28). Palmer et al. (75) investigated the
catecholamine response to insulin-induced hypoglycemia in able-bodied (AB) controls
and in subjects with high lesion SCI and AB subjects. They found that catecholamine
levels did not increase in people with high lesion SCI while it increased more than 200%
in AB controls. This result was confirmed by another study (62), in which a 12.8 fold
increase in norepinephrine during insulin-induced hypoglycemia in AB controls was
reported, while no change was observed in the high lesion SCI group. Therefore, a
blunted catecholamine response to exercise and the SNS impairment in people with high
lesion SCI in the current study likely eliminated the possibility of SNS-mediated leptin
reduction after exercise training.

If exercise-induced leptin reduction in the current study is not mediated by the
SNS nor fat mass changes, it may be related to changes in skeletal muscle after the

training. There are a total of five spliced forms of leptin receptors: Ob-Ra, Ob-Rb, Ob-Rc,
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Ob-Rd and Ob-Re (1, 4). The receptors share an identical extracellular ligand-binding
domain of 840 amino acids at the amino terminus as well as a transmembrane domain of
34 amino acids (1, 4). The Ob-Rb is the only isoform with all the protein motifs: an
extracellular domain, capable of binding to leptin; a short transmembrane region; and a
cytoplasmic region, capable of signal transduction (1). It has been hypothesized that Ob-
Rb was located only in hypothalamus. However, recent evidence suggests that
peripheral organs including skeletal muscle and adipose tissue also express OB-Rb (1).
This fact raises a question as to whether or not leptin may exert its action directly at the
level of the target tissue. Minokoshi et al. (64) provided convincing evidence that leptin
stimulates adenosine 5-monophosphate-activated protein kinase (AMPK) activity
directly in skeletal muscle as well as via the SNS. AMPK regulates lipid oxidation in
muscle by reducing acetyl-CoA carboxylase (ACC) activity, which in turn decreases
malonyl-CoA levels and increases the mitochondrial uptake of free fatty acid (FFA).
They demonstrated that an intravenous injection of leptin increases AMPK activity in
skeletal muscle at 15 min and at 6 hours after injection. To determine whether the effects
of leptin on AMPK activation require the hypothalamic-SNS axis, they used
pharmacological adrenergic blockade and ftwo kinds of surgical denervation.
Denervation blocked the ability of intrahypothalamic leptin or intravenous leptin 6 hrs
after injection to stimulate alpha 2 AMPK in the soleus muscle. However, alpha2 AMPK
activation at 15 min after intravenous leptin injection remained intact in denervated
muscle. This study demonstrated that leptin exerts its effect directly to the skeletal
muscle within 15 min from an intravenous leptin injection, whereas, it takes three to six
hours for a SNS-mediated leptin affect to increase AMPK activity (64). These findings
suggest that leptin has peripheral effects on skeletal muscle by directly stimulating
AMPK activity.

Barzilai et al. (3) found that following 8 days of leptin treatment in Spraque-
Dawley rats, whole body glucose uptake as assessed by the euglycemic clamp technique
was increased 52% compared with control animals. Since over 80% of the glucose load
is disposed by skeletal muscle, it is possible that leptin may be capable of acting on
skeletal muscle to improve insulin action (3, 40). Burks et al. (8) demonstrated that mice

lacking insulin receptor substrate (IRS)-2 have a five-fold increase in leptin levels by
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eight weeks old and that IRS-2 plays an important role in the leptin signaling pathway
which involves signal transducers and activators of transcription (STAT)-3
phosphorylation. In addition, Kim et al. (45) recently demonstrated that three min after
intravenous leptin injection in normal rats, there is an increased phosphorylation of
STAT3 and STAT1 in adipose tissue and phosphorylation of mitogen-activated protein
kinase (MAPK) in adipose tissue and liver. Also, they found that IRS-1 associated
phosphatidylinositol-3-OH kinase (PI3-K) activity in adipose tissue and IRS-2-associated
PI3-K activity in liver were moderately increased in leptin-injected rats. Moreover,
Niswender et al. (72) observed the effect of systemically administered leptin on the
activity of PI3-K and STAT3 in male Wister rats and demonstrated that an infusion of
PI3-K inhibitor (LY294002) completely blocks leptin's effects on food intake. These
studies suggest the existence of cross-talk between insulin and leptin receptor pathways
(1, 3, 42, 45, 72). They also raise the question as to whether or not exercise could
improve peripheral leptin sensitivity in a similar fashion to exercise-induced peripheral
tissue insulin sensitivity.

Interestingly, exercise (acute and chronic exercise) is known to increase
phosphorylation of PI3-K, MAPK, AMPK, and activity of IRS (10, 46, 57, 70). Chibalin et
al. (10) reported that insulin-stimulated tyrosine phosphorylation of IRS-1 and
associated PI3-K activity increased 2.5 and 3.5-fold after 1 and 5 days of exercise. After 1
day of exercise, IRS-2 protein expression increased 2.6 fold and basal and insulin-
stimulated IRS-2 associated PI3-K activity increased 2.8 fold and 9 fold, respectively.
Also, Kirwin et al. (46) reported that exercise-trained group had a significantly higher
insulin activation of IRS-1-associated PI-3 kinase activation compared with the sedentary
control group (P<0.004). Treadmill running and muscle contractions induced by
electrical stimulation also improves MAPK and AMPK activities, which stimulate
translocation of GLUT-4 (57, 70). Knowing that leptin increases glucose uptake through
insulin-dependent as well as independent pathways such as IRS-2 expression, IRS-1
associated PI3-K activity, MAPK and AMPK activities, the exercise-induced
improvement in these factors could improve the effectiveness of leptin on skeletal

muscle (10, 46, 57, 70).
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In addition, exercise training increases FFA binding proteins, mitochondrial
density and enhances the rate of FFA oxidation in the skeletal muscle and thus decreases
the level of intramuscular TG content. Stephens et al. (92) reported that there is a large,
progressive increase in ACCPB phosphorylation during moderate-intensity exercise at
60% VO2peak in humans, which is coupled with the progressive increase in AMPKa2
activity and fat oxidation. Knowing that increased intramuscular TG content in obese
individuals is the cause of skeletal muscle leptin resistance (90, 91, 104), it could be
possible that an exercise-induced reduction in TG content may improve leptin sensitivity
(91). It is also possible that aerobic exercise training could improve skeletal muscle
leptin sensitivity and, consequently, decrease plasma leptin levels. If the effects of
exercise on plasma leptin and leptin sensitivity follow the pattern of the effects of
exercise on plasma insulin and insulin sensitivity (77), measuring plasma leptin levels
without peripheral leptin sensitivity may not accurately represent the effect of exercise
on leptin metabolism. Although we did not measure molecular and biochemical
changes in skeletal muscle, we have previously demonstrated that exercise with FES
results in positive changes in GLUT-1 and 4 content (11), number of capillaries per fiber,
fiber types and other oxidative enzymes in people with SCI (12).

Just as improved insulin sensitivity would decrease plasma glucose and insulin
levels (77), exercise-induced leptin sensitivity may reduce plasma leptin levels.
Improvement in leptin sensitivity would increase effectiveness of leptin on fatty acid
oxidation and glucose metabolism (90, 91). Acute leptin administration causes a
repartitioning or shunting of fatty acid metabolism toward oxidation and away from
esterification in skeletal muscle (90, 91, 104). Leptin also stimulates the hydrolysis of
stored intramuscular TG (90). Hence, improved effectiveness of fatty acid oxidation will
further decrease intramuscular TG. Unger (98) proposed and provided evidence that
leptin is the principal hormone of liporegulation, maintaining normal intracellular lipid
homeostasis despite wide variations in dietary fat. This resembles the way in which
insulin maintains tolerance to wide variations in dietary carbohydrate intake. On a 60%
fat diet, adipocyte fat content of normal rats increases almost 150-fold, whereas that of
pancreatic islets, liver, heart, and skeletal muscle rises less than 10-fold. He proposed

that this low level of TG deposition in non-adipocytes during the consumption of excess
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dietary fat is the result of the release of leptin in proportion to ingested TG excess being
stored in adipocytes (97). Therefore, if leptin is deficient, or if its target tissues become
unresponsive during positive energy balance, steatosis will occur (97). This leads
ultimately to so-called lipotoxicity, dysfunction of nonadipose tissue such as the
pancreatic B-cells, and skeletal muscle and may culminate in fatty acid-induced
apoptosis (97, 98). The net result of lipotoxic disorders in humans is called “syndrome
X”. As aerobic exercise is known to decrease TG accumulation in the skeletal muscle,
improvement in leptin sensitivity may decrease the risk of lipotoxicity and eventually
decrease the risk of developing hyperlipidemia, cardiomyopathy, insulin resistance and
type 2 diabetes mellitus (DM), the familiar components of the “syndrome X”.

In the current study, we observed a significant decrease in plasma glucose levels
after training (P<.05). Studies suggest that glucose metabolism is partly responsible for
leptin regulation (64, 95). The importance of glucose metabolism in regulating the level
of leptin was demonstrated by Boden et al. (6) who found that glucose infusion
prevented the fasting-induced leptin decline. Also, Mueller et al (68). investigated the
effects of inhibitors of glucose transport and metabolism on leptin secretion from rat
adipocytes. They found that leptin secretion was closely related to glucose metabolism
(r=0.64, P<0.0001). Wang et al. (99) suggested that glucoreglation of leptin production
may be mediated by the entry of glucose in the glucosamine pathway via L-glutamine
the D-fructose-6-phosphate amidotransferase step.

Also, insulin sensitivity influences entry of glucose into the cell (88, 77).
Although we did not measure insulin sensitivity in our study, we have demonstrated
previously that eight weeks of exercise with FES cycling improves glucose tolerance and
insulin sensitivity in people with SCI (40). Exercise intensity and duration in the current
study were much greater than the Jeon et al (40) study and therefore improved insulin
sensitivity in the current study would be expected. Segal et al (84). report that insulin
resistance is associated with an elevated plasma leptin concentration in males. It is thus
conceivable that the reduction in insulin resistance accompanied with reduction in

plasma glucose may have decreased plasma leptin levels in our study.

CONCLUSION:
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To our knowledge, this is the first study to investigate the effects of exercise
training on plasma leptin in people with SCI. Statistically, the change in plasma leptin
was not significant (P=0.079); however, a trend toward a reduction in plasma leptin
(33%) after the training was observed. The leptin reduction could be partly explained by
a reduction in fat mass; however, it may also be due to decreased plasma glucose and

peripheral tissue leptin sensitivity.
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Table 1. Subject Characteristics

Subject  Age Height Pre-wt Post-wt Years since Injury  ASIA
(vr) {cm) (kg) (kg) injury {yr} level class

1 49 180 76.4 75.1 21 T5 A

2 56 167.5 794 756 36 T4 A

3 24 180 64.5 65.5 1.5 T5 B

4 53 172.5 66.8 65.5 21 T4 A

5 47 162.5 63.2 62 31 T5 A
Average 4816 172.5£34 70133 68.7+2.8 22146

Data are the mean + SE. ASIA: The International Standards for Neurologic and
Functional Classification by American Spinal Cord Injury Association. A: Complete
injury - No motor or sensory function is preserved in the sacral segments 54-5. B:
Incomplete - Sensory but no motor function is preserved below the neurologic level and
extends through the sacral segments 54-5.
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Table 2. Physical, metabolic and hormonal parameters pre- and post-training in

individual subjects.

51 S2 S3 S4 S5

Pre Post  Pre Post Pre Post Pre Post  Pre Post
Weight (kg) 764 751 794 756 645 655 66.8 655 632 62
FM (kg) 213 201 234 219 146 129 148 148 132 136
Lean mass (Kg) 51.5 51.7 528 526 476 497 45 485 586 581
Percent fat (%) 2850 2720 30.00 2870 2250 1990 239 234 198 206
Glucose (mg/dl) 91 85 90 86 97 90 109 107 98 97
Insulin (WU/ml) 1243 1142 1668 189 566  5.61 1524 1303 1135 1045
Leptin (ng/dl} 774 445 882 737 394 3409 6.12 411 156 175
NE (nmol/L) 02 100 373 293 100 06 1.13 147 221 21

FM: fat mass, NE: Norepinephrine
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Table 3. Exercise training data: total training energy expenditure, number of training
sessions, changes in power output and VOZ2 peak.

51 52 53 54 S6 Meant+SE
Total training EE (kcal) 5144 9108 7344 6369 6432 7079+547.0
Total training sessions 32 36 48 33 32 363
EE/session (kcal) 192 253 153 193 201 199416
Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

Power output (w) 372 631 350 467 357 491 338 685 371 522  358f6  559+4.2%

VO2 peak (I/min) 147 174 185 178 159 141 143 143 145 173 156407  1.62+.08

Data are the mean + SE. *P<0.05. EE: energy expenditure. Total training sessions: total
number of training sessions subjects completed.
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Figure 1. Effects of 12 weeks of FES-Rowing on FM in people with high lesion (above T6)
spinal cord injury (N=5).
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Figure 2. Effects of 12 weeks of FES-Rowing on plasma leptin in people with high lesion
{above T6) spinal cord injury (N=5). Subjects trained three to four times per week at 80-
90% VO2 peak. A: mean pre- and post-training values for all subjects (N=5), FM loss

(N=3), FM maintained (N=2) group. Bars represent 1 standard error on either side of the
mean. B: FM values for each subject.
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Figure 3. Effects of 12 weeks of FES-Rowing on plasma glucose in people with high
lesion (above T6) spinal cord injury (N=5). Subjects trained three to four times per week
at 80-90% VO2 peak. A: mean pre- and post-training glucose values for all subjects
(N=5), FM loss (N=3), FM maintained (N=2) group. Bars represent 1 standard error
ofneither side of the mean. B: plasma glucose levels for each subject.
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Figure 4. Effects of 12 weeks of FES-Rowing on plasma insulin in people with high
lesion (above T6) spinal cord injury (N=5). Subjects trained three to four times per week
at 80-90% VO2 peak. A: pre- and post-training values for all subjects (N=5), FM loss
(N=3), FM maintained (N=2) group. Bars represent 1 standard error above the mean. B:
plasma insulin values for each subject.
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Figure 5. Correlation between fat mass and plasma leptin in people with high lesion 5CI
pre- and post-training. Plasma leptin levels correlate with FM (Pre-training: r=.90,
P=0.04, Post-training: r=.90, P=0.037)
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SUMMARY, CONCLUSION AND FUTURE RECOMMENDATION
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SUMMARY

People with a spinal cord injury (SCI) have a three to five times higher risk of
developing type 2 Diabetes Mellitus (DM} compared to the general population (2). The
higher risk of developing type 2 DM in people with SCI is in part due to increased
occurrence of obesity in this population. Elevated fat mass and decreased fat free mass
are well documented among people with SCI (8, 13). Obesity, especially extensive
visceral adipose deposition, is associated with resistance to insulin-stimulated glucose
uptake and may ultimately lead to the development of type 2 DM (3, 4, 9, 15). To this
end, leptin, the product of the ob gene, has recently received considerable attention
because its administration has been shown to reduce fat mass, food intake,
hyperglycemia and hyperinsulinemia (1). It is believed that the sympathetic nervous
system (SNS) plays a key role in the synthesis and metabolic effects of leptin (5, 12, 14).
The SNS is impaired in people with SCI, which may cause altered metabolic and
hormonal responses to physiological challenges (10, 11). Consequently, leptin function
may be impaired (leptin resistance) and its response to a physiological challenge may be
altered in people with SCI. Therefore, loss of SNS function may be related to higher
occurrences of obesity in people with SCI. However, plasma leptin levels at rest, in
response to fasting and exercise have not been investigated in people with high lesion
SCL

Study one investigated the relationship between circulating leptin levels, body
composition and resting metabolic rate (RMR) in people with high lesion SCI (injury
level above C7) in body mass index (BMI), weight, and waist circumference (WC)
matched able-bodied (AB) subjects. The study showed that people with SCI had 105%
higher plasma leptin levels compared to the AB group (P<0.05). The presence of a tonic
inhibitory adrenergic influence on leptin secretion and the removal of this inhibition,
which we observe in people with SCI, would likely contribute to increased plasma leptin
levels. Supposedly, elevated plasma leptin levels are associated with increased RMR in
the general population but plasma leptin levels correlated with RMR only in the AB
group, not in the SCI group. Thus, the loss of SNS-mediated RMR regulation in people
with SCI may increase the risk of weight gain. This result may help explain the greater

prevalence of obesity in people with SCI. This study was the first study that
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investigated the role of SNS in leptin regulation and its function in regulating RMR in
human.

Study two was performed to investigate the plasma leptin response to short-term
fasting in people with SCI (above C7) compared to AB subjects with normal SNS
function. The results showed that plasma leptin levels significantly decreased during
36h fasting by 38.6% and 48.8% in SCI and AB, respectively. The decline in plasma
leptin was observed in the AB group at 12 hr but not until 24 hr in the SCI group. The
delayed leptin response to fasting in the SCI group may be due to increased fat mass and
SNS dysfunction. Despite this delay, it is noteworthy that plasma leptin was still
reduced during food restriction in people with SCI. This study demonstrated that
people with SCI still have the ability to reduce plasma leptin levels during energy
imbalance, which may be regulated by plasma glucose or insulin levels. However, loss
of leptin’s function in regulating RMR in SCI would make people with SCI less tolerant
to an energy deficiency. Leptin’s impact on food intake was not investigated in this
study.

Knowing that exercise increases energy expenditure and decreases body fat mass
(6), exercise is important in people with SCI who already have a higher risk of
developing obesity due to impairment of SNS. Study 3 investigated the effects of 12
weeks of FES-Rowing training on plasma leptin, glucose, insulin, norepinephrine and
body composition in people with SCI (T6). This study was limited due to a small sample
size (N=5), yet we observed a statistically significant decline in fasted plasma glucose
levels. Reduction in plasma glucose levels is clinically important since plasma glucose
levels are well known markers of glucose metabolism and type 2 DM. Although not
significant, plasma leptin (33%, P=0.78) and body fat mass (4.58%, P=0.14) declined.
Reduction in fat mass is clinically important since body fat mass is an important risk
factor of type 2 DM (7). Although a decline in fat mass would parallel a drop in plasma
leptin levels, exercise-induced changes to skeletal muscle leptin sensitivity may also
contribute to changes in circulating leptin. Skeletal muscle leptin sensitivity was not
assessed in this study and needs further investigation. The number of subjects
completing this study was small and statistical significance was not obtained yet

(P=0.078), positive changes in plasma glucose, fat mass and plasma leptin levels were
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documented after the exercise training. Therefore, exercise is recommended to people
with SCI to prevent obesity and its related metabolic disorders, including type 2 DM.
Although subjects from studies 1-3 had injury levels above T6, the subjects from
study 1 and 2 had injury levels above C7 while the subjects from study 3 had lower
injury levels (T4-5). Subjects from study 3 also had less FM compared to subjects from
study 1 and 2. Reduced levels of FM in study 3 was accompanied by reduced resting
plasma leptin levels compared to subjects from study 1 and 2. Lower levels of FM and
plasma leptin in study 3 could be attributed to the different levels of injury. Those
individuals with higher lesion levels may have reduced SNS activity, which may
decrease the tonic inhibitory adrenergic influence on leptin production and ultimately

increase the risk of developing obesity (9).

CONCLUSION

In conclusion, people with SCI have elevated plasma leptin levels compared to
the AB population; and have lost leptin’s function to regulate RMR due to impaired
SNS. As a result of these changes, the risk of developing obesity may be increased.
Combined with our previous findings that exercise with FES-cycling (3 days/week, 30
min/day) improves glucose tolerance and insulin sensitivity (8) study 3 demonstrates
the possible benefits of exercise in this population as their plasma leptin, plasma glucose
and fat mass were reduced after 12 weeks of FES-Rowing training. Therefore, regular
exercise training is recommended for people with SCI to alleviate increased FM, obesity
and obesity-related disorders.

In addition, these studies demonstrate that the SNS plays a key role in leptin’s
influence on RMR and its response to fasting. Therefore, loss of normal SNS function
may further increase the risk of developing obesity and decrease tolerance to

hypoglycemia.

FUTURE RECOMMENDATIONS
The studies reported in this thesis are the first to describe the leptin response to

varying conditions. Other areas that would be of value to investigate in SCI include:
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1. Leptin’s response to an acute bout of exercise: Differences in exercise-induced energy
expenditure or differences in exercise duration and intensity may elicit a different
leptin response.

2. Exercise training prescription and dietary modification: Exercise programs need
further development to determine the most appropriate and beneficial dose for
people with SCI. As well, the combined effects of exercise and dietary intake on FM
management need further work to define the impact on insulin sensitivity and risk
for developing type 2 DM.

3. Skeletal muscle leptin sensitivity after exercise training: The effects of exercise
training on leptin sensitivity have not been established. Improvement in skeletal
muscle leptin sensitivity would further decrease TG content and improve insulin

sensitivity in skeletal muscle, which decrease the risk of developing type 2 DM.
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APPENDIX A: SUBJECT DATA (DATA EXCLUDED FROM GROUP ANALYSIS)

Rational:

The data from one subject were not included in the group analysis due to the subject’s
lack of adherence to our training program. The total number of days for this subject to
complete the assigned training program was 152 days while the average total number of

days for other subjects was 101 days.

Training data
Total training EE (kcal) 975
Total training session 36
EE/ session (kcal) 183
Pre Post
Power output (w) 30.72 62.82
VO2 peak (1/min) 1.52 1.96

Subject characteristics
Subject Age (yr) Height(cm) Years since Injurylevel ASIA class
injury (yr)
6 23 186 1.5 T4 A

Physical, metabolic and hormonal parameters pre- and post-training

Pre Post
Weight (kg) 82.1 91.3
Lean mass (kg) 59.4 63.2
M (Kg) 224 252
Percent fat (%) 26.5 27.7
Glucose (mg/dl) 91 134
Insulin (pU/ml) 8.46 18.64
Leptin (mg/dl) 6.3 12.84
NE (nmol/L) 1.46 0.79
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APPENDIX B: PARTICIPANT INFORMATION LETTER FOR STUDY ONE

PARTICIPANT INFORMATION LETTER
Level of plasma leptin, insulin, cortisol and catecholamine in people with high lesion

spinal cord injury

Investigators:
Justin Jeon, MSC Vicki Harber, Ph.D Robert Steadward, Ph.D

What are we doing in this study?
We are examining the levels of plasma leptin, other related hormone levels and body composition

in people with high lesion spinal cord injury (SCI) at resting.

Background:

Individuals with SCI undergo abrupt changes in body composition as a result of their injury.
These changes include a reduction in muscle mass, bone density, and an increase in fat mass.
Altered body composition after SCI put them at a higher risk of developing obesity-related
disorders such as cardiovascular disease and diabetes mellitus (DM). Research studies have

demonstrated that people with SCI have three to five time the higher risk of developing DM.

Leptin is a newly found hormone produced by fat cell, and its blood leveis are strongly correlated
with fat mass. Leptin has a role in controlling food intake, energy expenditure and body weight.
Absence or lower level of leptin has been shown to cause obesity in animals and humans. This
hormone has a physiological function mediated by sympathetic nervous system. Unfortunately,
people with high lesion SCI have impaired sympathetic nerve activity due to their injury, which
results in the interruption of signals between the brain and sympathetic nervous system. Knowing
that the sympathetic nervous system plays a key role in leptin regulation of food intake and
energy expenditure, it is important to determine how leptin regulate in people with high lesion SCi
in resting and fasting. To our knowledge, there has not been study in which the level of plasma
leptin and sympathetic nerve activity have been measured in people with high lesion SCi at rest
and fasting. Therefore, the purpose of the study is to determine the level of biood leptin and
sympathetic nerve acitivity in people with SCi at resting.

Procedure:

A medical doctor will perform an examination to determine your injury level. To be eligible for the

study, the injury level has to be higher than T1.
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Day 1.
You will be asked to abstain from any streneous physical activity during the period of study.

24 hours urine samples will be coliected for catecholamine determination starting in the morning
of Day 1. We will take 10 mi of blood for each sample.

5:00pm — Height and weight will be measured.
6:00pm — You will have a standard meal which will be provided.

8:00pm — Blood collections

Day 2.
8:00am — Blood collection {12 hour fasting) /Returning 24h Urine sample of Day 1.

8:15am — Measuring Resting Metabolic Rate {1 hour)

During over night fasting, you will have a free access to water at any time. Body composition will

be measured with in three days prior to Day 1 of the study.

Biood collection:
At 6:00pm of Day 1, you will consume a controlled standard diet. At Day 2, after overnight fast

you will be asked to come to the lab and the first blood sample will be collected.

Resting metabolic rate:

Resting metabolic rate will be measured as soon as the blood sampling is completed at 8:00am
of Day 2. A transparent canopy will be placed over your head while oxygen consumption is
measured over the next 30 minutes. You will not be permitied to sleep or move during the final

30 minute period. This will take 80 min for the measurement.

Body composition measurement:
Body composition will be measured by dual-energy X-ray absorptiometry. You will be required fo
come to the lab with light clothes. You will be asked {o lie down on the testing bed and whole

body scan will be performed. This test will take 15 minutes.

Benefits:

Benefits as you pariicipate in the study include:

1. Knowing your percent body fat and bone density.

2. Diagnosis of diabetes. We will be measuring your giucose and insulin levels,
3. General advice on exercise and diet.
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4. Your participation will contribute to enhance the knowledge and understanding of diabetes

and cardiovascular disease in people with spinal cord injury.

Potential Risk:
Blood collection procedure may cause {very slight chance) infection, bruising and hematoma
(bleeding) at the site if not properly cared for. Standard laboratory safety procedures are in piace

and will be adhere to.

Confidentiality:
To ensure confidentiality, personal information will be coded and stored in a locked file cabinet to
which only the investigators whose names are written on this letter will have access. Normally,

information is retained for a period of five years post publication, after which it will be destroyed.

Third Party Contact:

If you wish to speak with someone who is not involved with this study, please call Dr. Debra
Shogan, Associate Dean (Research and Graduate Studies), Faculty of Physical Education and
Recreation, at 482-5910.

Voluntary Participation:

You are free to withdraw from the study at any time without explanation.
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CONSENT TEMPLATE
Leptin study

Part 1 {to be completed by the Principal Investigator):

Title of Project: Levels of leptin, insulin, cortisol and catecholamine in people with
high lesion spinal cord injury

Principal Investigator: Justin Yong Jeon
Co-Investigators: Dr. Vicki Harber and Dr. Robert Steadward

Part 2 (to be completed by the research subject):

Do you understand that you have been asked to be in a research study? Yes No
Have you read and received a copy of the attached information Sheet? Yes No
Do you undersitand the benefits and risks involved in taking part in this Yes No

research study?
Have you had an opportunity to ask questions and discuss this study? Yes No

Do you understand that you are free to refuse to participate or withdraw from Yes No
the study at any time without consequence? You do not have to give a reason.

Has the issue of confidentiality been explained to you? Do you understand Yes No
who will have access to your records?

This study was explained to me by:

| agree to take part in this study.

Signature of Research Participant Date Witness

Printed Name Printed Name

| believe that the person signing this form understands what is involved in the study and
voluntarily agrees o participate.

Signature of Investigator or Designee Date
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APPENDIX C: PARTICIPANT INFORMATION LETTER OF STUDY TWO

PARTICIPANT INFORMATION LETTER

Effects of fasting on leptin, insulin, cortisel and catecholamine in people with high lesion

spinal cord injury

Investigators:
Justin Jfaon, MSC Vicki Harber, Ph.D Robert Steadward, Ph.D

What are we doing in this study?
We are examining the levels of plasma leptin, other related hormones and body composition in
men with high lesion spinai cord injury (SCI) and able-bodied men at rest and after 36 hours of

fasting.

Background:

Individuals with SCI undergo abrupt changes in body composition as a result of their injury.
These changes include a reduction in muscle mass, bone density, and an increase in fat mass.
Altered body composition following SCI increases the risk of developing obesity-related disorders
such as cardiovascular disease and diabetes. Research studies have demonstrated that people

with SCI| have three to five times the risk of developing diabetes.

Leptin is a newly found hormone produced by fat cells, and its blood levels are strongly correlated
with fat mass. Leptin has a role in controlling food intake, energy expenditure and body weight.
Lower levels of leptin have been linked with obesity in animals and humans. Leptin requires the
sympathetic nervous system to perform its function. Unfortunately, people with high lesion SCI
have impaired sympathetic nerveus system due to their injury, which results in the interruption of
signais between the brain and sympathetic nervous sysiem. Knowing that the sympathetic
nervous system plays a key role in leptin regulation of food intake and energy expenditure, it is
important to determine how leptin is regulated in people with high lesion SCI at rest and fasting.
To our knowladge, there has not been a study in which the level of leplin and sympathetic
nervous system has been measured in people with high lesion SCI. Therefore, the purpose of
this study is to determine the level of leptin and sympathetic nervous system function in people
with SCi at rest and after a 36 hour fast.

Procedure:
To be eligible for the study, the injury level has to be higher than C7 for the participanis with SCI.
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You will abstain from alcohol consumption and strenuous physical activity during the three day

period of study.

Two 24 hour urine collection, four 10m! (less than the amount of table spoon} blood samples and

two resting metabolic rate measurements will be obtained from you over a three day period.

Total time required in pariicipating in the study is approximately 6.5 hours. It is required for the

participants to fast for 36 hours during the study

Day 1.

Following the first void — 1% 24-hour urine collection begin.

8:00pm — You will have a standard meal (800 kcal, 50% carbohydrate, 35% fat, 15% protein)
which will be provided.

9:00pm — Blood collections (10 mi)

You will not be allowed to eat any food except water after 9:00pm.

Day 2. (Fasting)
You will be asked to fast all day of Day 2. You will have free access to water.

Completion of 24-h urine collection for Day 1.
Following the first void- 2™ 24-h urine collection begin.
8:00am — Measuring resting metabolic rate (1 hour)
9:00am — Blood collection (10 mi/12 hour fasting)
9:00pm — Blood collection (10mi/24 hour fasting)

Day 3.
Completion of 24-h urine collection for Day 2.
8:00am — Resting metabolic rate will be measured (1hour)

9:00am — Blood collection (36 hour fasting)
9:15am — Study complete

You are not allow to bike or run to come fo the lab when you are {0 measure your resting

metabaolic rate in the mornings of Day 2 and 3 of the study.
Percent body fat and bone density will be measured within three days of Day 1 of the study

through dual-energy x-ray absorptiometry (DEXA). You will have free access to water during the

study.
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Blood colfection (4 blood samples will be obtained):
At 6:00pm of Day 1, you will consume a controlled standard diet. At 9:00pm of Day 1, the first

blood sample will be taken. At day 2, after an overnight fast, you will be asked tc come to the lab
{8:00am) and the second blood sample will be collected after resting metabolic measurement. At
9:00pm of day 2, the third blood sample will be taken. At 9:00am of day 3, the last blood sample
will be taken from you.

Resting metabolic rate (twice):

Resting metabolic rate will be measured at 8:00am of Day 2 and 8:00am of Day 3. You will rest
in a lying position for 30 minutes prior to measurement. A transparent canopy will be placed over
your head while oxygen consumption is measured over the next 30 minutes. You will not be
permitied to sleep or move during the final 30 minute period. This will take 60 min for each

measurement.

Body composition measurement:

Body composition will be measured by DEXA. You will be required to come o the College Plaza
Medical Imaging Center. You will be asked to lie down on the padded testing bed and whole
body scan will be performed. This test will take less than 15 minutes.

Benefits:

Benefits for participants in this study include:

5. Knowing your percent body fat and bone density.

8. General advice on exercise and diet.

7. Your participation will contribute to enhance the knowledge and understanding of diabetes

and cardiovascular disease in people with spinal cord injury.

Potential Risk:

The blood collection procedure may cause {very slight chance) infection, bruising and bleeding at
the site if not properly cared for. Standard laboratory safety procedures are in place and will be
adhered to. You may experience some discomfort and hunger due to the 36-h fast.

Confidentiality:
To ensure anonymity, personal information will be coded and stored in a locked file cabinet to
which only the investigators whose names are written on this letter will have access. Normally,

information is retained for 2 period of five vears post publication, after which it will be destroyed.

Third Party Contact:
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if you wish to speak with someone who is not involved with this study, please call Dr. Debra
Shogan, Associate Dean (Research and Graduate Studies), Faculty of Physical Education and

Recreation, at 492-5810.

Yoluntary Participation:
You are free to withdraw from the study at any time without explanation or consequences.
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CONSENT TEMPLATE
Leptin study

Part 1 {to be completed by the Principal Investigator):

Title of Project: Effects of fasting on leptin, insulin, cortisof and catecholamine in
people with high lesion spinal cord injury

Principal investigator: Justin Yong Jeon .
Co-investigators: Dr. Vicki Harber and Dr. Robert Steadward

Part 2 {to be completed by the research subject):

Do you understand that you have been asked to be in a research study? Yes No
Have you read and received a copy of the attached information Sheet? Yes No
Do you understand the benefits and risks involved in taking part in this Yes No

research study?
Have you had an opportunity to ask questions and discuss this study? Yes No

Do you understand that you are free to refuse to participate or withdraw from Yes No
the study at any time without consequence? You do not have to give a reason.

Has the issue of confidentiality been explained to you? Do you understand Yes No
who will have access to your records?

This study was explained to me by:

1 agree to take part in this study.

Signature of Research Participant Date Witness

Printed Name Printed Name

1 believe that the person signing this form understands what is involved in the study and
voluntarily agrees to participate.

Signature of Investigator or Designee Date
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Figure 1. Timeline for procedures

Day 1 Day 2 Day3
L i e T Eeee
| — e
8am 6pm  9pm 8am 9am 9pm 8am 9am
uc SM  1¥BC 1"RMR 2"BC 3“BC 2Y“RMR 4" BC
Acronyms:

SM: Standard Meal
BC: Blood Collection
RMR: Resting Metabolic Rate Measurement
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APPENDIX D: PARTICIPATION INFORMATION LETTER FOR STUDY THREE

PARTICIPANT INFORMATION LETTER
Effects of 12 weeks of functional electrical stimulation-assisted rowing training on blood lipids in
people with spinal cord injury

Investigators:
Robert Steadward, Ph.D Dr. Garry Wheeler

Mr. Research Assistant:

Dries Hettinga

University of Leuven, Belgium
Visiting Masters Degree Student

Purpose
The purpose of this study is to examine the effects of functional electrical stimulation (FES)-
assisted rowing training on risk factors for Coronary Heart Disease (CHD) in people with spinal

cord injury (SCI) who are in higher risk of developing CHD.

Background:

Individuals with SCI experience changes in body composition as a resuit of their injury. These
changes include a decrease in amount of muscle, bone density (the amount of calcium in the
bones), and an increase in amount of body fat. Changes in body composition following SCI
increase the risk of developing obesity-related disorders such as CHD and diabetes. Research
studies have demonstrated that people with SCl have much higher risk of developing CHD.
However, it has been proven that regular exercise is one of the best tools to reduce risk factors

for CHD such as cholesterol levels.

Although people with SCI have much higher risk of developing CHD, fimited research has been
conducted on the effecis of exercise on CHD. Part of the reason for lack of exercise-related
research in SCI, is the difficulty in exercising hard enough to produce changes in risk factors for
heart disease. This is because the large leg muscles are unable to exercise and arm exercise
alone is not sufficient to stimulate reductions in risk factors for heart disease. To this end so-
called hybrid exercise systems which combine lower limb exercise with functional electrical
stimulation (FES) and upper limb ergometry has been suggested as a possible means of

increasing the amount and intensity of exercise in persons with SCI and therefore to hopefully
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cause changes in risk factors. Functional electrical stimulation is simply the use of an electrical
current applied to paralysed muscle through electrodes placed on the legs for example, to
produce muscle contractions. FES-rowing has been developed by Dr. Garry Wheeler, Dr. Brian
Andrews and Robert Lederer et al. (2001) at the University of Alberta as one type of hybrid
exercise. We plan to examine the effects of FES-Rowing on risk factors for CHD in people with

SCl, particularly cholesterol.

Procedurs:

To be eligibie for the study, your injury level has to be between T12 and T4 and you need to be
over 18 years old. We will conduct a full medical examination to ensure no undue risk is
associated with your taking part in exercise. You may be asked to undergo additional diagnostics
prior to participation, which you may decline and decide not to participate in the study. The
training will have two parts.

Phase [:

Phase | is designed to increase basic leg strength and will last two to four weeks depending on
the strength of your legs (10 to 20 hours). This will involve the application of electrodes to the
thigh area and an electrical current to produce leg extensions against the force of gravity, for a
period of up to 10 minutes of continuous exercise. Please note that if you are unable to complete
10 minutes of continuous leg exercise after a total of 4 weeks you will be asked to withdraw from
the study. This could happen because the type of spinal injury sometimes results a lack of
muscle response to electrical currents.

Phase II:
Once you have completed phase | of the study and can do 10 minutes of continuous leg

extension (and flexion) exercise, you wili proceed to phase i, which requires you to exercise up
to 1.5 hours per day, four times per week for 12 weeks (Total of 72 hours). The total time
required in participating study is approximately up to 100 hours over a three month period.
Percent body fat and bone density will be measured before and after the 12 weeks of training by
dual-energy x-ray absorptiometry (DEXA).

Blood collection (4 blood samples will be gbtained):
Four venous blocd samples {14 mi each) will be collected from vou before, during and afier the

12 weeks of training. One sample will be taken before the study starts; one sample at six weeks,
and 2 samples after 20, and 44 hours after the last exercise session at 12 weeks. All the blood
samples wili be taken after an overnight fast (no food 12Zhours prior to the exercise session).
Body composition measurement:

Body composition will be measured by a procedure called Dual Energy X-ray absorptiometry {or
DEXA for short). To have this X-ray procedure you will be required to come to the College Plaza
Medical Imaging Center. You will be asked ic lie down on the padded testing bed and whole
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body X-ray scan will be performed. This can tell us the density of your bones and also the

amount of body fat that you have. This test will {ake less than 15 minutes. Please note that the

total amount of radiation exposure in this procedure is minimal (see below).

Benefits:

Benefits of participants in this study include:

8. Knowing vour percent body fat, fitness level and cholesterol level.

9. Familiarity with a new type of exercise opportunity for persons with spinal cord injury.

10. An improvement on your fitness

11. General advice on exercise and diet.

12. Your participation and discussions with the investigators during the study will contribute to,
and enhance your knowledge and understanding of the risk factors for CHD and the benefits
of exercise for people with spinal cord injury.

13. the health-related benefits which may accumulate during 12 weeks of exercise.
Potential Risk:
The blood collection procedure may cause {very slight chance} infection, bruising and a
hematoma (bleeding) at the site if not properly cared for, The research team will take every
precaution to ensure that blood is collected in a sterile manner. The skin will be cleaned with
alcohol; a new and sealed needle will be used for every sample, and a sterile gauze dressing will
be supplied following withdrawal of the sample. It is recommended to apply pressure at the site
of blood collection for 5 minutes.

‘Maximum oxygen uptake will be measured during a progressive, incremental exercise test to a
failure point — that is — when you are no longer able to maintain full leg extensions during rowing
for three consecutive strokes (leg extension followed by the pull phase of rowing). This test
requires maximal effort in order to achieve a peak oxygen consumption value. With this type of
exercise there may be some health risk. During and after the tesis it is possible to experience
symptoms such as abnormal blood pressure, fainting, lightheadedness, muscle cramps or strain,
nausea, and in very rare cases (0.5 per 10,000 in testing facilities), heart rhythm disturbances or
heart attack. While serious risk to healthy participants is highly unlikely, they must be
acknowledged and participants willingly assume the risks associated with very hard exercise.
The exercise test will be administered by qualified personnel who are under the supervision of Dr.
Garry Wheeler. Personne! understand emergency procedures and are certifidedin CPR.

Risk due to exposure o the DEXA system is minimal and is equivalent ic one tenth the X ray
energy received during a standard dental X ray examination.

Confidentiality:
To ensure confidentiality, personal information will be coded and stored in a locked file cabinet to

which only the investigators whose names are written on this letter will have access. Normally,

information is retained for a period of five years post publication, after which it will be destroyed.
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Third Party Contact:
If you wish to speak with someone who is net involved with this study, please call Dr. Wendy

Rodgers, Chair, Faculty Ethics Commitiee at 492-581C.

Voluntary Participation:

You are free to withdraw from the study at any time without explanation or penalty. If you want ic
withdraw from study, simply notify Dr. Garry Wheeler. Contact information for Dr. Wheeler is
found at the top of this letler.
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CONSENT

Part 1

Title of Project: Effects of 12 weeks of FES-Rowing training on biood lipids in

people with spinal cord injury
Principal Investigator: Dr. Garry Wheeler

Co-Investigators: Justin Y. Jeon and Dr. Robert Steadward

Part 2 (to be completed by the research subject):

Do you understand that you have been asked to be in a research study?
Have you read and received a copy of the attached information Sheet?

Do you understand the benefits and risks involved in taking part in this
research study?

Have you had an opportunity to ask questions and discuss this study?

Do you understand that you are free to refuse to participate or withdraw from
the study at any time? You do not have to give a reason and it will not affect
your care.

Has the issue of confidentiality been explained to you? Do you understand

who will have access to your records?

This study was explained to me by:

| agree to take part in this study.

Yes

Yes

Yes

Yes

Yes

Yes

130

Signature of Research Participant Date Witness

Printed Name Printed Name

! believe that the person signing this form understands what is invoilved in the study and

voluntarily agrees to participate.

Signature of investigator or Designee Date

No

No

No

No

No

No

All participants in research projects are advised that the information they provide, and any other

information gathered for research projects, will be protected and used in compliance with

Alberta’s Freedom of information and Protection of Privacy Act (FOIPP)
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