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Abstract
Cachexia is a serious complication of many chronic diseases, such as congestive heart failure
(CHF) and chronic kidney disease (CKD). Many factors are involved in the development of
cachexia, and there is increasing evidence that angiotensin II (Ang II), the main effector molecule
of the renin-angiotensin system (RAS), plays an important role in this process. Patients with
advanced CHF or CKD often have increased Ang II levels and cachexia, and angiotensin-
converting enzyme (ACE) inhibitor treatment improves weight loss. In rodent models, an increase
in systemic Ang II leads to weight loss through increased protein breakdown, reduced protein
synthesis in skeletal muscle and decreased appetite. Ang II activates the ubiquitin-proteasome
system via generation of reactive oxygen species and via inhibition of the insulin-like growth
factor-1 signaling pathway. Furthermore, Ang II inhibits 5′ AMP-activated protein kinase
(AMPK) activity and disrupts normal energy balance. Ang II also increases cytokines and
circulating hormones such as tumor necrosis factor-α, interleukin-6, serum amyloid-A,
glucocorticoids and myostatin, which regulate muscle protein synthesis and degradation. Ang II
acts on hypothalamic neurons to regulate orexigenic/anorexigenic neuropeptides, such as
neuropeptide-Y, orexin and corticotropin-releasing hormone, leading to reduced appetite. Also,
Ang II may regulate skeletal muscle regenerative processes. Several clinical studies have indicated
that blockade of Ang II signaling via ACE inhibitors or Ang II type 1 receptor blockers prevents
weight loss and improves muscle strength. Thus the RAS is a promising target for the treatment of
muscle atrophy in patients with CHF and CKD.
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Introduction
Angiotensin II (Ang II), the main effector molecule of the renin-angiotensin system (RAS),
has multiple physiological actions including regulation of blood pressure and salt/water
balance through a variety of effects on the central nervous system, the adrenal gland, the
vasculature and the kidney. Furthermore, the RAS plays an important role in the
pathogenesis of all stages of cardiovascular disease, ranging from early endothelial
dysfunction to target-organ damage, congestive heart failure (CHF), renal or cerebrovascular
disease (Werner et al. 2010). Patients with advanced cardiovascular or renovascular disease,
such as CHF or end-stage renal disease (ESRD), often have cachexia, which independently
worsens outcome (Tan and Fearon 2008; Werner et al. 2010). These patients often have
increased Ang II levels (Masson et al. 1998; Roig et al. 2000; Anker et al. 2003), and ACE
inhibitor treatment improves weight loss in CHF patients (Anker et al. 2003) and AT1
receptor blockade prevents skeletal muscle atrophy in a rat model of CHF (Dalla Libera et
al. 2001), suggesting that Ang II could play an important role in the development of
cachexia. Interestingly, an ACE inhibitor attenuated weight loss in a mouse model of cancer
cachexia (Sanders et al. 2005), which suggests that Ang II signaling may be important not
only in patients with CHF and ESRD, but also in cancer cachexia. In this review, we address
the relationship between the RAS and skeletal muscle atrophy, the cellular and molecular
mechanisms underlying this process, and its physiological and clinical importance.

Ang II increases protein degradation
Brink et al. first demonstrated that Ang II infusion in the rat caused a significant loss of
body weight through a reduction of food intake and increased proteolysis in skeletal muscle
(Brink et al. 1996). These effects were completely prevented by the AT1 receptor blocker
losartan but not by the anti-hypertensive drug hydralazine, showing that Ang II causes
muscle wasting via an AT1 receptor dependent mechanism independent of blood pressure
increase. Ang II infusion causes an increase of protein breakdown and a decrease in IGF-1
signaling, which is the main anabolic pathway in skeletal muscle (Brink et al. 2001). A
small component of the muscle wasting may be due to lower levels of protein synthesis, as
synthesis rate was lower in Ang II-infused rats, but the difference was not statistically
significant (Brink et al. 2001). Ang II-induced protein degradation was prevented by the
proteasome inhibitor MG132, but not by lysosomal or calcium-activated protease inhibition,
indicating that Ang II induces protein breakdown via the ubiquitin-proteasome system
(UPS).

Studies of many different models of muscle wasting have indicated that accelerated
proteolysis via the UPS is the principle cause of muscle atrophy induced in several types of
cachexia, such as fasting, metabolic acidosis, disuse, sepsis and diabetes (Ventadour and
Attaix 2006). Muscle fiber atrophy in conditions leading to cachexia may be fiber-type
specific. Thus, type I fibers are more sensitive to inactivity, microgravity and denervation-
induced atrophy, whereas type II fibers are more vulnerable to cancer cachexia, diabetes,
CHF and ageing (Wang and Pessin 2013). The UPS degrades the major contractile skeletal
muscle proteins and the activation of the UPS is responsible for progression of muscle
wasting, whereas the other proteolytic enzymes act upstream (m-calpain, cathepsin L and/or
caspase-3) and downstream (tripeptidyl-peptidase II and aminopeptidases) of the UPS for
the complete breakdown of the myofibrillar proteins. Proteins that are subject to be broken
down are marked for degradation by covalent linkage of a chain of ubiquitin molecules to an
internal lysine on the protein and subsequently degraded by the 26S proteasome. This
process is regulated by a series of enzymes, E1 ubiquitin-activating enzyme, E2 ubiquitin-
conjugating enzyme and E3 ubiquitin ligase. Ubiquitin monomers are activated and linked to
E1, transferred to E2, and interact with one of several hundred E3 to be transferred to the
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substrate protein. The ubiquitin-marked proteins are degraded by the 26S proteasome
complex. The 26S proteasome complex is formed by a 20S core catalytic complex and one
or two 19S regulatory complexes in charge of substrate recognition. The muscle specific E3
ubiquitin ligases atrogin-1/MAFbx and muscle RING finger-1 (MuRF-1) have been
identified as genes strongly upregulated in different atrophy models (Bodine et al. 2001a).
Overexpression of atrogin-1/MAFbx in cultured myotubes caused atrophy, whereas
denervation-induced muscle atrophy is partially prevented in atrogin-1/MAFbx and MuRF-1
deficient animals (Bodine et al. 2001a). These data show that atrogin-1/MAFbx and
MuRF-1 are critical regulators of the UPS and muscle atrophy. However, although
Atrogin-1/MAFbx expression has been extensively used as a marker of skeletal muscle
atrophy in many studies, it is of note that recent studies showed that such changes do not
necessarily reflect alterations in muscle proteolysis per se as previously believed (Attaix and
Baracos 2010). Myosin heavy chain (MHC) (Clarke et al. 2007) and myofibrillar proteins
(Cohen et al. 2009) have been identified as substrates of MuRF-1, indicating that MuRF-1 is
involved in muscle protein breakdown in atrophying muscle. On the other hand, the only
proteins identified so far as a substrate of Atrogin-1/MAFbx is MyoD (Tintignac et al. 2005;
Lagirand-Cantaloube et al. 2009) and eukaryotic translation initiation factor subunit F (eIF3-
f) (Lagirand-Cantaloube et al. 2008; Csibi et al. 2009; 2010), which regulate muscle
differentiation and protein synthesis, respectively. These data suggest that MuRF-1 is
associated with muscle proteolysis, whereas Atrogin-1/MAFbx may be more related to
protein synthesis. Also, it has been shown that the expression of multiple proteasome
components are increased in different atrophy models (fasting, cancer cachexia, diabetes and
uremia), including the 20S core complex (Psma1, Psma5, PSmb3 and Psmb4) and the 19S
regulatory complex (Psmc4, Psmd8 and Psmd11) (Lecker et al. 2004). In Ang II-induced
muscle wasting, expression of atrogin-1/MAFbx and MuRF-1, levels of ubiquitin-
conjugated proteins and 20S proteasome activity are robustly increased (Song et al. 2005;
Yoshida et al. 2010; Semprun-Prieto et al. 2011). These data indicate that Ang II activates
the UPS in skeletal muscle by increasing expression of UPS components and by increasing
20S proteasome activity (Figure 1).

Insulin-like growth factor-1 (IGF-1) and Ang II interaction
Various protective factors are reported to help maintain muscle integrity (Tatsumi 2010).
Among these factors, insulin-like growth factor-I (IGF-1) modulates muscle size via
autocrine and paracrine signals by directly stimulating protein anabolism in myofibers and
by the activation of satellite cell proliferation (Sandri 2008). Briefly, IGF-1 binds to the
tyrosine kinase IGF-1 receptor (IGF1R) and its binding can be modulated by IGF binding
proteins. Activated IGF1R recruits the insulin receptor substrate-1 (IRS-1), which results in
the activation of at least two signaling pathways; the Ras-Raf-MEK-ERK pathway and the
PI3K-Akt pathway. These two signaling pathways have been shown to exert opposing
effects on muscle cell hypertrophy. The PI3K-Akt pathway inhibits Ras-Raf-MEK-ERK
signaling in differentiated myotubes (Rommel et al. 1999), indicating that the PI3K-Akt
pathway is dominant in skeletal muscle. Activation of the PI3K/Akt pathway induces muscle
hypertrophy by stimulating translation via regulation of GSK and mTOR kinases (Bodine et
al. 2001b). Decreased activity of the IGF-1/PI3K/Akt signaling pathway can lead to muscle
atrophy (Bodine et al. 2001b). Inhibition of PI3K and expression of dominant-negative Akt
reduce the mean size of myotubes in culture (Rommel et al. 2001). Muscles from mice
deficient for Akt1 and Akt2 are small (Peng et al. 2003) and, conversely, activation of Akt in
rat muscle can prevent denervation atrophy (Bodine et al. 2001b; Pallafacchina et al. 2002).
Overexpression of IGF-1 under the control of a skeletal muscle specific promoter caused
muscle cell differentiation and myofiber hypertrophy in two transgenic mouse lines
(Coleman et al. 1995; Musaro et al. 2001). Furthermore, targeted IGF-1 transgene
expression or gene transfer in hindlimb muscles reverses muscle wasting in various rodent
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models of muscle atrophy including Duchenne muscular dystrophy (Barton et al. 2002),
crush injury (Rabinovsky et al. 2003), dexamethasone injection (Schakman et al. 2005), cast
immobilization (Stevens-Lapsley et al. 2010) and Ang II infusion (Song et al. 2005). Ang II
infusion in rats reduced circulating and skeletal muscle IGF-1 and IGF-1 binding proteins
IGFBP-2 and IGFBP-3 (Brink et al. 1996; 2001). Furthermore, Ang II disrupts IGF-1
signaling at multiple levels. It has been shown that Ang II inhibits insulin/IGF-1 signaling
via serine phosphorylation of IRS-1 and PI3K (Folli et al. 1997; Velloso et al. 2006), and
Song et al. showed an increase of IRS-1 Ser307 phosphorylation in gastrocnemius muscle of
Ang II-infused mice (Song et al. 2005). Also, the increase in glucocorticoids in response to
Ang II may lead to binding of the glucocorticoid receptor (GR) to PI3K with resulting
decreased binding to IRS-1 (Hu et al. 2009). Whereas systemic IGF-1 infusion does not
rescue Ang II-induced muscle wasting, skeletal muscle targeted overexpression of IGF-1
reverses the effect of Ang II through Akt/FoxO activation and inhibition of E3 ubiquitin
ligase atrogin-1/MAFbx expression (Song et al. 2005; Werner et al. 2010; Yoshida et al.
2010). Interestingly, although Ang II rapidly increases both atrogin-1/MAFbx and MuRF-1
expression, activation of the IGF-1/Akt/FoxO pathway prevents only the increase in
atrogin-1/MAFbx. This is unusual since in most catabolic conditions atrogin-1/MAFbx and
MuRF-1 are coordinately regulated (Lecker 2003; Attaix et al. 2005; Schakman et al. 2005),
although only MuRF-1 expression is increased in NF-κB mediated muscle atrophy (Cai et
al. 2004). Of note, progressive muscle atrophy in advanced stages of chronic heart failure in
humans correlates with low serum levels and reduced local expression of IGF-1 (Hambrecht
et al. 2002; Schulze et al. 2003). In a mouse model of myocardial infarction, there was
marked skeletal muscle atrophy, which was associated with activation of FoxO transcription
factors, a robust increase of atrogin-1/MAFbx expression and enhanced proteasome activity.
Furthermore, skeletal muscle-specific overexpression of IGF-1 prevented the muscle
atrophy in these animals. Importantly, it has been shown that plasma Ang II level is
increased in these animal models (Jin et al. 2004; Lütken et al. 2009), suggesting the
involvement of increased Ang II in triggering muscle atrophy in the setting of chronic heart
failure. In summary, Ang II and IGF-1 exert opposing effects on skeletal muscle (Figure 1).
Ang II reduces circulating IGF-1 and disrupts IGF-1 signaling in skeletal muscle and the
atrophic effect of Ang II on skeletal muscle can be prevented in animals by local
overexpression of IGF-1.

Ang II and oxidative stress
Oxidative stress is a common hallmark of several pathological conditions including
atherosclerosis, diabetes, cancer and CHF (Kaneto et al. 2010), and it has been shown that
increased oxidative stress contributes to disuse muscle atrophy (Powers et al. 2012).
Oxidative stress generally refers to the increased cellular production of reactive oxygen
species (ROS), molecules or ions formed by the incomplete 1-electron reduction of oxygen.
ROS are involved in the regulation of normal cell signaling and cell growth, proliferation
and expansion of the extracellular matrix (Apel and Hirt 2004). ROS can be produced in
almost any cell types, including skeletal muscle cells, by activation of xanthine oxidase,
lipoxygenases, nitric oxide synthase, the mitochondrial respiratory chain and the NADPH
oxidases. Several reports suggested that two oxidant systems, namely NADPH oxidase and
mitochondria, are major sources of ROS in atrophied skeletal muscles (Muller et al. 2007;
Whitehead et al. 2010). Whitehead et al. reported that NADPH oxidase expression and
NADPH oxidase-derived ROS are increased in skeletal muscle of dystrophic mdx mice
(Whitehead et al. 2010), and that an NADPH oxidase inhibitor attenuated the loss of muscle
force. Muller et al. (Muller et al. 2007) reported the increase of mitochondrial ROS
generation in three conditions of muscle atrophy, in aging, in CuZn-SOD deficient mice and
in neurodegenerative disease. ROS production in these different atrophy models was highly
correlated with the extent of muscle atrophy, suggesting that mitochondrial ROS production
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is a common factor in the mechanism of muscle atrophy. Oxidative stress induces
proteolysis and atrophy via several different mechanisms: (1) calcium overload and
activation of calcium-activated proteases such as calpain; (2) stimulation of the 20S
proteasome system via activation of caspase-3; (3) activation of E3 ubiquitin ligases
atrogin-1/MAFbx and MuRF-1.

Ang II infusion has been reported to increase ROS in rat skeletal muscle (Zhao et al. 2006).
Also, Ang II enhanced NADPH oxidase activity and consequent ROS generation in L6
myotubes via an AT1R dependent mechanism (Wei et al. 2006). Ang II-induced proteolysis
is prevented by the antioxidants butylated hydroxytoluene (BHT) and diphenyleneiodonium
in myotubes (Russell et al. 2007). Furthermore, Semprun-Prieto et al. (Semprun-Prieto et al.
2011) demonstrated that Ang II-induced ROS production is blocked in NADPH oxidase
subunit p47phox deficient mice (p47phox-/-) and by the NADPH oxidase inhibitor apocynin,
and that Ang II-induced muscle wasting and increased 20S proteasome activity are
attenuated in p47phox-/- mice. These data suggest that Ang II increases ROS generation via
activation of NADPH oxidase, leading to muscle proteolysis (Figure 1). Ang II also
increases mitochondrial ROS formation in endothelial cells (Pueyo et al. 2000), vascular
smooth muscle cells and in rat aorta in vivo (Kimura et al. 2005), and it has been speculated
that NADPH oxidase-induced ROS could directly stimulate the mitochondria (Kimura et al.
2005). However, mitochondria-targeted antioxidant Mito-TEMPO administration failed to
prevent Ang II-induced muscle wasting, suggesting that mitochondrial derived ROS do not
directly contribute to Ang II-induced muscle wasting (Tabony et al. 2011). Several skeletal
muscle dystrophies are characterized by extensive fibrosis, which hinders the normal healing
of tissue damage. Cabello-Verrugio et al. and Morales et al. demonstrated that Ang II-
induced ROS activate a fibrotic response in C2C12 myoblasts. The ROS production is
mediated by AT1R-p38MAPK-NOX signaling and a subsequent increase of TGF-β
(Cabello-Verrugio et al. 2011; 2012; Morales et al. 2012). These data suggest that Ang II-
induced fibrosis contributes to mechanisms of Ang II-induced muscle atrophy.

Effect of Ang II on AMPK and energy balance
Several metabolic pathways are altered in atrophying muscles and many genes required for
ATP production and for the late steps of glycolysis were down-regulated in many forms of
muscle wasting (Lecker et al. 2004). Although it has been well established that Ang II
induces skeletal muscle atrophy, little is known about potential effects of Ang II on muscle
metabolism and energy stores or about the potential link between these effects and Ang II-
induced muscle wasting. Tabony et al. (Tabony et al. 2011) demonstrated that Ang II
depletes skeletal muscle ATP content likely via induction of mitochondrial dysfunction.
AMP-activated protein kinase (AMPK) is a serine/threonine kinase that acts as a sensor of
cellular energy status. AMPK regulates several intracellular systems such as cellular uptake
of glucose, fatty acid β-oxidation and mitochondrial biogenesis, and activates ATP synthesis
when cellular energy status is depleted (high AMP:ATP ratio). Importantly, Ang II inhibits
AMPK activation in skeletal muscle, likely via upregulation of the inactivating phosphatase
PP2Ca, thereby preventing normalization of muscle energy balance. The AMPK activator
AICAR reversed Ang II-induced inhibition of AMPK, leading to restoration of ATP levels
and inhibition of the Ang II induced reduction in muscle mass. Interestingly, AICAR
administration blocked Ang II-induced expression of E3 ubiquitin ligases atrogin-1/MAFbx
and MuRF-1, providing a potential additional mechanism whereby AICAR treatment
prevents Ang II-induced wasting. The effects of AMPK on FoxO transcription factors and
on subsequent regulation of ubiquitin ligase expression are complex, since although AMPK
can phosphorylate FoxO on multiple residues that are activating, AMPK also activates Akt
which can inhibit FoxO activity (Leclerc et al. 2010). For instance, increased AMP levels,
AMPK upregulation and muscle atrophy is observed in S6 kinase-1 (S6K1) deficient mice
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(Aguilar et al. 2007). In these mice, AMPK inhibition restores cell growth and sensitivity to
nutrient signals. Also, it has been shown that AMPK-mediated phosphorylation of FoxO
activates E3 ubiquitin ligase expression in C2C12 cells (NAKASHIMA and YAKABE
2007). However, in Ang II infused animals the net effect of AMPK activation by AICAR
resulted in Akt activation and inhibitory phosphorylation of FoxO1, which could explain the
ability of AICAR to abrogate Ang II-mediated upregulation of E3 ubiquitin ligases. These
data suggest a therapeutic potential for AMPK activators in chronic wasting conditions with
elevated Ang II levels.

Ang II reduces appetite
Decreased intake of calories is a major problem for many patients with advanced CHF and
significantly contributes to the development of cardiac cachexia. Food intake is regulated by
complex mechanisms via multiple factors including hypothalamic orexigenic/anorexigenic
neuropeptides and circulating factors secreted from peripheral organs (e.g. adipose tissues
and gastrointestinal tract).

When Brink et al. first reported that Ang II-induced loss of body weight, the authors
indicated that the loss of body weight was caused by two different mechanisms, increased
catabolism of skeletal muscle and loss of food intake. Pair-feeding experiments, in which a
group of animals received an identical amount of food as Ang II-infused animals, showed
that the loss of body weight in Ang II infused animals was in large part (~80%) due to
reduced food intake. Yamamoto et al. (Yamamoto et al. 2011) reported that Ang II type 1a
receptor (AT1aR) deficient mice are hyperphagic and obese with increased adiposity. These
mice showed decreased expression of the anorexigenic neuropeptide corticotropin-releasing
hormone (CRH) in the hypothalamus and CRH administration suppressed food intake in
AT1aR deficient mice. Furthermore, the CRH gene promoter was significantly
transactivated via the cAMP-responsive element by Ang II. These data suggest that Ang II
directly acts on hypothalamic neurons to regulate food intake via regulation of orexigenic/
anorexigenic neuropeptides. Indeed, the AT1R is expressed in multiple hypothalamic
neurons, including in the lateral hypothalamic area, paraventricular nucleus, retrochiasmatic
area, and perifornical nucleus (Lenkei et al. 1997), whereas there is relatively minor
expression of AT2R in the hypothalamus. Also, peripheral administration of the angiotensin-
converting enzyme (ACE) inhibitor captopril was reported to decrease food intake, probably
due to an increase of central Ang II, which was converted from increased Ang I (de Kloet et
al. 2009). Furthermore, several studies have reported that chronic intracerebroventricular
(icv) infusion of Ang II reduces food intake likely via regulation of orexigenic/anorexigenic
neuropeptides in the hypothalamus. Porter et al. (Porter et al. 2003; Porter and Potratz 2004)
reported that chronic icv infusion of Ang II in rats caused reduced food intake and increased
CRH expression in the hypothalamus. De Kloet et al. (de Kloet et al. 2009) reported that
chronic icv administration of Ang II in rats reduced food intake, which was associated with
increased hypothalamic agouti-related protein (AgRP), proopiomelanocortin (POMC),
thyrotropin-releasing hormone (TRH) and CRH. Yoshida et al. (Yoshida et al. 2012)
demonstrated that systemic Ang II infusion caused a decrease of hypothalamic
neuropeptide-Y (Npy) and orexin expression. Icv infusion of Ang II reduced food intake and
Ang II reduced Npy and orexin expression in the hypothalamus cultured ex vivo in an AT1R
dependent manner, suggesting that Ang II directly acts on hypothalamic neurons to regulate
these orexigenic neuropeptides. Although all of these studies strongly suggest that the
anorexigenic action of Ang II is mediated by hypothalamic orexigenic/anorexigenic
neuropeptides, it is important to note that the changes in hypothalamic neuropeptide
expression could be secondary to altered food intake and metabolism in response to Ang II
administration. However, Yoshida et al. infusion rapidly reduced food intake (within 6hrs)
and that this reduction was and orexin expression was also reduced rapidly, whereas levels
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of other orexigenic/anorexigenic neuropeptides were altered at later time points of analysis
(e.g. 4 days). This was likely because of changes in appetite-regulating hormones secreted
from peripheral organs. For instance, due to reduced food intake, Ang II infused animals
have decreased fat mass, which results in a reduction in circulating leptin. Because leptin
negatively regulates Npy expression, hypothalamic Npy expression is increased at the 4d
time point after Ang II infusion. In summary, it is critical to determine early changes in
hypothalamic neuropeptide expression to identify the initial targets of Ang II action, since
many of the subsequent changes in neuropeptides are secondary to the reduction in food
intake. The available data indicate that Ang II reduces food intake likely via rapid
downregulation of Npy and orexin expression in the hypothalamus, and chronic Ang II
elevation results in changes in orexigenic/anorexigenic neuropeptide expression such as
CRH, TRH, POMC and AgRP in the hypothalamus (Figure 2).

Ang II and Skeletal muscle regeneration
Skeletal muscle is capable of responding to injury by activating a well orchestrated
regenerative response to repair damaged myofibers. Injury leads to activation and
proliferation of mitotically quiescent mononuclear cells, satellite cells, which form
myoblasts, terminally differentiate and fuse to form multinucleated myotubes (Yablonka-
Reuveni and Day 2011). In adult skeletal muscle, satellite cell number and regenerative
capacity remain nearly constant through multiple cycles of regeneration (McCroskery et al.
2003; Sacco et al. 2008). However, it is unknown whether normal regenerative responses
involving activation of satellite cells occurred in the setting of Ang II-induced muscle
catabolism. In fact, many clinical situations in which Ang II levels may be elevated are
characterized by muscle wasting, such as CHF, ESRD, chronic obstructive pulmonary
disease and cancer (Sanders et al. 2005; Argilés et al. 2008; Doehner et al. 2009; Haehling et
al. 2009; Tisdale 2009). In these conditions little is known about the regenerative potential
of skeletal muscle. Satellite cell apoptosis has been reported in different pathological
conditions, including unloading, muscular dystrophy, ischemia and cancer cachexia.
However, systemic quantitative studies on rates of apoptosis of satellite cells are lacking,
and the response of satellite cells to pathophysiological conditions is poorly understood.
Sarcopenia, namely muscle wasting secondary to aging, is one of the most characterized
pathophysiological conditions in which satellite cell function may be altered. Although there
is conflicting evidence of decreased satellite cell number in aged skeletal muscle (Collins et
al. 2007; van der Meer et al. 2011), it is evident that aged satellite cells display reduced
proliferative response and regenerative capacity (Conboy et al. 2003; 2005; Chakkalakal et
al. 2012), and multiple mechanisms have been proposed. There is a decline in Notch
activation in aged satellite cells and forced activation of Notch can rejuvenate aged satellite
cells (Conboy and Rando 2002; Conboy et al. 2003). TGF-β expression is increased in both
aged satellite cells and in myofibers and there is an increase of phospho-Smad3 (p-Smad3)
in aged satellite cells (Carlson et al. 2008). Active-Notch and p-Smad3 competitively
regulate CDK inhibitor (p15, p16, p21 and p27) transcriptional activation. Thus, an
imbalance of Notch and p-Smad3 expression in aged muscle leads to increased CDK
inhibitor expression, which leads to reduced satellite cell proliferation. Furthermore, FGF2
expression is increased in aged muscle and FGF2 acts on satellite cells to disrupt their
quiescent state, resulting in their loss of self-renewing capacity (Chakkalakal et al. 2012).
Loss of quiescence leads to satellite cell depletion and diminished regenerative capacity. In
addition to reduced proliferative potential and self-renewal, aged satellite cells tend to
convert from a myogenic to fibrogenic lineage in response to factors in the systemic
environment, leading to an increase in tissue fibrosis (Brack et al. 2007). These data indicate
that satellite cell function is negatively regulated by the old systemic and niche environment,
suggesting that other pathophysiological conditions could have negative effects on satellite
cells.
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There is conflicting evidence for the effect of Ang II on skeletal muscle regeneration. Cohn
et al. (Cohn et al. 2007) first reported the effect of AT1R blockade using losartan in two
mouse models of myopathy, fibrillin-1 deficient mice and dystrophin-deficient mdx mice. In
both of these animals, losartan attenuated TGF-β-induced failure of muscle regeneration,
suggesting that Ang II negatively regulated muscle regeneration through TGF-β signaling.
Bedair et al. (Bedair et al. 2008) also reported that losartan administration improved muscle
regeneration and decreased fibrosis after laceration induced injury. However, two other
studies have proposed that Ang II may stimulate muscle regeneration. Johnston et al.
(Johnston et al. 2010) reported that an ACE inhibitor or ablation of the AT1aR significantly
impaired skeletal muscle regeneration. Ang II increased the chemotactic capacity of C2C12
cells and primary myoblasts, while AT1aR-/- myoblasts showed impaired migration. Murphy
et al. (Murphy et al. 2012) reported that muscle strength and locomoter activity were
enhanced in AT1aR-/- mice. On the other hand, muscle regenerative capacity following
myotoxic injury was impaired in these animals, by impaired myoblast fusion, prolonged
collagen infiltration and inflammation, and delayed expression of myogenic regulatory
factors. Reasons for these discrepant results are unclear and future analysis of direct Ang II
effects (e.g. systemic Ang II infusion and/or muscle/satellite cell-specific AT1R
knockdown) on muscle regeneration is likely to provide more conclusive results.

Indirect actions of Ang II
There are two Ang II receptor subtypes, AT1 and AT2 receptors, and these receptors
mediate the majority of Ang II’s effects (de Gasparo et al. 2000; Stegbauer and Coffman
2011). Although the simplest explanation of Ang II-induced skeletal muscle atrophy would
be that Ang II directly acts on AT1 receptor expressed on the cell surface of myofibers and
activates the UPS pathway, there are conflicting studies relating to Ang II receptor
expression in skeletal muscle. Sanders et al. (Sanders et al. 2005) and Russell et al. (Russell
et al. 2006) showed that Ang II induces protein breakdown in cultured mouse myotubes
(C2C12 myoblasts induced to differentiate for ~4 days) through the UPS pathway. Morales
demonstrated that Ang II induces a fibrotic response through p38MAPK phosphorylation,
NOX-induced ROS and TGF-β1 increase in C2C12 myoblasts (Morales et al. 2012). Co-
administration of losartan prevented these effects, suggesting that Ang II-induced protein
breakdown and development of fibrosis was mediated via the AT1 receptor expressed in
C2C12 myoblasts/myotubes. However, none of the reports above provided direct evidence
of Ang II receptor expression in cultured cells or skeletal muscle myofibers in vivo. Qi et al.
(Qi et al. 2005) showed AT1 receptor expression in human primary myoblasts and Johnston
et al. (Johnston et al. 2011) showed AT1 and AT2 receptor expression in mouse primary
myoblasts. However, skeletal muscle Ang II receptor expression decreases at the end of
gestation to very low levels in differentiated muscle (Grady et al. 1991; Tsutsumi et al.
1991). Moreover, Zhang et al. (Zhang et al. 2009) demonstrated there are no detectable
levels of AT1 and AT2 receptor expression in C2C12, L6 and mouse skeletal muscle.
C2C12 myotubes did not respond to Ang II with an increase in intracellular calcium or
phosphorylation of extracellular signal-regulated kinase (ERK), but Ang II stimulated a
calcium spike in C2C12 myotubes infected with an adenovirus encoding the AT1 receptor.
These discrepancies could be explained by the difference of cells, tissues and organisms
used in these studies. It is of note that myoblasts, myotubes and mature myofibers could
express different levels of Ang II receptors, as indicated by Johnston et al. (Johnston et al.
2011) and it is critical to carefully assess the expression in different cell types at different
status of differentiation. In addition, extra attention needs to be paid to analyze the muscle
microenvironment since AT1R and AT2R are expressed in the skeletal muscle
microvasculature, and Ang II signaling regulates basal- and insulin-regulated microvascular
perfusion (Chai et al. 2010; 2011). It is also important to address whether the effect of Ang
II on skeletal muscle cells in vitro can be applied to an in vivo experimental setting. It has
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been demonstrated that other circulating hormones and cytokines are involved in Ang II-
induced muscle wasting. Glucocorticoids are required to stimulate the UPS in acidosis,
diabetes and starvation (Wing and Goldberg 1993; Miller et al. 1999; Mitch et al. 1999), and
urinary corticosterone excretion was increased in Ang II-infused animals (Brink et al. 2001).
It has been shown that glucocorticoid injection in rats activates the UPS and protein
degradation (Auclair et al. 1997), and reduces skeletal muscle IGF-1 (Gayan-Ramirez et al.
1999). This glucocorticoid-induced muscle wasting is mediated through GR-mediated
inhibition of insulin/IGF-1 signaling (Hu et al. 2009). In a mouse model of acute diabetes,
glucocorticoids decreased IRS-1-associated PI3K activity in skeletal muscle and increased
muscle atrophy. Surprisingly, GR competitively binds to PI3K and reduces its association
with IRS-1, which leads to decreased insulin/IGF-1 signaling and activation of muscle
protein degradation. Song et al. (Song et al. 2005) showed that the GR antagonist RU486
blunted Ang II-induced muscle wasting, suggesting that Ang II indirectly activates muscle
breakdown through glucocorticoid signaling. The cytokine interleukin-6 (IL-6) has been
linked to muscle wasting. Thus, injection of IL-6 into rodents induces muscle protein
breakdown and IL-6 receptor antibody prevents muscle atrophy in mice that overexpress
IL-6 (Goodman 1994; Fujita et al. 1996; Tsujinaka et al. 1996). Zhang et al. (Zhang et al.
2009) found that circulating IL-6 and serum amyloid-A (SAA) levels were significantly
increased in Ang II-infused mice and IL-6 and SAA synergistically mediated muscle
wasting. IL-6 and SAA act synergistically to increase SOCS3 expression in muscle, and the
increase in SOCS3 leads to downregulation of IRS-1 and impaired insulin/IGF-1 signaling.
Ang II decreases Akt phosphorylation, a response that triggers caspase-3 and UPS
activation, but these effects of Ang II are inhibited in IL-6 deficient mice, and IL-6 deficient
mice are protected from Ang II-induced muscle wasting. Myostatin is a cytokine of the
TGF-β superfamily that acts as a potent inhibitor of muscle growth. Myostatin
overexpression produces severe reduction in skeletal muscle weight in mice (Zimmers et al.
2002). It has been shown that myostatin signals through activin receptor II (ActRII)/activin
receptor-like kinase (ALK) receptor complex and reduces Akt/mTOR/p70S6K signaling to
inhibit protein synthesis and muscle differentiation (Trendelenburg et al. 2009; Fearon et al.
2012). Although myostatin is predominantly expressed in skeletal muscle, its expression is
increased in the heart after myocardial infarction (Sharma et al. 1999; Shyu et al. 2006).
Cardiac-specific deletion of myostatin prevented heart failure-induced skeletal muscle
atrophy, and cardiac-specific myostatin overexpression caused muscle atrophy, indicating
that myocardial-derived myostatin regulates skeletal muscle atrophy (Heineke et al. 2010).
Interestingly, Ang II induced myostatin expression in rat cardiomyocytes through AT1R and
p38 MAPK dependent signaling (Wang et al. 2008). These data suggest that Ang II
induction of myostatin expression in cardiomyocytes could result in an increase in systemic
myostatin and contribute to skeletal muscle wasting in CHF patients. In summary, multiple
studies strongly suggest that the catabolic effects of Ang II on skeletal muscle in vivo are in
large part mediated via intermediate molecules activated by Ang II, rather than by direct
Ang II mediated activation of protein breakdown in skeletal muscle myofibers (Figure 1).

Therapeutic potential of Ang II signaling blockade
Mechanisms of sarcopenia and cachexia are undoubtedly complex (Glass and Roubenoff
2010; Narici and Maffulli 2010) and the potential contribution of the RAS in these processes
is still unclear. However, some studies have suggested that Ang II may play a role in
reducing muscle mass in the elderly (Onder et al. 2002; Di Bari et al. 2004; Sumukadas et al.
2007), and ACE inhibitors are reported to reduce the risk of weight loss in patients with
CHF (Anker et al. 2003). In patients with CHF and CKD there is a 2- to 5-fold increase in
plasma Ang II levels, in many cases even in the presence of ACE inhibitor therapy (Graziani
et al. 1993; Masson et al. 1998; Roig et al. 2000; Simões e Silva et al. 2006). Roig et al.
(Roig et al. 2000) reported that despite chronic enalapril or captopril therapy, 50% of
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patients with heart failure had increased plasma Ang II. Plasma renin activity, IL-6, New
York Heart Association functional class III-IV, furosemide dose, lack of beta-blocker
therapy and norepinephrine were univariately associated with increased Ang II.
Furthermore, increased plasma Ang II, despite ACE inhibitor therapy, was a significant
predictor of death or heart failure. Masson et al. (Masson et al. 1998) also reported that
circulating Ang II and aldosterone levels were elevated in 7 out of 18 heart failure patients
despite clinically satisfactory ACE inhibition. These studies have been complemented by
studies assessing the effects of ACE inhibitor treatment on skeletal muscle function. Onder
et al. (Onder et al. 2002) reported that ACE inhibitor treatment in aged women with
hypertension resulted in a lower decline in muscle strength during the 3-year study period.
Di Bari et al. (Di Bari et al. 2004) reported that ACE inhibitor treatment in an aged
population resulted in larger lower extremity muscle mass compared to groups treated with
other drugs (β-blockers, thiazides or calcium channel blockers). Coirault et al. (Coirault et
al. 2001) reported that ACE inhibitor treatment in patients with chronic heart failure
improved respiratory muscle strength. Interestingly, ACE inhibitor treated aged hypertensive
(but without congestive heart failure) patients had significantly higher circulating IGFBP-3
(Onder et al. 2007). Also, ACE inhibitor treatment in aged subjects with high cardiovascular
disease risk profile led to higher circulating IGF-1 and IGFBP-3 levels (Giovannini et al.
2010). These data may explain the beneficial effect of ACE inhibitors on muscle wasting,
since IGF-1 prevents Ang II-induced muscle atrophy. Involvement of Ang II signaling has
also been demonstrated in several different mouse models of myopathy. In an animal model
of myocardial infarction, there was an increase of plasma Ang II (Jin et al. 2004; Lütken et
al. 2009). Schulze et al. demonstrated that CHF in mice induces skeletal muscle wasting via
increased protein ubiquitination and proteasome activity (Schulze et al. 2005). Cohn et al.
(Cohn et al. 2007) showed that in the mouse model of Marfan syndrome and Duchenne
muscular dystrophy, increased TGF-β activity leads to failed muscle regeneration, and
losartan administration normalized muscle function and repair. Burks et al. (Burks et al.
2011) demonstrated that losartan administration improved muscle regeneration after
cardiotoxin-induced skeletal muscle injury in aged mice via downregulation of TGF-β
signaling. Interestingly, losartan improved disuse-induced skeletal muscle regeneration in
aged mice not via downregulation of TGF-β signaling, but via activation of the IGF-1/Akt/
mTOR pathway. Two groups have shown that losartan and its derivative (L-150809)
administration in the mouse model of laminin α2-deficient congenital muscular dystrophy
type 1A (MDC1A) improved muscle strength, fibrosis and regenerative capacity via
suppression of TGF-β signaling (Elbaz et al. 2012; Meinen et al. 2012). In addition, Zoll et
al. (Zoll et al. 2006) reported that ACE inhibitor treatment improved myocardial infarction-
induced skeletal muscle mitochondrial dysfunction. These data (summarized in Table 1)
strongly suggest that blockade of Ang II signaling is a promising target for the treatment of
muscle atrophy in pathological conditions such as cardiac cachexia.

Conclusions/Future prospects
Many patients with chronic conditions such as advanced CHF or ESRD have significant
muscle wasting and there is increasing evidence that Ang II, which is often elevated in these
conditions, plays a role. The mechanisms whereby Ang II induces muscle atrophy are
complex (Figure 2) and include potential direct effects on skeletal muscle and indirect
effects from intermediate molecules such as glucocorticoids, IL-6, TNF-α, and SAA (Figure
1). The net effect of Ang II is to disrupt insulin, IGF-1 and AMPK signaling, to reduce ATP
levels and to increase protein degradation (via activation of the UPS) and apoptosis in
skeletal muscle (Figure 1). In addition to its effects on skeletal muscle Ang II reduces
hypothalamic Npy and orexin expression, thereby decreasing food intake (Figure 2). This
central effect of Ang II plays an important contributory role to its ability to induce muscle
wasting. Important areas for future study include understanding mechanisms whereby Ang
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II may regulate muscle regenerative processes. The effects of Ang II to induce wasting are
mediated via the AT1R, thus potential therapeutic strategies include use of AT1R blockers
or ACE inhibitors, but there are few prospective trials that have assessed efficacy of this
strategy and some animal data have suggested that ACE inhibitors may reduce food intake
possibly via an elevation of central Ang II. The ability of Ang II to disrupt IGF-1 signaling
in skeletal muscle and the fact that forced overexpression of IGF-1 in muscle prevent Ang II
induced atrophy provides a rationale to explore the potential use of IGF-1 in cachectic states.
Furthermore the recent demonstration that Ang II interference with AMPK signaling is an
important mechanism mediating Ang II catabolic effects on skeletal muscle raises the
possibility that AMPK activators may have beneficial effects in chronic wasting conditions
in which the RAS is activated.
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Figure 1. Molecules and signaling pathways involved in Ang II-induced skeletal muscle atrophy
Ang II increases ROS in skeletal muscle via AT1R and NADPH oxidase dependent
mechanisms. Increased ROS activates caspase-3 and the NF-κB pathway, which result in
activation of the UPS and protein degradation. Ang II also suppresses IGF-1 signaling via
serine phosphorylation of IRS-1 and PI3K, resulting in decreased protein synthesis. Local
production of IGF-1 is decreased by Ang II and protein synthesis is attenuated. Systemic
Ang II increase causes elevation of TNF-α, IL-6, SAA, glucocorticoid and myostatin. TNF-
α induces protein degradation via activation of the NF-κB pathway. IL-6 and SAA
synergistically activate SOCS-3, and prevent IGF-1 signaling. GR competitively prevents
IRS-1 and PI3K association. Myostatin inhibits Akt phosphorylation, which results in
decreased protein synthesis and increased protein degradation.
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Figure 2. Multiple mechanisms involved in Ang II-induced muscle wasting: potential mechanism
of cardiac cachexia
In heart failure patients, there is an increase of Ang II. Increased Ang II causes a reduction
of IGF-1 and an increase in glucocorticoids, IL-6, SAA, TNF-α and myostatin, all of which
result in muscle wasting. See figure 1 for detailed signaling pathways involved. Ang II also
acts on hypothalamic neurons to reduce appetite, via regulation of orexigenic/anorexigenic
neuropeptides such as Npy, Orexin and CRH. Ang II may regulate satellite cell function and
prevent skeletal muscle regeneration. The combination of Ang II-induced muscle wasting,
reduced food intake and altered muscle regeneration lead to the development of cachexia.
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Table 1

Therapeutic potential of ACE inhibitors and angiotensin receptor blockers: summary of experimental and
clinical studies

Clinical studies

n group Drug Duration Measurement Effect Ref.

641

Hypertensive
women

Avg age: 77-80
no CHF

ACE inhibitor N/A

3-year rates of decline in
knee
extensor muscle strength
and
walking speed

ACE inhibitor treated
group had a lower
3-year decline in muscle
strength and
walking speed.

Onder et al.
2002

2431

Well-functioning
older persons
Avg age: 73.6

no CHF

ACE inhibitor
•-blocker
thiazide
calcium

channel blocker

N/A
Lower extremity muscle
mass
(LEMM)

Larger LEMM in ACE
inhibitor group.

Di Bari et al.
2004

130

Older persons with
problems in
mobility or
functional

impairment
Avg age: 78.7

ACE inhibitor
(perindopril) 20 weeks 6min walking distance

EuroQol 5D

Improved 6min walking
distance in ACE
inhibitor group.
Mean score of part 1 of the
EuroQol 5D
was maintained in ACE
inhibitor group
(decline in placebo group).

Sumukadas et
al. 2007

1929 CHF patients
Avg age: 60.2

ACE inhibitor
(enalapril) 35 months Body weight changes

ACE inhibitor group had a
lower risk of
6% or more weight loss
than no
treatment group.

Anker et al.
2003

18 CHF patients
Avg age: 62.0

ACE inhibitor
(perindopril) 6 months

Maximum inspiratory
pressur
(PImax) and maxium
expiratory
pressure (PEmax)

ACE inhibitor group had
improved
respiratory muscle strength
(increase in
PImax and PEmax).

Coirault et al.
2001

Animal studies

Animal model Drug Measurement Effect Ref.

Mouse model of Marfan
syndrome

(heterozygous mutation of
fibrilin-1

gene, Fbn1C1039G/+) and
Duchenne

muscular dystrophy (mdx)

ARB
(losartan)

TGF-β levels and muscle regeneration
and function after CTX injury

Losartan reduced TGF-•
expression and
improved skeletal muscle
regenerative capacity
and function.

Cohn et al.
2007

Aged mice
(21 months old)

ARB
(losartan)

TGF-β levels and muscle regeneration
and function after CTX injury or

immoblization

Losartan improved muscle
function after CTX
injury through inhibition
of TGF-β, whereas
losartan prevents disuse
atrophy through
increase of IGF-1/Akt/
mTOR pathway.

Burks et al.
2011

Mouse model for laminin-α2-
deficient

congenital muscular dystrophy
(MDC1A, dyW/dyW)

ARB
(L-158809)

Muscle regeneration after notexin
injury and muscle locomoter activity

and strength

L-158809 suppressed
TGF-β in dyW/dyW
mouse skeletal muscle and
reduced fibrosis and
inflammation after injury.
L-158809 improved
locomoter activity and
strength, and increased
body wiigh in mice.

Meinen et al.
2012

Mouse model for laminin-α2-
deficient

ARB
(losartan) TGF-β signaling and muscle strength Losartan improved muscle

strength and
Elbaz et al.

2012
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congenital muscular dystrophy
(MDC1A, dy2J/dy2J)

ameliorate muscle fibrosis.
Losartan inhibited
TGF-β signaling and
MAPK signaling
(p38MAPK, c-Jun and
ERK1/2) in skeletal
muscle

Rat model of myocardial
infarction

(left descending coronary artery
ligation)

ACE inhibitor
(perindopril)

Mitochondrial function and protein
expression in skeletal muscle

Perindopril prevented MI-
induced reduction of
mitochondrial function and
mRNA expression of
mitochondrial
transcription factors.

Zoll et al.
2006
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