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Hypertension is often associated with increased oxidative stress and systemic insulin
resistance. Use of β-adrenergic receptor blockers in hypertension is limited because of
potential negative influence on insulin sensitivity and glucose homeostasis. We sought to
determine the impact of nebivolol, a selective vasodilatory β1-adrenergic blocker, on whole-
body insulin sensitivity, skeletal muscle oxidative stress, insulin signaling, and glucose
transport in the transgenic TG(mRen2)27 rat (Ren2). This rodent model manifests increased
tissue renin angiotensin expression, excess oxidative stress, and whole-body insulin
resistance. Young (age, 6-9 weeks) Ren2 and age-matched Sprague-Dawley control rats
were treated with nebivolol 10 mg/(kg d) or placebo for 21 days. Basal measurements were
obtained for glucose and insulin to calculate the homeostasismodel assessment. In addition,
insulinmetabolic signaling, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
activity, reactive oxygen species, and ultrastructural changes as evaluated by transmission
electron microscopy were examined ex vivo in skeletal muscle tissue. The Ren2 rat
demonstrated systemic insulin resistance as examined by the homeostasis model
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assessment, along with impaired insulin metabolic signaling in skeletal muscle. This was
associated with increased oxidative stress and mitochondrial remodeling. Treatment with
nebivolol was associated with improvement in insulin resistance and decreased NADPH
oxidase activity/levels of reactive oxygen species in skeletal muscle tissue. Nebivolol
treatment for 3 weeks reduces NADPH oxidase activity and improves systemic insulin
resistance in concert with reduced oxidative stress in skeletal muscle in a young rodent
model of hypertension, insulin resistance, and enhanced tissue RAS expression.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Hypertension frequently coexists with insulin resistance and
type 2 diabetes mellitus: it is estimated that approximately
50% of hypertensive patients have evidence of insulin
resistance [1,2]. In several population-based studies, elevated
serum insulin levels predict higher blood pressures and future
development of hypertension [1,3-5]. Insulin resistance that is
associated with hypertension is characterized by impaired
insulinmetabolic signaling that results in reduction of glucose
transport and decreased nonoxidative glucose metabolism in
insulin-sensitive tissues such as skeletal muscle [2,3].

Activation of the renin-angiotensin-aldosterone system
(RAAS) leads to increased generation of reactive oxygen species
(ROS) inseveral tissues [3]. Theconsequent increase inoxidative
stress, in turn, contributes to a decrease in insulin metabolic
signaling in various insulin-responsive tissues [3]. In skeletal
muscle and cardiovascular tissue, the enzymatic complex
nicotinamideadeninedinucleotidephosphate (NADPH)oxidase
is critical in mediating RAAS generation of ROS and impaired
insulin metabolic signaling [1,3,6-10]. Reactive oxygen species
also diminishes the bioavailability of nitric oxide (NO) through
conversion of locally released NO to peroxynitrite (ONOO−) [3].
This reduction in bioavailable NO contributes to microvascular
dysfunction that results in decreased delivery of insulin and
glucose to skeletal muscle tissue and other insulin-sensitive
tissues, resulting in decreased insulin-mediated glucose trans-
port [2,11-13]. The resulting decrease in insulin metabolic
signaling is characterized by impaired insulin receptor sub-
strate 1 (IRS-1) engagement with the p85 regulatory component
of phosphoinositol 3-kinase (PI3K) and protein kinase B
phosphorylation/activation [2]. Thus, strategies to reduce
oxidative stress and increase bioavailableNOhave considerable
potential utility in treating hypertension in conditions charac-
terized by insulin resistance [4,2].

Therapeutic strategies that inhibit the RAAS, as well as
attenuation of oxidant stress, have been shown to improve
insulin sensitivity in hypertensive rodents [6,14-16]. On the
other hand, classic β-adrenergic receptor blockers have been
shown to aggravate insulin resistance in hypertensive individ-
uals [4,17]. In the context of treatment of hypertension in
insulin-resistant individuals, nebivolol, a selective β1-adrenergic
blocker with vasodilatory and antioxidant properties, has been
shown to improve oxidant stress and systemic insulin sensi-
tivity, likely through reductions in NADPH oxidase activity and
enhancement of endothelial NO synthase activity [18-20].
Thereby,we hypothesized that in vivo treatmentwith nebivolol
in a rodent model of RAAS overactivation would improve
systemic insulin sensitivity and insulin-stimulated glucose
utilization through reductions in NADPH oxidase–dependent
oxidant stress. To address this hypothesis, we used the
transgenic TG(mRen2)27 (Ren2) rat model that manifests
increased tissue renin and angiotensin (Ang II) expression,
hypertension, and systemic insulin resistance [6,15,16].
2. Materials and methods

2.1. Animals and treatments

All animal procedures were approved by the University of
Missouri animal care and use committees and housed in
accordancewith National Institutes of Health guidelines. Male
transgenic TG(mRen2)27 (Ren2) rats (6-9 weeks of age) and
age-matched Sprague-Dawley (SD) littermates were randomly
assigned to placebo (Ren2-C and SD-C) or nebivolol treatment
(Ren2-N and SD-N, between 5 and 13 animals per group)
paradigms. Ren2-N and SD-N rats received 10 mg/kg/d of
nebivolol released via an implanted osmotic minipump for 21
days. The statistical power was calculated to detect statisti-
cally significant differences in our primary outcome, which
was systemic insulin sensitivity as evaluated by the homeo-
stasis model assessment of insulin resistance (HOMA-IR).

2.2. Systolic blood pressure and total body weight

Restraint conditioning was initiated before blood pressure
measurements. Systolic blood pressure (SBP) was measured in
triplicate, on separate occasions throughout the day, using the
tail-cuff method (Harvard Systems, Student Oscillometric Re-
corder, Holliston, MA, USA) [15,16] before initiation of treatment
and at the end of the treatment period before killing at 21 days.
Total body weights were assessed on the day of sacrifice.

2.3. Insulin sensitivity assessment

Before sacrifice, serum samples were obtained for fasting
insulin and glucose measurements. The HOMA-IR was
calculated as (fasting insulin [microunits per milliliter] ×
fasting glucose [milligrams per deciliter])/405 [22].

2.4. NADPH oxidase activity

Nicotinamide adenine dinucleotide phosphate oxidase activity
was determined in plasma membrane fractions as described
[16,20]. Aliquots of red gastrocnemius muscle membrane and
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cytosolic fractionswere incubatedwithNADPH (100mmol/L) at
37°C. Nicotinamide adenine dinucleotide phosphate oxidase
activitywasdeterminedbymeasuring the conversionofRadical
Detector (CaymanChemical, AnnArbor,MI,USA) in theabsence
and presence ofNADPH inhibitor diphenyleneiodoniumsulfate
(500 μmol/L) using spectrophotometric (450 nm) techniques.

2.5. NADPH oxidase subunit immunostaining

Harvested soleus muscle tissue was prepared as previously
described [15]. Briefly, sections were incubated with 1:100
dilution goat p47phox, Nox2 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), and 1:200 of mouse anti-Rac1 antibodies in
10-fold diluted blocking agent (primary antibodies) overnight
at room temperature. After washing, sections were incubated
with 1:300 Alexa Fluor donkey anti-goat 647 (Invitrogen,
Eugene, OR), p47, Nox2, and donkey anti-mouse for Rac1 for
4 hours. The slides, mounted with Mowiol (Millipore, Billerica,
MA, USA), were examined under a biphoton confocal micro-
scope. The images were captured with LSM imaging system,
and the signal intensities were analyzed and quantified with
MetaVue (Boyce Scientific, Gary Summit, MO, USA).

2.6. Oxidative stress

2.6.1. ROS tissue levels
Using isolated red gastrocnemius muscle sections, levels of
ROS were measured by the lucigenin chemiluminescence
technique [20]. Sections were homogenized in sucrose buffer
using a glass/glass homogenizer. Homogenates were centri-
fuged: 1500 relative centrifugal force (rcf) × 10 minutes at 4°C.
Supernatants (whole homogenate) were removed and placed
on ice. Whole homogenate (100 μL) was added to 1.4 mL of
50mmol/L phosphate (KH2PO4) buffer. After dark adaptation for
1 hour, samples were counted every 30 seconds for 10 minutes
on a scintillation counter; and the counts for the last 5 minutes
were averaged. Samples were then normalized to total protein
in the whole homogenate and to day-to-day control. Values are
expressed as counts per minute per milligram of protein.

2.6.2. 3-Nitrotyrosine immunostaining
3-Nitrotyrosine (3-NT) was quantified as previously described
[20]. Samples were incubated with 1:20 primary rabbit
polyclonal anti-nitrotyrosine antibody overnight. Sections
were then washed and incubated with secondary antibodies,
biotinylated linked, and labeled with streptavidin for 30
minutes each. After several rinses with Tris-buffered saline
and Tween 20 (TBST), diaminobenzidine was applied for 10
minutes; and sections were rinsed several times with distilled
water and stained with hematoxylin for 150 seconds, dehy-
drated in an ethanol series, and mounted with a permanent
mounting medium. The slides were checked under a bright
field microscope, the 40× images were captured with a cool
snapcf camera, and intensities were measured with MetaVue.

2.7. Immunological analysis of IRS-1, PI3K, and IRS-1/
PI3K association

Four-micrometer soleus cross-sections (n = 6 for all groups)
were incubated overnight with rabbit anti-IRS-1 1:100 (Santa
Cruz Biotechnology), 1:50 (phosphatidylinositol 3-kinase bind-
ing site) (BD Transduction, Lake Placid, NY) [20]. After washing
several times, the sections were incubated with Alexa Flour
donkey anti-rabbit 647 for IRS-1 and mounted with Mowiol.
Under a biphoton confocal microscope, images were captured
with LSM imaging system; and signal intensities were
analyzed with MetaVue.

2.8. Dual immunological staining of IRS-1 and PI3K

After blockingof nonspecific sites, the sectionswere incubated
with 1:50 dilution rabbit IRS-1 (Santa Cruz Biotechnology)
overnight at room temperature. The following day, the
sections were washed with HEPES buffer (3× 15 minutes) and
incubated with 1:50 of mouse anti-PI3K (BD Transduction) in
10-fold diluted blocking agent overnight at room temperature.
After washing, sections were incubated with 1:300 mixed
Alexa Fluor donkey anti-rabbit and donkey anti-mouse 647
(Invitrogen) for 4 hours and mounted with Mowiol. The slides
were examined under a biphoton confocal microscope, the
images were captured with LSM imaging system, and the
signal intensitieswere analyzed and quantifiedwithMetaVue.

2.9. Co-immunoprecipitation and Western blot analysis
for IRS-1 and ubiquitin

To immunoprecipitate IRS-1, red gastrocnemius tissue was
powdered under liquid nitrogen and was lysed in lysis buffer;
and the cell debris was removed by quick centrifugation at
3000 rpm for 5 minutes. The lysates (800 μg protein) were
initially incubated with 10 μL of agarose protein G plus for 30
minutes on ice and subjected to centrifugation at 3000 rpm for
3 minutes; and the supernatant was incubated with 20 μL of
agarose-conjugated mouse anti–IRS-1 antibody (Santa Cruz
Biotechnology) for 5 hours at 4°C. The immunoprecipitated
material was collected by centrifugation at 3000 rpm for 3
minutes, washed 3 times with phosphate-buffered saline, and
resuspended in 40 μL of 2× sodium dodecyl sulfate loading
buffer. Proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis, transferred to nitrocellu-
lose membrane, and probed with rabbit anti-IRS1 antibody or
rabbit anti-ubiquitin antibody (Cell Signaling Technology,
Danvers, MA, USA). Immunoblotting experiments were also
performed using whole tissue lysates (50 μg protein).

2.10. Transmission electron microscopy

Sections of soleus muscle were thinly sliced and placed
immediately in primary fixative (2% glutaraldehyde, 2%
paraformaldehyde in 0.1 mol/L Na cacodylate buffer, pH
7.35). A laboratory microwave oven was used for secondary
fixation with acetone dehydration and Epon-Spurr resin
infiltration. Specimens were placed on a rocker overnight at
room temperature, embedded the following morning, and
polymerized at 60°C for 24 hours. A microtome (Ultracut UCT,
Leica) with a 45° diamond knife (Diatome, LeicaMicrosystems,
Wetzlar, Germany) was used to prepare thin (85-nm) sections.
Later, the specimens were stained with 5% uranyl acetate and
Sato triple-lead stain and examined with a transmission
electron microscope [15,20].
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2.11. Mitochondrial quantification

The samesample size (1/3 of each soleusmuscle)wasused inall
of the experimental procedures. Animals (n = 5)wereharvested,
and tissues were analyzed by light microscopy. Four-
micrometer paraffin-processed sections of soleus muscle
strips of each treatment group (SD-C, SD-N, Ren2-C, and
Ren2-N) were deparaffinized, rehydrated, and stained with
complex IV subunit 1. Our soleus tissue sections were
incubated with mouse anti-human complex IV subunit 1
antibody (Mitosciences, Eugene, OR) 3 μg/mL in 10-fold diluted
blocker. After washing with HEPES wash buffer, the sections
were incubated with 1:300 donkey anti-mouse Alexa Flour 647
(Invitrogen). After 4 hours, the sections were washed and
incubated with 1:2000 DAPI. After 10 minutes, slides were
washed, mounted with Mowiol, and evaluated with a multi-
Fig. 1 – Nebivolol improves systemic insulin resistance and in
calculated as [basal insulin (milliunits per milliliter) × basal serum
nebivolol or placebo for 3 weeks. Sprague-Dawley control (SD-C,
(Ren2-C, n = 5), and Ren2 treated with nebivolol (Ren2-N, n = 4).
Western blot analysis for IRS-1 and IRS-1 ubiquitin association.
and IRS-1/PI3K association and corresponding measures of inten
nebivolol (SD-N, n = 5), Ren2 control (Ren2-C, n = 5), and Ren2 tre
as means ± SE. Scale bar, 50 μm. *P < .05 compared with SD-C. #
photon confocal system. From each section, three 63×
confocal images (1040 × 1040 pixel) were captured by a
biphoton confocal microscope from different areas of the
sections randomly. Images were captured by LSM imaging
system and enhanced with Photoshop, and mitochondria
were quantified by MetaMorph (Molecular Devices, Down-
ington, PA, USA). The images were enhanced by Photoshop
(San Jose, CA, USA); and the relative number, the signal
intensities, and the areas of the signals in each image were
quantified by Metamorph.

2.12. Statistics

All results are presented as means ± standard error. Two-way
analysis of variance with Fisher least significant differences
and unpaired t test was performed as appropriate.
sulin metabolic signaling in the Ren2 rat. A, HOMA-IR was
glucose (milligrams per deciliter)]/405 after treatment with

n = 4), SD treated with nebivolol (SD-N, n = 6), Ren2 control
B, A representative image of coimmunoprecipitation and
C, Representative fluorescent images of total IRS-1, PI3K,
sity. Sprague-Dawley control (SD-C, n = 5), SD treated with
ated with nebivolol (Ren2-N, n = 5). Values are expressed
P < .05 compared with Ren2-C.
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3. Results

3.1. SBP and total body weight

As previously published [21], at initiation and end of the
treatment intervention period, SBP was higher in Ren2-C
group when compared with SD-C. Treatment with nebi-
volol resulted in a significant SBP reduction in the Ren2
compared with the nontreated animals as previously
reported [21]. Nebivolol treatment for 21 days was not
associated with a significant weight reduction in the
Ren2 animals.

3.2. Indices of insulin sensitivity

In this investigation, we used HOMA-IR to evaluate whole-
body insulin sensitivity [22]. The HOMA-IR was significantly
decreased in the Ren2-C compared with SD (2.79 ± 0.5 vs
1.16 ± 0.3, P < .05) (Fig. 1A). Treatment with nebivolol
improved whole-body insulin sensitivity in Ren2-N (1.87 ±
Fig. 2 – Nebivolol improves oxidant stress in Ren2 skeletal mus
Sprague-Dawley control (SD-C, n = 7), Sprague-Dawley treated w
and Ren2 treated with nebivolol (Ren2-N, n = 13). Values are pre
compared with Ren2-C. B, Measures of 3-NT by immunostaining
control (SD-C, n = 5), SD treated with nebivolol (SD-N, n = 5), Ren
(Ren2-N, n = 5). Values are expressed as means ± SE. *P < .05 com
Scale bar = 50 μm.
0.61 vs 2.79 ± 0.52, P < .05) compared with untreated
Ren2 rats.

3.3. Total IRS-1, IRS-1, and IRS-1/PI3K association

Insulin metabolic signaling is dependent on IRS-1 en-
gagement of the p85 regulatory component of PI3K
[2,23,24]. To determine whether proteasomal degradation
contributes to decreased IRS-1 and subsequent reductions
in insulin metabolic signaling and downstream PI3K, we
examined total IRS-1 levels by immunoblotting and by
immunoprecipitation of ubiquitin. Both methods demon-
strated a reduction in total IRS-1 content in the Ren2
compared with SD controls that paralleled the increased
coprecipitation of IRS-1 with ubiquitin in the Ren2-C
(Fig. 1B). Nebivolol treatment increased IRS-1 levels and
reduced the coprecipitation of ubiquitin with IRS-1 in
Ren2 animal skeletal muscle. To further characterize
the protein-protein interaction between IRS-1 and PI3K,
we colocalized both in soleus muscle by immunohisto-
chemistry. However, total IRS-1 and PI3K were not
cle. A, ROS formation as determined by chemiluminescence.
ith nebivolol (SD-N, n = 9), Ren2 control (Ren2-C, n = 7),
sented as means ± SE. *P = .02 compared with SD-C. #P = .03
and corresponding measures of intensity. Sprague-Dawley
2 control (Ren2-C, n = 5), and Ren2 treated with nebivolol
pared with SD-C. #P < .05 compared with Ren2-C.

image of Fig. 2


Fig. 3 – Nebivolol decreases NADPH oxidase activity and subunit expression in Ren2 skeletal muscle. A, Total NADPH oxidase
enzyme activity analyzed in red gastrocnemius by spectrophotometry. B, NADPH oxidase subunits examined using
immunohistochemistry. Representative images and correspondingmeasurements of intensity are presented. Sprague-Dawley
control (SD-C, n = 5 for NADPH oxidase activity and NADPH oxidase subunits), SD treatedwith nebivolol (SD-N, n = 6 for NADPH
oxidase activity, n = 5 for NADPH oxidase subunits), Ren2 control (Ren2-C, n = 4 for NADPH oxidase, n = 5 for NADPH oxidase
subunits), and Ren2 treated with nebivolol (Ren2-N, n = 9 for NADPH oxidase, n = 5 for NADPH oxidase subunits). Values are
presented as means ± SE. *P < .01 compared with SD-C. #P < .05 compared with Ren2-C. Scale bar = 50 μm.
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significantly changed between groups based on signal
intensities (Fig. 1C).

3.4. Oxidative stress

To ascertain the effects of in vivo treatment with nebivolol
on ex vivo skeletal muscle oxidative stress in the Ren2, we
measured total ROS levels and 3-NT content as a marker
for ONOO− formation. Peroxynitrite is a highly reactive
oxidant species that can be formed endogenously by the
interaction of NO and superoxide anion, and this product
reacts readily with tyrosine residues of proteins to form 3-NT
[3,13]. The ROS levels were higher in placebo-treated Ren2
controls (1.22 ± 0.11 radio luminescence unit [RLU]/s/mg)
compared with the SD group (1.0 ± 0.03 RLU/[s mg], P = .003).
Treatment with nebivolol reduced ROS levels in Ren2-N rats

image of Fig. 3


Fig. 4 – Nebivolol reduces mitochondrial density in Ren2 skeletal muscle. A, Immunohistochemistry for mitochondrial
quantification (complex IV subunit 1). Values presented as means ± SE. *P < .05 compared with SD-C; #P < .05 when
nebivolol-treated Ren2 (Ren2-N) rats are compared with Ren2 controls (Ren2-C). Scale bar = 50 μm. B, Representative
ultrastructural examination of soleus skeletal muscle using transmission electron microscopy demonstrating increased
mitochondrial number in the subsarcolemmal, intermyofibrillar, pericapillary, and perinuclear regions of the myocyte with
disorganized morphology in the Ren2-C compared with SD-C. Abnormalities in Ren-2 were largely attenuated with nebivolol
treatment. Arrows signal mentioned findings. Magnification, ×2500. Scale bar = 0.5 μm.
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skeletal muscle (0.96 ± 0.04 RLU/[s mg], P = .02) (Fig. 2A).
Furthermore, 3-NT immunostaining was increased in Ren2-C
when compared with SD controls (26.8 ± 1.88 vs 1.53 ± 0.51
average gray-scale intensities, P < .05). Nebivolol reduced 3-
NT immunostaining in Ren2 tissues (26.8 ± 1.88 vs 2.7 ± 0.83
average gray-scale intensities, P < .05) (Fig. 2B).

3.5. NADPH oxidase activity

Nicotinamide adenine dinucleotide phosphate oxidase is a
primary mediator of RAAS-mediated generation of superoxide
anions [9]. Nicotinamide adenine dinucleotide phosphate
oxidase activity was elevated in skeletal muscle of Ren2 when
compared with SD (18.6 ± 1.1 vs 1.62 ± 1.1 milli-optical density
[mOD]/mg/min, P < .05) and decreased in the nebivolol-treated
Ren2 rats (14.9 ± 1.1mOD/[minmg], P < .05) (Fig. 3A). Analysis of
NADPH oxidase subunits by immunohistochemistry demon-
stratedparallel findings,witha significantly increasedRac1 and
p47 subunits in Ren2 animals compared with controls (Fig. 3B).
Treatment with nebivolol for 3 weeks significantly decreased
the level of p47 and Rac1 in soleus muscle samples relative to
Ren2 control animals (Fig. 3B).

3.6. Mitochondrial density

Complex IV was measured as an indicator of total mito-
chondrial content [15,20,21]. This is a large transmembrane
protein complex that accepts electrons from cytochrome c
(eg, cytochrome c oxidase). Subunit 1 is the largest of the
cytochrome c complex and is primarily responsible for
heme-copper oxygenase and dioxygen-proton pumping.
Immunohistostaining for complex IV subunit 1 demonstrated
increases in Ren2 compared with SD controls (P < .05) and
significant improvement with nebivolol treatment. As a
marker for content, the complex IV subunit 1 was consistent
with transmission electron microscopy analysis, which is
suggestive of increased mitochondrial density with disor-
ganized morphology in subsarcolemmal, intermyofibrillar,
and perinuclear regions of the myocyte within the Ren2
(Fig. 4). These ultrastructural abnormalities in Ren-2

image of Fig. 4
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skeletal muscle tissue were largely attenuated with nebi-
volol treatment (Fig. 4).
4. Discussion

In this investigation, we examined the impact of nebivolol
treatment on systemic insulin sensitivity, skeletal muscle
oxidative stress, insulin metabolic signaling, and glucose
uptake in a rodent model of tissue RAAS activation. Our
results are commensurate with previous reports that Ren2
rats manifest impaired whole-body insulin sensitivity, en-
hanced skeletal muscle NADPH oxidase activity, increased
ROS levels, and diminished skeletal muscle insulin signaling
[6,15,16]. Data from the current investigation suggest that
treatment of young insulin-resistant Ren2 rats for 3 weeks
with nebivolol improves systemic insulin resistance in
concert with reductions of NADPH oxidase generation of
oxidative stress in skeletal muscle tissue.

Work in our laboratorywith the Ren2 ratmodel over the last
several years supports that young (6-9 weeks old) animals
exhibit both systemic and skeletal muscle insulin resistance
without having extensive cardiovascular and kidney disease, as
do older animals. Our observation that nebivolol treatment
improved insulin sensitivity in transgenic RAAS-mediated
insulin-resistant rats complement prior observations in Ang
II–treated [23] and overweight rodents [20], as well as insulin-
resistant hypertensive persons [8,18,19,25,26]. Indeed, previous
studies have demonstrated that nebivolol reduces oxidative
stress and increases tissue bioavailable NO levels in cardiovas-
cular and renal tissue [7,17,23,27]. Reduced tissue bioavailable
NO levels appear to be an important factor involved in Ang
II–mediated elevation of blood pressure and decreased
delivery of insulin and uptake of glucose by the skeletal
muscle, processes critical for skeletal muscle utilization of
glucose [1,6,14-16,28]. In the context of increased tissue
NADPH oxidase activity and elevated ROS levels, NO is
converted to ONOO−, reducing bioavailable NO levels in
cardiovascular, renal, and skeletal muscle tissue [11,29].

Data generated in this investigation suggest that a
treatment strategy targeting reductions in ROS in the trans-
genic Ren2 rat results in improved insulin metabolic signaling
in soleus muscle. Reactive oxygen species generation in
skeletal muscle tissue in this model is dependent on RAAS-
mediated generation of the superoxide anion through NADPH
oxidase activation [15,16], as well as through mitochondrial
generation of ROS [21]. Effects of nebivolol treatment on
NADPH oxidase activity in skeletal muscle tissue included
reductions in Rac1 activation as well as decreased levels of the
subunit p47. These subunits' changes accompanied reduced
NADPH oxidase activity and reduced tissue levels of 3-NT.
Peroxynitrite, a highly reactive oxidant species, is formed
endogenously by the interaction of NO and superoxide anion;
and this product reacts readily with tyrosine residues of
proteins and lipoproteins to form 3-NT [9,13]. This process
contributes to a reduction in bioavailable NO and also
indirectly to endothelial NO synthase uncoupling, thereby
further reducing bioavailable NO.

Consistent with previous reports [6,15,16], we found
increased oxidative stress in skeletal muscle in the Ren2
model, a change that occurs in parallel with diminished
colocalization of IRS-1and PI3K. Indeed, increased ROS levels
in skeletal muscle occur contemporaneously with reductions
in IRS-1 as well as increases in association of ubiquitin with
IRS-1. Increased proteasomal degradation of IRS-1 in Ren2
skeletal muscle tissue occurs, in part, because of increased
activation of redox-sensitive serine kinases; and this pro-
motes serine phosphorylation and ubiquitination (and hence
proteasomal degradation) of IRS-1 [3]. Our results also
suggest that increases in ONOO− (measured as 3-NT)
contribute to degradation of IRS-1 and impairment in insulin
metabolic signaling, findings largely improved by nebivolol.

Interestingly, our data unexpectedly suggest an effect of
nebivolol in healthy (SD) control rats treated with nebivolol
regarding HOMA-IR and IRS-1. The underlying reasons are
unclear; but these changes might reflect a differential
response to the use of nebivolol in normotensive, normo-
glycemic, and healthy animals, as opposed to its effects on
Ren2 animals, which are insulin resistant and exhibit
inappropriately high oxidative stress in several tissues
including skeletal muscle.

Components of the electron transfer chain are heme-
containing proteins encoded by the mitochondrial genome,
complex IV or cytochrome c oxidase being the most
prominent [30]. In this regard, subunits I to III of cytochrome
c oxidase are critical determinants of O2 uptake and O2

−

anion formation [31]. This notion is consistent with our
observation of increases in complex IV, subunit 1 (a marker
of total mitochondrial content), as well as ultrastructural
evidence of increased mitochondria contemporaneous with
increased ROS in Ren2 skeletal muscle tissue. In this
context, reductions in complex IV levels, NADPH oxidase
activity, and ROS levels following nebivolol treatment may
be driving the decrease in HO-1 expression in Ren2 skeletal
muscle tissue.

Similar to previous studies, several ultrastructural abnor-
malities were observed by transmission electron microscopy
in Ren2 skeletal muscle tissue, including increased number
and structural abnormalities of mitochondria [15,16]. In
contrast to previous reports of decreased skeletal muscle
mitochondrial levels in sedentary obese and diabetic animals
and humans, the current study involved a physically active
and nonobese rodent model, which might explain the
finding of increased mitochondria biogenesis. The increased
Ren2 skeletal muscle mitochondrial biogenesis and mito-
chondria structural abnormalities were largely corrected by
in vivo nebivolol treatment for 3 weeks. Increased mito-
chondrial citrate synthase and the electron transport chain
activity likely also contributed to the increased levels of ROS
and 3-NT in Ren2 skeletal muscle tissue. Accordingly,
nebivolol may reduce oxidative stress in skeletal muscle
tissue by reducing both NADPH oxidase and mitochondrial
generation of ROS [21]. These reductions in oxidative stress
occur in concert with improvements in insulin metabolic
signaling. These results are consistent with the notion that
antihypertensive treatment strategies that reduce skeletal
muscle oxidative stress may help correct impaired insulin
sensitivity in hypertension. In humans, earlier clinical trials
validated the agent as an effective antihypertensive both
when used as monotherapy and in combination with other
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agents. Recent trials have reported that nebivolol is an
effective antihypertensive with beneficial, or at least neutral,
effects on lipids and carbohydrate metabolism [8].

In conclusion, the present investigation demonstrates
that 3 weeks of treatment with nebivolol, a selective
vasodilatory β1-adrenergic receptor blocker, improves insulin
resistance, reduces NADPH oxidase activity, and increases
bioavailable NO in a transgenic rodent model with increased
skeletal muscle oxidative stress due to enhanced activation
of the RAAS. Because insulin resistance is implicated in the
pathophysiology of hypertension, our findings showing
improvements of insulin sensitivity with nebivolol deserve
further investigation. It will be important to carry longer-
term studies that examine the impact of nebivolol on insulin
sensitivity and glucose metabolism in models of increased
tissue RAS expression.
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