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Dunford EC, Leclair E, Aiken J, Mandel ER, Haas TL, Birot
O, Riddell MC. The effects of voluntary exercise and prazosin on
capillary rarefaction and metabolism in streptozotocin-induced dia-
betic male rats. J Appl Physiol 122: 492–502, 2017. First published
December 8, 2016; doi:10.1152/japplphysiol.00762.2016.—Type-1
diabetes mellitus (T1D) causes impairments within the skeletal mus-
cle microvasculature. Both regular exercise and prazosin have been
shown to improve skeletal muscle capillarization and metabolism in
healthy rats through distinct angiogenic mechanisms. The aim of this
study was to evaluate the independent and additive effects of volun-
tary exercise and prazosin treatment on capillary-to-fiber ratio (C:F) in
streptozotocin (STZ)-treated diabetic rats. STZ (65 mg/kg) was intra-
peritoneally administered to male Sprague-Dawley rats (n � 36) to
induce diabetes, with healthy, nondiabetic, sedentary rats (n � 10) as
controls. The STZ-treated rats were then divided into sedentary (SED)
or exercising (EX; 24-h access to running wheels) groups and then
further subdivided into prazosin (Praz) or water (H2O) treatment
groups: nondiabetic-SED-H2O, STZ-SED-H2O, STZ-EX-H2O, STZ-
SED-Praz, and STZ-EX-Praz. After 3 wk, untreated diabetes signifi-
cantly reduced the C:F in tibialis anterior (TA) and soleus muscles in
the STZ-SED-H2O animals (both P � 0.05). Voluntary exercise and
prazosin treatment independently resulted in a normalization of C:F
within the TA (1.86 � 0.12 and 2.04 � 0.03 vs 1.71 � 0.09, P �
0.05) and the soleus (2.36 � 0.07 and 2.68 � 0.14 vs 2.13 � 0.12,
P � 0.05). The combined STZ-EX-Praz group resulted in the highest
C:F within the TA (2.26 � 0.07, P � 0.05). Voluntary exercise
volume was negatively correlated with fed blood glucose levels
(r2 � �0.7015, P � 0.01) and, when combined with prazosin, caused
further enhanced nonfasted glucose (P � 0.01). Exercise and prazosin
reduced circulating nonesterified fatty acids more than either stimulus
alone (P � 0.05). These results suggest that the distinct stimulation of
angiogenesis, with both regular exercise and prazosin treatment,
causes a cooperative improvement in the microvascular complications
associated with T1D.

NEW & NOTEWORTHY It is currently well established that poorly
controlled diabetes reduces both skeletal muscle mass and muscle
capillarization. These muscle-specific features of diabetes may, in
turn, compromise insulin sensitivity and glucose control. Using a
model of streptozotocin-induced diabetes, we show the vascular
complications linked with disease and how chronic exposure to
exercise and prazosin (an �1-adrenergic antagonist) can reduce these
complications and improve glycemic control.

diabetes; exercise; capillaries; muscle; prazosin

TYPE-1 DIABETES MELLITUS (T1D) is a chronic autoimmune
disease targeting the pancreatic �-cells resulting in little to
no insulin production and hyperglycemia (8). Despite exog-
enous insulin therapy, individuals with diabetes have an
increased risk for long-term microvascular and macrovas-
cular complications, which can significantly impact their
morbidity and mortality (7, 10). T1D is also associated with
impaired angiogenesis in skeletal muscle (1, 38). It is
generally held that hyperglycemia itself, or some metabolic
byproduct of hyperglycemia, induces remodeling of capil-
laries within the skeletal muscle, resulting in a lower cap-
illary-to-fiber ratio (C:F) and ultimately affecting regional
hemodynamic regulation (26, 41).

New capillary growth within the skeletal muscle occurs via
existing capillaries through two morphologically different, and
separately inducible, forms of physiological angiogenesis
termed sprouting or nonsprouting angiogenesis (13). The
growth of new capillaries in response to exercising muscle is a
highly regulated process (16), which is stimulated by increased
functional hyperemia and shear stress (19), mechanical stretch
of the tissue in addition to increases in metabolic demand, or
reduced oxygen delivery (12). These signals modulate the
expression and activity of proangiogenic and angiostatic fac-
tors, which act together to regulate sprouting angiogenesis
(13).

In addition to insulin therapy, regular exercise is an estab-
lished management strategy for T1D, improving glucose up-
take and insulin sensitivity within skeletal muscle (15). Addi-
tional health benefits include increased cardiorespiratory fit-
ness, improved endothelial function, increased vascular health,
and quality of life (6, 15). Regular endurance exercise in-
creases skeletal muscle capillarization in healthy individuals
(22). However, the effects of endurance training on changes in
capillarization in diabetic animals and patients are contradic-
tory (20, 27, 29, 44). Vascular function has been shown to
improve with physical activity in both animal models of
diabetes (27) and in patients with T1D (6), but these
alterations were unable to fully restore the diabetes-induced
defects (14, 33).

Prazosin, an �1-adrenergic antagonist, increases skeletal
muscle capillarization via a vascular endothelial growth
factor (VEGF)- and endothelial nitric oxide synthase-
dependent pathway (eNOS) (5, 45). These two mechanisms
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Fig. 1. Schematic of the experimental design. Basal
saphenous vein measurement for corticosterone and
nonesterified fatty acid (NEFA) concentrations oc-
curred on day 1 before the provision of voluntary
running wheels. Streptozotocin (STZ) was admin-
istered on day 7, prazosin on day 11 and on day 14
animals had their food reduced to 30% of their total
body weight to improve glycemia in the diabetic
animals. Animals were euthanized on day 32 (end
point) with a final saphenous vein sample. T1D,
type 1 diabetes.

Fig. 2. Capillary-to-fiber ratio (C:F) in the tibialis anterior in nondiabetic and STZ-treated rats (A and A=) and after 20 days of voluntary exercise and prazosin
cotreatment (B and B=). All values are means � SE (n � 3–5 per group). SED, sedentary; EX, exercise; Praz, prazosin. ***Significantly different from
nondiabetic group (P � 0.05). Different letters (a, b, and c) indicate a significant difference (main effect treatment and activity) between groups (P � 0.001),
following two-way ANOVA (post hoc test).
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of action for prazosin ultimately cause longitudinal splitting
of existing capillaries (46), which is distinct from the
angiogenic, or sprouting, mechanisms that are observed with
exercise. Prazosin has been used in many rodent studies (3,
9, 47) to selectively increase skeletal muscle C:F, but it has
yet to be used as an agent to stimulate angiogenesis in an
animal model of T1D. Chronic treatment with prazosin in
streptozotocin (STZ)-induced diabetic rats reduces eleva-
tions in blood pressure and cholesterol levels and improves
cardiac function (18), but its effect in muscle is unknown in
the STZ model. In humans with type 2 diabetes, prazosin
enhances hepatic function (11, 34), improves insulin sensi-
tivity, and lowers lipid levels (21, 32), in addition to
decreasing blood pressure (11, 21, 32, 34).

The aim of this study was to evaluate the independent and
combined effects of exercise and prazosin administration on
skeletal muscle capillary content in the STZ-induced rodent
model of T1D.

METHODS

This study was carried out in accordance with the recommenda-
tions of the Canadian Council for Animal Care guidelines and was
approved by the York University Animal Care Committee (2013–5).
The Guide for the Care and Use of Laboratory Animals (8th ed.,
2011) was followed.

Animals. Adult, male Sprague-Dawley rats (Charles River Labora-
tories; initial mass of 225–250 g, n � 46) were individually housed
(lights on 12-h cycle: lights off 12-h cycle) after 1 wk of acclimati-
zation to room temperature (22–23°C)- and humidity (50–60%)-
controlled facilities.

Experimental design. A timeline of the experimental protocol is
shown in Fig. 1. All animals had access to voluntary running wheels
for 1 wk. Each exercising animal was placed into rodent cages with
24-h access to a running wheel (Harvard Apparatus), while sedentary
animals were housed in standard cages. Running distance was as-
sessed daily. Seven days after wheel assignment, a single injection of
STZ (65 mg/kg) was administered to induce diabetes. Animals were
also provided with sugar water (20% sucrose) to assist with diabetes
development, and any exercising animals had their wheels removed
overnight to further promote diabetes induction. Two days after
diabetes inducement, animals were divided into one of five groups:
nondiabetic-SED-H2O (control), STZ-SED-H2O, and STZ-EX-H2O,
all given regular drinking water; and STZ-SED-Praz and STZ-EX-
Praz, all given drinking water containing prazosin hydrochloride (5
mg/kg; P7791; Sigma-Aldrich). Five days after diabetes induction, all
animals had their food reduced to 30% of their total body weight to
improve glycemia in the diabetic animals. Body mass, fed blood
glucose, food intake, and fluid consumption were measured daily for
each rodent and any changes in the rodents’ health were noted and
monitored.

Blood glucose, nonesterified fatty acid, and corticosterone sampling.
Blood glucose values were measured with a glucometer (Alpha-

Fig. 3. C:F in the soleus of nondiabetic and STZ-treated rats (A and A=) and after 20 days of voluntary exercise and prazosin cotreatment (B and B=). All values
are means � SE (n � 5 per group). ***Significantly different from nondiabetic group (P � 0.001). Different letters (a, b, and c) indicate a significant difference
(main effect of treatment) between groups (P � 0.05), using a two-way ANOVA (post hoc test).
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TRAK; Abbott Laboratories) and 5 �l of blood from the tip of the tail.
Blood samples were collected from each animal via saphenous vein
for nonesterified fatty acid (NEFA kit, HR Series NEFA-HR; Wako
Chemicals) and corticosterone (MP Biomedical) concentration mea-
surements on days 1 (basal) and 32. Glucose area under the curve
(AUC) was measured relative to each animal’s individual day 11
glucose value and the net area was used to account for the lowering in
blood glucose observed in both exercising groups.

Capillary-to fiber analysis. Skeletal muscle, tibialis anterior (TA),
and soleus, from euthanized animals, was embedded in tissue freezing
medium, frozen in liquid nitrogen, and cryosectioned (10-�m thick).
TA and soleus sections (10-�m thick) were fixed with 3.7% parafor-
maldehyde before being stained with fluorescein isothiocyanate-con-
jugated Griffonia simplicifolia isolectin B4 (1:100; Vector Laborato-
ries). Sections were viewed using a Zeiss M200 inverted microscope
with a 	20 objective and images were captured using Metamorph
imaging software. Capillary-to-fiber counts were averaged from five
to seven independent fields of view per animal by a blinded observer,
and ~45 fibers/image were counted.

Western blotting. Immunoblotting was carried out on protein ex-
tracts from rat soleus or TA muscles as previously described (2).
Frozen muscle (20-40 mg) was mixed at 4°C with RIPA buffer. For
each sample, protein extracts were prepared using two stainless
carbide beads (Retsch, Fisher Scientific, Montreal, Canada) in the
Retsch MM400 tissue lyser (30 pulses/s; Retsch, Haan, Germany).
Denatured samples (30 �g/well) were subjected to SDS-PAGE and
blotted onto nitrocellulose membranes. After blocking with 5% fat-
free milk at room temperature for 45 min, the blots were probed
overnight at 4°C with primary antibodies against the following pro-
teins: �-actin (sc-47778; Santa Cruz Biotechnology, Santa Cruz, CA),
murine double minute-2 (Mdm2; noncommercial clone 2A10 (2, 39,
40), VEGF (clone VG-1; 05–1117; Millipore, Etobicoke, ON, Can-
ada), or TSP-1 (clone A6.1; MS-421-P0; Invitrogen, Burlington, ON,
Canada). After incubation with secondary antibody (cat. no. P0260;
Dako, Carpinteria, CA), proteins were visualized with chemilumines-
cence (Millipore) on Imaging Station 4000MM Pro (Carestream
Health, Rochester, NY) or on X-ray film (CL-XPosure Film; prod. no.

Fig. 4. Blood glucose values across the ex-
perimental timeline (A) and expressed as
area under the curve (AUC; A=). AUC values
are calculated from day 11 (prazosin admin-
istration) until day 32 (end point). A main
effect of both prazosin (P � 0.01) and ex-
ercise (P � 0.01) to improve daily glucose
concentrations was found, with the cotreat-
ment (STZ-EX-Praz) producing the most
significant improvement. All values are
means � SE (n � 6–10 per group). Differ-
ent letters (a, b, and c) indicate a significant
difference (main effect treatment and activ-
ity) between groups (P � 0.05), following
two-way ANOVA (post hoc test).

Fig. 5. Voluntary running distances over time
(A) and the total mean values (B) were graphed
from the initiation of the cotreatment (prazosin
administration). Running distance was nega-
tively correlated to mean blood glucose con-
centration (C) (r2 � �0.7015, P � 0.01). All
values are means � SE (n � 6–10).
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34090; Thermo Scientific, Rockford, IL). Blots were analyzed with
Carestream software.

Statistical analysis. All data are represented as means � SE, with a
criterion of P � 0.05 and P � 0.01 and were assessed as stated using
two-way ANOVAs as a means of statistical significance. Individual
differences were calculated using Bonferroni’s post hoc test (Statis-
tica, StatSoft). A t-test was also used to compare values for nondia-
betic and STZ-treated rats.

RESULTS

Capillary-to-fiber content. The effect of STZ-induced dia-
betes on the skeletal muscle microvasculature was evaluated
using the C:F, expressed relative to fiber number to account for
diabetes-related muscle atrophy. There was obvious capillary
rarefaction in the TA of the STZ-SED-H2O group when com-
pared with the nondiabetic, control group (Fig. 2, A and A=,
P � 0.001), which was paralleled within the soleus of the
STZ-SED-H2O animals (Fig. 3, A and A=, P � 0.001).

Within the TA, C:F for both the STZ-SED-Praz and the
STZ-EX-H2O groups were significantly higher from the STZ-
SED-H2O group (Fig. 2, B and B=, P � 0.001), although they
were not significantly different from each other. This suggests
that individually, both prazosin and exercise were capable of
improving the diabetes-induced loss of capillaries toward that
observed in nondiabetic control rats. The STZ-EX-Praz ani-
mals had significantly higher C:F in comparison with the

STZ-EX-H2O and STZ-SED-Praz animals (P � 0.001), signi-
fying that cotreatment exerted an additive effect on angiogen-
esis. We also observed an increase in C:F within the soleus of
the STZ-SED-Praz animals (P � 0.01) and the STZ-EX-Praz
animals (Fig. 3, B and B=, P � 0.05); however, exercise was
unable to improve the diabetes-induced rarefaction indepen-
dently.

Circulating glucose concentrations. Hyperglycemia was ev-
ident in all STZ-treated animals (Fig. 4A). When analyzed as
an AUC from day 11 onward (the date of prazosin initiation),
there was a significant main effect of both exercise and prazo-
sin to improve daily fed glucose concentrations, with the most
favorable response occurring in the STZ-EX-Praz group (Fig.
4A=, P � 0.01), suggesting that the cotreatment produced the
most beneficial result.

Running distance. Daily running distance was graphed in
relation to prazosin administration (Fig. 5A) and no difference
was found between the average running distance in the two
exercising groups (Fig. 5B). A significant negative correlation
was observed between individual mean blood glucose concen-
trations and cumulative running distances (r2 � �0.70; Fig.
5C, P � 0.01).

Corticosterone and NEFAs. STZ-induced diabetes affected
the concentrations of circulating corticosterone and NEFAs.
Before prazosin administration, corticosterone and NEFA

Fig. 6. Corticosterone and NEFA in nondiabetic and STZ-
treated rats (A and B) and after 20 days of voluntary
exercise and prazosin cotreatment (A=) and (B=). Black and
white bar represents combined basal value before STZ
injection. All values are means � SE (n � 6–10 per group).
***Significantly different from nondiabetic group (P �
0.001). Different letters (a and b) indicate a significant
difference (main effect treatment/activity for corticosterone
and activity for NEFA) between groups (all P � 0.05),
following two-way ANOVA (post hoc test).
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concentrations were not different across the STZ-treatment
group, so these data were pooled (initial basal, Fig. 6, A and
B). All STZ-treated animals developed significantly ele-
vated corticosterone concentrations (Fig. 6A, P � 0.001) at
the end of the treatment period, and only the prazosin group
showed significantly decreased values (Fig. 6A=, P � 0.05).
There was a significant effect of voluntary exercise, prazo-
sin and their combination, to improve NEFA values (Fig.
6B=, P � 0.05).

Mdm2, VEGF-A, and TSP-1. VEGF-A and TSP-1, key pro-
and antiangiogenic molecules in skeletal muscle, are influ-
enced by Mdm2, and these three markers have been used to
understand the changes observed in skeletal muscle C:F. In
both the TA and soleus muscles, STZ-treated rats had signif-
icantly decreased Mdm2 protein content vs. nondiabetic rats
(Fig. 7, A, A=, B, and B=, P � 0.05). Within the TA, Mdm2
protein content was lowest in the STZ-SED-H2O group but
was only significantly lower than the STZ-SED-Praz group
(Fig. 7A
, P � 0.05). Soleus Mdm2 protein content was not
significantly modified in the four different treatment groups
(Fig. 7B
). There was no significant effect of STZ treatment,
prazosin, or exercise on VEGF-A protein content within either
the TA or soleus muscles (Fig. 8, A, A=, A
, B, B=, and B
, P �
0.05). There was also no significant effect of STZ treatment,
prazosin, or exercise on TSP-1 protein content within either the
TA or soleus muscles (Fig. 9, A, A=, A
, B, B=, and B
, P �
0.05).

DISCUSSION

Using a combined therapeutic approach, we have shown that
exposure to 19 days of combined voluntary exercise and
prazosin treatment caused improved skeletal muscle vascular-
ization, through enhanced C:F within the TA muscle and a
normalization of the C:F within the soleus muscle of STZ-
treated rats. Acutely, prazosin administration is not known to
improve glycemia in diabetes; however, we found that prazo-
sin-induced skeletal muscle capillarization, which was inde-
pendent of voluntary exercise, was associated with improve-
ments in nonfasted (fed) glucose concentrations. When com-
bined with voluntary exercise, prazosin treatment caused
additional improvements in fed glucose concentrations and
circulating lipid levels, thereby suggesting that the two treat-
ments can act in an additive fashion to improve muscle capil-
larization and metabolism in this animal model of T1D. To our
knowledge, this is the first time that these two therapeutic
modalities have been combined in an animal model (health or
disease) and suggests that there is likely an additive effect of
both prazosin and exercise on angiogenesis and metabolic
rescue in diabetes.

It is well established that endurance exercise promotes
new capillary growth (22) in both animals and healthy
humans (35); however, literature regarding the effect of
exercise on the pathological effects of T1D within the
skeletal muscle vasculature is inconclusive (20, 44). In
healthy rats, exercise training causes increased VEGF

Fig. 7. Skeletal muscle murine double minute-2 (Mdm2) protein levels are decreased in STZ-induced T1D. A: murine double minute-2 (Mdm2) protein in control
(nondiabetic) and STZ-treated rat tibialis anterior (TA) muscles. A=: Mdm2 protein in nondiabetic and STZ-treated rat TA muscle. *P � 0.01 following unpaired
Student’s t-test analysis. A
: Mdm2 protein in the TA muscles of sedentary, prazosin-treated sedentary, exercised, or exercised and prazosin-treated STZ-treated
rats. Different letters indicate significant difference, P � 0.05 following two-way ANOVA. B: Mdm2 protein in nondiabetic and STZ-treated rat soleus muscles.
B=: Mdm2 protein in nondiabetic and STZ-treated rat soleus muscle. *P � 0.05 following unpaired Student’s t-test analysis. B
: Mdm2 protein in the soleus
muscles of sedentary, prazosin-treated sedentary, exercised, or exercised and prazosin-treated STZ-treated rats. All data are means � SE (n � 6 per group). Same
letter (a) indicates no significant differences were found between groups following two-way ANOVA.
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mRNA and protein content, which stimulates further en-
hancements in muscle capillarization (16). When examined
in STZ-induced diabetic mice, treadmill endurance training
was unable to improve quadriceps femoris cross-sectional
fiber area or C:F after 5 wk of exercise training (27). In our
study, uncontrolled STZ-induced diabetes caused significant
capillary rarefaction, a decrease in the number of capillaries
in an area of tissue, in both the TA (Fig. 2, A and A=) and
soleus muscles (Fig. 3, A and A=), which is consistent with
previous studies (28, 41). When given access to voluntary
exercise wheels, STZ-induced diabetic rats showed a signif-
icant increase in C:F in the TA (Fig. 2, B and B=) and a
slight, but not significant, tendency to increase C:F in the
soleus (Fig. 3, B and B=) when compared with sedentary
STZ-treated rats. The exercise modality in our study was
voluntary wheel running and this might have elicited differ-
ent muscle recruitment between the TA vs. soleus muscles
(25), although there was no difference in volume of exercise
between treatment groups (Fig. 5, A and B). Additionally,
angiogenic potential appears to be inversely proportional to
the original capillarity, i.e., it is easier to induce in fast
muscle than slow or cardiac muscle (12), another possible
explanation for the muscle type-specific differences ob-
served in capillarity.

The enhancement of skeletal muscle capillarization, through
nonsprouting angiogenesis with prazosin treatment, results in
an increase in capillarity in glycolytic and oxidative skeletal
muscles in healthy rats (3, 9, 47). However, to our knowledge,

this study is the first to illustrate the beneficial effects of
prazosin on skeletal muscle capillary rarefaction in STZ-in-
duced diabetic rats. We observed a normalization of C:F in
both TA and soleus muscles of sedentary, STZ-treated rats as
their C:F values were equivalent to those measured in the
control group. When coupled with wheel running, there was an
additive effect on the angiogenic response, specifically in the
TA. It is worth noting that the skeletal muscle angiogenesis
observed within both the TA and soleus (the normalization)
occurred amidst significantly elevated circulating corticoste-
rone levels (Fig. 6, A and A=), a hormone that has been linked
to capillary rarefaction (42). In addition to the fact that both
treatment modalities result in distinct forms of angiogenesis,
there are data suggesting that the combination of high-volume,
low-intensity exercise, like voluntary wheel running, actually
elicits a more rapid angioadaptive response than what is ob-
served after treadmill exercise training (35).

Exercise is a widely recognized strategy for improving
glycemia in diabetes (6), as regular exercise leads to the
improvement of whole body glucose and lipid metabolism and
enhanced skeletal muscle glucose disposal (17) and insulin
sensitivity (23, 24). We observed a significant effect of volun-
tary exercise to improve fed glucose concentrations in the
STZ-treated rats, and this result was amplified when the ani-
mals were coadministered prazosin (Fig. 4, A and A=). These
improvements in blood glucose, regardless of prazosin admin-
istration, were also correlated to running distance (Fig. 5C),
suggesting that higher running volumes caused better fed

Fig. 8. STZ-induced diabetes does not alter skeletal muscle vascular endothelial growth factor (VEGF) protein levels. A: VEGF protein in control (nondiabetic)
and STZ-treated rat TA muscles. A=: VEGF protein in nondiabetic and STZ-treated rat TA muscle. No significant difference following unpaired Student’s t-test
analysis. A
: VEGF protein in the TA muscles of sedentary, prazosin-treated sedentary, exercised, or exercised and prazosin-treated STZ-treated rats. B: VEGF
protein in nondiabetic and STZ-treated rat soleus muscles. B=: VEGF protein in nondiabetic and STZ-treated rat soleus muscle. No significant difference
following unpaired Student’s t-test analysis. B
: VEGF protein in the soleus muscles of sedentary, prazosin-treated sedentary, exercised, or exercised and
prazosin-treated STZ-treated rats. All data are means � SE (n � 6 per group). Same letters indicate no significant differences between groups following two-way
ANOVA.
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glucose concentrations. In our study, sedentary STZ-induced
diabetic rats treated with prazosin also showed improved fed
glucose values throughout the experimental protocol, an unex-
pected but interesting observation, given the inconsistent find-
ings on prazosin treatment in various models of hyperglycemia
(4, 18, 31). As prazosin is not known to acutely lower blood
glucose levels, our results highlight the importance of skeletal
muscle capillary content on glucose homeostasis and demon-
strate that increased capillarization likely enhances insulin
sensitivity and glucose disposal, an observation recently seen
in healthy rats (3).

The angiogenic response is controlled by a dynamic balance
between anti- and proangiogenic factors (36). VEGF-A and
TSP-1 are key pro- and antiangiogenic molecules (30, 37).
Interestingly, we have recently brought evidence that the E3
ubiquitin ligase Mdm2 could be a central regulator of skeletal
muscle angiogenesis, partly by regulating VEGF-A and TSP-1
expression (2, 40).

Our current results show, for the first time, that STZ-treated
rats had a significant decrease in Mdm2 protein levels in
both the TA and soleus muscles, as summarized in Fig. 10A.
This reduction in Mdm2 could explain the lowered skeletal
muscle capillarization in both muscles in sedentary diabetic
rats, as Mdm2 protein levels have been shown to be closely
related to endothelial content within the skeletal muscle
(40). It was previously observed that both capillarization
and Mdm2 protein levels were significantly lower in a
model of type-2 diabetes and in skeletal muscles from

Zucker diabetic fatty (ZDF) rats (40). Further results dem-
onstrated that voluntary running efficiently restored both the
impaired skeletal muscle capillarization and Mdm2 protein
levels within the ZDF rats. In contrast to these findings, the
voluntary exercise stimulus applied within our current study
did not rescue the observed decrease in Mdm2 protein in the
diabetic animals (Fig. 10B) and suggests that the physiolog-
ical response of Mdm2 to exercise could be lost in uncon-
trolled, T1D muscle.

No significant alterations in TSP-1 or VEGF-A protein
levels in response to diabetes induction, prazosin treatment,
or voluntary exercise were observed in either the TA or
soleus muscles. Moreover, VEGF receptor expression in
soleus and TA muscle were unchanged by STZ treatment
nor by exercise or prazosin treatment (data not shown).
Kivelä et al. (27) have shown that STZ-induced diabetic
mice had lower VEGF-A protein levels at 3 and 5 wk
postdiabetes induction and a concomitant increase in TSP-1
expression. In that study, while exercise served to delay the
reduction in VEGF-A levels, it was not sufficient to atten-
uate the elevation in TSP-1 mRNA. The C:F is increased as
early as 14 days of treadmill running in rodent skeletal
muscle (43); therefore, we hypothesize that alterations in
VEGF-A and TSP-1 protein levels could have occurred at an
earlier time point to stimulate the growth of capillaries.
While VEGF-A protein could have been elevated before the
measured time point to induce the angiogenic process, the
trend for TSP-1 protein levels could indicate the stopping or

Fig. 9. STZ-induced diabetes does not alter skeletal muscle thrombospondin-1 (TSP-1) protein levels. A: TSP-1 protein in control (nondiabetic) and STZ-treated
TA muscles. A=: TSP-1 protein in nondiabetic and STZ-treated rat TA muscle. No significant difference following unpaired Student’s t-test analysis. A
: TSP-1
protein in the TA muscles of sedentary, prazosin-treated sedentary, exercised, or exercised and prazosin-treated STZ-treated rats. B: TSP-1 protein in nondiabetic
and STZ-treated rat soleus muscles. B=: TSP-1 protein in nondiabetic and STZ-treated rat soleus muscle. No significant difference following unpaired Student’s
t-test analysis. B
: TSP-1 protein in the soleus muscles of sedentary, prazosin-treated sedentary, exercised, or exercised and prazosin-treated STZ-treated rats.
All data are means � SE (n � 6 per group). Same letters indicate no significant differences between groups following two-way ANOVA.
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slowing down of capillary growth, as the balance between
oxygen and nutrient supply and demand had been achieved
in the skeletal muscle.

In summary, the significant improvement to fed glucose
concentration observed after cotreatment with voluntary
exercise and prazosin administration could be the result of
enhancements in insulin sensitivity and lipid metabolism,
increased skeletal muscle glucose disposal, and possibly
improved diffusion conditions for glucose in the muscle as
the result of heightened skeletal muscle angiogenesis. These
results suggest that the combination of both voluntary ex-
ercise and prazosin administration could lead to a coopera-
tive improvement in peripheral vascular complications
linked to T1D and may perhaps prevent future complica-
tions through the augmentation of skeletal muscle capillar-
ization and glycemia status.
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