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Abstract
Angiotensin II (Ang II) causes skeletal muscle wasting via an increase in muscle catabolism. To
determine whether the wasting effects of Ang II were related to its ability to increase NADPH
oxidase-derived reactive oxygen species (ROS) we infused wild-type C57BL/6J or p47phox−/−

mice with vehicle or Ang II for 7 days. Superoxide production was increased 2.4 fold in the
skeletal muscle of Ang II infused mice, and this increase was prevented in p47phox−/− mice.
Apocynin treatment prevented Ang II-induced superoxide production in skeletal muscle,
consistent with Ang II increasing NADPH oxidase derived ROS. Ang II induced loss of body and
skeletal muscle weight in C57BL/6J mice, whereas the reduction was significantly attenuated in
p47phox−/− animals. The reduction of skeletal muscle weight caused by Ang II was associated with
an increase of proteasome activity, and this increase was completely prevented in the skeletal
muscle of p47phox−/− mice. In conclusion, Ang II-induced skeletal muscle wasting is in part
dependent on NADPH oxidase derived ROS.
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Introduction
The wasting effects of Ang II may be important for clinical conditions such as congestive
heart failure and chronic kidney disease (for reviews see [1]). In the case of cardiac
cachexia, there is an evident association between this condition and high Ang II as such
patients typically display high renin activity and high aldosterone levels [1,2,3]. Ang II has
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been shown to reduce body weight in rodents via induction of anorexia and increased
protein degradation through the ubiquitin-proteasome pathway and increased apoptosis in
skeletal muscles [4,5]. Ang II has pro-oxidant and proinflammatory effects which modulate
growth, migration, apoptosis and inflammation in several tissues [6,7,8]. Although elevated
ROS formation has been reported in rodent models of skeletal muscle wasting, including
cancer cachexia [9], disuse atrophy [10], age-related atrophy [11], atrophy induced by TNF-
α [12] or diabetes [13], the potential involvement of ROS in Ang II-induced skeletal muscle
wasting is unknown. The aim of this study was to determine whether the wasting effects of
Ang II were related to its ability to increase ROS. We evaluated the contribution of Ang-II-
induced oxidative stress to skeletal muscle wasting.

Materials and Methods
Materials

Angiotensin II was from Phoenix Pharmaceuticals, Burlingame, CA, apocynin from
Calbiochem, dihydroethidium (DHE) from Invitrogen, Carlsbad, CA and polyethylene
glycol-superoxide dismutase (PEG-SOD) from Sigma-Aldrich (St. Louis, MO).

Animal studies
Experiments were approved by the Institutional Animal Care and Use Committee at Tulane
University. To determine the potential involvement of NADPH oxidase in muscle wasting,
eight-to 12-week-old male p47phox−/− mice (B6(Cg)-Ncf1m1J/J, Jackson Laboratory, Bar
Harbor, Maine) and wild type mice of same genetic background (C57Bl/6J, Jackson
Laboratory) were infused subcutaneously via osmotic minipump (ALZET model 1007D;
DURECT™ DURECT Corporation, Cupertino, CA ) with Ang II (1500 ng/kg/min; Ang II
group) or saline (ad libitum group) for 7 days. To normalize for differences in food intake
induced by Ang II [4], saline-infused mice were pair-fed, i.e., given the identical food intake
as the Ang II groups (pair-fed group), as previously described [5]. Body weight/food intake
were measured daily and blood pressure was taken on days 0, 2, 4 and 6 in conscious mice
by tail-cuff plethysmography (Visitech Systems Inc). Mice were sacrificed by ketamine/
xylazine overdose in order to collect the skeletal muscles (gastrocnemius, tibialis anterior
and quadriceps). Muscle wet weights were recorded and samples snap-frozen in liquid
nitrogen and stored at −80°C for further use.

Skeletal muscle superoxide levels
Gastrocnemius muscle superoxide levels were determined as previously described with
minor modifications [14]. This method has been validated to detect superoxide in frozen
sections in cardiac muscle [15] and aorta [16] among others. One half of the muscle was
incubated in OCT and PBS (50%/50%, v/v) for 30 min at room temperature and then slow-
frozen in 100% OCT on dry ice. Another half of the muscle was pre-incubated with
apocynin (200 μM) in OCT/PBS for 30 min for some of the experiments. 10 μm
cryosections were stained with superoxide sensitive dye DHE (2 μmol/L) in a light-protected
and humidified chamber for 40 min at 37°C. 700 U/ml of polyethylene glycol-superoxide
dismutase (PEG-SOD, Sigma Chemical Co., St. Louis, MO) were applied in combination
with DHE to adjacent sections to normalize for background signal. Three non-overlapping
images per section were analyzed with a fluorescence microscope and the signal was
quantified using Image Pro Plus (Media Cybernetics).

Basal 20S proteasome activity
20S Proteasome activity was determined via an optimized protocol modified from the “20S
Proteasome Assay Kit for Drug Discovery” kit (Enzo Life Sciences, BML-AK740). Activity
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was quantified fluormetrically following cleavage of the fluorophor 7-amino-4-
methylcoumarin (AMC) from substrate over time. In short, homogenates of gastrocnemius
muscles were prepared by bead beating tissue in hypotonic cell lysis buffer (25 mM HEPES,
5 mM MgCl2, 5mM EDTA, 5 mM DTT, pH 7.5) at 4°C followed by centrifugation at
14,000 rpm for 2 minutes at 4°C. Protein concentration in the supernatant was determined
using the BCA Protein Assay Kit (Pierce) and 35μg of total protein was added to each assay.
Assay volumes were standardized by the addition of assay buffer, and inhibitor(s) were
added to the appropriate wells of black 96-well clear/flat bottom plates. The plates were then
incubated at 37°C for 15 minutes to allow enzyme-inhibitor interaction, as well as to allow
for adequate depletion of endogenous ATP stores. Following incubation, ATP (1mM final
concentration) was added to the appropriate wells in order to determine “ATP-dependent”
20S activity, which was defined as the difference between the activities in ATP
supplemented wells and wells not supplemented with exogenous ATP for the same sample.
Substrates were added to all wells immediately prior to data collection and emission was
measured (excitation: 360nm, emission: 460nm) in a fluorescence microplate reader. Data
were recorded at 1–2 minute time intervals over 60 minutes and activity was plotted as
AFU/min over the linear range of the curves.

Statistical analysis
All the data were expressed as mean±SEM. One-way or 2-way ANOVA with Bonferroni’s
correction was used to compare the changes in body weight, skeletal muscle weight, blood
pressure, superoxide DHE levels and proteasome activity. A value of p<0.05 was regarded
as significant.

Results
Ang II-induced skeletal muscle wasting is significantly blunted in p47phox−/− mice

Ang II infusion increased blood pressure in C57BL/6J and p47phox−/− mice over 7 d (47.0 ±
6 mm Hg and 38 ± 6 mm Hg increase respectively, Fig 1A). We have shown that Ang II
causes body weight reduction via anorexigenic and food intake-independent catabolic
effects [4]. In addition to the body weight reduction due to the reduced food intake (Pair-fed
control), Ang II caused a progressive and significant loss of body weight in C57BL/6J mice
(10.58 ± 0.92 % decrease at 7 d compared to the initial body weight, Fig. 1B, D). This
catabolic effect of Ang II was significantly suppressed in p47phox−/− mice (6.05 ± 1.27 %
decrease, Fig. 1C, D). Changes in muscle weights largely paralleled those of body weights.
Thus Ang II infusion in C57BL/6J mice reduced gastrocnemius, tibialis anterior and
quadriceps weights when compared to the pair-fed group (12.4 %, 11.9 % and 12.3 %
decrease respectively, Fig 1E). On the other hand, this effect was significantly blunted in
p47phox−/− mice compared to wild-type mice (Fig 1E).

Ang II increased skeletal muscle superoxide levels, role of NADPH oxidase
Ang II significantly increased skeletal muscle superoxide levels in C57BL/6J mice (139%
increase at 7 d in gastrocnemius muscle compared to pair-fed, Fig 2A, B, and 90% increase
in quadriceps muscle at 7 d, not shown). In marked contrast Ang II failed to increase
superoxide levels in skeletal muscle of p47phox−/− mice (Fig. 2B) suggesting that a
functional NADPH oxidase was required for Ang II induction of muscle oxidative stress.
Apocynin also prevented the Ang II-induced superoxide increase, which further confirms
that Ang II increases superoxide via NADPH oxidase (Fig. 2C).
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Ang II-induced skeletal muscle proteasome activity is significantly blunted in p47phox−/−
mice

20S proteasome activity, an index of muscle protein degradation[17] was significantly
increased in Ang II-infused C57BL/6J mice (32% increase compared to pair-fed controls, p<
0.05) and this increase was completely inhibited in p47phox−/− mice (Fig. 3). Taken together,
our data showed that the wasting effects of Ang II in C57BL/6J mice that derive primarily
from increased catabolism are markedly suppressed in the p47phox−/− background,
suggesting an important role for the NADPH oxidase in the wasting effect of Ang II.

DISCUSSION
We have previously demonstrated that Ang II-induced skeletal muscle wasting is related to
anorexigenic and food intake-independent catabolic effects of Ang II that lead to increased
protein degradation and apoptosis of muscle [4,5]. Our present study showed that the
catabolic effect of Ang II is mediated, at least in part, via increased superoxides produced by
NADPH oxidase.

A potential link between ROS and physiological effects of Ang II was first suggested by the
demonstration that Ang II increased NAD(P)H activity and superoxide production in
cultured vascular smooth muscle cells [18], and that the effect of Ang II on blood pressure
was reduced by the administration of superoxide dismutase [19]. Subsequent studies
provided evidence for an important role for ROS and particularly superoxide in Ang II-
induced signaling, contributing to cardiac myocyte and vascular smooth muscle cell
hypertrophy, endothelial dysfunction, hypertension, and insulin resistance [20,21]. However,
there are very few studies on the effect of Ang II on skeletal muscle. Russell et al.
demonstrated that murine C2C12 myotubes produced ROS in response to Ang II. This effect
was inhibited by diphenyleneiodonium, implying the participation of NADPH oxidase, and
was accompanied by increased protein degradation which was blunted by the use of
antioxidants [22]. In addition, the expression of Nox2, Nox4, p22phox [23,24], p47phox and
p67phox [24] subunits of the NADPH oxidase has been detected in skeletal muscle,
suggesting that these NADPH oxidase subunits have a functional role in regulating skeletal
muscle oxidative stress. In contrast to the results of Russell et al. our laboratory has not
detected significant expression of Ang II receptors on C2C12 cells (Delafontaine,
unpublished results), which is consistent with other reports [25] and with our prior studies
that have indicated that the wasting effect of Ang II is mediated at least in part via
intermediate cytokines such as IL-6 and serum amyloid A [26]. Furthermore, we have
previously shown that Ang II markedly increases urinary corticosterone levels in the mouse
and that the glucocorticoid inhibitor RU486 blunted Ang II-induced wasting [27]. Our
current study demonstrates that irrespective of the downstream mediators of Ang II-induced
wasting an increase in oxidative stress appears to be critically required for this effect of Ang
II. Ang II-induced oxidative stress was accompanied by an increase in muscle 20S
proteasome activity (Fig 3), and these effects were blocked in p47phox−/− mice.
Interestingly, we did not find that the hypertensive response to Ang II was inhibited in
p47phox−/− mice, in contrast to a previous report from Landmesser et al. [28] However, it is
pertinent to note that Landmesser et al. used a lower dose of Ang II (486 ng/kg/min vs. 1500
ng/k/min in our study) and that the hypertensive response to Ang II in their study was only
partially blocked in p47phox−/− mice. Our results indicate that the inhibition of Ang II-
induced muscle atrophy in the p47phox−/− mice was independent of Ang II effects on systolic
blood pressure. This is consistent with our prior data [4], which showed that the reduction in
body weight induced by Ang II was not altered by normalization of blood pressure with
hydralazine, but was markedly blunted by the Ang II AT1 receptor antagonist, losartan.
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It is of note that our data does not exclude the possibility of Ang II-induced superoxide
formation from other sources such as mitochondria. NADPH oxidase-dependent superoxide
production in response to Ang II may be very important in diseases such as hypertension.
Thus, vascular activation of superoxide production was attenuated in the aorta of p47phox−/−

mice infused with Ang II [28]. However, this enzyme complex is not the only cellular source
of superoxide that can be affected by this peptide. Ang II activates mitochondrial ROS
formation in endothelial [29], vascular smooth muscle cells and in rat aorta in vivo [30].
Furthermore, there is positive feedback among enzymes producing ROS. Thus, ROS are
able to directly activate NADPH oxidase to produce more ROS in vascular smooth muscle
cells [31]. It is been speculated that NADPH oxidase-induced ROS could directly stimulate
the mitochondria [30]. Indeed, myocardial mitochondrial ATP-sensitive potassium channels
are activated by cytosolic superoxides derived from NADPH oxidase [32], and opening of
these channels leads to mitochondrial ROS release [33]. Further studies are required to
determine potential cross-talk mechanisms involving NADPH oxidase and mitochondria and
their contribution to Ang II-dependent atrophy signaling.

Skeletal muscle wasting is a major contributor to negative outcomes in conditions such as
cancer, chronic kidney disease and advanced congestive heart failure. Our findings indicate
that Ang II-induced catabolic effects that lead to skeletal muscle wasting are redox-
dependent and involve NADPH oxidase. The implication that superoxide formation is part
of the signaling pathways contributing to skeletal muscle atrophy could be important in
developing new drugs targeting muscle wasting in different conditions.
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Figure 1.

Semprun-Prieto et al. Page 8

Biochem Biophys Res Commun. Author manuscript; available in PMC 2012 June 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
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Figure 3.
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