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Abstract
Objective—Obese subjects exhibit decreased exercise capacity (VO2max). We have shown that
vascular KATP channel mediates arteriolar dilation to muscle contraction. We hypothesize that
exercise capacity is decreased in obesity due to impaired vascular KATP function.

Methods—VO2max was measured in LZR and OZR by treadmill running before and following
treatment with the KATP blocker glibenclamide i.p. One week later the spinotrapezius muscle was
prepared for in vivo microscopy. Arcade arteriolar diameters were measured following muscle
contraction or application of the KATP opener cromakalim before and after glibenclamide
application. In additional animals, LZR and OZR were treated with apocynin for 5 weeks. VO2max
and arteriolar dilation experiments were repeated.

Results—OZR exhibited decreased VO2max, functional and cromakalim-induced vasodilation as
compared to LZR. Glibenclamide had no effect on VO2max and functional vasodilation in OZR
but significantly inhibited responses in LZR. Vascular superoxide levels and NADPH oxidase
activity were increased in OZR but reduced in apocynin-treated OZR. Apocynin increased the
VO2max, functional and cromakalim-induced vasodilation in OZR with no effect in LZR.

Conclusion—Exercise capacity is dependent on vascular KATP channel function. The reduced
exercise capacity in OZR appears to be due in part to superoxide-mediated impairment in vascular
KATP function.
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INTRODUCTION
Exercise is a valuable non-pharmacological treatment for obesity-associated metabolic
disorders and cardiovascular dysfunction. However, a major consequence of obesity is
reduced exercise capacity (VO2max), which might limit adequate exercise training in obese
individuals. Previous studies have shown that the obesity-related metabolic and
cardiovascular dysfunctions are associated with the impaired local functional hyperemia
during muscle contraction (24, 29, 30). However, the majority of these studies were
performed in anesthetized animals, leaving concerns as to how the local functional
hyperemic response parallels with exercise capacity.

KATP channels in vascular smooth muscle cells (VSMCs) are important in mediating
functional vasodilation in rats (16, 22). However, to our knowledge, the contribution of
vascular KATP channel function to the maximal exercise capacity (VO2max) has not been
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investigated in conscious subjects or animals. In obese subjects and animals the elevated
basal levels of vascular reactive oxygen species may impair KATP channel function (19).
Our previous studies showed that, as compared with LZR, OZR exhibited higher levels of
vascular superoxide and NADPH oxidase enzyme activity (28) which was associated with
impaired functional vasodilation (28). The superoxide-mediated impairment of functional
vasodilation is partially due to an abnormal TP-mediated vasoconstriction (3, 28). Our
previous study suggests that the blunted functional arteriolar vasodilation in OZR is also due
to an impaired VSMC KATP channel function (16). However, whether the impaired exercise
capacity in conscious obese animals is due to ROS-induced vascular KATP channel
dysfunction has not been determined. We hypothesized that the exercise capacity is partially
mediated by vascular KATP channel function, which is impaired in OZR due to elevated
vascular superoxide. Thus the current study determined the contribution of KATP channels to
the maximal oxygen consumption (VO2max) during treadmill exercise in both LZR and
OZR. We also determined whether a chronic inhibition of superoxide levels in OZR would
improve KATP channel function, leading to increased exercise capability.

METHODS
Animals and antioxidant treatment

Male LZR and OZR (12–14 wks old) were acquired from Harlan Laboratories. Experimental
protocols for this study wereapproved by the Institutional Animal Care and Use
Committeeof the University of Mississippi Medical Center and were carriedout according to
both the National Institutes of Health Guide for the Care and Use of Laboratory Animals and
guidelines ofthe Animal Welfare Act. Rats were housed 1–3 rats per cage at 22°C (12:12-h
light-dark cycle) with free accessto food and water.

Half of the LZR and OZR were control animals and half were treated with apocynin (2 mM
in drinking water, approximately 46 mg/kg/d) (1). Rats were treated for 5 weeks and then
VO2max measurement was performed. Apocynin treatment was temporarily stopped one day
before starting each experiment to avoid any acute effects. After the exercise experiments,
the same rats were treated with apocynin until the microcirculatory experiments.

Oral glucose tolerance test (OGTT) and blood pressure measurements
The blood pressure and OGTT were performed in other sets groups with or with apocynin
treatment for 5 weeks. LZR and OZR were fasted 6 hrs before giving glucose solution via
gavage (50% glucose solution, 3 ml/kg). Blood samples were taken immediately before
glucose application and then at 15, 30, 60, 120, and 180 min. Blood samples were collected
from a tail snip, and glucose levels were measured using a OnCall Plus blood glucose
monitoring system (ACON Laboratories, Inc., CA).

In a separate experiment, all rats were catheterized in right carotid and blood pressure was
measured under basal conditions. In brief, rats were anesthetized with isoflurane inhalation,
and a catheter with 10% heparin was implanted in the right carotid artery. After recovery
from anesthesia, the rats were allowed to equilibrate for 6 h, and the baseline blood
pressures were measured (31)

VO2max during treadmill exercise
VO2max was measured as previously described (24). Briefly, a Columbus Instruments
metabolic treadmill was used to measure oxygen consumption. Rats ran in the metabolic
cage on a treadmill at 15° incline. The running was started at 10 meter/minutes for 5 minutes
for a warm up. Then the speed was increased by 2 m/min every 2 minutes during the
treadmill running and the VO2 was recorded. VO2max was determined when oxygen
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consumption reached a plateau and was not affected by increasing the workload. The rats
were allowed to rest 24-hours and the same VO2max protocol was performed after i.p.
glibenclamide administration (10 mg/kg ; 30 min prior exercise). We have shown that this
treatment method inhibits KATP activation (31).

Functional and cromakalim-induced arteriolar dilation in spinotrapezius muscle
The right spinotrapezius muscle was used for in vivo experiments (24) one week after
VO2max experiment was performed. In brief, rats were anesthetized with sodium
pentobarbital (65 mg/kg, i.p.). Animals spontaneously breathed a gas mixture containing
30% oxygen and 70% nitrogen. The right spinotrapezius muscles were kept at in situ
dimensions and continuously superfused with a physiological salt solution (in mM): 118.07
NaCl, 6.17 KCl, 2.55 CaCl2, and 25 NaHCO3, equilibrated with gases containing 5% CO2,
0% O2 and a balance of N2 (pH = 7.4, 35°C). Animals were allowed to stabilize for 30
minutes after surgery. A 3rd order arcade arteriole segment was selected for analysis.

Two silver-silver chloride electrodes (Harvard Instruments) were attached at both ends of
the spinotrapezius and connected to a Grass S44 stimulator to induce muscle contraction.
Arteriole diameters were obtained in the resting muscle and immediately following 2
minutes of electrical stimulations (4–5V, 1 Hz). After a 15-min recovery period, cromakalim
(0.01, 0.1, and 1 μM) was added to the superfusion solution, and steady-state vasodilatory
responses were measured. After the arteriole had returned to its resting diameter (~15–20
min), the tissue was treated with glibenclamide (1 μM) for 30 min via superfusion solution,
and then the muscle stimulation and cromakalim treatment protocols were repeated. At the
end of the experiment adenosine (10 μM) and SNP (10 μM) were added to the superfusate to
determine maximal diameter and calculate basal vascular tone. When the experiment was
complete, animals were euthanized by an overdose of sodium pentobarbital, followed by a
pneumothorax.

Vascular superoxide levels and NADPH oxidase activity
Superoxide levels in aorta were measured using dihydroethidium (DHE) fluorescence as
described previously (28). Aortic segments were rinsed in a physiological salt solution [PSS;
containing (in mM) 119.0 NaCl, 4.7 KCl, 1.6 CaCl2, 1.18 NaH2PO4, 1.17 MgSO4, and 24.0
NaHCO3]. Aortic segments were incubated in light-protected PSS (37°C) containing 5 μM
DHE for 30 min. Segments were rinsed in DHE-free PSS and split longitudinally and placed
endothelium side down on a coverslip. A drop of Fluotrogel with tris buffer (EMS, PA) was
applied to keep the tissue moist. The medial smooth muscle layer was visualized, and
images were obtained using a laser scanning confocal microscope (Leica Microsystems).

NADPH oxidase activity was measured in femoral arteries using lucigenin
chemiluminescence (28). Homogenates were prepared from femoral arteries. After
homogenization tissues were centrifuged at 4°C at 12,000 g for 20 min. The homogenates
were incubated with lucigenin (final concentration: 5 3M) for chemiluminescence detection
using a Berthold luminometer. Background luminescence from buffer or tissue was
determined and subtracted from all measurements. For measurement of NADPH oxidase
activity, NADPH was added (100 μM final concentration), and chemiluminescence was
measured. A luminescence reading was obtained for an overall measuring time of 5 min for
each sample. Enzyme activity is expressed in relative light units (RLU) per minute and
normalized by protein concentration from each sample.

Drugs and vasoactive agents
Apocynin, cromakalim, and glibenclamide were purchased from Sigma Chemical Company.
Apocynin was fed by tap water. Glibenclamide and cromakalim were dissolved in 100%
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ethanol and applied topically. Glibenclamide was given i.p. by 2.5% of ethanol solution. We
have previously shown that this ethanol concentration in the superfusion is approximately
1/1000 and does not have any effects on vascular reactivity (31).

Data analysis and statistical methods
Arteriolar diameter data were collected to a personal computer. The effects of glibenclamide
on VO2max and vasodilatory responses were analyzed using two-way repeated-measures
ANOVA. All of the other data were analyzed using two-way ANOVA. Where significant
main effects occurred, individual groups were compared using the Holm-Sidak method. All
data are presented as means ± SEM. Probability values of p < 0.05 were accepted as
statistically significant for all comparisons.

RESULTS
Apocynin treatment did not change the blood pressure and glucose tolerance in LZR and
OZR

The blood pressures were not different between control conscious LZR (131 ± 2 mmHg) and
OZR (125 ± 6 mmHg). Apocynin treatment had no effect on blood pressure (LZR: 127 ± 5
mmHg; OZR: 130 ± 6 mmHg). The fasting glucose levels were not different among groups
(Fig. 1). With the OGTT blood glucose levels increased in all groups. OZR exhibited an
elevated postprandial glucose level compared with the LZR (p < 0.05). Apocynin treatment
has no effect on the postprandial hyperglycemia in the OZR.

VO2max is decreased in OZR associated with the superoxide-induced KATP dysfunction
OZR exhibited an impaired VO2max as compared to the LZR group (Figure 2).
Glibenclamide treatment (i.p.) significantly reduced VO2max in LZR but had no effect in
OZR. After glibenclamide treatment, VO2max in OZR was still lower than in LZR.
Apocynin treatment in the OZR partially restored the VO2max as compared to the OZR
control or apocynin-treated LZR. In addition, glibenclamide exhibited an inhibitory effect on
the VO2max in apocynin-treated OZR.

Functional and KATP-mediated arteriolar vasodilation is impaired in OZR associated with
elevated NADPH oxidase activity

As shown in Figure 3, the arteriolar functional vasodilation in the spinotrapezius was
significantly impaired in OZR compared with LZR. Glibenclamide significantly inhibited
functional vasodilation in LZR but had no effect in the OZR. After glibenclamide treatment,
functional vasodilation in OZR was significantly decreased as compared to LZR. Apocynin
treatment partially restored the functional vasodilation in OZR (p < 0.05 vs. OZR control
and apocynin-treated LZR) but had no effect in LZR. In addition, glibenclamide inhibited
functional vasodilation in apocynin-treated OZR.

In another set of experiments we compared the spinotrapezius arteriolar responses to
cromakalim between LZR and OZR before and after glibenclamide treatment (Figure 4).
Cromakalim induced arteriolar vasodilation in a concentration-dependent manner.
Cromakalim-induced vasodilation was impaired in OZR compared to LZR. Apocynin
treatment increased cromakalim-induced vasodilation in OZR with no effect in LZR.
Glibenclamide (1 μM) abolished cromakalim-induced vasodilation in all groups (data not
shown). Apocynin had no effect on vascular diameter when applied topically. In these two
sets of experiments, the arteriolar diameters before and after glibenclamide treatment along
with the maximal arteriolar diameters in the spinotrapezius of LZR and OZR with or without
apocynin treatment were not significantly different (Table 1).
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The increased basal levels of vascular superoxide in OZR are due in part to elevated
NADPH oxidase activity

Figure 5 shows that OZR exhibited elevated vascular NADPH oxidase activity (Figure 5)
along with increased superoxide levels (Figure 6) as compared with OZR. Chronic treatment
with apocynin significantly inhibited NADPH oxidase activity and superoxide levels in OZR
with a minimal effect in LZR. In addition, although the enzyme activity was similar between
treated LZR and OZR, the superoxide levels were still higher in the treated OZR than in the
treated LZR (Figure 6).

DISCUSSION
The major findings of this study were: 1) Exercise capacity (VO2max) is dependent on
vascular KATP channel function; 2) In OZR, the elevated superoxide impairs the vascular
KATP channel function, leading to blunted exercise capacity and functional vasodilation.

KATP channels have been found to be physiologically important in numerous tissues,
including VSMC (22). The activation of vascular KATP channels is reported to mediate the
functional vasodilation in skeletal muscles (2, 23). In the vasculature of skeletal muscles,
VSMC KATP channels were shown to mediate functional vasodilation of a single pre-
capillary arteriole (16). However the role of KATP channels on maximal exercise capacity
(VO2max) has not, to our knowledge, been determined. Since exercise capacity (VO2max) is
tightly linked to the maximal increase in blood flow to exercising muscles (27), the current
study was designed to determine the contribution of KATP channel activation to VO2max. We
found that KATP channel blocker glibenclamide inhibits the VO2max (Figure 2) as well as the
functional vasodilation in LZR (Figure 3).

However there are other potential roles for KATP channels in affecting oxygen consumption.
Glibenclamide may inhibit mitochondrial KATP channels and subsequently reduce VO2.
However, there is evidence that the decrease in oxygen consumption following inhibition of
KATP channels is mainly due to a decreased tissue blood flow instead of inhibited
mitochondria respiration (5). Activation of coronary VSMC KATP channels can increase
coronary blood flow and subsequently affect cardiac output (7). However, during exercise,
the coronary hyperemia is not affected by inhibition of KATP channels (7, 8, 26). Thus the
current data along with published studies suggest that skeletal muscle vascular KATP
activation plays an important role in exercise capacity.

Similar with human studies (10, 21), we found that OZR exhibited impaired functional
vasodilation along with a decreased VO2max as compared with LZR. However, there are
limitations comparing VO2max between LZR and OZR due to the differences in skeletal
muscle-to-fat mass ratio. Since apocynin treatment did not change the body weight in either
LZR or OZR, we assume that the muscle-fat mass ratio was not altered with the apocynin
treatment. The impaired VO2max and hyperemia in obesity may involve an impaired
functional vasodilation (24) and decreased vascular density in skeletal muscle (18). Frisbee
et al. showed a decreased microvascular density in the gastrocnemius muscle of OZR, with
antioxidant treatment improving the vascular density (11). Therefore, the improved VO2max
in OZR following apocynin treatment may be due to a combination of both an increased
functional vasodilation and microvascular density. Our previous study showed that
cromakalim-induced KATP vasodilation in isolated small arteries is impaired in OZR, even
though the KATP channel protein expression is similar between LZR and OZR (16). We
confirmed an impaired cromakalim-induced KATP arteriolar dilation in vivo (Figure 4). In
addition, we found that inhibiting KATP channels significantly decreased functional
vasodilation and VO2max in the LZR (Figures 2 and 3). Such inhibitory effects were
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minimized in OZR, suggesting that the blunted functional vasodilation and exercise
capability in OZR is, at least partly, due to an impaired KATP channel function.

Vascular NADH/NADPH oxidase has been shown to be the major source of superoxide.
(13). Apocynin inhibits superoxide release by blocking migration of p47phox, a critical
subunit of NADPH oxidase, to the cell membrane, which is critical in initiating assembly of
the functional NADPH oxidase complex (25). In addition, apocynin has a direct anti-oxidant
effect by decreasing peroxynitrite (ONOO-) (20) and superoxide levels (14, 15). Similar to
our previous findings (28), we found increased vascular superoxide levels in OZR. Chronic
apocynin treatment normalized the vascular NADPH oxidase activity in OZR with no effect
in LZR. These results suggest that the decreased enzyme activity in OZR is due to a chronic
effect from the apocynin treatment. The mechanism for the “selective” inhibition of NADPH
oxidase activity in OZR is not clear. A possible mechanism is that ROS-dependent cascades
may amplify the signals that promote NADPH oxidase upregulation. In obesity the increased
cellular stress secondary to elevated ROS may further activate NADPH oxidase (17), thus
inhibition of superoxide may eventually prevent the upregulation of NADPH oxidase.
Additionally, the chronic apocynin treatment may also interfere with the circulating
superoxide levels, especially since there is evidence in Type II diabetes that circulating
superoxide dismutase is impaired (12). To address whether there was any improvement in
the metabolic disorders following apocynin treatment, we performed an oral glucose
tolerance test and found that the impaired glucose homeostasis was not affected by apocynin
treatment. This confirms our previous study that the impaired glucose homeostasis in OZR
impairs functional vasodilation through an increased ROS (28).

In the current study, we showed that the impaired functional and cromakalim-induced KATP-
dependent vasodilations were improved following chronic apocynin treatment, suggesting
an inhibitory effect of ROS on vascular KATP activation. The effects of ROS on KATP
channel function are controversial. Mawatari et al. found that ROS inhibits KATP activation
in VSMCs in vitro (19). However, Chai et al. reported that ROS can directly activate KATP
channels in human embryonic kidney (HEK) 293 cells and rabbit ventricular
cardiomyocytes (4). These results suggest that the acute and chronic effects of ROS on KATP
function are different and may depend on the methodology and tissues chosen for study.
Chronic apocynin treatment normalized the vascular NADPH oxidase activity but only
partially restored the superoxide levels in OZR (Figures 5 and 6). These results raise the
possibility for an increased superoxide production independent of the NADPH oxidase
pathway in OZR. For example, an elevated xanthine oxidase activity is found in both obese
human and animal models (6, 9). With the partially restored superoxide levels in OZR after
apocynin treatment, the KATP channel-mediated vasodilations and the VO2max in the OZR
were improved but still blunted as compared with LZR. Although the mechanisms are
unclear, these results provide indirect evidence that exercise capacity is partially dependent
on vascular KATP channel function.

Conclusions
Exercise capacity (VO2max) is dependent on KATP channel function in Zucker rats. Impaired
KATP channel function in OZR is responsible for a portion of the impaired exercise capacity.
Reduction of ROS by chronic inhibition of NADPH oxidase activity improves functional
vasodilation and exercise capacity via enhancing KATP channel function in OZR. The
impaired exercise capacity in obesity is partially due to increased NADPH oxidase-
dependent ROS production and resultant impaired KATP channel dysfunction. These results
explain the beneficial effects of reductions in ROS on vascular function and exercise
capacity in obesity.
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PERSPECTIVE
Obesity exhibits impaired exercise capacity and functional vasodilation. The current study
suggests that impaired vascular KATP channel function contributes to the impairment in
exercise capacity in OZR. Reduction of ROS and/or NADPH oxidase activity by apocynin
treatment improves vascular KATP channel function. This results in increased exercise
capacity in OZR, which may have implications for the mechanisms and future treatments of
impaired exercise capability in obesity.
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Figure 1. Oral glucose tolerance test in LZR and OZR with and without apocynin treatment
The fasting glucose levels were not significantly different between LZR and OZR both
control and apocynin-treated groups. After gavage with a glucose solution, OZR exhibited
significantly higher hyperglycemia compared with LZR in both control and apocynin-treated
group (*, p < 0.05; #, p < 0.05). Apocynin treatment has no effect on insulin sensitivity in
both LZR and OZR. (LZR control, n = 5; OZR control, n = 5; LZR apocynin, n = 4; OZR
apocynin, n = 6).
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Figure 2. The effect of apocynin on VO2max in LZR and OZR before and following
glibenclamide application (i.p.)
OZR exhibited an impaired VO2max (*, p<0.05 vs. LZR). Apocynin enhanced VO2max in
OZR significantly (#, p<0.05 vs. OZR) but did not normalize it (+, p<0.05 vs. LZR with
apocynin). Apocynin had no effect on LZR. Glibenclamide inhibited VO2max in all groups
except in OZR control (&, p<0.05 vs. OZR with apocynin). OZR exhibited a less functional
vasodilation after glibenclamide treatment in control group ($, p<0.05 vs. LZR
+glibenclamide; n=5 for all groups).
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Figure 3. The effect of apocynin on functional vasodilation in spinotrapezius muscle in LZR and
OZR with or without glibenclamide application
OZR exhibited blunt functional vasodilation (*, p<0.05 vs. LZR). Apocynin enhanced
functional vasodilation in OZR significantly (#, p<0.05 vs. OZR) but did not normalize it (+,
p<0.05 vs. LZR with apocynin). Apocynin had no effect in LZR. Glibenclamide
pretreatment (30 min) inhibited functinal vasodilation in all groups except in OZR control
(&, p<0.05 vs. OZR with apocynin). OZR exhibited a less functional vasodilation after
glibenclamide pretreatment in both control and apocynin groups ($, p<0.05 vs. LZR
+glibenclamide; @, p<0.05 vs. LZR with apocynin+glibenclamide, n=7 for LZR, n=5 for
OZR, n=6 for both LZR and OZR with apocynin).

Lu et al. Page 12

Microcirculation. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Cromakalim induced vasodilation in spinotrapezius muscle in LZR and OZR with or
without apocynin
Cromakalim (0.01, 0.1, and 1 μM) induced vasodilation in concentration-dependent manner.
OZR exhibited an impaired vasodilation response to cromakalim (*, p<0.05 vs. LZR).
Apocynin significantly enhanced cromakalim-induced vasodilation in OZR (#, p<0.05 vs.
OZR) but did not normalize it (+, p<0.05 vs. LZR with apocynin; n=7 for LZR, n=5 for
OZR, n=6 for both LZR and OZR with apocynin)
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Figure 5. Femoral vascular NADPH oxidase activity in LZR and OZR with or without apocynin
treatment
Basal superoxide levels were subtracted from the NADPH-stimulated superoxide levels and
normalized by protein concentration. OZR exhibited significant high NADPH oxidase
activity (*, p<0.05 vs. LZR). Apocynin treatment reduced NADPH oxidase activity in OZR
significantly and had no effect on LZR (#, p<0.05 vs. OZR; n=6 for LZR, n=5 for OZR, n=6
for both LZR and OZR with apocynin treatment).
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Figure 6. Superoxide levels in LZR and OZR with or without apocynin treatment
Confocal images obtained using a laser scanning confocal microscopy from DHE-treated
aortic segments (split longitudinally). Superoxide levels between control and apocynin-
treated LZR and OZR were compared. OZR had increased fluorescence compared with LZR
(*, p<0.05 vs. LZR control). Apocynin treatment significantly reduced the fluorescence in
OZR (#, p<0.05 vs. OZR control) but failed to normalize the superoxide level ((*, p<0.05
vs. LZR apocynin-treated; n=7 for LZR, n=5 for OZR, n=6 for both LZR and OZR with
apocynin).)
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Table 1

Basal (before and after glibenclamide) and maximal arteriol diameters

(μm) LZR OZR LZR-A OZR-A

Basal diameter 18±1 19±1 20±1 20±1

After glibenclamide 19±1 19±1 19±1 20±1

Max. diameter 44±4 44±5 47±4 42±3

Values are means±SEM; n=7 for LZR, n=5 for OZR, n=6 for apocynin-treated LZR (LZR-A), and n=6 for apocynin-treated OZR (OZR-A). There
is no significant difference in basal or maximal arteriolar diameters among all 4 groups.
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