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ABSTRACT

Exercise is recommended for the treatment of
type 2 diabetes because of its benefits on body
weight and glycemic control. Our recent work
using the db/db mouse, a model that mimics the
phenotype of type 2 diabetes, demonstrated
that forced treadmill training exerted detriment-
tal effects on obesity, hyperglycemia and insulin
resistance. We investigated whether this respo-
nse is explained by increased corticosterone
and norepinephrine secretion, measured as uri-
nary byproducts, since these hormones are
known to alter glucose homeostasis. Male db/db
mice and lean littermates serving as controls,
were assighed to sedentary, voluntary wheel,
and forced treadmill training groups for a period
of 5 weeks. After 5 weeks of treadmill running,
db/db mice remained hyperglycemic compared
to sedentary db/db mice and were hyperinsu-
linemic compared to db/db voluntary runners.
Urine glucose and corticosterone levels were
also highest in db/db treadmill runners com-
pared to all groups. Urine normetanephrine lev-
els, although lower in db/db mice compared to
control mice, were increased after treadmill
running. Our results indicate that treadmill runn-
ing leads to perturbations in plasma levels of

hormones associated with glucose homeostasis.

A greater stress response may be invoked by
treadmill training, worsening glycemic control
in this model of type 2 diabetes.

Keywords: Diabetes; Db/Db; Treadmill; Stress;
Corticosterone; Normetanephrine

1. INTRODUCTION

Regular exercise is recommended for the treatment of
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diabetes mellitus because of its beneficial effects on obe-
sity, glucose tolerance and insulin sensitivity. Epidemio-
logical studies have shown that an active lifestyle to
control these factors is pivotal in reducing the risk of
major cardiovascular complications associated with dia-
betes such as myocardial infarction, stroke, and micro-
vessel related diseases [1,2]. The benefits of exercise in
the regulation of glucose metabolism and prevention of
cardiovascular events have been well-established in the
diet-induced and spontaneous insulin resistant models of
type 2 diabetes [3-7]. However, recent evidence using
the db/db mouse model of diabetes to investigate the im-
pact of exercise training on glycemic control revealed
unexpected and conflicting results [8].

The db/db mouse is a model of type 2 diabetes charac-
terized by obesity, hyperglycemia and insulin resistance
owing to a mutation in the leptin receptor gene. It is con-
sidered to be a close counterpart to the human condition
[9]. Exercise training decreases lipid accumulation and
vascular dysfunction in this model of diabetes [10,11].
However, convincing evidence suggests that benefits of
exercise on other risk factors appear to be dependent on
the type of exercise performed and the intensity of exer-
cise sessions [12]. Interestingly, increased exercise in-
tensity does not always correlate with greater weight loss
and better metabolic control. We and others have shown
that forced treadmill running, at moderate intensity,
failed to reduce the obesity and hyperglycemia compared
to a low intensity voluntary wheel running training regi-
men [8,11]. This finding indicates that the forced tread-
mill exercise paradigm may produce unfavorable phy-
siological responses in the db/db mouse.

While forced treadmill running has positive gains on
cardiovascular and metabolic function, it also results in
short-term stresses with negative outcomes such as sup-
pressed lymphocyte proliferation, adrenal gland hypertr-
ophy [13], and disruption of the hypothalamus pituitary-
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adrenal (HPA) axis. In support of this association, daily
forced exercise is associated with increased cortisol se-
cretion, insulin resistance and increased plasma renin
activity in the obese hyperinsulinemic rabbit [13-17].
Forced treadmill exercise may induce aberrations in the
HPA axis and sympathetic nervous system in the db/db
mouse, leading to an exaggerated release of corticoster-
oids and norepinephrine, respectively. This would be a
reasonable response to expect as adrenal gland hypertro-
phy and enhanced endogenous glucocorticoid synthesis
are reported in the genetically obese and db/db models
[18,19]. Further support for this adverse outcome is the
observation that excessive norepinephrine secretion in
response to acute exercise has been shown in hyperten-
sive and non-hypertensive type 2 diabetic patients [20,
21].

Therefore, the present study was designed to investi-
gate the effects of voluntary and forced treadmill runn-
ing on urine corticosterone and normetanephrine concen-
trations in the db/db mouse. We hypothesize that tread-
mill running, by inducing a stress response, elicits a gr-
eater release of corticosterone and norepinephrine into
systemic circulation, thereby exacerbating glucose con-
trol in the db/db model of diabetes.

2. MATERIALS AND METHODS

2.1. Mouse Model of Diabetes

The Midwestern University Research and Animal Ca-
re Committee approved this study. All animals used in
this study were cared in accordance to the recommenda-
tions in The Guide for the Care and Use of Laboratory
Animals, National Institute of Health, Publ. No. 85-23,
1986. Diabetic mice of the C57BL/KsJ strain were ob-
tained from Jackson Laboratories (Bar Harbor, Me) and
studied at the age of 4 weeks. The C57BL/KsJ-lept™-
lept™ strain contains two mutant copies of the leptin re-
ceptor gene (db*/db"), inducing a gradual onset of obe-
sity, hyperglycemia, and subsequent hyperinsulinemia.
This model also exhibits increased endogenous produc-
tion of glucocorticoids [18,19]. The lean littermates, wh-
ich possess one mutant and one normal copy of the
leptin gene (db/"), were used as the control groups. Mice
were provided with food and water ad /libidum and
maintained in a room with an alternating twelve hour
light/dark cycle.

2.2. Exercise Training Protocol

The A total of 48 mice were used in this study. db/db
(D) and lean (L) mice were randomly assigned to the
following groups: sedentary (DS, n = 6; LS, n = 6), vol-
untary wheel running (DV, n = 6; LV, n = 6), and forced
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treadmill running (DT, n = 6; LT, n = 6). A separate gr-
oup of age-matched db/db (» = 6) and lean mice (» = 6)
not subjected to the experimental conditions described
below were used to determine the plasma profile. DV
and LV mice assigned were housed individually in cages
(30.3 x 20.6 x 26 cm) equipped with digital magnetic
counters to monitor daily running activity (Mini Mitter,
Bend, Oregon) 6 days per week for a period of 5 weeks.
DT and DV mice performed moderate intensity exercise
6 days per week on an electrically driven treadmill (Co-
lumbus Instruments, Ohio) also for a period of 5 weeks,
based on a protocol used previously [8]. The training
regimen for this group consisted of a graded increase in
exercise duration and intensity as follows: 10 min at 6.5
m/min for week 1; 15 min at 8.5 m/min in week 2, 20
min at 10m/min in week 3, 30 min at 12 m/min in week
4, and 30 min at 15 m/min in week 5 for a total distance
of 7.12 km.

2.3. Urine Collection, Food Intake and Blood
Sampling

Mice from each group were placed in individual meta-
bolic cage systems (Mini Mitter, Bend, OR) between
8:00 and 9:00 am during the final week of study for a
24-hour period for the collection of urine. Urine samples
were collected and immediately stored at —80°C for later
measurement of corticosterone, normetanephrine and glu-
cose. Measurement of food intake was recorded beginn-
ing on week 2 and performed weekly until the end of the
study. At the end of the exercise training period, over-
night-fasted mice were sacrificed between 9:00 am and
11:00 am 48 hours after the last exercise session. This
48-hour period was selected to eliminate any effect exer-
cise many have on insulin sensitivity and the metabolic
parameters measured [22]. Non-anesthetized mice were
kept warm on a heating pad for a period of 30 minutes
before blood was obtained from a submandibular vein
puncture. Blood was collected, centrifuged at 3000 rpm
for 5 minutes at 4°C, and plasma was stored at —80°C for
subsequent measurement of glucose and insulin concen-
trations. Mice were immediately sacrificed by cervical
dislocation.

2.4. Measurement of Plasma and Urine
Metabolites

Urine glucose and plasma glucose concentrations were
determined using colorimetric assay kits (Wako Chemi-
cals USA, Richmond, VVA). Plasma insulin and urine nor-
metanephrine concentrations were measured using an ul-
trasensitive mouse ELISA kits (Alpco Diagnostics, Sa-
lem, NH). Urine corticosterone concentrations were meas-
ured using an ultrasensitive mouse immunoassay kit (Cay-

Openly accessible at http://www.scirp.org/journal/JDM/




C. R. Parrott et al. / Journal of Diabetes Mellitus 1 (2011) 71-78 73

man Chemical, Ann Arbor, MI).

2.5. Statistical Analysis

All values are presented as mean + SEM. ANOVA,
followed by a Tukey-Kramer comparison for post hoc
analysis, was performed to determine differences in plas-
ma and urine concentrations after exercise training, and
to locate differences in food intake between groups dur-
ing exercise training. A one-way repeated measured AN-
OVA followed by a Tukey-Kramer comparison for post
hoc analysis was used to determine differences within
groups for voluntary running activity and food intake.
The Student’s unpaired and paired t-test was used to
compare all other data. Results with p < 0.05 were con-
sidered statistically significant.

3. RESULTS

3.1. Body Weight and Plasma Metabolites

Selected plasma characteristics consistent with the db/

db mouse model of type 2 diabetes are shown in Table 1.

Body weight, plasma levels of glucose, insulin, and cor-
ticosterone were significantly higher in db/db mice com-
pared with lean mice. There were no differences in plas-
ma levels of NEFA between db/db and lean mice.

3.2. Voluntary Wheel Running Activity

Voluntary running wheel activity expressed as weekly
averages in kilometers over the 5-week period of train-
ing is illustrated in Figure 1. Significant changes in run-
ning activity were observed at 2 weeks (P < 0.05) in DV
mice and at 3 weeks (P < 0.01) in LV mice compared
with week 1. Throughout the entire period, however,
running activity was consistently lower in DV mice
compared with LV mice.

3.3. Food Intake

Food intake is shown in Table 2. At week 2, food in-
take was increased (P < 0.05) in DS and DV mice com-
pared with LS and LT mice. Food intake at week 3 was

Table 1. Selected plasma parameters and hormones in lean and
db/db mice.

Parameter Lean mice Db/db mice
Body weight, g 22+05 29+1.0*
Glucose, mg/dl 164+9 419 + 29*

Insulin, ng/ml 0.84+0.19 17.46 + 2.83*
NEFA, mmol/L 0.62 +0.07 0.68 +0.10
Corticosterone, ng/ml 192 +18 385+ 40"

Values are reported as a mean + SEM for 6 mice in each group. *P < 0.0001
compared with lean mice; P < 0.01 compared with lean mice.
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Figure 1. Running activity in lean and db/db mice during the
5-week training period. Values are reported as a mean + SEM
for 6 mice in each group. *P < 0.05, compared with lean mice.
TP < 0.05, compared with week 1. *P < 0.001, compared with
week 1.

Table 2. The effects of voluntary wheel and treadmill running
on food intake in lean and db/db mice.

Group Week 2 Week 3 Week 4 Week 5
Lean
LS 6.2+0.5 6.9+0.9 8.70+0.4 8.1+0.6
LV 75+0.6 8.9+0.3 84+04 8.7+£0.7
LT 6.5+ 0.5 6.6 0.4 75+0.6 75+04
Db/db
DS 10.4 +1.4%¢ 10.0+0.9° 107+1.1 94+0.8
DV 10.9 +1.3%¢ 11.5 +1.0*¢ 108+1.1 106+1.2
DT 6.1+06% 54+08"° 87+09" 86+08

Food intake was recorded in metabolic cages. Food intake is expressed in
grams over a 24-hour period. Values are reported as mean + SEM for 6
mice in each group. At week 2; *P < 0.05 compared to LS mice; °P < 0.05
compared to LV mice; °P < 0.05 compared to LT mice; P < 0.05 compared
to DS mice; °P < 0.01 compared to DV mice. At week 3, *P < 0.01 com-
pared to LS mice; °P < 0.05 compared to LV mice; °P < 0.05 compared to
LT mice; “P < 0.01 compared to DS mice; °P < 0.001 compared to DV
mice.

also increased in DS and DV compared with LS (P <
0.01) and LT (P < 0.05) mice. During this same period,
food intake was lower in DT mice compared with DS (P
< 0.05, week 2; P < 0.01, week 3) and DV (P < 0.01,
week 2; P < 0.001, 3) mice. At weeks 4 and 5, there were
no differences in food take between groups or with exer-
cise training. However, food intake was higher in DT
mice at week 4 compared with weeks 2 and 3 (P < 0.05).

3.4. Body Weight and Weight Gain

Body weight and weight gain in lean and db/db mice
are shown in Table 3. Throughout the 5-week period,
body weight was significantly (P < 0.001) higher in all
groups of db/db mice compared to lean mice.
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Table 3. The effects of voluntary wheel and treadmill running
on body weight in lean and db/db mice.

Mice Week 1 Week 5 Weight gain Wt gain
(initial) (final) (grams) (%)
Lean 21705 LS: 27.2+0.6 55£06 25
LV: 243+0.2 2.7£0.2 11
LT:26.3+1.0 46+1.0 21
db/db 29.2+09% DS:39.8+1.3*°  11.8+0.8*"° 36
DV:35.7 £2.4%¢  72+19" 22

DT: 41.9 +0.8%"%° 128+ (.8%0c¢ 44

Initial (week 1) and final (week 5) body weights, in grams, in mice sub-
jected to voluntary wheel running and treadmill running. Values are re-
ported as mean + SEM for 6 mice in each group. For body weight at week 5;
p < 0.001 compared to LS mice; °P < 0.001 compared to LV mice; °P <
0.001 compared to LT mice; °P < 0.05 compared to DV mice. For weight
gain in grams, 2P < 0.01 compared to LS mice; °P < 0.05 compared to LV
mice; °P < 0.001 compared to LT mice; 4p<0.05 compared to DS mice; °P
< 0.01 compared to DV mice.

There were no differences in body weight between LS,
LV and LT mice, as well as between DS, DV, and DT
mice. However, following exercise training, body weight
of DT mice was higher compared with DV mice (P <
0.05). Weight gain in db/db mice was 2- to 3-times gre-
ater compared to lean mice over the 5-week period. In-
terestingly, weight gain was lower (P < 0.05) in DV mice
compared with DS mice db/db mice, but was sig- nifi-
cantly higher (P < 0.01) in DT compared to DV mice.

3.5. Plasma Glucose, Insulin and Urine
Glucose Levels

Plasma glucose concentrations are shown in Figure 2.

I Sedentary mice
[ Voluntary runners
W Treadmill runners

800 - *
600 -
400 1

200 -

plasma glucose (mg/dl)

Lean mice Db/db mice

Figure 2. Effects of voluntary wheel and treadmill running on
plasma glucose concentrations in lean and db/db mice. Values
are reported as a mean = SEM for 6 mice in each group. *P <
0.001, compared with db/db mice.
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As expected, plasma glucose levels were increased (P <
0.001) by the diabetic state. No differences in plasma
glucose levels were observed within groups, regardless
of the form of exercise training.

Concentrations of plasma insulin levels are illustrated
in Figure 3. Insulin levels were also increased (P <
0.001) by the diabetic state. However, insulin levels
were decreased in DV mice compared with DS mice
(7.18 £ 1.39 vs 3.89 + 1.27 ng/ml, P < 0.05), and were
increased in DT mice compared with DV mice (3.89
1.27 vs 9.37 £ 1.69 ng/ml, P < 0.01). No change in insu-
lin levels were observed in lean mice with exercise
training.

Urine glucose concentrations are illustrated in Figure
4. Urine glucose concentrations were increased (P <
0.001) in db/db mice compared with lean mice. No dif-
ferences in urine glucose concentrations were seen be-
tween LS, LV, and LT mice.

However, urine glucose levels were altered by exer-
cise training in db/db mice. Urine glucose levels were
highest in DT mice compare with DS (P < 0.05) and DV
(P <0.001) mice.

3.6. Urine Corticosterone and
Normetanephrine Levels

Figure 5 shows that urine corticosterone levels were
not altered by exercise training in lean mice. However,
the highest levels of urine corticosterone levels were
observed in DT mice compared with all other groups.
Corticosterone levels were increased in DT mice com-
pared with DS (820 + 226 vs 294 + 37 pg/ml, P < 0.05)
and DV (820 + 226 vs 241 + 96 pg/ml, P < 0.01) mice.

HE Sedentary mice
[ Voluntary runners
I Treadmill runners
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Figure 3. Effects of voluntary wheel and treadmill running on
plasma insulin concentrations in lean and db/db mice. Values
are reported as a mean + SEM for 6 mice in each group. *P <
0.05, P < 0.01, *P < 0.001, significant between group(s) where
indicated.
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Figure 4. Effects of voluntary wheel and treadmill running on
urine glucose concentrations in lean and db/db mice collected
during a 24-hour period. Values are reported as a mean + SEM
for 6 mice in each group. *P < 0.05, P < 0.001, significant
between group(s) where indicated.
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Figure 5. Effects of voluntary wheel and treadmill running on
urine corticosterone concentrations in lean and db/db mice.
Values are reported as a mean = SEM for 6 mice in each group.
*P < 0.05, "P < 0.01, significant between group(s) where indi-
cated.

As shown in Figure 6, urine normetanephrine levels
were decreased (P < 0.01) by the diabetic state. Urine
normetanephrine levels were significantly higher in DT
mice compared with DS mice (3.65 * 0.37 vs 2.71 *
0.11 ng/ml, P < 0.05). However, there were no differ-
ences in urine normetanephrine levels between LS, LV,
and LT mice.

4. DISCUSSION

While several studies have investigated the effects of
exercise training on glucose regulation in the diet-in-
duced or spontaneous insulin resistant rat model [3-7],
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Figure 6. Effects of voluntary wheel and treadmill running on
urine normetanephrine concentrations in lean and db/db mice.
Values are reported as a mean + SEM for 6 mice in each group.
*P < 0.05, 'P < 0.01, *P < 0.001, significant between group(s)
where indicated.

far less attention has been given to explore the impact of
exercise training in the db/db mouse. This model is asso-
ciated with the metabolic disturbances commonly asso-
ciated with type 2 diabetes, occurring secondary to de-
fective leptin signaling [9,23]. We have recently de-
monstrated that forced treadmill exercise training, com-
pared to voluntary wheel running, aggravated the meta-
bolic state in this model [8]. Although mice subjected to
forced treadmill running underwent a high volume of
training, this exercise regimen failed to reduce the hy-
perglycemia, hyperinsulinemia, and obesity. We believe
that forced treadmill running likely presented a stress
response overriding any beneficial effects of exercise.
The present study was designed to further explore the
role of glucocorticoids and norepinephrine as a potential
mechanism for this response in the db/db mouse. Our
results demonstrate that voluntary wheel running redu-
ced weight gain and insulin levels in diabetic mice, wher-
eas diabetic mice subjected to treadmill running exhibited
the greatest weight gain, remained hyperglycemic and
had the highest urine glucose concentrations compared
to sedentary mice. Our main results indicate that these
changes were accompanied by a greater stress-related
corticosterone and normetanephrine response compared to
voluntary wheel running.

Increased endogenous synthesis of glucocorticoids is
linked to insulin resistance and increased hepatic glu-
coneogenesis, and excess production of glucocorticoids
is related, in part, to the development of hyperglycemia
in the db/db mouse [18,24]. The observation that forced
treadmill running exacerbated insulin resistance suggests
that corticosterone secretion would be elevated in the
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db/db mouse [8]. Indeed, levels of corticosterone in uri-
ne levels were the highest in db/db mice following trea-
dmill running compared to all other groups studied. The
finding that these mice remained hyperinsulinemic and
exhibited the greatest glucosuria provides evidence that
treadmill running exacerbates metabolic control in these
mice. Our results are supported by the observation that
the stress induced by forced treadmill running was asso-
ciated with disruption of the HPA axis and hypertrophy
of the adrenal glands in the obese hyperinsulinemic rab-
bit [13].

Excessive secretion of norepinephrine with repetitive
forced exercise training would be expected to worsen the
diabetic state by enhancing hepatic gluconeogenesis and
glycogenolysis [20], and by increasing glucocorticoid
synthesis through catecholaminergic pathways [25]. In-
terestingly, our results reveal that diabetic mice had de-
creased urinary normetanephrine levels compared to lean
littermates, which is consistent with the development of
autonomic neuropathy in mice with defective leptin sig-
naling. The presence of abnormal nervous system mor-
phology consistent with neuropathy has been reported in
the 20-week old db/db mouse [26], and the shift toward
smaller fiber diameter and lack of axonal growth cone
extension can be partially reversed by leptin treatment
[27]. The ob/ob mouse also displays signs of peripheral
neuropathy as early as 11 weeks of age, exemplified by
deficiencies in sciatic and digital nerve conduction ve-
locity [28]. Reports have shown that idiopathic and dia-
betic autonomic neuropathies are associated with low
plasma concentrations of catecholamines [29], and obese
patients without impaired glucose control exhibit a re-
duced catecholamine response to intense exercise [30].
Despite reduced urinary normetanephrine levels in db/db
mice, forced treadmill running was associated with in-
creased normetanephrine levels compared to sedentary
mice. Increased urine normetanephrine can be attributed
to greater sympathetic output and increased adrenal
phenylethanolamine N-methyltransferase synthesis from
corticosterone with treadmill running [31].

Food intake, appetite suppression, and regulation of
energy balance are partly controlled by the anorexigenic
hormone leptin. Administration of leptin to leptin-defi-
cient mice effectively induces satiety and reduces food
intake, controlling obesity [32]. In the db/db mouse, nor-
mal regulation of satiety is disrupted from a mutation in
the leptin receptor gene, resulting in increased food in-
take and obesity. Increased physical activity and excess
glucocorticoid production typically induce a hyperpha-
gic response in the db/db mouse [33,34]. Our data show
that food intake was transiently decreased in db/db mice
subjected to treadmill running compared to sedentary
mice during the first 3 weeks of training. The reason for
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this behavior remains unclear because exercise generally
stimulates both insulin and leptin signaling in hypotha-
lamus, even in the presence of glucocorticoid treatment
[35]. Because the db/db mouse is hyperinsulinemic and
hyperleptinemic, it is possible that treadmill running
further induced resistance to these peptides contributing
to this anorexigenic effect. Diabetes-related complica-
tions should not be ruled out and in fact, diabetic gas-
troparesis is associated with early satiety and loss of
appetite in the ob/ob mouse [36], and alterations in the
ghrelin-to-obestatin ratio and neurohumoral-intestinal axis
are known to occur in type 2 diabetes [37].

5. CONCLUSIONS

In conclusion, we report clear differences between
voluntary wheel and forced treadmill exercise training
on indices of stress in the db/db mouse. Forced exercise
training was associated with greater corticosterone and
normetanephrine production compared to voluntary run-
ning, which could explain why the metabolic state of
db/db mice was further aggravated by this exercise para-
digm. The causes leading to this maladaptative response
are unknown and care should be taken in the interpreta-
tion of our results. Leptin treatment in the leptin-defi-
cient ob/ob mice stimulates greater ambulation, energy
expenditure, and wheel running [38]. Leptin may be a
significant physiological regulator of activity in mouse
models of defective leptin signaling.
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