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Abstract

To date, a limited number of studies have investigated the effects of exercise on the maintenance of endocrine pancreatic adaptations to
worsening insulin resistance. In particular, the roles of stress hormones that are associated with commonly used forced-exercise paradigms are
not fully explained. To examine the effects of exercise per se in ameliorating pancreatic decompensation over time, we investigated the role of
forced swimming and sham exercise stress on the development of type 2 diabetes mellitus in the Zucker diabetic fatty (ZDF) rat. Thirty-two
male ZDF rats were obtained at 5 weeks of age and all went through a 1-week acclimatization period. They were then divided into 4 groups:
basal (euthanized at 6 weeks of age), exercise (1 h/d; 5 d/wk), sham exercise (sham), and non-treated controls (n = 8 per group). After
6 weeks of treatment, an intraperitoneal glucose tolerance test was performed and animals were euthanized for tissue analysis. By 5 weeks of
treatment, controls had elevated fed and fasted glycemia (>11.1 and 7.1 mmol/L, respectively; both P <.05), whereas exercise and sham rats
remained euglycemic. At euthanasia, there were elevations in fed insulin levels in exercise and sham rats compared with basal animals (both
P <.05). Despite improvements in fed and fasting glucose levels in sham rats, glucose tolerance in sham-treated rats (intraperitoneal glucose
tolerance test) was similar to controls, whereas glucose levels were similar in exercised trained and basal rats. After 6 weeks, gastrocnemius
glycogen content was higher in exercised rats and sham rats when compared with age-matched controls, whereas muscle glucose transporter
4 levels were similar between groups. Compared with controls, the exercise group had increased beta cell proliferation, beta cell mass, and
partial maintenance of normal islet morphology. Sham rats also displayed beta cell compensation, as evidenced by increased fasting insulin
levels and partial preservation of normal islet morphology. Finally, at the time of euthanasia, plasma corticosterone was increased in sham and
control rats but was at basal levels in the exercise group. In summary, both exercise and sham treatment delay the progression of type 2
diabetes mellitus in the male ZDF rat by distinct mechanisms related to pancreatic function and improvements in peripheral glucose disposal.
© 2007 Elsevier Inc. All rights reserved.

1. Introduction Studies using rodent models of obesity and insulin
resistance, such as the Zucker diabetic fatty (ZDF) rat, are
frequently used to elucidate many of the mechanisms
responsible for the deterioration from a prediabetic state to
overt T2DM [3-6]. Male ZDF rats develop a phenotype of
obesity, insulin resistance, and eventually, hyperglycemia
due to a leptin receptor mutation, resulting in a phenotype
very similar to humans with T2DM [4]. In these rodents,
glucose intolerance usually develops by age 8 weeks,
followed by overt hyperglycemia by age 10 to 12 weeks
[4,5]. In the prediabetic phase, ZDF rats maintain normo-
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Type 2 diabetes mellitus (T2DM) has become the most
common metabolic disease in North America [1]. The cause
of T2DM is unknown, but is coupled to obesity and a
progressive decline in insulin sensitivity with eventual
insulin deficiency that results in sustained hyperglycemia
[2]. Several environmental factors including physical
activity, stress, and nutrition are thought to influence the
development of T2DM.
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adaptation begins to fail as animals enter the diabetic phase,
defined by a dramatic increase in beta cell apoptosis and a
corresponding decrease in beta cell mass [5]. In obese
prediabetic humans, there is a similar period of adaptive
beta cell expansion followed by a marked reduction in beta
cell mass as the disease progresses [8-10].

In rodent models, energy restriction [11,12], a reduction
in fat mass [13], and increased exercise [14-17] improve
insulin sensitivity and attenuate the development of T2DM.
These interventions, which increase insulin action or
sensitivity, are thought to result in a decreased demand for
insulin and thus attenuate beta cell exhaustion. Interestingly,
in humans with T2DM, regular exercise has been shown to
enhance insulin response to either hyperglycemia or
arginine stimulation [18], suggesting that there may be
direct effects of exercise on pancreatic function. However, a
paucity of such studies exists. Remarkably, the direct effects
of exercise per se in maintaining or preserving endocrine
pancreatic compensation and the compensatory beta cell
response to worsening insulin resistance remain unclear.

Exercise is a short-term stressor eliciting a hormonal
response that is common to other types of stressors. For
example, short-term exercise leads to a rise in levels of
plasma glucocorticoids [19], catecholamines [20], and
glucagon [21], all of which exacerbate insulin resistance.
Despite aggravating insulin resistance, it is possible that
periodic elevations in stress hormones, such as glucocorti-
coids, may exert protective effects on the beta cell. In
support of this, glucocorticoid exposure stimulates beta cell
expansion in rodents [22-26]. Also, the diabetogenic effects
of streptozotocin, alloxan, and partial pancreatectomy can
be reduced by pretreatment with glucocorticoids or mild
foot shock [23,27-32]. Moreover, frequent periodic stress in
Otsuka Long-Evans Tokushima fatty rats, a model of
T2DM, improves glycemic control and glucose tolerance,
preventing 80% of T2DM in this model [33]. It is
interesting, therefore, that although glucocorticoids cause
insulin resistance and increased hepatic glucose that
aggravates metabolic control in diabetes, they may confer
some protective effect on the development of the disease by
altering beta cell function in the prediabetic animal.

The purpose of this study, therefore, is to compare the
effects of forced-exercise training with non-exercise stress on
pancreatic function and the development of T2DM in the
male ZDF rat. We show that episodic stress that increases
circulating glucocorticoids, if elevated intermittently through
either exercise or stress associated with forced exercise, may
have protective effects on beta cell function and the deve-
lopment of hyperglycemia in this animal model of T2DM.

2. Research design and methods
2.1. Animals

Male ZDF rats (ZDF/Gmi-fa/fa) were obtained from
Charles River Laboratories (Saint-Constant, Quebec,

Canada) at 5 weeks of age with initial weights of 150
to 175 g. Rats were singly housed in opaque micro-
isolation cages, handled daily, and kept at a constant
temperature of 22°C to 23°C in humidity-controlled
rooms on a standard 12 hour (7:00 AM to 7:00 PM)
light/dark cycle. The animals were fed water and Purina
5001 chow ad libitum throughout the experiment. All
experiments were approved by the Animal Care Commit-
tee of the Faculty of Medicine at the University of
Toronto in accordance with regulations set forth by the
Canadian Council for Animal Care.

2.2. Experimental design

Thirty-two male ZDF rats were obtained at 5 weeks of
age and randomly divided into 4 groups (n = 8 per group).
All groups went through the same 1-week acclimatization
period. At 6 weeks of age, 1 group was euthanized by
decapitation to serve as a basal baseline control, whereas the
remaining 3 groups (exercise, sham, control) were incorpo-
rated into the long-term study for 6 weeks, after which time
they were euthanized at 12 weeks of age.

2.3. Treatment protocols

Each day, animals were transported to a treatment
room, where exercise animals were forced to swim. The
exercise group individually swam in cylindrical tanks with
a diameter and height of 60 and 100 cm, respectively, in
water at a depth of 30 to 45 cm, once per day between
9:30 and 11:30 AM, 5 d/wk for 1 hour, as described
previously [34]. During swimming, rats wore elastic chest
bands in which attachable weights could be added. Rats
commenced exercising without any additional weight for
the first week; however, during the second week of
treatment, exercise rats had 3% body weight added to the
bands. To maintain a constant training intensity sufficient
to cause exhaustion by the end of 1 hour, this weight was
increased by 1% each week reaching a maximum of 7%
body weight by week 12 of the study. To minimize stress
associated with cold or hot water exposure, water temper-
ature was monitored and maintained at approximately
35°C. At the end of the treatment period, weights were
removed and rats were towel dried and left for about 1 hour
in a heated room to minimize the effects of cold exposure.
In an attempt to separate the effects of exercise and the
stress associated with the exercise environment, sham rats
were individually placed in identical swimming tanks and
wore the same chest bands, but sat in shallow water (~5 cm)
at the same temperature, duration, and frequency as
exercise rats. This sham treatment provided the closest
similarity to the swim environment as possible and has
previously been shown by us to cause a transient increase
in glucocorticoid levels, similar to what is observed during
swimming exercise [34]. Sedentary control animals were
subjected to the same sampling and handling procedures as
exercise and sham exercise animals, except remained in
their cages without food and water for the duration of the
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treatment hour. After 6 weeks, exercise, sham, and control
animals were euthanized between 9:00 AM and 12:00 noon
by decapitation.

2.4. Food intake, body weight, and postprandial
glucose sampling

Food intake and body weight were measured each day
before treatment by using a scale accurate to 2 g. To obtain
weekly average food intake values from daily measure-
ments, daily food intakes for animals (excluding the day of
fast) were averaged over the week. Total food intake over
the course of the study was also determined for each animal
by summing the weekly averages. We also calculated food
intake spanning the time between treatment (9:00-10:00 AM)
and food removal (4:00-6:00 PM) on the days of fast
(Thursdays). These values for each week were then
summated over the 6 weeks of treatment. To measure
postprandial blood glucose concentration, blood was sam-
pled each morning (9:00 AM) by “tail nick” using a 27 G
needle and analyzed by using a blood glucose monitor
(Ascensia Elite XL Blood Glucose Meter, Bayer, Toronto,
ON, Canada). To obtain weekly blood glucose values from
daily measurements, daily blood glucose values (excluding
the day of fast) were averaged over the week.

2.5. Fasting blood glucose and fasting plasma insulin levels

Once per week, the rats were fasted for 16 to 18 hours
after which blood samples were taken via a nick to the nub
of the tail (see above). To minimize the stress induced by
this method of sampling, a topical anesthetic (EMLA cream,
AstraZeneca, Mississauga, ON, Canada) was applied to the
tails 20 minutes before blood sampling. Samples taken to
measure fasting insulin levels (~10 pL) were done at the
same time as measurement of fasting blood glucose samples
and collected into heparinized microvettes (Starstedt Hep-
arinized Microvettes, Montreal, Quebec, Canada). Plasma
was separated from blood samples by centrifugation at
2500 rpm for 1 minute and stored at —20°C. To reduce the
chance of infection, a topical germicide (Betadine solution,
Purdue Pharma, Pickering, ON, Canada) was applied to the
tail after blood collection.

2.6. Intraperitoneal glucose tolerance test with respective
insulin levels

All groups received an intraperitoneal glucose tolerance
test (IPGTT) 4 days before euthanasia. For basal animals, this
test was performed at 6 weeks of age, whereas exercise, sham,
and control animals received an IPGTT after 6 weeks of
treatment (ie, 12 weeks of age). Before glucose injection, rats
were fasted overnight for 16 to 18 hours. During the normal
treatment time (ie, between 9:30 and 11:30 AM), rats were
administered an intraperitoneal injection of 50% dextrose
(Abbott Laboratories Limited, Montreal, Quebec, Canada) at
a dose of 2 g/kg body weight. Blood glucose and insulin
levels were measured via tail nick (see above) at 30-minute
intervals starting at 7 = 0, just before injection, for 2 hours.

2.7. Corticosterone sampling

Plasma corticosterone levels of all rats were measured on
the first day of treatment of each week (ie, Monday) both
before and after treatment. After administration of topical
anesthetic and a wait period of 20 minutes, approximately
20 uL of blood was collected into heparinized microvettes
via the tail nick method (described above). Sampling was
consistently performed within an approximately 30-second
period to minimize the effect of the sampling procedure on
measured corticosterone levels. Pretreatment corticosterone
levels represent circulating corticosterone levels in rats after
a brief handling procedure, common to all rats in all
treatment groups. Posttreatment corticosterone levels repre-
sent the stress response elicited by treatment and/or animal
handling [34]. We performed pilot studies in 6- and
12-week-old ZDF rats that underwent carotid artery and
jugular vein cannulations to investigate the corticosterone
response to our tail nick methods of sampling blood. We
found that corticosterone concentrations in tail nick blood
collected within approximately 1 minute of first disturbing
the rats did not differ significantly from corticosterone
samples obtained from jugular vein or carotid artery
cannulae (M. A. Kiraly, unpublished observations). Plasma
was separated from blood samples by centrifugation at
2500 rpm for 1 minute and stored at —20°C. We were able
to consistently sample approximately 20 uL of blood in less
than 30 seconds, minimizing the stress of the sampling
procedure on corticosterone measurements.

2.8. Resting hormone measurements made at euthanasia

Basal animals were euthanized by decapitation at 6 weeks
of age, whereas exercise, sham, and control animals were
cuthanized at 12 weeks of age, also by decapitation. For
animals sampled over the 6 weeks of treatment, euthanasia
occurred approximately 24 hours after their last treatment
session. Trunk blood was collected in 1.5-mL tubes
containing EDTA and Trasylol for all hormones except
corticosterone, which was collected in heparin-treated tubes,
and lipids, which were placed in tubes with a lipase
inhibitor. Immediately after decapitation, all blood samples
were centrifuged at 2500 rpm for 1 minute with transferred
plasma stored at —20°C. Postprandial insulin, glucose,
corticosterone, lipids, adiponectin, and glucagon were
measured from samples taken at this time.

2.9. Analytical procedures

Blood glucose was measured using a single drop of tail
capillary blood (~5 uL) with a blood glucose test strip
(Ascensia Elite, Bayer) and glucometer (Ascensia Elite XL
Blood Glucose Meter, Bayer). Plasma insulin levels were
determined by using a Rat Insulin Elisa Assay Kit (Crystal
Chem, Downer’s Grove, IL). Plasma corticosterone was
measured by a corticosterone radioimmunoassay (RIA) kit
(Medicorp, Montreal, QC, Canada). Plasma free fatty acid
(FFA) and triglyceride (TG) were determined by an
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enzymatic colorimetric method (ACS-ACOD, Wako Chem-
icals, Richmond, VA). Plasma glucagon and adiponectin
were measured by using RIA kits (Cerdarlane Laboratories,
Hornby, ON, Canada).

2.10. Glycogen content assay

To access the glycogen content of white and red gastro-
cnemius muscle, 20 to 25 mg of muscle tissue was digested in
0.5 mL of 1 mol/L KOH at 65°C. For analysis of glycogen
content, the pH of muscle digest was titrated to 4.8 before the
addition of acetate buffer (pH 4.8) and 0.5 mg/mL of
amyloglucosidase. Subsequently, glycogen was hydrolyzed
at 40°C for 2 hours and glucose was analyzed enzymatically
and the absorbance read on a spectrophotometer (Ultraspec
2100 pro, G.E. Healthcare, Baie d’Urfe, Quebec, Canada) at
340 nm wavelength. The protein concentration in each
sample was determined by the Bradford method [35,36].

2.11. Western blot determination of glucose transporter 4

Immediately after all treatments, muscles were frozen in
liquid nitrogen and stored at —80°C until analysis. For
preparation of muscle lysates, 50 to 60 mg of red and white
gastrocnemius muscles were homogenized in buffer contain-
ing 135 mmol/L NaCl, 1 mmol/L MgCl,, 2.7 mmol/L KCI,
20 mmol/L Tris (pH 8.0), 1% Triton, 10% glycerol, and
protease and phosphatase inhibitors (0.5 mmol/L NazVOy,,
10 mmol/L NaF, 1 umol/L leupeptin, 1 pmol/L pepstatin,
1 umol/L okadaic acid, and 0.2 mmol/L phenylmethylsul-
fonyl fluoride), and heated (65°C for 5 minutes). An aliquot
of the homogenate was used to determine the protein
concentration in each sample by the Bradford method. Before
loading onto sodium dodecyl sulfate-polyacrylamide (SDS-
PAGE) gels, the samples were diluted 1:1 (vol/vol) with 2x
Laemmli sample buffer (62.5 mmol/L Tris-HCI, pH 6.8, 2%
[wt/vol] SDS, 50 mmol/L dithiothreitol, and 0.01% [wt/vol]
bromphenol blue). Aliquots of muscle homogenates contain-
ing 50 ug of protein were run through SDS-PAGE gels (12%)
and then transferred to polyvinylidene difluoride membranes
(Bio-Rad Laboratories, Burlington, ON, Canada). The
glucose transporter 4 (GLUT4) content was determined by
using a GLUT4-specific antibody. Equal loading of all gels
was confirmed by Coomassie staining of all gels. All
antibodies were applied in a 1:1000 dilution and were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

2.12. Pancreas studies: tissue preparation and measurement
of beta cell replication

Six hours before removal of the pancreas, the animals
were injected intraperitoneally with 100 mg/kg BrdU (Sigma
Aldrich Canada, Oakville, ON, Canada), a thymidine
analogue incorporated into newly synthesized DNA [6,37].
Within 10 minutes of decapitation the pancreas was
removed, blotted, and extraneous fat and lymph nodes were
removed [6,37]. The pancreas was then weighed before
being placed in Bock’s fixative. After fixation, tissue
samples were cut into approximately 20 small pieces

(depending on animal’s age and size of pancreas), and
randomly placed into tissue cassettes to ensure an equal
representation of head and tail segments. The cassettes were
then placed in 70% ethanol until time of paraffin embedding.
Four-micrometer slices were cut on an Olympus microtome
(Carsen Group, Markham, ON, Canada) from paraffin
blocks and mounted onto 25 X 75-mm slides. Slides were
stored at room temperature until time of analysis.

2.13. Double immunohistochemical staining for
insulin/BrdU

Paraffin sections were dewaxed and hydrated through
graded alcohols and brought to water. After hydration,
endogenous peroxidase activity was blocked with 3%
hydrogen peroxide and washed in water. Antigen unmasking
was then carried out by enzyme digestion using pepsin
(Sigma, Aldrich, Oakville, Canada) and then washed in
phosphate-buffered saline (PBS). After antigen retrieval,
blocking of avidin/biotin activity was performed with the
Avidin/Biotin blocking kit (Vector Laboratories, Burlington,
ON, Canada). Slides were then washed with PBS, blocked
with normal goat serum (Vector Laboratories), drained, and
then incubated with rabbit anti—insulin IgG (Dako, Mis-
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Table 1
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Metabolic characteristics and pancreatic cell mass at the time of euthanization in all treatment groups

Measurements made at euthanasia Basal (n = 8) Exercise (n = 8) Sham (n = 8) Control (n = 8)
Glucose (mmol/L) 6.1 + 0.26% 7.41 % 0.50% 9.33 + 1.92% 17.7 + 2.07
Insulin (pg/mL) 1112.06 + 133.48 2395.95 + 536.39" 2542.19 + 477.35¢ 1644.51 + 379.33
Adiponectin (pg/mL) 8.51 = 0.29 4.89 + 0.15' 4.87 + 0.35 4.17 + 035
Glucagon (ng/mL) 56.62 + 4.35 109.84 + 4.441 93.96 + 3.87+ 113.64 + 8.501
Corticosterone (ng/mL) 169.7 + 38.39 107.9 + 32.61 241.6 + 36.41* 2347 + 47.4}
TG (mmol/L) 224 + 0.20 7.33 + 0.46 8.28 + 1.24 7.71 + 0.75"
NEFA (mmol/L) 0.30 £ 0.02 0.60 + 0.06" 0.78 + 0.127 0.71 + 0.06"
Beta cell mass (mg/kg) 5443 + 6.37 46.47 + 1.86" 35.98 + 1.85™ 34.94 + 2,901
Alpha cell mass (mg/kg) 2.01 £ 0.19 0.81 + 0.07' 1.15 + 0.06' 0.99 + 0.06'
Delta cell mass (mg/kg) 0.16 + 0.006 0.28 + 0.016' 0.36 + 0.039' 0.34 + 0.018"
Total food consumption (g)

Fast day sum (9:00 AM to 6:00 PM) (g) N/A 34 +2 28 + 4 35+ 4
Total sum (24 h) (g) N/A 1634 + 43 1555 + 1704 1721 + 175

Data are means + SEM. NEFA = nonesterified fatty acids; N/A = not available.
* P < .05 vs control (C) groups.
T P < .05 vs basal (B) groups.
¥ P < .05 vs exercise (E) groups.

sissauga, ON, Canada) primary antibody at 1:100 for 1 hour
at room temperature in a moist chamber. Slides were then
washed with PBS and incubated with the secondary antibody,
biotinylated goat anti—rabbit IgG (Vector Laboratories) at
1:500 for 1 hour at room temperature, washed with PBS and
then incubated with peroxidase-conjugated ultrastreptavidin
labeling reagent (Vector Laboratories). Color development
for insulin was done with freshly prepared diaminobenzidine
(Dako), which yields a brown color. The slides were washed
in water, blocked again with 3% hydrogen peroxide, washed
in water again, and then rinsed in PBS, followed by
incubation with normal horse serum. The slides were then
drained and incubated with mouse anti-BrdU primary
antibody (Invitrogen, Burlington, ON, Canada) at 1:1000
overnight at room temperature, in a moist chamber. The slides
were washed with PBS and incubated with the secondary
antibody, biotinylated horse anti-mouse IgG (Vector Labo-
ratories) at a concentration of 1:500 for 1 hour at room
temperature, were washed with PBS and then incubated with
peroxidase-conjugated ultrastreptavidin labeling reagent
(Vector Laboratories). Color development for beta cells
incorporating BrdU (BrdU™ cells) was done with freshly
prepared nickel diaminobenzidine, which yields a dark blue/
black color.

Finally, the sections were counterstained with Mayer’s
hematoxylin. Sections were then washed in water, dehy-
drated in graded alcohol, cleared with xylene and mounted.

2.14. Data analysis: measurement of beta cell mass and
beta cell replication

Beta cell mass was determined from the insulin antibody-
stained sections by using an image analysis system (Aperio
Scanscope system, Vista, CA) capable of capturing high-
resolution digital images at 20X and 40X optical magnifi-
cation. Digitally, these images could be further increased in
magnification to 400X without a significant loss in image
quality. For each animal, at a magnification of 20X, the

relative cross-sectional area of insulin-stained beta cells was
divided by the cross-sectional area of all the pancreatic
tissue [6,37] over the area occupied by all approximately
20 sections of each slide. Tissue areas were objectively
quantified, using one common preset positive pixel count
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algorithm, available with Aperio Scanscope software. Beta
cell mass per animal was estimated as the product of the
total cross-sectional area of beta cells/total tissue and the
weight of the isolated pancreas before fixation [6,37]. Beta
cell replication was determined at 40X magnification in an
experimentally blinded fashion by one individual by
counting BrdU" nuclei [6,37]. No fewer than 1000 beta
cells per animal (a minimum of 8000 per treatment group)
were counted and classified as BrdU" or BrdU ™.

2.15. Immunohistochemical staining for somatostatin
and glucagon

Paraffin sections used to stain for somatostatin and
glucagon were processed identically to those described in
our insulin/BrdU studies until the point when primary
antibodies are added. The primary antibodies used were
polyclonal rabbit antisomatostatin (Zymed, Burlington, ON,
Canada) and rabbit antiglucagon (Novacastra, Norwell,
MA) at 1:300 dilution for 1 hour in a moist chamber. Slides
were washed with PBS and incubated with the secondary
antibody, biotinylated goat anti—rabbit IgG (Vector Labora-
tories), at room temperature for 1 hour at a concentration of

1:500, washed with PBS, and then incubated with perox-
idase-conjugated ultrastreptavidin labeling reagent (Vector
Laboratories). Color development was done with freshly
prepared Nova red (Vector Laboratories). Finally, the
sections were counterstained with Mayer’s hematoxylin.
Sections were then washed in water, dehydrated in graded
alcohol, cleared with xylene and mounted. Alpha cell and
delta cell mass determinations were performed objectively
by one common preset algorithm in an identical fashion to
beta cell mass calculations (see “Research design and
methods” for beta cell mass quantification).

2.16. Statistical analysis

For all measurements made over time, a 2-way
(treatment group X time interval) repeated-measures
analysis of variance (ANOVA) was used. To examine the
effects of treatment at specific times, the ANOVA was
collapsed, decomposing the ANOVA, allowing one to test
differences between groups. For parameters measured at
euthanasia, a 1-way (treatment) ANOVA was used. Duncan
post hoc analysis was used to determine differences
between relevant mean values. All values are reported as
a mean £ SEM and were obtained using STATISTICA
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software (StatSoft Inc, v.6.0, Tulsa, OK) with P < .05 as
the limit for statistical significance.

3. Results
3.1. Weekly body weight and food intake

At the commencement of the study, body weight was not
different between the treatment groups (Fig. 1A). Body
weight increased equally in all 3 groups over the study (P <
.05). Daily food intake (Fig. 1B) increased in all treatment
groups over the course of intervention (P < .05). Food
intake in sham rats was lower than in exercise rats over the
first 5 weeks of intervention (P < .05); however, there was
no difference between these 2 groups over the final 2 weeks
of the study. For the first 4 weeks, food intake was not
different between exercise and control rats. Over the last
3 weeks of intervention, however, exercised rats ate less
than controls (P < .05). Total summated food intake
indicates that food consumption spanning the study period
was similar between exercise and control rats, although
sham rats ate less than exercise (P < .05) and control (P <
.05) animals (Table 1).

3.2. Corticosterone levels

Pretreatment corticosterone (Fig. 2A) increased over time
in all 3 treatment groups (P < .05) and did not differ
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between the groups except at week 4, where values were
higher in controls compared with the other 2 groups.
Posttreatment corticosterone (Fig. 2B) was elevated in
exercise when compared with controls at all weeks (P <
.05), except for week 6. For data collapsed over time,
posttreatment corticosterone levels were similar between
exercise and sham groups.

3.3. Plasma glucose levels

Daily fed blood glucose measurements for each animal
were summated, averaged over 4 week days, and plotted
over the course of the study (fasting blood glucose
measurements were made on Friday and were not included
into this fed blood glucose calculation) (Fig. 3A). Fed blood
glucose concentrations were similar among the groups at the
start of the experiment. Fed blood glucose levels increased
dramatically in control rats over the course of the study and
by the third week of intervention were higher than in
exercised and sham rats (P < .05). Fed blood glucose levels
between exercise and sham rats did not differ from each
other for the entire duration of the study. By 10 weeks of age
(week 5 of intervention), control rats were diabetic based on
the human criteria for postprandial hyperglycemia of greater
than 11.1 mmol/L, whereas the other 2 groups remained
euglycemic in the fed state. Fasted blood glucose (Fig. 3B)
did not differ between exercise and sham groups during the
study and remained euglycemic during the 6 weeks of
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Fig. 5. Four days before euthanasia and after an 18-hour fast, an IPGTT was performed. Plasma was sampled every 30 minutes over a 2-hour period.
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treatment. By the sixth week, however, fasted blood glucose
in controls was elevated compared with exercise and sham
rats (both P < .05) and had exceeded the diabetic human
criteria for fasting normoglycemia (>7.1 mmol/L).

3.4. Insulin levels and beta cell function

Fasted insulin levels increased gradually in all groups.
By week 6, control rats had lower levels (P < .05) than the
other 2 groups, suggesting that they had become insulin
deficient (Fig. 4A), as their fasted glucose was elevated at
this time (see above). At euthanasia, there were higher
postprandial insulin concentrations in exercise and sham rats
when compared with basal animals (P < .05, Table 1).
Postprandial insulin concentrations in control animals and
basal rats were not different, therefore indicating compen-
satory hyperinsulinemia was transient in control rats, as
expected, but maintained in exercise and sham groups. This
maintenance of compensatory hyperinsulinemia in relation
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to fasting glucose levels can be represented as a simple test
of beta cell function by dividing fasting insulin by fasting
glucose levels (Fig. 4B). At the first week of treatment
(week 1), beta cell function was higher in shams compared
with controls. However, beta cell function was not different
between exercise and control groups at this time. Beta cell
function was similar among all groups over weeks 2 to 5,
but was lower in controls than in the other 2 groups at week
6. Thus, greater quantities of insulin could be produced and/
or secreted in response to a glucose stimulus in exercise and
sham animals, but not in controls.

3.5. Intraperitoneal glucose tolerance test plasma glucose
and plasma insulin levels

As mentioned above, an IPGTT was performed at week
1 in basal animals (6 weeks of age) and after 6 weeks of
treatment in controls, exercise, and sham groups (all
12 weeks of age). Before glucose injection, basal, exercise,
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Fig. 6. Beta cell mass (A) and percent beta cell proliferation/BrdU" incorporation (B). Data are presented as means + SEM, n = 8 rats per group. *P < .05 vs basal
(B) groups; TP <.05 vs exercise (E) groups; P < .05 vs sham (S) groups; *P < .05 vs control (C) groups. Islet morphology: representative sections of pancreas at
6 weeks of age before the treatment period (B), and at 12 weeks of age after the treatment period (E, SE, NTC). Islet morphology and examples of BrdU" cells
(C). Insulin-stained cells appear reddish-brown, whereas non—insulin stained tissue appears purple. E animals show more intense insulin staining compared to
control animals. E and SE rats have improved islet morphology compared with NTC animals. Examples of BrdU" nuclei are identified by arrows (C).
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and sham rats had lower fasting glucose compared with
control rats (P < .05). Blood glucose in controls were
higher than in basal rats at all time points during the IPGTT
(P < .05), indicating a deterioration in glucose tolerance
with time (Fig. 5A). Sham and control rats also had
increased blood glucose area under the curve (AUC)
relative to basal rats (Fig. 5B). Two-hour postload glucose
was higher in sham and control rats (both P < .05)
compared with basal rats (Fig. 5A). Insulin AUC during the
IPGTT was higher in exercise, sham, and controls
compared with basal rats (Fig. 5C, P < .05).

3.6. Islet studies and immunohistochemistry of alpha, beta,
and delta cell mass

Beta cell mass, adjusted for body weight, was reduced in
sham and control rats when compared with basal rats (P <
.05). In the exercise group, however, beta cell mass was
similar to that of basal animals and approximately 25%
higher than in controls (P <.05). Beta cell proliferation, as
assessed by BrdU incorporation into proliferating cells, was
increased in exercise rats compared with the other groups
(P < .05, Fig. 6B). Fig. 6C shows examples of BrdU"
nuclei. Immunohistochemical staining for islet glucagon
indicated that alpha cell mass was elevated in sham
compared with exercise rats (P < .05), and decreased in
all 3 groups compared with the basal group (P < .05, Table
1). Compared with basal rats, delta cell mass was elevated at
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12 weeks of age in exercise, sham, and controls (P < .05,
Table 1). However, delta cell mass was lower in exercise
compared with sham rats at this time (P < .05, Table 1).
Compared with controls, islet cell morphology of the
exercised and sham treatment rats was significantly im-
proved, with increased density and darker insulin staining,
and normal rounded islet appearance, similar to what was
observed in basal animals. Control rats showed significant
fibrosis and less intense staining for insulin compared with
the other 3 groups.

3.7. Plasma and tissue data collected at euthanasia

Postprandial metabolites, hormones, and other measure-
ments made at euthanasia are shown in Table 1. Blood
glucose levels at euthanasia were similar between basal,
exercise, and sham groups, all of which were lower than in
control animals (P < .05). In exercise and sham rats, insulin
levels were higher than in basal rats (P < .05), whereas the
levels in controls and basal animals were similar. Cortico-
sterone level was lower in the exercise group compared with
sham and control groups (P < .05). Plasma adiponectin
levels were reduced in all treatment groups relative to basal
(P < .05). Plasma glucagon levels were higher in exercise,
sham, and control rats compared with the basal group (P <
.05); however, sham rats had a lower plasma glucagon than
controls (P < .05). Although there were no significant
differences in postprandial FFA or TG concentrations
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between treatment groups, levels were higher than in basal
animals (P < .05).

3.8. Muscle GLUT4 expression and glycogen content

White gastrocnemius glycogen content was lower in all
treatment groups compared with basal animals (P < .05,
Fig. 7A); however, compared with controls, levels were
higher in both exercise and sham animals (P < .05). Red
gastrocnemius muscle (Fig. 7B) glycogen content was lower
in all 3 treatment groups relative to basal animals (P <.05),
but did not differ between the 3 treatment groups. Total
GLUT4 content in both white and red gastrocnemius muscles
did not differ between treatment groups (Fig. 7C and D).

4. Discussion

This study demonstrates that stressful stimuli that are
episodic in nature, such as those associated with forced-
exercise swim training, result in the attenuation of T2DM in
the male ZDF rat. The main findings are that both swim
exercise and sham treatment result in the maintenance of
euglycemia through adaptive attenuation in the loss of beta
cell function. Specifically, attenuation of T2DM with
regular exercise is characterized by increased rates of beta
cell proliferation and beta cell mass compared with
sedentary control animals. Furthermore, in this model,
improvement in glucose tolerance with exercise is not a
result of reduced food intake, a reduction in body weight, or
differences in plasma lipid profiles. Chronic, intermittent,
non-exercise stress also attenuates the progression of
hyperglycemia in the ZDF rat. However, unlike exercise
training, the protective effect of non-exercise stress is not
mediated by preservation of beta cell mass but rather
preservation of beta cell function. It appears, therefore, that
a number of potential mechanisms exist to delay or prevent
the development of diabetes in this animal model.

Six weeks of swim training resulted in significant
improvements in both postprandial (Fig. 3A, Table 1) and
fasted glucose (Fig. 3B) concentrations, such that by the end
of the intervention period, glucose in exercised rats was
approximately 60% and approximately 40% lower than in
controls for postprandial and fasted glucose, respectively.
Based on IPGTT, exercised animals have improved periph-
eral insulin action (Fig. 5), as has been shown using
treadmill training in ZDF rats [14] and other forms of
exercise in rat models of insulin resistance [15-17]. In our
study, exercise training resulted in blood glucose levels,
2 hours after glucose administration in the IPGTT, that
were below the human diabetic threshold of T2DM
(11.1 mmol/L), although control animals became overtly
diabetic. Throughout the 2 hours after intraperitoneal
glucose injection, total insulin levels (AUC) were not
different between the 3 treatment groups, whereas blood
glucose AUC (Fig. 5B) and 2-hour postload glucose levels
were considerably lower in exercise vs control rats,
indicating increased peripheral insulin action occurred in

the former group (Fig. SA and C). Our findings of improved
insulin action in exercised ZDF rats is in agreement with
other studies showing that training improves insulin
sensitivity in obese Zucker fatty rats [16,17,38,39].
Enhanced peripheral insulin-stimulated glucose disposal
with exercise training may be related to an up-regulation of
GLUT4 protein expression [16,38,40-45], GLUT4 translo-
cation [41], and cell surface GLUT4 content after insulin
stimulation [38]. For example, with our current study we
show a tendency (P = .095) for a reduction in white
gastrocnemius GLUT4 content in sedentary controls over
time. Interestingly, with both sham exercise (P = .17) and
exercise (P = .18) treatment there was a tendency to preserve
GLUT4 levels when compared with sedentary controls.
Similarly, swim training resulted in a tendency for a 30%
increase in red gastrocnemius muscle GLUT4 protein
expression relative to sedentary controls. A possible expla-
nation regarding why statistical significance was not obtained
with this present study is likely related to the high variability
seen within and between our treatment groups. Thus, our
present findings partially support results from other swim
studies with rodents, reporting a short-lived 30% increase in
GLUT4 messenger RNA (mRNA) levels [46] with training.
Other factors are also likely involved in improving
insulin sensitivity. For example, we found that swim-trained
rats had higher white gastrocnemius glycogen content
compared with controls (Fig. 7A), which may help to
explain their increased insulin sensitivity. Indeed, greater
insulin sensitivity is associated with increased muscle
glycogen synthesis in humans [46-49]. Others have also
shown that skeletal muscle adenosine monophosphate—
activated protein kinase levels increase with training and
are associated with improved insulin sensitivity and a delay
in the development of T2DM in male ZDF rats [14]. Taken
together, it is likely that a number of peripheral adaptations
occur with exercise that improve insulin sensitivity, which
may in turn cause a reduced reliance on pancreatic function.
In agreement with the improved glycemia and enhanced
beta cell mass relative to sedentary controls, we found that
exercise training partially maintains compensatory beta cell
adaptations and is associated with maintenance of normal
islet morphology (Fig. 6). Islets from control rats had
significant fibrosis and less intense staining for insulin
compared with the other groups after 6 weeks of treatment.
In exercised animals, islets were dense and circular with
insulin staining characteristics that were similar to that in
basal animals. In fact, islet morphology between 12-week-
old exercised and 6-week-old basal animals was not
noticeably different. These findings confirm recent obser-
vations that exercise protects beta cell morphology in ZDF
rats [14] and are in line with human studies suggesting that
regular exercise increases insulin secretion to either hyper-
glycemia or arginine stimulation [18]. Thus, it appears that
moderate exercise training improves beta cell function either
directly by increasing beta cell mass or as a result of
“sparing” insulin needs by increasing peripheral insulin
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action. Indeed, a strong positive correlation exists between
the maintenance of normal islet morphology and beta cell
function [50]. Our immunohistochemical analysis of the
pancreas showed that in exercised animals there was a
significant attenuation in the reduction of beta cell mass
when compared with age-matched controls (Fig. 6), similar
to observations made in insulin-resistant Otsuka Long-
Evans Tokushima fatty rats who undergo volitional wheel
running [15] and male ZDF rats exposed to treadmill
training [14]. Taken together, it appears that both volitional
and forced-exercise paradigms delay the progression of
hyperglycemia in insulin-resistant rats by partially main-
taining beta cell mass. Moreover we show, for the first time,
that preservation of beta cell mass with exercise is
associated with increases in beta cell proliferation in the
ZDF rat. To investigate beta cell apoptosis in this model, we
used immunohistochemical staining with the terminal
transferase uridyl nick end labeling of sectioned tissues
and found no detectable apoptosis. Subsequent 4’,6-diami-
dino-2-phenylindole (DAPI) staining also did not yield any
detectable levels of DNA fragmentation or cell death.
Although we were unable to quantify apoptosis in this
study, we speculate that based on the degree of islet fibrosis
and disorganization of islet morphology, apoptosis and/or
necrosis played a considerable role in a loss of compensa-
tory beta cell mass in the control group. The exact
mechanisms of how exercise training attenuates the loss of
beta cell mass remains to be elucidated, but we believe that
by improving insulin sensitivity peripherally there may be
less strain on beta cell function and subsequent maintenance
of normoglycemia. Interestingly, antecedent hyperglycemia
has been shown to be responsible for reductions in insulin
mRNA and increases in beta cell apoptosis preceding beta
cell dysfunction in the male ZDF rat [51,52]. Thus, the
partial preservation of beta cell function in exercise and
sham rats in this study may be related to a lower glycemic
strain because both groups remained euglycemic compared
with controls. Our data do not support the notion that
hyperlipidemia played a major role in beta cell failure, as
plasma FFA and TG concentrations increased similarly in all
groups during the progression of the disease (Table 1).
Previous studies have shown an increase in delta cell
mass and presomatostatin mRNA in diabetic dogs,
monkeys, rats, and humans [53,54]. We show for the first
time in ZDF rats that alpha cell mass decreases, whereas
delta cell mass increases, over time. Because somatostatin
inhibits glucagon synthesis and secretion, it is not surprising
that alpha cell mass was decreased [54]. Interestingly,
however, plasma glucagon increased over time in exercise,
sham, and control rats despite the reduction in alpha cell
mass. This increase in glucagon, however, was less
pronounced in sham rats, which exhibited lower circulating
glucagon than controls or exercised animals (P = .05). It is
unknown whether this reflects enhanced glucagon secretion
or decreased glucagon disposal. Prudence should be used
when interpreting glucagon data, as the specificity of

commercially available glucagon assays is debatable. We
recognize that the specificity of the assay used is not 100%
and may be affected by related peptides, such as glucagon-
like peptide 1. The general consensus is that glucagon
assays (when C-terminal) do not bind with glucagon-like
peptide 1, but may combine nonspecifically up to 60% with
proteins different from glucagon. This may offer an
explanation for the discordance in our findings with respect
to our alpha cell mass and glucagon data. These results,
however, may explain, in part, the beneficial effect of sham
treatment on glucoregulation.

By 12 weeks of age, control animals had become overtly
hyperglycemic with respect to postprandial and fasted
glucose concentrations and at the same time showed
reduced insulin levels relative to exercise- and sham-treated
groups. These data suggest that exercise and sham animals
are able to compensate for their insulin resistance by
increasing insulin production and/or secretion in response
to a sustained glucose stimulus. We estimated beta cell
function by dividing fasted insulin by fasted glucose levels
(Fig. 4B). Based on this ratio, we found that beta cell
function increased over time in all 3 groups when compared
with basal animals. By the end of the study, however,
exercise and sham animals had greater beta cell function
than controls, offering a plausible explanation for the
maintenance of postprandial and fasted glucose values
below the human diabetic criteria of greater than 11.1 and
greater than 7.1 mmol/L, respectively.

Perhaps the most surprising finding of this study is that
intermittent sham stress, which is associated with elevations
in glucocorticoid levels, also limits the progression of overt
T2DM in the ZDF rat. The improvements in fed and fasted
glucose profiles in sham rats may be related to the fact that
food consumption in sham rats was slightly reduced when
compared with exercise or control rats. This observation,
however, is an unlikely explanation for improved glycemia
in these sham animals, as food intake during the lights-on
period (7:00 AM to 7:00 PM) and body weight were not
reduced in this group despite their reduced total food
consumption over the 6 weeks of treatment. Furthermore,
sham animals were not observed to be any more active than
sedentary controls during the daily treatment portion of the
study. This observation is supported by the fact that body
weight in sham rats was not reduced when compared with
controls despite a reduced food intake. Despite marked
improvements in fed and fasted glucose profiles in sham
rats, significant improvements in glucose tolerance did not
occur. Surprisingly, similar to that observed in exercised
rats, sham treatment significantly increased white gastroc-
nemius glycogen content when compared with sedentary
controls lacking intervention. We recognize that favorable
changes in body composition, such as reductions in visceral
fat pad mass, may have occurred in sham rats in response to
episodic stress. Unfortunately, we did not measure fat pad
mass for this study, as we were most concerned with the
timely removal of the pancreas before autodigestion.
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Furthermore, we did not have access to any other
methodology to access body composition (ie, dual x-ray
absorptiometry, magnetic resonance imaging, or computed
tomography). It may be, therefore, that altered body
composition that improves glucose disposal or small
reductions in food intake may explain the apparent improve-
ments in glycemia in intermittently stressed animals. These
observations are paradoxical, however, as glucocorticoid
administration is associated with increased insulin resistance
in liver [55], skeletal muscle, and adipose tissue [55,56]. Our
finding that intermittent stress is protective in the develop-
ment of T2DM is supported by additional studies performed
in our laboratory showing that chronic intermittent restraint
stress effectively attenuates hyperglycemia and beta cell
decompensation in male ZDF rats [57].

The effects of episodic elevations in glucocorticoid
exposure on the pancreas remain unclear. In contrast to
the diabetogenic effects of glucocorticoids, the diabetogenic
effects of streptozotocin, alloxan, and partial pancreatecto-
my can be reduced by pretreatment with glucocorticoids or
mild foot shock [23,27-32]. Finally, treatments that period-
ically lower insulin secretion in the face of increased insulin
resistance have been effective at attenuating or even
preventing T2DM in both humans [58] and in male ZDF
rats [59]. Because brief periods of beta cell rest protract the
progression of T2DM in ZDF rats, we speculate that brief
and intermittent exposures to elevated glucocorticoids and/
or catecholamines occurring during times of acute stress
may confer a protective effect to the beta cell by temporarily
inhibiting insulin secretion and, therefore, attenuating
pancreatic beta cell decompensation [60,61].

In summary, glucose tolerance improves and prevention
of T2DM occurs with forced swimming in male ZDF rats.
In addition, it appears that the stress accompanying non-
volitional exercise paradigms also resists the development
of T2DM in this animal model, likely via distinct
mechanisms. We speculate that exercise exerts protective
effects on the attenuation of hyperglycemia in male ZDF
rats by improving insulin sensitivity, which helps to partially
maintain beta cell mass by increased beta cell proliferation.
In contrast to the benefits of exercise on beta cell function
and insulin sensitivity, we also reveal that non-exercise
stress does not result in improvements in glucose tolerance
or in beta cell mass but lowers fed and fasted glucose levels,
perhaps by reducing food intake and by lowering glucagon
secretion from alpha cells.

Acknowledgments

This work was generously supported by research grants
from the Canadian Institutes of Health Research, Juvenile
Diabetes Foundation International, and the National Sci-
ence and Engineering Research Council of Canada
(NSERC). Michael Kiradly is a recipient of the Ontario
Graduate Scholarship, the Banting and Best Diabetes
Centre Novo-Nordisk Scholarship, the NSERC PGS-A

award, and the University of Toronto’s Department of
Physiology Scholarship.

The authors would like to thank Drs Owen Chan and
Karen Inouye for their stimulating conversation and support.

References

[1] Zimmet P, Alberti KG, Shaw J. Global and societal implications of the
diabetes epidemic. Nature 2001;414:782-7.

[2] Lazar MA. How obesity causes diabetes: not a tall tale. Science 2005;
307:373-5.

[3] Wang MY, Koyama K, Shimabukuro M, et al. Overexpression of
leptin receptors in pancreatic islets of Zucker diabetic fatty rats
restores GLUT-2, glucokinase, and glucose-stimulated insulin secre-
tion. Proc Natl Acad Sci U S A 1998;95:11921-6.

[4] Peterson RG, Shaw WN, Neel M-A, Little LA, Eichberg J. Zucker
diabetic fatty rat as a model for non—insulin-dependent diabetes
mellitus. ILAR J 1990;32:16-9.

[5] Tokuyama Y, Sturis J, DePaoli AM, et al. Evolution of beta-cell
dysfunction in the male Zucker diabetic fatty rat. Diabetes 1995;44:
1447-57.

[6] Finegood DT, McArthur MD, Kojwang D, et al. Beta-cell mass
dynamics in Zucker diabetic fatty rats. Rosiglitazone prevents the rise
in net cell death. Diabetes 2001;50:1021-9.

[7] Clark JB, Palmer CJ, Shaw WN. The diabetic Zucker fatty rat. Proc
Soc Exp Biol Med 1983;173:68-75.

[8] Kloppel G, Lohr M, Habich K, et al. Islet pathology and the
pathogenesis of type | and type 2 diabetes mellitus revisited. Surv
Synth Pathol Res 1985;4:110-25.

[9] Clark A, Wells CA, Buley ID, et al. Islet amyloid, increased A-cells,
reduced B-cells and exocrine fibrosis: quantitative changes in the
pancreas in type 2 diabetes. Diabetes Res 1988;9:151-9.

[10] Butler AE, Janson J, Bonner-Weir S, et al. Beta-cell deficit and
increased beta-cell apoptosis in humans with type 2 diabetes. Diabetes
2003;52:102- 10.

[11] Ohneda M, Inman LR, Unger RH. Caloric restriction in obese pre-
diabetic rats prevents beta-cell depletion, loss of beta-cell GLUT 2 and
glucose incompetence. Diabetologia 1995;38:173-9.

[12] Okauchi N, Mizuno A, Yoshimoto S, et al. Is caloric restriction
effective in preventing diabetes mellitus in the Otsuka Long Evans
Tokushima fatty rat, a model of spontaneous non—insulin-dependent
diabetes mellitus? Diabetes Res Clin Pract 1995;27:97-106.

[13] Gabriely I, Ma XH, Yang XM, et al. Removal of visceral fat prevents
insulin resistance and glucose intolerance of aging: an adipokine-
mediated process? Diabetes 2002;51:2951-8.

[14] Pold R, Jensen LS, Jessen N, et al. Long-term AICAR administration
and exercise prevents diabetes in ZDF rats. Diabetes 2005;54:928 -34.

[15] Shima K, Zhu M, Noma Y, et al. Exercise training in Otsuka Long-
Evans Tokushima Fatty rat, a model of spontaneous non—insulin-
dependent diabetes mellitus: effects on the B-cell mass, insulin content
and fibrosis in the pancreas. Diabetes Res Clin Pract 1997;35:11-9.

[16] Hevener AL, Reichart D, Olefsky J. Exercise and thiazolidinedione
therapy normalize insulin action in the obese Zucker fatty rat.
Diabetes 2000;49:2154-9.

[17] Christ CY, Hunt D, Hancock J, et al. Exercise training improves
muscle insulin resistance but not insulin receptor signaling in obese
Zucker rats. J Appl Physiol 2002;92:736-44.

[18] Dela F, von Linstow ME, Mikines KJ, et al. Physical training may
enhance beta-cell function in type 2 diabetes. Am J Physiol
Endocrinol Metab 2004;287:E1024-31.

[19] Davies CT, Few JD. Effects of exercise on adrenocortical function.
J Appl Physiol 1973;35:887-91.

[20] Gray I, Beetham Jr WP. Changes in plasma concentration of
epinephrine and norepinephrine with muscular work. Proc Soc Exp
Biol Med 1957;96:636-8.



744 M.A. Kirdly et al. / Metabolism Clinical and Experimental 56 (2007) 732744

[21] Issekutz Jr B, Vranic M. Role of glucagon in regulation of glucose
production in exercising dogs. Am J Physiol 1980;238:E13-E20.

[22] Kern H, Logothetopoulos J. Steroid diabetes in the guinea pig. Studies
on islet-cell ultrastructure and regeneration. Diabetes 1970;19:145-54.

[23] Hausberger FX, Ramsay AJ. Steroid diabetes in guinea pigs: effects of
hydrocortisone administration on blood and urinary glucose, nitrogen
excretion, fat deposition, and the islets of Langerhans. Endocrinology
1955;56:533-40.

[24] Like AA, Chick WL. Pancreatic beta cell replication induced by
glucocorticoids in subhuman primates. Am J Pathol 1974;75:329-48.

[25] Volk BW, Lazarus SS. The effect of various diabetogenic hormones on
the structure of the rabbit pancreas. Am J Pathol 1958;34:121-35.

[26] Vranic M. Effects of cortisol in guinea pigs with normal and atrophic
exocrine pancreas. Diabetes 1965;14:194-200.

[27] Houssay BA, Rodriguez RR, Cardeza AF. Prevention of experimental
diabetes with adrenal steroids. Endocrinology 1954;54:550-2.

[28] Katada T, Ui M. Spontaneous recovery from streptozotocin-induced
diabetes in rats pretreated with pertussis vaccine or hydrocortisone.
Diabetologia 1977;13:521-5.

[29] Lazarus SS, Volk BW. Studies on a latent diabetic state in cortisone-
alloxan treated rabbits. Diabetes 1964;13:54-9.

[30] Roudier M, Portha B, Picon L. Glucocorticoid-induced recovery from
streptozotocin diabetes in the adult rat. Diabetes 1980;29:201-5.

[31] Wellmann KF, Volk BW. Fine structure of pancreas in cortisone-treated
guinea pigs and rabbits. Arch Pathol Lab Med 1976;100:334-8.

[32] Huang SW, Plaut SM, Taylor G, et al. Effect of stressful stimulation
on the incidence of streptozotocin-induced diabetes in mice. Psycho-
som Med 1981;43:431-7.

[33] Kai K, Morimoto I, Morita E, et al. Environmental stress modifies
glycemic control and diabetes onset in type 2 diabetes prone Otsuka
Long Evans Tokushima Fatty (OLETF) rats. Physiol Behav 2000;68:
445-52.

[34] Park E, Chan O, Li Q, et al. Changes in basal hypothalamo-pituitary-
adrenal activity during exercise training are centrally mediated. Am J
Physiol Regul Integr Comp Physiol 2005;289:R1360-71.

[35] Fediuc S, Gaidhu MP, Ceddia RB. Inhibition of insulin-stimulated
glycogen synthesis by AICAR-induced AMPK activation: interactions
with Akt, GSK-3 {alpha}/{beta}, and glycogen synthase in isolated rat
soleus muscle. Endocrinology 2006;147:5170-7.

[36] Passonneau JV, Gatfield PD, Schulz DW, et al. An enzymic method
for measurement of glycogen. Anal Biochem 1967;19:315-26.

[37] Pick A, Clark J, Kubstrup C, et al. Role of apoptosis in failure of beta-
cell mass compensation for insulin resistance and beta-cell defects in
the male Zucker diabetic fatty rat. Diabetes 1998;47:358 -64.

[38] Etgen Jr GJ, Jensen J, Wilson CM, et al. Exercise training reverses
insulin resistance in muscle by enhanced recruitment of GLUT-4 to
the cell surface. Am J Physiol 1997;272:E864-9.

[39] Kibenge MT, Chan CB. The effects of high-fat diet on exercise-
induced changes in metabolic parameters in Zucker fa/fa rats.
Metabolism 2002;51:708 - 15.

[40] Banks EA, Brozinick Jr JT, Yaspelkis III BB, et al. Muscle glucose
transport, GLUT-4 content, and degree of exercise training in obese
Zucker rats. Am J Physiol 1992;263:E1010-5.

[41] Brozinick Jr JT, Etgen Jr GJ, Yaspelkis III BB, et al. Effects of
exercise training on muscle GLUT-4 protein content and translocation
in obese Zucker rats. Am J Physiol 1993;265:E419-27.

[42] Etgen Jr GJ, Brozinick Jr JT, Kang HY, et al. Effects of exercise
training on skeletal muscle glucose uptake and transport. Am J
Physiol 1993;264:C727-33.

[43] Friedman JE, Sherman WM, Reed MJ, et al. Exercise training
increases glucose transporter protein GLUT-4 in skeletal muscle of
obese Zucker (fa/fa) rats. FEBS Lett 1990;268:13-6.

[44] Sherman WM, Friedman JE, Gao JP, et al. Glycemia and exercise
training alter glucose transport and GLUT4 in the Zucker rat. Med Sci
Sports Exerc 1993;25:341-8.

[45] Friedman JE, de Vente JE, Peterson RG, et al. Altered expression of
muscle glucose transporter GLUT-4 in diabetic fatty Zucker rats
(ZDF/Drt-fa). Am J Physiol 1991;261:E782-8.

[46] Reynolds TH, Brozinick Jr JT, Larkin LM, et al. Transient
enhancement of GLUT-4 levels in rat epitrochlearis muscle after
exercise training. J Appl Physiol 2000;88:2240-5.

[47] Perseghin G, Price TB, Petersen KF, et al. Increased glucose
transport-phosphorylation and muscle glycogen synthesis after
exercise training in insulin-resistant subjects. N Engl J Med 1996;
335:1357-62.

[48] Cusi K, Maezono K, Osman A, et al. Insulin resistance differentially
affects the PI 3-kinase- and MAP kinase—mediated signaling in human
muscle. J Clin Invest 2000;105:311-20.

[49] Christ-Roberts CY, Pratipanawatr T, Pratipanawatr W, et al. Increased
insulin receptor signaling and glycogen synthase activity contribute to
the synergistic effect of exercise on insulin action. J Appl Physiol
2003;95:2519-29.

[50] Hayek A, Woodside W. Correlation between morphology and function
in isolated islets of the Zucker rat. Diabetes 1979;28:565-9.

[51] Harmon JS, Gleason CE, Tanaka Y, et al. Antecedent hyperglycemia,
not hyperlipidemia, is associated with increased islet triacylglycerol
content and decreased insulin gene mRNA level in Zucker diabetic
fatty rats. Diabetes 2001;50:2481-6.

[52] Leahy JL, Bonner-Weir S, Weir GC. Beta-cell dysfunction induced
by chronic hyperglycemia. Current ideas on mechanism of
impaired glucose-induced insulin secretion. Diabetes Care 1992;
15:442-55.

[53] Rastogi KS, Efendic S, Lickley L, et al. Elevated somatostatin in
pancreatic islets of adrenalectomized dogs. Endocrinology 1987;120:
544-8.

[54] Rastogi KS, Lickley L, Jokay M, et al. Paradoxical reduction in
pancreatic glucagon with normalization of somatostatin and decrease
in insulin in normoglycemic alloxan-diabetic dogs: a putative
mechanism of glucagon irresponsiveness to hypoglycemia. Endocri-
nology 1990;126:1096-104.

[55] Surwit RS, Schneider MS, Feinglos MN. Stress and diabetes mellitus.
Diabetes Care 1992;15:1413-22.

[56] Bjorntorp P, Rosmond R. Obesity and cortisol. Nutrition 2000;16:
924-36.

[57] Douglas HE, Kiraly M, Yue JTY, et al. Effect of chronic stress on
diabetes development in the Zucker diabetic fatty rat. Diabetes 2005;
53:A407 [abstract].

[58] Buchanan TA, Xiang AH, Peters RK, et al. Preservation of pancreatic
beta-cell function and prevention of type 2 diabetes by pharmacolog-
ical treatment of insulin resistance in high-risk Hispanic women.
Diabetes 2002;51:2796-803.

[59] Alemzadeh R, Tushaus KM. Modulation of adipoinsular axis in
prediabetic Zucker diabetic fatty rats by diazoxide. Endocrinology
2004;145:5476-84.

[60] Hunter WM, Sukkar MY. Changes in plasma insulin levels during
muscular exercise. J Physiol 1968;196:110-112P.

[61] Andrews RC, Walker BR. Glucocorticoids and insulin resistance: old
hormones, new targets. Clin Sci (Lond) 1999;96:513-23.



	Attenuation of type 2 diabetes mellitus in the male Zucker diabetic fatty rat: the effects of stress and non-volitional exercise
	Introduction
	Research design and methods
	Animals
	Experimental design
	Treatment protocols
	Food intake, body weight, and postprandial glucose sampling
	Fasting blood glucose and fasting plasma insulin levels
	Intraperitoneal glucose tolerance test with respective insulin levels
	Corticosterone sampling
	Resting hormone measurements made at euthanasia
	Analytical procedures
	Glycogen content assay
	Western blot determination of glucose transporter 4
	Pancreas studies: tissue preparation and measurement of beta cell replication
	Double immunohistochemical staining for insulin/BrdU
	Data analysis: measurement of beta cell mass and beta cell replication
	Immunohistochemical staining for somatostatin and glucagon
	Statistical analysis

	Results
	Weekly body weight and food intake
	Corticosterone levels
	Plasma glucose levels
	Insulin levels and beta cell function
	Intraperitoneal glucose tolerance test plasma glucose and plasma insulin levels
	Islet studies and immunohistochemistry of alpha, beta, and delta cell mass
	Plasma and tissue data collected at euthanasia
	Muscle GLUT4 expression and glycogen content

	Discussion
	Acknowledgments
	References


