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Abstract

Background: Hyperglycemia has been associated with decreased blood flow in various organs, leading to tissue
damage and dysfunctions. Exercise training (ET) is known to promote beneficial changes in the autonomic nervous
system and may have effects on circulation. The aim of this study was to evaluate coronary and renal blood flows and
vascular resistances after ET in diabetic rats.

Methods: Thirty-two rats were divided into four groups (n = 8): sedentary control (SC), trained control (TC), seden-
tary diabetic (SD), trained diabetic (TD). Diabetes was induced by an injection of streptozotocin (STZ, 50 mg/kg). The

was able to reverse these changes.

ET was performed on a treadmill for 10 weeks. The blood flows were measured using colored microspheres.

Results: The diabetic groups presented hyperglycemia (blood glucose >350 mg/dL) and ET did not change this
parameter. The SD group showed reduced renal blood flow when compared to SC group, and ET was able to normal-
ize this parameter in TD rats (SC: 4.3 £ 0.5, TC: 2.9 £ 0.3; SD: 1.9 + 04, TD: 3.2 + 0.4 mL/min/q). TD group presented
increased coronary blood flow in relation to SD group (5C: 2.3 4 0.23; TC: 2.8 0.5, SD: 1.2 £ 04, TD: 3.0 £ 04 mL/
min/g). The heart and kidneys vascular resistance were increased in SD group when compared to SC group, and ET

Conclusions: Given the relevance of cardiomyopathy and nephropathy in mortality of diabetics, our results demon-
strated that ET is effective in improving coronary and renal blood flows and vascular resistances in STZ-diabetic rats,
reinforcing the positive role of this approach in preventing hyperglycemia-induced long-term organ damage.
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Background

Diabetes mellitus (DM) is now seen as a worldwide epi-
demic disease with high prevalence and incidence data
[1]. The main cause of death in diabetic patients is due
to cardiovascular disease [2]. This occurs because vascu-
lar disease is common in diabetes and it triggers major
chronic complications throughout the body. These com-
plications may arise from either microvascular (i.e., retin-
opathy, nephropathy, and neuropathy) or macrovascular
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disorders (i.e., cardiovascular disease, cerebrovascular
accidents, and peripheral vascular disease) [3].
Impairment of blood flow in the brain, eye, heart, kid-
ney, skeletal muscle, skin, and penile tissues have all been
reported in type I and type II diabetes in experimen-
tal animals and humans [4]. The mechanisms leading to
these alterations on blood flow are complex and have not
yet been fully understood. They may be associated with
both increased reactive oxygen and nitrogen species
(RONS) production and endothelial dysfunction [4, 5].
Exercise training (ET), as in many other chronic dis-
eases, has been recommended for the treatment of dia-
betic patients. Studies with experimental models of
diabetes have shown that the hyperglycemia leads to an
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autonomic dysfunction characterized by reduced heart
rate (HR) variability and impaired baroreflex sensitiv-
ity [6, 7]. Not infrequently, this dysfunction can be clini-
cally detected in the diabetic population (both diabetes
mellitus type I and II) [8] and it is associated with high
rates of morbidity and mortality [9]. Our group has
already shown that ET is effective in improving hemo-
dynamic (arterial pressure and heart rate) and baroreflex
and chemoreflex control of circulation in diabetic rats
[6]. ET also attenuated autonomic and cardiac dysfunc-
tions in this animal model [7]. Moreover, it is also known
that the ET is able to improve endothelial function, as
already demonstrated by the attenuating effects of ET
on the decline of brachial artery flow-mediated dilata-
tion in older trained women [10, 11]. In fact, many stud-
ies on exercise training in animals have been undertaken
to provide a better understanding of ET physiology, ET
beneficial effects and their underlying mechanisms, while
several other research focused on establishing physical
training protocols. Given that the autonomic nervous
system is related to endothelial cells [12], inflamma-
tion [13], and renin—angiotensin—aldosterone system
[14], affecting circulation and circulation control, we
hypothesize that ET improves regional blood flows, caus-
ing positive changes on regional vascular resistances in
streptozotocin (STZ) diabetic rats. Thus, the aim of the
present study was to evaluate regional blood flow (RBF)
and regional vascular resistance (RVR) after ET in strep-
tozotocin-induced diabetic rats.

Methods

Animals

Male Wistar rats were used for the experiments, weigh-
ing approximately 250-300 g from the animal house of
the University of Sdo Paulo. The animals were housed
in plastic boxes containing four animals per cage, with
temperature-controlled room between 22 and 24 °C and
a 12 h light—dark cycle. Chow and water were given “ad
libitum” After the surgical procedures, the animals were
kept in individual cages. All surgical procedures and
protocols used were in accordance with the Guidelines
for Ethical Care of Experimental Animals approved by
the International Animal Care and Use Committee. This
study protocol was approved by the Ethic Committee of
Universidade de Sao Paulo (Protocol 2134/02/141). The
animals were randomly assigned to one of four groups:
sedentary control (SC, n = 8), trained control (TC,
n = 8), sedentary diabetic (SD, n = 8) and trained dia-
betic (TD, n = 8).

Diabetes induction
At the start of the protocol, animals of SD and TD groups
were made diabetic by a single injection of STZ (50 mg/
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kg, iv, Sigma Chemical Co., St. Louis, MO, USA) dis-
solved in citrate buffer, pH 4.5. Rats were fasted over-
night before STZ injection.

Exercise training

Low intensity exercise training (40-60 % maximal run-
ning speed) was performed 1 week after diabetes induc-
tion on a treadmill twice a day (1 h each time), 5 days a
week for 10 weeks, as described in detail elsewhere [7].
All animals were adapted to the procedure (10 min/day;
0.3 km/h) for 1 week before beginning the exercise train-
ing protocol. This adaptation period began 24 h after
diabetes induction. Sedentary and trained groups under-
went a maximal treadmill test as previously described in
detail [15]. The tests were performed: (1) at the beginning
of the experiment and (2) on the fifth and (3) tenth week
of the training protocol to determine exercise capacity
and exercise training intensity.

Metabolic evaluations

Body weight was monitored weekly during the period of
physical activity. Blood samples were collected from the
rats at rest, in the fasting state, 1 week and 10 weeks after
diabetes induction. Plasma glucose was measured by a
colorimetric enzymatic test (Enz Color, Bio Diagnostica,
Piraquara, Parand, Brazil).

Hemodynamic measurements

Twenty-four hours after the blood samples were col-
lected (11th week) a catheter filled with 0.06 mL of saline
was implanted into the femoral artery of the anesthetized
rats (80 mg/kg ketamine and 12 mg/kg xylazine, ip). A
second catheter of PE-50 was inserted into the left ven-
tricle through the right carotid artery for colored micro-
sphere infusion. The catheter position was determined by
observing the characteristics of left ventricular pressure
waveform at surgery, and confirmed at necropsy.

The femoral arterial cannula was connected to a strain-
gauge transducer (P23Db, Gould Statham, Oxnard, CA,
USA) and blood pressure signals were recorded over a
10-min period by a microcomputer equipped with an
analog-to-digital converter board (CODAS, 1-kHz sam-
pling frequency, Dataq Instruments, Inc, Akron, OH,
USA). The recorded data were analyzed on a beat-to-beat
basis to quantify changes in arterial pressure (AP) [16].

Microsphere infusion

Yellow (300,000/180 pL) 15-mm dye extraction Dye-
Trak microspheres were obtained from Triton Technol-
ogy (San Diego, CA, USA) and infused after 10 weeks
of exercise training. Microsphere infusion and pro-
cessing were undertaken in accordance with previous
descriptions [17, 18]. Vials of commercial stocks of
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microsphere infusates were sonicated for 5 min and
inverted several times immediately before dilution to
the desired concentration with 0.9 % saline solution
containing 0.01 % Tween 80. To determinate average
dye content of the microspheres, 200 pL of the diluted
commercial suspensions were taken after 5 min of soni-
cation. These aliquots were placed in 15-mL tubes and
were centrifuged, dried, and extracted with dimethyl-
formamide. The mean absorbance was determined by a
spectrophotometer and divided by the average micro-
sphere concentration to obtain an average dye con-
centration [absorbance units (spheres mL™)~!] [19].
Sphere dilutions were sonicated for 5 min before infu-
sion. A coil of PE-50 tubing (75 cm) was then filled with
180 pL of the infusate of colored microspheres and
interposed between the left ventricular catheter and a
1-mL syringe containing 0.5 mL of pre warmed (40 °C)
saline solution. This syringe was mounted on a varia-
ble-speed infusion pump (Infusion Pump 22, Harvard
Apparatus, South Natick, USA). With a withdrawal
pump (Infusion and Withdrawal Pump, Harvard Appa-
ratus, South Natick, USA), reference blood samples
were drawn from the abdominal aorta catheter at the
rate of 0.5 mL/min into a pre heparinized and weighed
with an 1-mL disposable syringe. The withdrawal of a
reference blood sample started 10 s before the begin-
ning of microsphere infusion and was continued for
75 s. The microspheres and the saline solution were
infused for 50 s at a rate of 0.36 mL/min. After micro-
sphere infusions, the animals were killed by sodium
pentobarbital overdose.

Regional blood flow and vascular resistance evaluation

Heart, lungs, kidneys and liver were removed to deter-
mine regional blood flow. Reference blood and tissues
were processed as described in detail elsewhere [17,
18]. The reference blood samples and tissues were pro-
cessed as described by De Angelis et al. [17]. To extract
the dyes from the isolated dried microspheres, 500 pL
of dimethylformamide was added to each tube, which
was briefly but vigorously vortexed. The samples were
centrifuged (2000g, 10 min) and the absorbance of the
supernatant was determined with a DU 640 spectropho-
tometer (Beckmann Instruments, Inc, Fullerton, CA,
USA; <1.8 nm slit width) using a 700 pL quartz cuvette.
The absorption spectrum peaks for the yellow micro-
spheres were obtained at 448 nm, respectively. The
absorbance values were corrected using a matrix inver-
sion technique (Dye-Trak matrix inversion macro for
Excel, Triton Technology, San Diego, CA, USA). The
minimum acceptable absorbance was 0.010 AU. For each
infusion, the tissue flow rates were calculated according

Page 3 of 8

to the following formula [18]: Qt = At(Qb/Ab); where Qt
and Qb stand for the flow in the sample tissue and in the
reference blood, respectively, and At and Ab represent
stand for the peak absorbance (AU) of the tissue sample
and of the reference blood, respectively. Qb, in mL/min,
was calculated by:

Reference blood sample weight/1.05 g/mL

b =
Q Reference blood sample volume/0.5 mL/min

where 1.05 g/mL is the specific gravity of blood and
0.5 mL/min is the withdrawal rate. Blood flow rates were
divided by tissue weights to yield mL/min/g. Cardiac out-
put (CO) was calculated by the following formula [19]:

Total number of injected microspheres x reference rate (0.5 mL/min)

Number of microspheres in the reference blood sample

Cardiac output divided by the body weight of each ani-
mal was defined as the cardiac index. Peripheral vascular
resistance (PVR) was calculated as mean AP divided by
the cardiac index (mmHg/mL/min/kg). Regional vascular
resistance (RVR) was calculated as mean AP divided by
regional tissue flow (mL/min/g).

Statistical analyses

Data are reported as mean + SEM. The Levene Test
was used to evaluate data homogeneity and two ways
ANOVA was used to compare groups, followed by the
Student—Newman—Keuls test. Significance level was
established at P < 0.05.

Results
Body weight and glycemia
The TC group had a lower body weight when compared
to SC group. Body weight of both diabetic groups (SD
and TD groups) was reduced when compared to control
animals (SC and TC groups); however, exercise training
increased body weight in TD group when compared to
SD group (Table 1).

Unlike the control groups, which received only citrate
buffer (SC and TC groups) (Table 1), the diabetic groups
presented hyperglycemia (SD and TD groups).

Exercise capacity

Exercise capacity was lower in sedentary animals (SC and
SD groups) in relation to the trained groups (TC and TD
groups) after 10 weeks of exercise training (Table 1).

Hemodynamic parameters

A reduction in both mean AP and CO was observed in
the SD group when compared to the SC group. These
values were normalized in the TD group, reaching val-
ues similar to the SC group. Cardiac index was similar
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Table 1 Metabolic evaluations and exercise capacity of the
studied groups

SC TC SD ™D
Body weight (g) 379411 338+ 10% 2544 13% 2954 11%M
Glycemia (mg/dL)  152£80 160420 351 +£29% 345+ 11*

Maximal running 104007 224002 094019 204002**

test (km/h)

Data are reported as mean =+ SEM. Sedentary control (SC, n = 8), trained control
(TC, n = 8), sedentary diabetic (SD, n = 8), trained diabetic (TD, n = 8)

*P <0.05vs.SC;* P <0.05vs.SD; TP <0.05vs. TC

in the studied groups, except for the TC group, which
showed higher values when compared with SD group.
PVR and TPVR values were similar in the studied groups
(Table 2).

Table 2 Hemodynamics evaluations of the studied groups

SC TC SD D

Mean arterial pres- 109 & 2 109+£3 93 4 3* 105 + 2*
sure (mmHQ)

Cardiac output N+7 107 £8 55 4 5% 76 +£7
(mL/min)

Cardiac index 267+19 319433 1924 15" 275435
(mL/min/kg)

PVR (mmHg/mL/ 1234+£022 1.14+016 1654+£022 16+02
min)

TPVR (mmHg/mL/ 036+ 005 042+0.05 0484005 038+004
min/kg)

Data are reported as mean + SEM. Sedentary control (SC, n = 8), trained control
(TC, n = 8), sedentary diabetic (SD, n = 8), trained diabetic (TD, n = 8)

PVR peripheral vascular resistance, TPVR total peripheral vascular resistance
*P <0.05vs.SC;* P <0.05vs.SD; TP < 0,05 vs. TC
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Regional blood flows

Coronary blood flow was similar in both SC
(2.3 £+ 0.2 mL/min/g) and TC groups (2.8 £ 0.5 mL/
min/g). There was an increase in this parameter in TD
(3.0 &£ 0.4 mL/min/g) when compared to SD group
(1.2 £ 0.4 mL/min/g) (Fig. 1a).

Diabetes (SD group) induced a decrease in renal blood
flow when compared to SC group. Exercise training
(TD group) improved this flow (vs. SD group), but TD
group showed reduced renal blood flow in relation to SC
group (SC: 4.3 £ 0.5; TC: 2.9 + 0.3; SD: 1.9 £+ 0.4; TD:
3.2 + 0.4 mL/min/g) (Fig. 1b).

Pulmonary blood flows were similar in all groups
(SC 1.63 + 0.30; TC: 1.85 + 0.44; SD: 1.61 £ 0.57; TD:
2.02 £ 0.43 mL/min/g).

The exercise training was effective in increasing hepatic
blood flow only in TC group (0.86 £ 0.17 mL/min/g) in
relation to other groups (SC: 0.20 £ 0.05; SD: 0.17 £ 0.04
and TD: 0.22 + 0.04 mL/min/g).

Regional vascular resistances

Coronary and renal vascular resistances presented an
increase in SD group (heart: 127 + 24 and kidneys: SD:
65 £ 14 mmHg/mL/min/g) when compared to SC group
(heart: 59 + 7 and kidneys: 30 £ 5 mmHg/mL/min/g).
Exercise training in diabetic rats (TD group) was able to
normalize these regional resistances (heart: 36 + 5 and
kidneys: 38 & 4 mmHg/mL/min/g). There were no signif-
icant differences between SC and TC groups (TC heart:
41 + 6 and kidneys 30 & 6 mmHg/mL/min/g) (Fig. 2a, b).

Discussion
Long-term complications of diabetes occur due to the
abnormal metabolic state, hemodynamic modifications,
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and other still poorly characterized factors [20]. In this
study we showed a reduction of coronary and renal blood
flows in an experimental model of STZ-induced diabetes
and without relevant impact on pulmonary and hepatic
blood flows, thus demonstrating the impact of hyper-
glycemia on cardio-renal systems. Importantly, ET may
reverse the impairment of circulation in these organs,
even if the hyperglycemic status remains unchanged.

Polyphagia is observed clinically in diabetic humans
[3]. In the present study we did not measured food intake;
however it is well-established that the diabetic animal
model eats more than control, although their body weight
is reduced, because they gain less weight with time than
control animals [6, 7, 21]. The reduced body weight gain
in STZ-diabetic rats, confirmed in the present study,
is probably related to lipid and protein consumption as
energy substrates, since the use of glucose as an energetic
substrate is very difficult in diabetic states. Considering
this condition, we applied a protocol of training in which
STZ-diabetic rats underwent two sessions/day of aerobic
exercise [6, 7]. This frequency of training aimed to pro-
mote two opportunities of glucose transporter (GLUT4)
translocation to the muscle membrane during the day,
increasing the possibility to improve metabolic/glycemic
control. Exercise training was able to increase the body
weight of STZ-diabetic rats (TD vs. SD), indicating an
improvement of the metabolic state, but body weight was
reduced when compared to both control groups (SC and
TC). However, no alteration on glycemia was found when
comparing the initial and final values of the same group,
showing that aerobic ET was not able to lower blood glu-
cose in this model of diabetes.

It is interesting to note that increased hepatic blood
flow after training was observed in normal animals,

which is probably linked to the role of the liver as a glu-
cose provider organ for skeletal muscle metabolism dur-
ing exercise. Thus, the liver could be seen as a sensor
whose function is to monitor metabolic regulation during
exercise [22]. However, those changes in hepatic blood
flow were not observed in trained diabetic animals, sug-
gesting that alternative forms of energy supply (such as
free fat acids) to the muscle during exercise may account
for this different adaptation to training.

ET was able to improve the exercise capacity, as shown
by the higher maximal velocity reached in the exercise
test by both trained groups (TC and TD). The result of
maximal velocity test in treadmill is correlated with oxy-
gen consumption [15], indicating that the protocol inten-
sity was effective in promoting fitness.

Furthermore, ET normalized the reduction of AP
observed in STZ-induced diabetes rats, recovering con-
trol values, as described elsewhere [6]. It has been argued
that the change in AP in diabetic rats may be due to
peripheral vascular resistance alteration [23], but in our
study we found no differences in total peripheral vascu-
lar resistance among groups. Our evaluation of regional
flows using microspheres showed a reduction in some
territories and no changes in others, thus suggesting that
reducing flows in some tissues may be reflected in TPVR.
Both coronary and renal flow resistance were increased;
however, although TPVR is believed to increase in seden-
tary diabetic animals, the values we found had no statisti-
cal significance. It is therefore possible that other areas in
which we did not measure blood flow (such as muscles)
were changed, and this may explain why we did not find
major differences in peripheral resistance.

Jackson and Carrier [24] have also suggested that
decreased AP was due to reduced cardiac output in
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sedentary diabetic rats, because these rats develop a
hypovolemia caused by hyperglycemic osmotic diure-
sis. In the present study, we observed reduced CO in SD
group when compared to SC group, and ET was able to
increase cardiac output, as previous studies have demon-
strated [25]. In fact, we have previously observed reduced
systolic and diastolic functions evaluated by catheteri-
zation and by echocardiogram in vivo [26], as well as in
isolated hearts in vitro in STZ-diabetic rats [7]. Addition-
ally, Silva and colleagues [27] have demonstrated that ET
was able to improve ejection fraction and isovolumetric
relaxation time in STZ-diabetic rats, suggesting improve-
ment in CO in trained diabetic rats, just as observed in
the present study.

In our study, the pulmonary and hepatic blood flows
of the SD group remained within the normal range when
compared to sedentary controls. It is known that eNOS
levels in lungs of STZ-induced diabetic rats is increased
[4, 28], suggesting that they may prevent endothelial dys-
function in this organ. However, renal flow was reduced
(SD vs. SC) and coronary blood flow, although lower in
diabetics, was similar in these two groups. Interestingly,
regional vascular resistance was increased in coronary
and renal circulations in the diabetic sedentary rats (vs.
SC), and this suggests that important regional vascular
resistances were increased and may be associated with
the end organ damage observed in diabetics.

Other researchers have also described the impaired
renal blood flow observed in our study. Hill and Lar-
kins [29], using radioactive microspheres, have found
decreased renal blood flow 2-4 weeks after diabe-
tes induction. However, other studies have pointed to
increased renal blood flow [30]. Some have suggested
that the increased production of nitric oxide (NO) may
be associated with this increase in renal blood flow [31].
However, several studies have shown that although dia-
betes induces greater production of NO, it also increases
the oxidation of NO by superoxide anion. The balance of
these two systems determines the effect of NO on renal
vascular tone [4]. Therefore, although diabetic animals
show increased urinary excretion of nitrites and nitrates
(NO metabolites), there seems to be greater need of NO
production to maintain the minimum infusion in renal
microvasculature. This mechanism, if present, may be
responsible for the maintenance of the minimum tissue
perfusion in diabetic state. This hypothesis concurs with
the possibility of a maintained renal vasoconstriction sta-
tus in diabetes, as observed in other peripheral areas [32].
Another way to interpret the reduction of renal blood
flow in experimental diabetes would simply assign it to
the lowest CO or CI in these animals [33].
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Another interesting point is that changes in regional
blood flows do not seem to be simply related to one
another or variations of CO or CI. They could also repre-
sent an adaptation of certain tissues metabolic disorders.
In this aspect, hyperglycemia could produce such a result,
since glucose may have a direct vasoconstrictor poten-
tial [34]. In fact, glucose increase may lead to increased
production of RONS. This would reduce the availability
of NO and induce a state of increased vasoconstrictor
tone, thus contributing to left ventricular instability [35].
In our study, although there was no significant reduction
of coronary flow in SD group when compared to their
respective controls using analysis of variance, a direct
comparison of these values through the Student t test
(assessing therefore only the effect of diabetes) showed
a significant reduction in coronary blood flow induced
by experimental diabetes (P < 0.05). Furthermore, the
increased vascular resistance to this territory observed
in STZ diabetic rats reinforces the possibility of vaso-
constriction in this territory. In fact, many studies in
the literature have shown a high incidence of macro and
microvascular disease in diabetic patients [3] and among
the pathophysiological mechanisms, the endothelium
seems to have an important role. Moreover, a study has
shown that the dysfunction of the endothelium-depend-
ent vasodilator response, determined by coronary flow, is
proportional to cardiac sympathetic dysfunction [36].

It is important to highlight that the most relevant result
of this study was the effects of exercise training on coro-
nary and renal blood flows and vascular resistance, which
had not been documented in the literature. In this sense,
the renal blood flows reverse to normality values, and as
such this maybe directly related to the improvement in
CO observed in trained diabetic animals. ET has already
shown beneficial effects in renal function in STZ-diabetic
rats [27], and this may be associated with the improved
blood flow and vascular resistance in this tissue after
training observed in the present study. Interestingly,
despite normal renal vascular resistance, both trained
groups (TC and TD) presented decreased renal blood
flow when compared to the control group. McAllister
concluded in an elegant review that studies of mecha-
nisms involved in the changes in renal blood flow in
healthy subjects suggest that reduced sympathetic nerv-
ous system outflow, plasma angiotensin II and vasopres-
sin concentrations are involved in lesser splanchnic and
renal vasoconstriction observed by trained subjects. In
addition, the author reported that such changes may be
related to the fact that splanchnic and renal blood flows
are less reduced from resting levels during acute exercise
after a period of endurance exercise training [37].
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Furthermore, coronary flow was higher in trained dia-
betic rats than in sedentary diabetics. Changes in vascular
reactivity induced by exercise training have been described
in the literature. In a review, Lash [38] discussed these adap-
tations in coronary vessels suggesting that they depend on
the size of the vessel. These observed chronic changes could
also be due to changes related to the endothelium. Studies
have indicated that endothelium-dependent coronary arte-
rial vasodilator is normal in trained dogs [39]. However,
Lash [38] suggests that vasodilation is increased early in the
process of adaptation to exercise, but revert to normal once
this adaptation is established, or rather, when structural
changes lead to a reduction in coronary “shear stress” dur-
ing exercise. Moreover, the improvement in coronary flow
and resistance after training may be due to autonomic and
metabolic changes brought about by ET. This in turn leads
to a reduced oxidative stress in the heart, as demonstrated
in diabetic ovariectomized aerobically trained rats [40—42],
and may attenuate endothelial dysfunction.

Conclusions

Given the relevance of diabetic cardiomyopathy and
nephropathy in morbi-mortality of diabetic population,
the results of the present study demonstrated that ET is
effective in improving coronary and renal blood flows
and vascular resistances in STZ-diabetic rats, reinforcing
the positive role of this approach in preventing hypergly-
cemia-induced long-term organ damage.

Abbreviations

ANS: autonomic nervous system; AP: arterial pressure; CO: cardiac output; DM:
diabetes mellitus; ET: exercise training; HR: heart rate; PVR: peripheral vascular
resistance; RBF: regional blood flow; RVR: regional vascular resistance; RONS:
reactive oxygen and nitrogen species; SC: sedentary control; SD: sedentary
diabetic; STZ: streptozotocin; TC: trained control; TD: trained diabetic.

Author details

! Translational Physiology Laboratory, Universidade Nove de Julho, Rua
Vergueiro 235/249, 2° subsolo, Sao Paulo, SP 01504 001, Brazil. 2 Hypertension
Unit, Heart Institute (InCor), School of Medicine, University of Sdo Paulo, Sdo
Paulo, Brazil. > Departament of Adapted Physical Education, Faculty of Physical
Education (FEF), University of Campinas (UNICAMP), Campinas, SP, Brazil.

Authors’ contributions

SCFF helped with analysis and interpretation of data and drafted the
manuscript. AAR contribute to acquisition and interpretation of data. MCl
participated in the sequence alignment and drafted the manuscript. KDA
participated in the sequence alignment interpretation of data and drafted the
manuscript. All authors read and approved the final manuscript.

Acknowledgements

This study was supported by Coordenacéo de Aperfeicoamento de Pessoal de
Nivel Superior (CAPES-PROSUP; 88881.062178/2014-01), Sao Paulo Research
Foundation (FAPESP: 2012/20141-5, 2007/52419-4) and CNPq (563961/2010-
4,457200/2014-6). KDA and MCl are the recipients of CNPg-BPQ fellowships.

Competing interests
The authors declare that they have no competing interests.

Received: 7 July 2015 Accepted: 1 December 2015
Published online: 21 December 2015

Page 7 of 8

References

1. Lam DW, LeRoith D. The worldwide diabetes epidemic. Curr Opin Endo-
crinol Diabetes Obes. 2012;19:93-6.

2. Morrish NJ, Wang SL, Stevens LK, Fuller JH, Keen H. Mortality and causes
of death in the WHO Multinational Study of Vascular Disease in Diabetes.
Diabetologia. 2001;44(Suppl):2.

3. Melendez-Ramirez LY, Richards RJ, Cefalu WT. Complications of type 1
diabetes. Endocrinol Metab Clin North Am. 2010;39:625-40.

4. Toda N, Imamura T, Okamura T. Alteration of nitric oxide-mediated blood
flow regulation in diabetes mellitus. Pharmacol Ther. 2010;127:189-209.

5. Heyman SN, Rosenberger C, Rosen S, Khamaisi M. Why is diabetes mel-
litus a risk factor for contrast-induced nephropathy? Biomed Res Int.
2013;2013:123589.

6. Harthmann AD, De Angelis K, Costa LP, Senador D, Schaan BD, Krieger EM,
Irigoyen M-C. Exercise training improves arterial baro- and chemoreflex in
control and diabetic rats. Auton Neurosci Basic Clin. 2007;133:115-20.

7. De Angelis KL, Oliveira AR, Dall’Ago P, Peixoto LR, Gadonski G, Lacchini S,
Fernandes TG, Irigoyen MC. Effects of exercise training on autonomic and
myocardial dysfunction in streptozotocin-diabetic rats. Braz J Med Biol
Res. 2000;33:635-41.

8. Verrotti A, Prezioso G, Scattoni R, Chiarelli F. Autonomic neuropathy in
diabetes mellitus. Front Endocrinol (Lausanne). 2014;5:205.

9. Vinik Al, Maser RE, Ziegler D. Autonomic imbalance: prophet of doom or
scope for hope? Diabet Med J Br Diabet Assoc. 2011;28:643-51.

10. Black MA, Cable NT, Thijssen DHJ, Green DJ. Impact of age, sex, and exer-
cise on brachial artery flow-mediated dilatation. Am J Physiol Heart Circ
Physiol. 2009;297:H1109-16.

11. Green DJ, Dawson EA, Groenewoud HMM, Jones H, Thijssen DHJ. Is flow-
mediated dilation nitric oxide mediated?: a meta-analysis. Hypertension.
2014,63:376-82.

12. Amiya E, Watanabe M, Komuro I. The relationship between vascular func-
tion and the autonomic nervous system. Ann Vasc Dis. 2014;7:109-19.

13. Andersson U, Tracey KJ. Neural reflexes in inflammation and immunity. J
Exp Med. 2012;209:1057-68.

14. Maser RE, Lenhard MJ, Kolm P, Edwards DG. Direct renin inhibition
improves parasympathetic function in diabetes. Diabetes Obes Metab.
2013;15:28-34.

15. Rodrigues B, Figueroa DM, Mostarda CT, Heeren MV, Irigoyen MC, De
Angelis K. Maximal exercise test is a useful method for physical capacity
and oxygen consumption determination in streptozotocin-diabetic rats.
Cardiovasc Diabetol. 2007;6:38.

16. De Angelis Lobo d'Avila K, Gadonski G, Fang J, Dall’Ago P, Albuquerque
VL, Peixoto LR, Fernandes TG, Irigoyen MC. Exercise reverses peripheral
insulin resistance in trained L-NAME-hypertensive rats. Hypertension.
1999;34(4 Pt 2):768-72.

17. De Angelis K, Gama VM, Farah VAM, Irigoyen MC. Blood flow measure-
ments in rats using four color microspheres during blockade of different
vasopressor systems. Braz J Med Biol Res Rev Bras Pesqui Medicas E Biol
Soc Bras Biofisica Al. 2005;38:119-25.

18. Hakkinen JP, Miller MW, Smith AH, Knight DR. Measurement of organ
blood flow with coloured microspheres in the rat. Cardiovasc Res.
1995;29:74-9.

19.  Heymann MA, Payne BD, Hoffman JI, Rudolph AM. Blood flow measurements
with radionuclide-labeled particles. Prog Cardiovasc Dis. 1977,20:55-79.

20. Effect of intensive therapy on the development and progression of
diabetic nephropathy in the Diabetes Control and Complications Trial.
The Diabetes Control and Complications (DCCT) Research Group. Kidney
Int. 1995;47:1703-20.

21. Akbarzadeh A, Norouzian D, Mehrabi MR, Jamshidi S, Farhangi A, Verdi
AA, Mofidian SMA, Rad BL. Induction of diabetes by Streptozotocin in
rats. Indian J Clin Biochem. 2007;22:60-4.

22. Lavoie J-M. The contribution of afferent signals from the liver to
metabolic regulation during exercise. Can J Physiol Pharmacol.
2002;80:1035-44.

23. Brands MW, Cloud LJ. Control of arterial pressure by angiotensin Il and
nitric oxide at the onset of diabetes. Am J Hypertens. 2003;16:600-3.

24. Jackson CV, Carrier GO. Influence of short-term experimental diabetes
on blood pressure and heart rate in response to norepinephrine and
angiotensin Il in the conscious rat. J Cardiovasc Pharmacol. 1983;5:260-5.



Freitas et al. Diabetol Metab Syndr (2015) 7:115

25.

26.

27.

28.

29.

30.

31

32.

33

DeBlieux PM, Barbee RW, McDonough KH, Shepherd RE. Exercise training
improves cardiac performance in diabetic rats. Proc Soc Exp Biol Med Soc
Exp Biol Med N'Y'N. 1993;203:209-13.

Wichi R, Malfitano C, Rosa K, De Souza SB, Salemi V, Mostarda C, De
Angelis K, Irigoyen MC. Noninvasive and invasive evaluation of cardiac
dysfunction in experimental diabetes in rodents. Cardiovasc Diabetol.
2007;6:14.

dos Santos Silva KA, da Luiz RS, Rampaso RR, de Abreu NP, Moreira ED,
Mostarda CT, De Angelis K, de Paulo Castro Teixeira V, Irigoyen MC, Schor
N. Previous exercise training has a beneficial effect on renal and cardio-
vascular function in a model of diabetes. PloS One. 2012;7:e48826.
Sridulyakul P, Chakraphan D, Bhattarakosol P, Patumraj S. Endothelial
nitric oxide synthase expression in systemic and pulmonary circulation of
streptozotocin induced diabetic rats: comparison using image analysis.
Clin Hemorheol Microcirc. 2003;29:423-8.

Hill MA, Larkins RG. Alterations in distribution of cardiac output in experi-
mental diabetes in rats. Am J Physiol. 1989;257(2 Pt 2):H571-80.

Pugliese G, Tilton RG, Speedy A, Chang K, Santarelli E, Province MA, Eades
D, Sherman WR, Williamson JR. Effects of very mild versus overt diabetes
on vascular haemodynamics and barrier function in rats. Diabetologia.
1989;32:845-57.

Nakanishi K, Onuma S, Higa M, Nagai Y, Inokuchi T. The intrarenal blood
flow distribution and role of nitric oxide in diabetic rats. Metabolism.
2005;54:788-92.

Hostetter TH, Troy JL, Brenner BM. Glomerular hemodynamics in experi-
mental diabetes mellitus. Kidney Int. 1981;19:410-5.

Guyton AC. The relationship of cardiac output and arterial pressure
control. Circulation. 1981;64:1079-88.

34.

35.

36.

37.

38.

40.

41.

42.

Page 8 of 8

King GL. The role of hyperglycaemia and hyperinsulinaemia in causing
vascular dysfunction in diabetes. Ann Med. 1996,28:427-32.

D’Amico M, Marfella R, Nappo F, Di Filippo C, De Angelis L, Berrino L, Rossi
F, Giugliano D. High glucose induces ventricular instability and increases
vasomotor tone in rats. Diabetologia. 2001;44:464-70.

Schnell O. Cardiac sympathetic innervation and blood flow regulation of
the diabetic heart. Diabetes Metab Res Rev. 2001;17:243-5.

McAllister RM. Adaptations in control of blood flow with training:
splanchnic and renal blood flows. Med Sci Sports Exerc. 1998;30:375-81.
Lash JM. Training-induced alterations in contractile function and
excitation-contraction coupling in vascular smooth muscle. Med Sci
Sports Exerc. 1998;30:60-6.

Laughlin MH. Endothelium-mediated control of coronary vascular tone
after chronic exercise training. Med Sci Sports Exerc. 1995;27:1135-44.
Lima TI, Monteiro IC, Valenca S, Leal-Cardoso JH, Fortunato RS, Carvalho
DP, Teodoro BG, Ceccatto VM. Effect of exercise training on liver antioxi-
dant enzymes in STZ-diabetic rats. Life Sci. 2015;128:64-71.

Irigoyen M-C, Paulini J, Flores LJF, Flues K, Bertagnolli M, Moreira ED,
Consolim-Colombo F, Bell6-Klein A, De Angelis K. Exercise training
improves baroreflex sensitivity associated with oxidative stress reduction
in ovariectomized rats. Hypertension. 2005;46:998-1003.

Quinteiro H, Buzin M, Conti FF, da Silva Dias D, Figueroa D, Llesuy S, Iri-
goyen M-C, Sanches IC, De Angelis K. Aerobic exercise training promotes
additional cardiac benefits better than resistance exercise training in
postmenopausal rats with diabetes. Menopause N'Y N. 2015,22:534-41.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
¢ We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Effect of aerobic exercise training on regional blood flow and vascular resistance in diabetic rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Diabetes induction
	Exercise training
	Metabolic evaluations
	Hemodynamic measurements
	Microsphere infusion
	Regional blood flow and vascular resistance evaluation
	Statistical analyses

	Results
	Body weight and glycemia
	Exercise capacity
	Hemodynamic parameters
	Regional blood flows
	Regional vascular resistances

	Discussion
	Conclusions
	References




