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Abstract

Aging is associated with progressive decline of skeletal muscle mass and function. This condition, 

termed sarcopenia, is associated with several adverse outcomes, including loss of autonomy and 

mortality. Due to the high prevalence of sarcopenia, a deeper understanding of its pathophysiology 

and possible remedies represents a high public health priority. Evidence suggests the existence of a 

relationship between declining growth hormone (GH) and insulin-like growth factor-1 (IGF-1) 

levels and age-related changes in body composition and physical function. Therefore, the age-

dependent decline of GH and IGF-1 serum levels may promote frailty by contributing to the loss 

of muscle mass and strength. Preclinical studies showed that infusion of angiotensin II produced a 

marked reduction in body weight, accompanied by decreased serum and muscle levels of IGF-1. 

Conversely, overexpression of muscle-specific isoform of IGF-1 mitigates angiotensin II-induced 

muscle loss. Moreover, IGF-1 serum levels have been shown to increase following angiotensin 

converting enzyme inhibitors (ACEIs) treatment. Here we will review the most recent evidence 

regarding age-related changes of the GH/IGF-1 axis and its modulation by several interventions, 

including ACEIs which might represent a potential novel strategy to delay the onset and impede 

the progression of sarcopenia.
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1. Introduction

Frailty is a common pathophysiological condition in older adults characterized by 

diminished reserve capacity and increased risk of disability, institutionalization and 

mortality. Poor muscle strength is a central feature of frailty, and sarcopenia has been 

identified as a major modifiable risk factor for this syndrome (Roubenoff, 2000). Multiple 

factors have been evoked in the etiology of sarcopenia. Among them, atrophy of skeletal 

muscle fibers secondary to loss of a-motor neurons (Vandervoort, 2002) appears to represent 

a major causative factor. Other mechanisms are also involved, such as physical inactivity 

(Szulc et al., 2004), increased levels of pro-inflammatory cytokines (e.g., tumor necrosis 

factor-a, interleukin-1b, interleukin-6, etc.) (Visser et al., 2002), increased production of free 

radicals and/or diminished antioxidant defense systems (Fulle et al., 2004), malnutrition 

(Dreyer and Volpi, 2005), and low anabolic hormone output (e.g., testosterone, growth 

hormone, etc.) (Szulc et al., 2004). Regarding the latter, attention has been recently focused 

on the growth hormone (GH)/insulin-like growth factor-1 (IGF-1) axis, which is regarded as 

an important regulator of body composition. Notably, local as well as systemic isoforms of 

IGF-1 have been described. Skeletal muscle expresses at least two distinct splicing variants 

of IGF-1, namely IGF-1Ea, which is similar to the systemic form, and the mechano growth 

factor (MGF), which is released in response to physical activity (Yang et al., 1996). These 

two muscle-derived variants of IGF-1 have different actions, with IGF-1Ea being a potent 

stimulator of protein synthesis, while MGF promotes satellite cells proliferation.

Serum levels of GH as well as those of its systemic mediators decline with advancing age, 

and this has been associated with detrimental changes in body composition (i.e., reduction of 

lean body mass and increased adiposity). Besides the dysfunction of GH/IGF-1 axis, 

alteration of other humoral factors may be involved in the onset and progression of muscle 

loss and physical disability at old age. In this regard, angiotensin II has been shown to 

enhance protein degradation and reduce the autocrine production of IGF-1 in rat muscle 

(Brink et al., 1996, 2001). In contrast, overexpression of muscle-specific IGF-1 (both 

splicing variants) almost completely prevented angiotensin II-induced muscle loss in mice 

(Song et al., 2005). Recent evidence suggests that angiotensin converting enzyme inhibitors 

(ACEIs) may induce positive changes on body composition and physical function in older 

populations (Onder et al., 2002). It is also documented that ACEIs increase blood flow to 

muscles (Frisbee and Lombard, 2000), raise skeletal muscle glucose uptake (Kudoh and 

Matsuki, 2000), and reduce systemic secretion of inflammatory cytokines (Egido and Ruiz-

Ortega, 2007). These effects are attributed primarily, but not exclusively, to the inhibition of 

the renin–angiotensin–aldosterone system.

Here, we will review the most recent findings regarding the modulation of GH/IGF-1 axis by 

systemic and/or autocrine up-regulation of IGF-1 and ACEIs as potential strategies to 

counteract the age-associated muscle loss.

2. Biological actions of IGF-1 in skeletal muscle

IGF-1 is perhaps the most important mediator of muscle growth and repair (Goldspink, 

2007) and is produced in several ways. In response to GH, the liver produces IGF-1 for 
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systemic release. Skeletal muscle also produces and secretes IGF-1 that possesses autocrine 

and paracrine actions (Daughaday, 2000). Muscle IGF-1 production may occur in response 

to GH (Sadowski et al., 2001), testosterone (Bhasin et al., 2001), and muscle overload and 

stretch (Goldspink et al., 2002). DeVol et al. (1990) were among the first to demonstrate 

local production of IGF-1 in skeletal muscle. These investigators used a rat model of 

hypertrophy of the soleus and plantaris muscles following severing of the gastrocnemius 

tendon. They showed that muscle hypertrophy and IGF-1 production occurred independent 

of GH, as it was not blunted in hypophesectomized rats that were virtually devoid of 

circulating GH (DeVol et al., 1990).

Goldspink et al. (2002) have shown that IGF-1 exists in at least two isoforms as a result of 

alternative splicing of the IGF-1 gene. IGF-1Ea, which is produced in both the liver and 

muscle, was the first form discovered and it is often referred to as liver-type or systemic 

IGF-1.

IGF-1Eb (rodent form) and IGF-1Ec (human form) are produced mainly by the muscle and 

are usually referred to as mechano growth factor (MGF). Unlike MGF, liver-type IGF-1 is 

glycosylated, which protects it from proteolysis, conferring a relatively long half-life. In 

muscle, the two forms of IGF-1 are produced in response to different stimuli, have different 

actions in muscle and probably interact with different receptors. MGF is specifically 

produced in response to muscle overload, stretch or damage. IGF-1 is both hyperplastic and 

hypertrophic in skeletal muscle. The hyperplastic effect results in the proliferation of muscle 

satellite cells, which donate their nuclei to the multinucleated myofiber. The hypertrophic 

effect results in increased synthesis of contractile proteins by existing myonuclei. In vitro 

studies with cultured C2C12 mouse myoblasts have provided preliminary evidence that 

liver-like IGF-1 and MGF may support different aspects of these processes (Yang and 

Goldspink, 2002). Besides stimulating muscle protein synthesis, IGF-1 also suppresses 

proteolysis (Ballard and Francis, 1983; Ewton et al., 1987; Hembree et al., 1991). 

Additionally, IGF-1 may promote the delivery of amino acids and glucose to myocytes 

(Laager et al., 1993), and stimulate myoblast proliferation and differentiation (Foulstone et 

al., 2004).

Furthermore, systemic IGF-1 administration increases the rate of skeletal muscle functional 

recovery after injury (Schertzer and Lynch, 2006), reduces the susceptibility to contraction-

induced damage (Schertzer et al., 2006), and improvinges endurance (Gregorevic et al., 

2004) and contractile function (Lynch et al., 2001; Gregorevic et al., 2002).

The muscle anabolic properties of autocrine IGF-1 have been confirmed by models of 

overexpression of locally acting IGF-1 (Barton-Davis et al., 1998, 1999; Coleman et al., 

1995; Musaro et al., 2001; Barton et al., 2002). Recently, it has been demonstrated that up-

regulation of muscle IGF-1 accelerates the regenerative process in injured skeletal muscle by 

modulating the inflammatory response and limiting fibrosis (Pelosi et al., 2007). 

Additionally, muscle IGF-1 may act as a potent regenerative agent, by increasing the 

recruitment of transplanted bone marrow stem cells into sites of muscle injury (Musaro et 

al., 2004).
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Interestingly, administration of muscle IGF-1 has been recently shown as a promising 

strategy to improve cardiac function and reduce infarct size after acute myocardial injury 

(Santini et al., 2007; Carpenter et al., 2008). Mechanisms hypothesized for this effect 

include the reduction of inflammatory response (e.g., IL-6 and IL-1b) and the severity of 

cardiomyocyte apoptosis. Furthermore, mice overexpressing muscle IGF-1 are protected 

against heart failure-induced sarcopenia possibly via inhibition of the ubiquitin-proteasome 

pathway of protein degradation. (Schulze et al., 2005).

3. Age-related changes in IGF-1 actions

Several studies suggest that IGF-1 is an important modulator of muscle mass, muscle 

strength and function, not only during development, but also across the entire life span 

(Ballard and Francis, 1983; Borst and Lowenthal, 1997). In a recent study, Grounds (2002) 

has concluded that loss of muscle mass occurring with age is mainly a result of atrophy and 

subsequent reduction in myofiber number (particularly fast-twitch type 2B), whereas 

impaired muscle regeneration may be only marginally involved. Grounds further 

hypothesizes that reduction of IGF-1 signaling may play a prominent role in motor neurons 

loss (Grounds, 2002). In support of this hypothesis, it has been demonstrated that IGF-1 

administration has positive effects on neuronal function by preventing apoptotic death, and 

by stimulating axonal sprouting and repair of damaged axons (Lewis et al., 1993; Festoff et 

al., 1995; Vergani et al., 1999).

GH is secreted in a pulsatile manner, and pulse amplitude and frequency are markedly 

reduced with age (Goya et al., 1999). The main actions of GH are to stimulate the synthesis 

of IGF-1 by the liver for systemic release and to induce local IGF-1 production in skeletal 

muscle (Fig. 1). Owino et al. (2001) reported that overload-and stretch-dependent MGF 

production in muscle was impaired in aged mice. A similar phenomenon has been shown by 

Hameed and coworkers in older human subjects (Hameed et al., 2003). In addition, 

advanced age is accompanied by impaired signaling through the IGF type 1 receptor, as both 

receptor density (Martineau et al., 1999) and receptor affinity for IGF-1 (Arvat et al., 2000) 

are reduced with age.

Aging is also associated with reduced insulin sensitivity which, in turn, may contribute to 

the impairment of IGF-1 activity. For instance, insulin directly stimulates hepatic IGF-1 

production even in the absence of GH, as indicated by the increase of IGF-1 mRNA 

abundance in primary cultures of hepatocytes exposed to insulin (Boni-Schnetzler et al., 

1991). Insulin may also modulate peripheral IGF-1 activity via regulation of IGF-binding 

proteins (IGFBPs). In particular, insulin reduces IGFBP-1 levels (Powell et al., 1991), which 

possesses inhibitory effect on IGF-1 by reducing IGF-1-related glucose consumption 

(Okajima et al., 1993). In addition, insulin may stimulate the production of IGFBP-3 

(Nyomba et al., 1997), the main carrier of IGF-1 in serum. It may therefore be hypothesized 

that amelioration of insulin sensitivity at old age might contribute to restoring IGF-1 

systemic levels and function.

Studies conducted in older adults have reported contrasting findings regarding the relation 

between systemic levels of IGF-1 and muscle strength and physical function. Indeed, several 
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studies failed to demonstrate a significant relationship between plasma IGF-1 levels and 

measures of body composition and muscle strength in elderly individuals (Papadakis et al., 

1995; Boonen et al., 1998; Kiel et al., 1998). Moreover, Janssen et al. (1998) showed that 

free and total IGF-1, IGFBP-1 and IGFBP-3 levels were not different among elderly persons 

with various levels of self-reported disability. In contrast, other studies have identified a 

significant association between low plasma IGF-1 levels, poor muscle strength, impaired 

physical performance and self-reported difficulties with mobility tasks (Kostka et al., 2000; 

Cappola et al., 2001). Moreover, a negative correlation between serum IGF-1 and levels of 

physical activity has also been reported (Landin-Wilhelmsen et al., 1994).

Interestingly, it was demonstrated in vitro that IL-6 possesses inhibitory effects on IGF-1 

secretion and activity (Lazarus et al., 1993). IL-6 is a pro-inflammatory cytokine up-

regulated with age (Ershler and Keller, 2000), that has been associated with increased 

mortality (Harris et al., 1999) and disability (Ferrucci et al., 1999) in the elderly. Of note, in 

a cross-sectional study conducted in older adults, it was reported that higher plasma IL-6 

levels and lower systemic IGF-1 levels were associated with lower muscle strength and 

power (Barbieri et al., 2003).

As previously discussed, while systemic administration of IGF-1 results in controversial 

findings on muscle strength and function, transgenic overexpression of IGF-1 has been 

shown to exert beneficial effects on skeletal muscle (Musaro et al., 2001; Barton et al., 2002; 

Gregorevic et al., 2002, 2004; Schertzer et al., 2006). In this regard, it is important to remark 

that these two approaches act via different mechanisms. More specifically, in the systemic 

pathway of the IGF-1 system, IGFBPs play an important role in the systemic delivery of 

bound (biologically inactive) IGF-1 (Clemmons, 1997). The IGFBP family consists of six 

structurally related high-affinity binding proteins (IGFBP-1 through 6) distributed 

throughout the vascular and interstitial space. These proteins can modulate IGF-1 

bioavailability either positively or negatively according to their relative abundances. IGFBPs 

are able to prolong systemic IGF-1 half-life, protecting it from degradation, and are also 

responsible for the delivery of IGF-1 to target tissues. In addition, IGFBPs prevent GH-

related side effects such as hypoglycemia. In this regard, it has been reported that co-

administration of IGF-1 and IGFBP-3 to patients with type 2 diabetes is associated with a 

lower incidence of side effects than the administration of IGF-1 alone (Clemmons et al., 

2005). Skeletal muscle produces IGFBP-3, 4, 5 and 6, with IGFBP-3 and 5 being the most 

abundant (Shimasaki and Ling, 1991). IGFBP-3 and 5 can either potentiate or inhibit IGF-1 

actions. In fact, soluble IGFBP-3 and 5 inhibit IGF-1-actions (Jones et al., 1993), whereas 

their membrane-bound isoforms potentiate IGF-1 effects (Rees and Clemmons, 1998). 

IGFBP-4 is generally thought to be inhibitory to IGF-1 and has been shown to prevent 

binding of IGF-1 to IGF-1 receptor (Qin et al., 1998). Interestingly, advancing age has been 

associated with increases in serum levels of IGFBP-4 (Honda et al., 1996) and declines in 

IGFBP-3 (Raynaud-Simon, 2003) and, in women, IGFBP-5 (Mohan et al., 1995), which 

may result in a reduction of IGF-1 action. Studies in healthy older persons have documented 

dose-dependent increases in serum levels of IGFBP-3 after GH administration (Munzer et 

al., 2006). In addition, GH replacement has been reported to increase IGFBP-4 and 5 levels 

in GH-deficient older adults (Fernholm et al., 2000). However, whether GH or IGF-1 
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administration alters local tissue production of IGFBPs and whether this influences 

autocrine/paracrine actions of IGF-1 remain to be determined.

4. Effects of GH supplementation on skeletal muscle in the elderly

The effects of GH administration on muscle mass, strength and physical performance are 

still under debate (Tables 1 and 2). In animal models, GH supplementation appears to be 

more effective in states of GH deficiency or reduced GH secretion (Table 1) than in normal 

hormonal state. In fact, in hypophysectomized rats, GH replacement has been shown to 

restore muscle mass and improve muscle fiber size and/or composition (Grindeland et al., 

1994; Roy et al., 1996; Everitt et al., 1996), with an additive effect if administered together 

with exercise (Grindeland et al., 1994; Roy et al., 1996; Grossman et al., 1997). Several 

groups reported that GH administration restored skeletal muscle mass and reduced muscle 

protein degradation in conditions of reduced GH secretion and acute muscle atrophy such as 

suspension or immobilization of hind limb muscles (Carmeli et al., 1993; Grindeland et al., 

1994; Roy et al., 1996; Fares et al., 1996; Grossman et al., 1997). However, other groups, 

using the same experimental model, found a positive effect of GH on muscle mass only 

when combined with resistance training (Allen et al., 1997), whereas others reported no 

effect of GH either alone or in combination with exercise (Linderman et al., 1994). The 

effects of GH administration in non-GH-deficient old animals are controversial. Some 

studies detected improvement in muscle mass (Cartee et al., 1996) and protein synthesis 

(Sonntag et al., 1985) following GH replacement, whereas others reported increased muscle 

mass and improved muscle endurance only when GH was combined with exercise training 

(Andersen et al., 2000) or administered at high dose (Dalla Libera et al., 2004). Conversely, 

in studies published by other groups, including ours (Ullman and Oldfors, 1989; Marzetti et 

al., 2008), GH supplementation failed to improve muscle mass, strength and physical 

performance in aged rats.

Similarly to what observed in animal models, in humans with GH deficiency, muscle mass 

and strength can be effectively improved by GH replacement (Jorgensen et al., 1989, 1994), 

whereas the discontinuation of the supplementation regimen leads to a reduction in muscle 

strength and size (Rutherford et al., 1991). However, controversial findings have been 

reported in healthy or moderately frail, non-GH-deficient older adults following GH 

administration. Several groups reported that in these persons GH administration did not 

affect strength, endurance or physical ability, either alone or in combination with resistance 

exercise training (Yarasheski et al., 1993, 1995; Deyssig et al., 1993; Taaffe et al., 1994; 

Papadakis et al., 1996; Thompson et al., 1998; Hennessey et al., 2001; Lange et al., 2002). 

The failure of GH to enhance the effects of resistance training in the elderly was best shown 

by Taaffe et al. (1994), who demonstrated that administration of recombinant human GH to 

exercising elderly men did not augment muscle fiber hypertrophy or tissue IGF-1 

expression. Other groups reported only marginal effects of GH supplementation. For 

instance, Brill et al. (2002) showed that one month of GH administration improved balance 

and, in combination with testosterone, ameliorated physical function (30-m walk test), but 

was unable to enhance muscle strength. Blackman et al. (2002) found no significant increase 

in muscle strength in healthy aged women after supplementation with GH, either alone or 

with sex steroid, and reported only a marginal, yet significant increase of muscle strength in 
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men in the group treated with GH and testosterone. Similar findings have emerged from a 

study by Giannoulis et al. (2006). In contrast, other groups reported significant 

improvements in muscle strength in older adults after GH supplementation. For instance, 

Welle et al. (1996) showed an increase of muscle mass and thigh strength in healthy older 

persons after three months of GH treatment. Other two small studies reported improved 

muscle strength after GH supplementation in healthy elderly (Cuttica et al., 1997) and in 

osteoporotic old women (Sugimoto et al., 1999). These contrasting findings may be 

explained by methodological differences between the studies and by the small number of 

subjects enrolled.

Several reasons may underlie the ineffectiveness of GH supplementation to improve muscle 

mass and strength, such as the failure of exogenous GH administration to mimic the pulsatile 

pattern of natural GH secretion or the induction of GH-related insulin resistance. It should 

also be considered that the majority of the trials conducted on GH supplementation have 

reported high incidence of side effects, including soft tissue edema, carpal tunnel syndrome, 

arthralgias, gynecomastia, glucose-metabolism-related adverse events, which pose serious 

concerns especially in older adults.

In conclusion, based on the current evidence, GH supplementation does not appear effective 

in improving muscle strength and physical performance at old age, either in humans or in 

animal models. Therefore, considering the potential for adverse reactions, GH 

administration should not be advised as a strategy to improve body composition and 

functionality in healthy older individuals.

5. ACE-inhibitors as a novel strategy to counteract sarcopenia by 

modulating the GH/IGF-1 axis

Angiotensin II (Ang II), besides its well-known haemodynamic effects, has been shown to 

produce a marked reduction in body weight in animal models as a result of increased protein 

degradation (Brink et al., 1996, 2001). This effect has been attributed to a reduction of local 

production of IGF-1 (Brink et al., 1996, 2001) and impaired insulin signaling at the muscle 

level (Folli et al., 1997). On the other hand, overexpression of muscle-specific IGF-1 almost 

completely prevented the Ang II-induced muscle loss and the up-regulation of the ubiquitin 

ligases atrogin-1 and MuRF-1 (Song et al., 2005). Atrogin-1 and MuRF-1 are muscle-

specific proteins of the ubiquitin-proteasome pathway, which are dramatically induced in 

various models of muscle atrophy (Lecker et al., 2004) via the phosphatidylinositol 3-kinase 

(PI3K)/Akt pathway (Stitt et al., 2004). IGF-1 once bound to its skeletal muscle receptor is 

able to activate Akt leading to the inactivation of Forkhead box O (Foxo) proteins (Stitt et 

al., 2004), a subgroup of the Forkhead family of transcription factors. Akt-dependent 

phosphorylation of Foxo, in turn, blocks the expression of atrogin-1 and MuRF-1, thus 

providing one mechanistic explanation for the anti-catabolic property of IGF-1 in skeletal 

muscle. It was also reported that daily infusions of Ang II increased the expression of 

caspase-3 in murine skeletal muscle, resulting in enhanced proteolysis and apoptosis (Song 

et al., 2005). In contrast, overexpression of muscle-specific IGF-1 reduced apoptosis in 
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skeletal muscle by activating the PI3K/Akt pathway, which resulted in the inactivation of 

Bad, a pro-apoptotic Bcl-2 family protein (Fig. 2).

In consideration of the catabolic effects of Ang II on skeletal muscle, ACEIs may represent a 

promising strategy to counteract sarcopenia. ACEIs are widely used in the treatment of 

haemodynamic disorders in geriatric populations (Grady, 2006). Recent evidence suggests 

that ACEIs may induce positive changes in body composition and physical function (Onder 

et al., 2002; Strazzullo et al., 2003; Di Bari et al., 2004). In particular, in a cohort study of 

641 hypertensive women free of congestive heart failure (CHF), continued ACEIs users had 

significantly higher muscle strength and walking speed compared to those taking other 

antihyperten-sive drugs or not on antihypertensive treatment (Onder et al., 2002). Similar 

findings were observed in the Health ABC study, in which ACEIs users had greater leg 

muscle mass compared to other antihypertensive drugs users (Di Bari et al., 2004). 

Moreover, studies have demonstrated that ACEIs are able to delay the decline of skeletal 

muscle strength by increasing muscle blood flow (Frisbee and Lombard, 2000), reducing 

secretion of inflammatory cytokines (Egido and Ruiz-Ortega, 2007) and enhancing insulin 

sensitivity and glucose uptake by skeletal myocytes (Kudoh and Matsuki, 2000). In addition, 

a positive modulation of ACEIs on the IGF-1 system has been suggested, which may further 

explain the favorable effects of ACEIs on muscle strength and physical function (Corbalan et 

al., 1998; Maggio et al., 2006; Onder et al., 2007). Interestingly, chronic ACE inhibition 

therapy with enalapril completely restored IGF-1 plasma levels in patients with CHF 

(Corbalan et al., 1998). Of note, low levels of IGF-1 in the presence of CHF are predictive of 

decreased skeletal muscle cross-sectional area and strength (Niebauer et al., 1998). In the 

case of CHF, ACEIs increase physical performance primarily via amelioration of the 

haemodynamics. However, at least other two mechanisms need to be taken into 

consideration as a possible way for ACEIs to positively affect skeletal muscle impairment in 

patients with CHF. Firstly, CHF is associated with low skeletal muscle calcium levels which 

can be restored by captopril (Sylven et al., 1991). Secondly, it was recently reported that 

ACEIs completely prevented the impairment of skeletal muscle mitochondrial function 

observed four months after myocardial infarction-induced heart failure (Zoll et al., 2006). In 

fact, ACEIs are able to prevent the down-regulation of gene expression of several 

mitochondrial transcriptional factors, such as peroxisome proliferator activated receptor 

gamma coactivator 1 a, nuclear respiratory factor 2 DNA-binding subunit a and 

mitochondrial transcription factor A (Zoll et al., 2006). Onder et al. (2007) found that ACEIs 

use in older hypertensive adults was associated with significantly increased serum levels of 

IGFBP-3, possibly resulting in increased bioavailability of IGF-1. Similarly, Maggio et al. 

(2006) reported a positive association between ACEIs therapy and total IGF-1 serum levels.

Ignjatovic et al. (2004) indicated that ACE-inhibitors may directly activate the bradykinin 

(BK) B1 receptors, thus contributing to increase skeletal muscle blood flow and glucose 

metabolism. Interestingly, recent genotype studies suggest that BK induced by ACE 

inhibition may have longer half-life (Brown et al., 1998) and higher receptor kinase activity 

in individuals homozygous for the I allele of the ACE gene and with a (−)9 variant of the BK 

B2 receptor (Williams et al., 2004). The ACEIs-related increase of systemic BK levels could 

also positively influence muscle function by increasing nitric oxide (NO) production. In fact, 

several groups found that BK infusion to skeletal muscle tissue led to an increased activation 
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of NO synthase (NOS) and NO production in humans and rats (Dietze et al., 1996; Mitchell 

and Tyml, 1996). Interestingly, two studies conducted on rats found reduced sarcomere 

numbers, muscle weight, fiber cross-sectional area and walking speed after treatment with 

NOS inhibitors (Koh and Tidball, 1999; Wang et al., 2001). Moreover, NO derived from the 

neuronal isoform of NOS was found to positively modulate sarcomere addition in rat soleus 

muscle (Blackman et al., 2002). Interestingly, enalapril was found to activate endothelial 

NOS, which is primarily responsible for NO generation in vasodilation (Ignjatovic et al., 

2004).

It should however be considered that long-term use of ACEIs may lead to an up-regulation 

of ACE signaling, which in turn may increase Ang II production. In fact, Fleming’s group 

(Kohlstedt et al., 2004) showed that binding of an ACEI to ACE increased ACE 

phosphorylation and the ACE-associated activity of protein kinase CK2, leading to enhanced 

generation of Ang II in endothelial cells. Increased production of Ang II may reduce the 

effectiveness of ACE inhibition on sarcopenia by decreasing systemic and/or autocrine 

IGF-1 levels.

Future studies will have to better elucidate the impact of ACEIs on physical performance 

through the modulation of GH/IGF-1 axis at old age, especially in long-term users.

6. Conclusions

The current literature does not provide uniform evidence on the effectiveness of the 

modulation of GH/IGF-1 axis as a strategy to improve muscle strength and function in older 

adults. In particular, the effectiveness of GH supplementation, the most direct approach 

tested, in ameliorating muscle strength and physical performance at old age is not supported 

by scientific evidence either in humans or in animal models (Tables 1 and 2). Modulation of 

the paracrine/autocrine IGF-1 system may be more promising, but this approach has not yet 

been tested in humans. An attractive alternative approach is represented by ACEIs, which 

may improve physical function in older subjects by positively affecting body composition, at 

least partly via a favorable modulation of the GH/IGF-1 axis. Future studies will have to 

investigate the effects of ACEIs on both systemic and local IGF-1 in older individuals and 

the impact of chronic ACEIs therapy on body composition and physical performance at old 

age.
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Fig. 1. 
Synoptic view of the GH/IGF-1 axis. GH is released from the anterior pituitary gland in 

response to hypothalamus stimulus. Growth hormone releasing hormone (GHRH) initiates 

the pulse, which is self-limiting. IGF-1 circulates in both a “free” and “bound” state. The 

main circulating form of IGF-1 is IGF-1 + IGFBP-3 + ALS (acid labile subunit). Both 

bound and free circulating IGF-1 is represented by the IGF-1Ea form. There are also GH-

independent, autocrine/paracrine isoforms of IGF-1 produced by skeletal muscle: IGF-1Ea 

and MGF or IGF-1Ec in humans; IGF-1Ea and IGF-1Eb in rodents. Dashed lines indicate 

age-related changes.
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Fig. 2. 
Actions of IGF-1 and angiotensin II in skeletal muscle. Binding of muscle IGF-1 to IGF-1 

receptors via intracellular signaling pathways involving tyrosine kinase (TK) activity may 

exert antiapoptotic effect and reduce muscle atrophy via phosphatidylinositol 3-kinase 

(PI3K)-dependent Akt Kinase (Akt)-dependent phosphorylation. On the other hand, Ang II 

down-regulates IGF-1, IGFBP-3 and IGFBP-5 genes, thus negatively affecting the autocrine 

IGF-1 system. Moreover, Ang II can also stimulate the ubiquitin-proteasome pathway as a 

result of increased expression of atrophy-related ubiquitin ligases (atrogin-1 and MuRF-1).
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Table 1

Principal studies on GH administration in rats

Reference Age (months) Intervention Duration Outcomes

Linderman Young* HS+GH
HS+GH+EX

5 days ↔ muscle mass and protein content

Marzetti 28 GH 4 weeks ↔muscle mass, strength and physical performance

Allen 3 HS+GH/IGF
HS+GH/IGF1+EX

14 days ↑ muscle mass, CSA, myonuclear number in HS+GH/IGF-1+EX

Andersen 18 GH
GH+EX

73 days ↑ muscle mass and endurance in GH+EX

Dalla Libera * LGH
HGH

2 weeks ↑ CSA in HGH
↑ muscle mass in HGH
↔strength

Sonntag 19-21 GH 8 days ↑ skeletal muscle protein synthesis

Cartee 9
20
31

GH 10 days ↑ muscle mass
↔ fiber type composition

Carmeli 26 GH
GH+I

3 weeks ↑ muscle mass in GH+I compared to l

Fares 26 GH
GH+I

28 days ↑ muscle mass in GH+I compared to I
↓ muscle protein degradation in GH+I compared to I

Everitt 3 Hypophysectomy
GH

42 days ↑ muscle mass and slow fibers CSA

Grindeland 2 Hypophysectomy
GH
HS+GH
HS+GH+EX

7 days ↑ muscle mass in GH, HS + GH, HS+GH+EX
↑ fiber CSA in HS+GH+EX

Roy 2 Hypophysectomy
GH; IGF-1
HS+GH; HS+GH+EX
HS+ IGF-1 ;HS+IGF1+EX

10 days ↑ muscle mass in GH, HS + GH, HS+GH+EX. HS+IGF-1+EX

Grossman 2 Hypophysectomy
GH; IGF-1
HS+GH:HS+GH+EX
HS+IGF-1; HS+IGF1+EX

10 days ↑ muscle mass in GH, Amb+IGF-1, GH+EX, HS+GH, HS
+IGF-1, HS+GH+EX
↔ fiber type composition
↔ fiber CSA

References are arranged in three groups based on the effect of GH administration. White identifies studies where no effects were detected; light 
grey indicates studies where partial effects were observed; dark grey indicates studies with significant beneficial effects. ↑: Increase; ↓: reduction; 
↔: no effect. CSA: cross-sectional area; EX: exercise; GH: growth hormone; HGH: high dose GH; HS: hind limb suspension; I: immobilization; 
IGF-1: insulin-like growth factor-1; LGH: low dose GH.

*
Age not specified.
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