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IT is widely accepted that aging is an important risk factor 
for the development of atherosclerosis and its vascular com-

plications. The underlying mechanism whereby aging elevates 
the probability of disease onset remains obscure; however, it is 
likely closely related to underlying mechanisms of atherogen-
esis, the most accepted being the oxidation hypothesis (1). 
In brief, oxidatively modified lipoproteins cause lipid-laden 
macrophage, or foam cell, accumulation in the fatty streak, 
leading to the initiation of atherosclerotic lesion formation. 
Subsequent recruitment of immune cells establishes a proin-
flammatory status, further causing elevated oxidative stress, 
which in turn triggers a series of events including apoptotic or 
necrotic death of vascular and nonvascular cells. Endothelial 
dysfunction, commonly represented by dysregulation of the 
normal contractile response of the vasculature, contributes to 
the recruitment of immune cells and the proinflammatory sta-
tus. Oxidative stress induced lesion formation and endothelial 
dysfunction are interrelated, that is, an elevation in oxidative 
stress promotes endothelial dysfunction, and vice versa,  
endothelial dysfunction promotes atherosclerosis leading to 
elevated oxidative stress. Intriguingly, increased oxidative 
stress is also considered to be a key factor in mechanisms of 
aging-associated changes in tissue integrity and function (2). 
Thus, prooxidant stimuli induce apoptotic and nonapoptotic 
cell death and premature cell senescence in multiple cell types 
and tissues, which is highly relevant to both the aging process 
and to the pathogenesis of atherosclerosis.

Growth Factors and Atherosclerosis; 
Permissive or Preventative?

Traditionally, the role of growth factors in atherosclerosis 
has been thought to be permissive, in particular, by stimulating 
vascular smooth muscle cell (VSMC) migration and prolifera-
tion, thereby promoting neointima formation (3–5). However, 
recent findings from our group (6) and others (7,8) suggest that 
some growth factors might have unexpected antiatherogenic 
effects. Tang and colleagues (8) showed that the absence of 
platelet-derived growth factor (PDGF)-B in circulating cells, 
which are a major source of PDGF in atherosclerotic lesions, 
led to a phenotypic change in lesion composition, namely en-
hanced inflammatory cell infiltration. Intriguingly, data from 
the same group indicated that elimination of PDGF-B in circu-
lating cells or blockade of PDGF receptors delayed but did not 
inhibit smooth muscle accumulation in lesions (9). Their data 
suggest a modest contribution of PDGF to atheroprogression 
but a major inhibitory effect of PDGF on inflammatory re-
sponses and on monocyte accumulation, potentially limiting 
lesion expansion. Recently, cardiac-specific overexpression 
of transforming growth factor-beta, a growth factor that pro-
motes VSMC proliferation and matrix protein production 
(reviewed in (10)), was reported to limit atherosclerotic plaque 
burden (7). These plaques were characterized by fewer 
T-lymphocytes, more collagen, less lipid, and lower expression 
of inflammatory cytokines (7). In our recent study, insulin-like 
growth factor (IGF)-1 demonstrated antiatherogenic effects 
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via anti-inflammatory and prorepair mechanisms, both of 
which are mechanisms coupled to changes in vascular oxida-
tive stress (6). Since prorepair mechanisms and alterations in 
oxidative stress are also closely related to the physiology of 
aging, these effects of IGF-1 are relevant to understanding the 
role of IGF-1 in the aging process. In this review, we will pro-
vide a comprehensive update on IGF-1’s ability to modulate 
vascular oxidative stress and to limit atherogenesis and the 
vascular complications of aging.

The IGF-1 System and the Vasculature
IGF-1 has a fundamental role in both prenatal and postnatal 

development and exerts all of its known physiologic effects 
by binding to the IGF-1 receptor (IGF-1R) (11). Its effects 
are modulated by multiple IGF binding proteins (IGFBPs) 
(12). Circulating IGF-1 is generated by the liver under the 
control of growth hormone (GH). The binding of GH with 
its hepatic receptor stimulates expression and release of 
IGF-1 peptide in the circulation, which has high affinity for 
IGFBPs, and represents the endocrine form of IGF-1 (12,13). 
In addition to the liver, many other organs produce IGF-1, 
representing autocrine and paracrine forms of IGF-1 (12,13).

The IGF-1R is a tetramer consisting of two extracellular 
a-chains and two intracellular b-chains (14). The b-chains 
include an intracellular tyrosine kinase domain that is thought 
to be essential for most of the receptor’s biologic effects (13). 
IGF-1R signaling involves autophosphorylation and subse-
quent tyrosine phosphorylation of Shc and insulin receptor 
substrate-1, -2, -3, and -4 (15). Insulin receptor substrate 

serves as a docking protein and can activate multiple signaling 
pathways, including phosphoinositide 3-kinase (PI3K), Akt, 
and mitogen-activated protein kinase (11,16). The activation of 
these signaling pathways induces differential biologic actions 
of IGF-1, including cell growth, migration, and survival (17) 
(Figure 1). The IGF-1R can form hybrid receptors with the in-
sulin receptor. These hybrid receptors consist of a half (alpha- 
and beta-subunits) of the insulin receptor and a half (alpha- and 
beta- subunits) of the IGF-1R. In VSMCs, both IGF-1 and 
insulin receptor subunits are expressed, but expression of the 
former is higher than the latter, resulting in dominant expres-
sion of IGF-1R and insulin/IGF-1 hybrid receptors (18–20), 
making VSMCs insensitive to insulin, because the hybrid 
receptor predominantly mediates IGF-1 signaling (21).

In vascular endothelial cells (ECs), both IGF-1R and  
insulin receptor subunits are expressed, and IGF-1R is more 
abundant than the insulin receptor (22). Thus, ECs express 
IGF-1R, insulin/IGF-1 hybrid receptor, and insulin recep-
tor. However, ECs appear more sensitive than VSMCs  
to insulin; in fact, insulin at physiological concentrations 
activates insulin but not IGF-1 or hybrid receptors (23).

IGF-1 binding to these receptors is modulated by six dif-
ferent IGFBPs. The expression of IGFBPs are tissue- and 
developmental stage–specific, and the concentrations of 
IGFBPs in different body compartments are different (24). 
The functions of IGFBPs are regulated by phosphorylation, 
proteolysis, polymerization, and cell or matrix association 
of the IGFBP (25). All six IGFBPs have been shown to 
inhibit IGF-1 action, but IGFBP-1, -3, and -5 are also shown 
to stimulate IGF-1 action (12). Some of IGFBPs’ effects 
might be IGF-1 independent (24,26).

In addition to this already complicated system, a variety 
of hormones and growth factors regulate IGF-1, IGF-1R, 
and IGFBP expression in most tissues. Moreover, there is 
crosstalk between IGF-1 signaling pathways and those of 
other growth factors and hormones (27,28). Thus, the phys-
iological consequences of IGF-1 action are potentially  
altered by several mechanisms. It is outside the scope of  
this review to discuss all physiological functions of IGF-1 
and its related peptides in the vasculature, and readers are 
referred to recent reviews (29–31).

IGF-1 is a potent mitogen and antiapoptotic factor for 
VSMC and ECs and is also promigratory (32). Thus, there is 
reason to speculate that IGF-1 could be proatherogenic, via 
its ability to stimulate VSMC migration and proliferation 
(3–5), enhance chemotactic macrophage migration (33), and 
promote cell adherent molecule expression (34,35). Potential 
reductions in IGF-1 effects could thus be beneficial in certain 
pathologic conditions in the vasculature, such as the early 
stages of atherosclerotic plaque formation characterized by 
hypertrophy/hyperplasia of VSMCs. However, it has also 
been postulated that reduced IGF-1 prosurvival effects could 
be detrimental in other conditions in which loss of VSMCs 
contributes to the disease process, such as destabilization of 
atherosclerotic plaques (36).

Figure 1. Insulin-like growth factor (IGF)-1 signal transduction. IGF-1 
binds to IGF-1R and IGF-1/Insulin hybrid receptor, whereas insulin binds only 
to the insulin receptor (Insulin-R), and triggers several signaling pathways. IGF 
binding proteins modulate IGF-1 signaling by altering IGF-1 binding to the recep-
tors. The IGF-1R is a tyrosine kinase that undergoes autophosphorylation and 
catalyzes the phosphorylation of multiple cellular proteins, including members 
of the insulin receptor substrate (IRS) family. On phosphorylation, IRSs interact 
with signaling molecules, including Akt, Ras/Raf, and Rac. Activation of the 
phosphoinositide 3-kinase and Akt pathway supports cell survival and enhances 
endothelial nitric oxide synthase activity, thereby inducing vasodilation. The 
Ras/Raf pathway is critical for proliferative responses, whereas activation of 
Rac is important for cell migration.
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Clinical Studies Showing a Link Between IGF-1 
and Cardiovascular Disease

Current studies on the association of IGF-1 levels with 
cardiovascular disease as an independent cardiovascular 
risk factor remain inconclusive but suggest an inverse rela-
tionship between the prevalence of vascular disease and the 
bioavailability of IGF-1. Some cross-sectional and prospec-
tive studies (37–43) suggest a positive association between 
IGF-1 (and in some cases IGFBP-3) and atherosclerosis. 
Others (44–54) found that low IGF-1 is a predictor of isch-
emic heart disease and mortality, consistent with the potential 
antiapoptotic, antioxidant, and plaque stabilization actions of 
IGF-1. Several large prospective cohort studies failed to sys-
tematically confirm these findings (55–60). Several method-
ological constraints can explain this variance. So far, most 
studies have used total extractable IGF-1 as an estimate for 
IGF-1 activity in vivo. However, this provides only a crude 
estimate of the active hormone, as less than 1% is in its free 
form, and only free IGF-1 is believed to readily cross the 
endothelium and interact with its receptor. Of note, IGFBPs, 
in addition to their potential IGF-1 independent actions, 
might modulate IGF-1 bioactivity without any changes in 
the extractable concentrations of total IGF-1. Furthermore, 
the activity of IGFBPs is modulated by several IGFBP pro-
teases, complicating the analysis of IGF-1 bioactivity. 
Brugts and colleagues (61) recently introduced a new 
method to assess IGF-1 bioactivity. Instead of measuring 
immunoreactive IGF-1, this kinase receptor assay measures 
IGF-1 bioactivity of serum by its ability to activate IGF-1R 
autophosphorylation. Thus this assay accounts for IGFBP 
and IGFBP protease modulation of ligand and receptor inter-
actions. Using this technique, IGF-1 bioactivity was evalu-
ated in relation to survival in a population of elderly men in 
the Netherlands. Individuals in the highest IGF-bioactivity 
quartile survived significantly longer than those in the low-
est quartile, both in the total population and in subgroups 
with a high inflammatory risk profile or a medical history of 
cardiovascular disease. Taken together with results from 
two other studies (61,62) that demonstrated an association 
between low free IGF-1 and risk of carotid and coronary 
artery disease, these findings suggest that an increase in bio-
active IGF-1 is associated with lower atherosclerosis risk 
and cardiovascular mortality. Further support for this concept 
comes from studies investigating a polymorphism of the 
IGF-1 gene promoter, namely a variable length of a cytosine–
adenosine repeat sequence, shown to influence circulating 
IGF-1 levels. In the population-based Rotterdam study (63), 
individuals without the wild-type 192 bp allele had 18% 
lower circulating IGF-1 and were at increased risk for type 
2 diabetes, myocardial infarction, and presence of left ven-
tricular hypertrophy (64). In the presence of hypertension, 
these individuals also had higher carotid intima-media 
thickness and higher aortic pulse wave velocity (65). Addi-
tional analyses from this study demonstrated that subjects 
heterozygous for the 192 bp or 194 bp alleles or noncarriers 

of these two alleles had lower IGF-1 and higher myocardial 
infarction-related mortality, particularly in cases of coexist-
ing diabetes (66,67). However, others have not replicated 
these studies (68) and in a study in the United Kingdom, the 
opposite association was found between the 192 bp allele and 
IGF-1 levels (69). It is also relevant to point out that loss-of-
function mutations in genes encoding components of the in-
sulin/IGF-1 pathway are associated with extension of life in 
mice (70,71). Recently, mutations in the IGF-1R gene that 
result in reduced IGF-1 signaling have been identified in 
centenarians (72). Additional studies are required to deter-
mine whether genetically determined low IGF-1 levels or low 
bioactivity of IGF-1 is an important risk factor for athero-
sclerotic burden and a negative determinant of survival.

Life Span, Atherosclerosis, and IGF-1 in 
Experimental Animal Models

As discussed above, there is evidence that reduced bio-
availability of IGF-1 predisposes to development of ath-
erosclerosis, whereas low bioactivity of IGF-1 appears to 
promote longevity. Considering that atherosclerotic heart dis-
ease remains the leading cause of death in the United States, 
these observations may appear contradictory (Figure 2). 
However, interpretation of data from cross-sectional studies 
establishes associations and not causality, and similarly, 
case-control studies can be confounded by unanticipated 
factors, for example, identifying appropriate control subjects 
can be complicated when making a comparison to a group 
of interest with extreme conditions such as centenarians. 
Experimental animal models have been useful to study links 
between aging, IGF-1, and atherosclerosis. Caloric restric-
tion has provided insights into the relation between aging and 
IGF-1 action. In every reported organism, including yeast, 
nematode, drosophila, mouse, and rhesus monkey, a reduc-
tion in food intake without malnutrition extends life span 
or delays biological aging and age-related disease onset 

Figure 2. Paradoxical effects of insulin-like growth factor (IGF)-1 on athero-
genesis and the aging process. IGF-1 blunts multiple processes (in box, left) that 
are relevant to atherosclerosis development and to vascular aging. However, 
whereas evidence suggests that reduced IGF-1 promotes atherosclerosis and an 
increase in IGF-1 is antiatherogenic, paradoxically, IGF-1 deficiency has been 
linked to increased longevity (dotted line), although a final proof is still awaited.
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substantially (for review, see (73)). Because a reduction in 
food intake decreases signaling activity and/or bioavailability 
of insulin and IGF-1 (or corresponding orthologs), it has 
been speculated that diminished insulin and IGF-1 signaling 
can contribute to longevity. This hypothesis is supported by 
the reported association between a centenarian age and muta-
tions in the IGF-1R gene, which result in reduced IGF-1 sig-
naling (72). The premise is also supported by experiments 
performed in genetically altered models in yeast, nematode, 
drosophila, and mouse, in which targeting of corresponding 
orthologs of insulin/IGF-1 effectively elongates life span. For 
instance, it has been shown that mice with inactivated IGF-1R 
live on average 26% longer than their wild-type littermates, 
and these IGF-1R-deficient mice display greater resistance to 
oxidative stress, a known determinant of ageing (74). How-
ever, the causal role of decreased IGF-1 signaling in caloric 
restriction-induced extension of murine life span is uncertain. 
A recent case control study in individuals with a GH receptor 
deficiency (thus a severe IGF-1 deficiency) did not confirm 
the life extending effect of low IGF-1 availability (75). And 
in an animal model of GH deficiency, caloric restriction and 
GH/IGF-1 deficiency has been shown to additively increase 
life span, suggesting their independent effects (76,77).

Unfortunately, the above animal models are not relevant 
to study vascular complications of atherosclerosis; in fact, in 
none of these organisms is atherosclerotic disease a major 
cause of termination of life. In the rhesus monkey, valvular 
endocardiosis, cardiomyopathy, and myocardial fibrosis 
have been observed at necropsy; however, there is little 
evidence of atherothrombotic vascular disease (78).

Several animal models have been exploited to investigate 
the pathophysiology of atherosclerosis. Localized arterial  
injury models have been primarily used to study the restenotic 
process. These models attempt to mimic the vascular repair 
responses to angioplasty, but several important differences 
must be recognized; for instance, the injury is in general to 
nondiseased vessels with no preexisting neointimal cell 
populations, and thus, responses derive predominantly from 
proliferating VSMCs. Because IGF-1 is a potent VSMC  
mitogen, the majority of studies exploring mechanical injury 
models and direct (79,80) or indirect (81–84) mechanisms to 
alter vascular IGF-1 signaling reported that increased IGF-1 
or IGF-1 signaling correlates with increased neointimal bur-
den, suggesting that IGF-1 promotes vascular hyperplasia. 
In particular, targeted overexpression of IGF-1 in VSMCs 
increases neointimal area size (80). Leukocyte antigen related 
protein-tyrosine phosphatase (LAR) physically associates 
with IGF-1R and diminishes its signaling activity by dephos-
phorylating IGF-1R. Deletion of the leukocyte antigen related 
protein-tyrosine phosphatase gene increased neointima size 
in a mechanical injury model, consistent with a positive  
effect of IGF-1 on VSMC migration and proliferation 
(85). Other animal models used to investigate atherosclero-
sis include genetic hyperlipidemia models such as apolipo-
protein E deficient (Apoe−/−) and low density lipoprotein 

(LDL) receptor (Ldlr)-deficient mice. A high fat diet, com-
monly called a Western diet, is often supplied to these ani-
mals to produce even more pronounced hyperlipidemia, thus 
accelerating atherogenesis. These hyperlipidemic animals  
develop atherosclerotic lesions that parallel those of human 
subjects, characterized by lesion development at vascular 
branch points and progression from a foam cell stage to a 
fibroproliferative stage with well-defined fibrous caps and 
necrotic lipid cores (86). However, there are significant dif-
ferences between human and mouse lesions at advanced 
stages, and caution should be taken when extrapolating  
observations in these animal models to humans, particularly 
with respect to acute events associated with plaque vulnerabil-
ity (interested readers are referred to recent reviews discussing 
the usefulness and limitations of various mouse atheroscle-
rosis models (87,88)). Notwithstanding these limitations, 
their reproducibility and extensively characterized phenotype 
make these genetically modified animal models an important 
tool to study mechanisms of atherosclerosis. It is noteworthy 
that Apoe−/− mice have reduced life span likely because of 
advanced coronary atherosclerotic disease (89). To date, 
few studies have evaluated IGF-1 effects on atherosclerosis 
using Apoe−/− mice. Harrington and colleagues (81) created 
double-knockout mice deficient in Apoe and pregnancy- 
associated plasma protein-A (Pappa), a metalloproteinase that 
degrades IGFBP-4. Pappa−/−/Apoe−/− mice fed a Western 
diet had decreased lesion size, and this correlated with  
reduced expression of IGFBP-5, which is positively regu-
lated by IGF-1 (90–92). Because PAPPA deficiency increases 
IGFBP-4 levels, thereby reducing IGF-1 bioavailability, 
these data suggest potential proatherogenic effects of PAPPA 
mediated by IGF-1. However, direct effects of PAPPA on 
atherosclerosis cannot be excluded. Our group investigated 
the effect of IGF-1 in atherosclerosis by infusing human  
recombinant IGF-1 into Apoe−/− mice fed a Western diet. Our 
study protocol provided an approximately twofold increase in 
total serum IGF-1 levels, which was associated with enhanced 
IGF-1 signaling activity, confirmed by elevation in tissue 
Akt phosphorylation (6). We did not measure free IGF-1, 
thought to be the fraction of serum IGF-1 immediately 
available for binding to its receptor (reviewed in (93)). 
Therefore, the increase of free IGF-1 in this model might be 
higher than the twofold increase in total IGF-1 measured. 
IGF-1 infusion for 12 weeks was associated with reduced 
atherosclerotic lesion size. This effect was accompanied by 
a significant reduction in urinary excretion of 8-isopros-
tane, a systemic index of oxidative stress. Other potential 
beneficial effects included a decrease in lesion macrophage 
infiltration, reduced aortic expression of proinflammatory 
cytokines and increased levels of circulating endothelial 
progenitor cells. IGF-1-infused animals had decreased vas-
cular superoxide levels, upregulated expression of vascular 
endothelial nitric oxide synthase (eNOS) and increased  
nitric oxide (NO) bioavailability. IGF-1–infused animals 
also had reduced oxidative stress localized specifically in 
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atherosclerotic plaque (94). Interestingly, the IGF-1–induced 
antioxidant effect was significantly reduced by administration  
of Nω-Nitro-L-arginine methyl ester, a pan-nitric oxide 
synthase inhibitor, indicating that this effect was dependent on 
NO bioavailability. However, infusion of Apoe−/− mice with 
GH releasing peptide-2, a synthetic peptide that increases cir-
culating GH and IGF-I levels, did not reduce atherosclerotic 
burden despite a significant increase in serum IGF-1 levels 
associated with decreased reactive oxygen species (ROS) in 
the vasculature (95). The increased GH levels present in 
response to GH releasing peptide-2 might explain the discrep-
ancy between the apparent beneficial effect observed in the 
IGF-1 infusion model and the lack of effectiveness in the GH 
releasing peptide-2 infusion model (96). Our findings suggest 
that the potential antiatherogenic effect of IGF-1 is closely 
associated with reduced oxidative stress in the vasculature, 
although it is important to note that Nω-Nitro-L-arginine 
methyl ester did not block the anti-atherosclerotic effect of 
IGF-1 (94). It has been suggested that an imbalance in redox 
regulation is associated with aging, leading to elevated vas-
cular oxidative stress which predisposes to atherogenesis 
(97–99); thus, the antioxidant effect of IGF-1 could repre-
sent an antiaging mechanism that contributes to prevention 
of atherosclerosis. Additionally, we recently found that an 
~20% reduction in circulating IGF-1 levels was accompa-
nied by a significant increase in aortic lesion size in Apoe−/− 
mice (Figure 3; (100)). It is well known that levels of 
circulating IGF-1 decline with aging (101–104). There-
fore, our model of reduced bioavailabiity of IGF-1 in Apoe−/− 
mice mimics the loss of IGF-1 bioavailability that occurs 
with aging and supports the notion that low IGF-1 bioavail-
ability exacerbates atherosclerosis. Although these observa-
tions in Apoe−/− mice with enhanced and diminished IGF-1 
bioavailability are consistent with atheroprotective effects 

of IGF-1, further investigation is required to characterize 
the underlying mechanisms.

The vascular effects of alterations in circulating IGF-1 
represent endocrine effects. To address effects of locally 
produced IGF-1 on atherosclerosis, transgenic mice which 
overexpress IGF-1 in smooth muscle were created on an 
Apoe−/− background (Apoe−/−-Tg(SMP8-Igf1)) (105). When 
compared with Apoe−/− mice, the Apoe−/−-Tg(SMP8-Igf1) 
mice developed a comparable plaque burden after 12 weeks 
on a Western diet, suggesting that the ability of increased circu-
lating IGF-1 to reduce plaque burden (6) was mediated in large 
part via non-VSMC target cells. However, advanced plaques in 
Apoe−/−-Tg(SMP8-Igf1) mice displayed several features of 
increased plaque stability, including elevated a-smooth muscle 
actin positive VSMC content, increased fibrous cap area, 
increased collagen levels, and reduced necrotic cores (105). It 
is unclear if local production of IGF-1 in the vasculature de-
clines with aging, as has been described for circulating IGF-1; 
furthermore, it is unknown if aging impairs IGF-1R activation 
in VSMCs as it does in skeletal muscle (106,107) and osteo-
blasts (108). If this were the case, loss of responsiveness to 
IGF-1 in VSMCs could contribute to the increased prevalence 
of atherothrombotic diseases in aged subjects.

Mechanisms for Atheroprotective Effects of 
IGF-1

IGF-1 and Inflammation
An increase in inflammation is associated with aging in 

general and with vascular aging (109) and contributes to the 
development of several aging-associated syndromes such as 
sarcopenia (reduction in skeletal muscle mass and develop-
ment of muscle weakness (110,111)). Furthermore, sarco-
penia progression correlates with suppression of IGF-1 
signaling in skeletal muscle (112). Inflammatory cells have 
a predominant role in the pathogenesis of atherosclerosis 
(113). At an early stage of atherogenesis, phagocytic cells 
such as monocytes/macrophages are recruited and infiltrate 
into a fatty streak, scavenging accumulated LDLs which 
have been denatured or modified (eg, aggregated or oxi-
dized) locally in the tissue. Modified LDL binding to cell 
surface receptors and subsequent internalization induces a  
variety of proinflammatory responses in these cells, trigger-
ing feed-forward reactions to promote atherosclerosis (113). 
Inflammatory responses and oxidative stress are closely  
related; for instance, in monocytes/macrophages it has been 
shown that reactive oxygen species enhance proinflammatory 
cytokine production through modulating Nuclear factor-kB 
activity (114). At the tissue level, activated inflammatory cells 
express high-level of oxidant-generating enzymes, such as 
myeloperoxidase, NADPH oxidase, and 12/15-lipoxygenase 
(LOX), causing oxidative damage to surrounding tissue, 
further inducing inflammatory responses. Several reports 
suggest that IGF-1 is antiinflammatory. For instance, there is 

Figure 3. Low circulating insulin-like growth factor (IGF)-1 increases ath-
erosclerosis in Apoe-/- mice. We generated atherosclerosis-prone apolipoprotein 
E-deficient (Apoe-/-) mice with 6T alleles (6T/Apoe-/-) with a 20% decline in 
circulating IGF-I. After 12 weeks of high-fat diet feeding, 6T/Apoe-/- mice de-
veloped significantly more atherosclerosis. Left: Representative images of en 
face Oil Red O staining of aorta. Right: Atheroma covered area on en face aorta 
was expressed as % total luminal surface area. This figure is modified from; 
Shai S et al. Am J Physiol Heart Circ Physiol 2011; 300:H1898–H1906.
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an inverse relation between serum interleukin-6 and IGF-1 
levels (115), and IGF-1/IGFBP-3 administration to patients 
with severe burn injury induced an anti-inflammatory effect 
and reduced interleukin -6 and tumor necrosis factor (TNF)-a 
(116,117). Furthermore, low IGF-1 and high interleukin -6 
and TNF-a levels are associated with higher mortality in 
elderly patients (51,118). Consistent with these clinical obser-
vations, data from our group show that IGF-1 modulates 
macrophage function. This could represent a key mechanism 
mediating the anti-inflammatory and antiatherogenic effects 
of IGF-1 in the vasculature. Indeed, human recombinant 
IGF-1 infusion into Apoe−/− mice markedly suppressed 
macrophage infiltration into atherosclerotic lesions by a 
mechanism that is not yet elucidated but is associated with 
downregulation of TNF-a expression (6). In human subjects 
with GH deficiency, low serum IGF-1 levels are associated 
with increased lipoprotein lipase and TNF-a expression in 
macrophages (119). Intriguingly, macrophages from these 
subjects are more susceptible to foam cell formation in vitro; in 
fact, uptake of oxidized LDL (OxLDL) was enhanced in these 
cells (119), consistent with the known ability of lipoprotein 
lipase to facilitate binding and uptake of modified LDL. 
IGF-1 reduces aortic lipoprotein lipase mRNA levels in 
Apoe−/− mice and also in cultured macrophages (94). These 
observations in animal models and human subjects support an 
anti-inflammatory and thus potentially antioxidant effect of 
IGF-1, which could contribute to atheroprotection. However, 
other reports suggest that IGF-1 has proinflammatory effects. 
For instance, in monocytes/macrophages, IGF-1 enhanced 
chemotactic macrophage migration (33), stimulated TNF-a 
expression (33), and enhanced LDL uptake and cholesterol 
esterification (120). Moreover, proatherogenic factors such as 
advanced glycosylation end products (121) and TNF-a (122) 
increase IGF-1 synthesis. Some of these effects of IGF-1 on 
macrophages might not necessarily be proatherogenic; for  
instance, IGF-1-mediated stimulation of cellular uptake of 
LDL could contribute to reducing plasma LDL cholesterol 
levels (120). Additional studies are required to clarify the 
action of IGF-1 on inflammatory processes in atherosclerosis.

IGF-1 and Vascular Smooth Muscle Cells
Moderate oxidative stress stimulates IGF-1 (123) and 

IGF-1R (124) expression in VSMC. In fact, IGF-1R tyro-
sine kinase activity mediates hydrogen peroxide activation 
of mitogen-activated protein kinase (125) and Akt (126). In 
addition, IGF-1 itself moderately elevates ROS generation 
in VSMC (127), suggesting that IGF-1 amplifies its activity 
through ROS generation. ROS can enhance insulin signaling 
by inhibiting protein tyrosine phosphatase activity (128). 
Considering the substantial similarity between IGF-1 and 
insulin signaling pathways, it is possible that ROS similarly 
enhance IGF-1 signaling. These reports support the hypoth-
esis that moderate oxidative stress and IGF-1 coordinately 
promote VSMC growth and hence atherosclerosis, especially 

at the initial stage of lesion formation when VSMC migra-
tion and proliferation predominate. On the other hand, it is 
also known that elevated ROS inhibit insulin/IGF-1 sig-
naling (129–131) and induce apoptotic cell death (132). It is 
likely that the balance between ROS elevation and the activity 
of antioxidant systems (eg, enzymes such as glutathione 
peroxidase), and presumably a specific location of ROS gen-
eration (eg, plasma membrane vs mitochondrion), will deter-
mine the dominant downstream vascular effects of oxidant 
stress. In advanced atherosclerotic plaques, a balance between 
cell death and survival of cells within the fibrous cap, primar-
ily composed of VSMC and extracellular matrix, appears to 
correlate with plaque instability or stability (133). More-
over, VSMC apoptosis itself can accelerate atherosclerosis 
(134), and this mechanism is important for the transition 
from early to advanced plaques. VSMC apoptosis is con-
trolled by growth factors and cytokines, including IGF-1.  
A key proatherogenic molecule, OxLDL, colocalizes with 
apoptotic VSMC in human atherosclerotic plaques, and 
these cells have reduced IGF-1 and IGF1-R levels (135–137). 
A reduced expression of IGF-1, along with downregulation 
of IGF-2 and IGFBP-3, -4, -5, and -6 and intriguingly upregu-
lation of IGFBP-1, was also demonstrated in human carotid 
plaques (138). Consistent with these findings, OxLDL reduces 
IGF-1R levels (135,136) and induces apoptosis of cultured 
VSMC through a redox-sensitive mechanism that includes 
activation of two major oxidases, LOX and NADPH oxidase. 
Pharmacological suppression of 5-LOX and 12/15-LOX ac-
tivities abolishes OxLDL-induced VSMC apoptosis (139). 
Interestingly, 12-hydroxyeicosatetraenoic acid, a 12/15-LOX 
product, upregulates TNF-a expression and inhibits Akt phos-
phorylation in cultured adipocytes (140), and LOX inhibitors 
prevent apoptosis-inducing factor mediated cell death (141). 
IGF-1 is a potent survival factor for VSMC, and increased 
IGF-1 signaling prevents OxLDL-induced VSMC apoptosis 
via a phosphoinositide 3 kinase (PI3K)/Akt-dependent 
pathway (142). IGF-1 reduced total apoptotic cell number 
specifically in atherosclerotic plaque in Apoe−/− mice, and 
interestingly, IGF-1 had no effect on plaque SMC cell apop-
tosis indicating that the antiapoptotic effect of IGF-1 was 
exerted on non-SMC plaque cells (94). In addition to its 
antiapoptotic effects, IGF-1 also suppresses autophagic cell 
death of plaque-derived VSMC via Akt-dependent inhibition 
of microtubule-associated 1 light chain-3 expression (143).

It has recently been reported that smooth muscle specific 
IGF-1 overexpression in Apoe−/− mice (Apoe−/−-Tg(SMP8-
Igf1)) (105) changes atherosclerotic lesion phenotype, 
resulting in elevated a-smooth muscle actin positive VSMC 
content, increased fibrous cap area and collagen levels, and 
reduced necrotic cores (105). Whereas a reduction in apop-
totic cell death of VSMC was not confirmed, apparently  
locally produced IGF-1 promoted VSMC differentiation 
and matrix deposition, which has also been suggested in 
studies of cultured VSMCs (105,144,145). These autocrine/
paracrine effects of IGF-1 could potentially stabilize plaques, 



HIGASHI ET AL.632

thereby reducing the prevalence of atherothrombotic vascular 
disease.

IGF-1 and Endothelial Dysfunction, Vascular 
Tone Regulation

NO Availability, Oxidative Stress and IGF-1
Endothelial dysfunction is implicated in the pathogenesis 

of cardiovascular diseases including atherosclerosis (146). 
Aging is associated with endothelial dysfunction (147–150) 
and increased oxidative stress (148,150), implying a potential 
causal link between aging, oxidative stress, and endothelial 
dysfunction. NO plays a crucial role in endothelial function 
because of its potent vasodilator effect and sensitivity to the 
redox status of the endothelium. In the setting of high oxi-
dative stress NO reacts with ROS, particularly superoxides, 
forming peroxynitrite, which is highly reactive and thus 
potentially highly deleterious. The ability of peroxynitrite to 
nitrate protein tyrosine residues can alter several cellular 
pathways that involve tyrosine phosphorylation, such as pro-
tein kinase C, Akt, the MAP kinases, nuclear factor kB, as 
well as signaling in response to IGF-1/insulin and the sympa-
thoadrenergic system. Thus, increasing ROS production 
causes not only perturbations in vasodilation by decompos-
ing NO but also potentially inhibits several signaling path-
ways that are crucial for maintaining normal endothelial 
function. Oxidative stress also lowers NO bioavailability by 
blocking its production. eNOS is the main enzymatic source 
that produces NO constitutively and in response to vasodila-
tors such as acetylcholine. eNOS catalyzes l-arginine oxida-
tion to produce l-citrulline and NO by transferring electrons 
provided from NADPH and tetrahydrobiopterin (BH4). BH4, 
an essential cofactor of eNOS activity, is susceptible to oxi-
dative modification by ROS such as peroxynitrite, which 
results in conversion of BH4 to biologically inactive BH2. 
An additional mechanism for BH4 depletion caused by oxi-
dative stress was described by Zheng and colleagues (151), 
who found that an increase in ROS leads to downregulation 
of guanosine 5′-triphosphate cyclohydrolase I, which is a 
rate-limiting enzyme catalyzing the initial step of BH4 bio-
synthesis. Insufficient availability of BH4 causes “uncoupling” 
of eNOS activity, resulting in superoxide and hydrogen per-
oxide formation instead of NO. Thus there is probably a feed-
forward system for lowering NO bioavailability, once 
enhanced oxidative stress occurs.

There is increasing evidence that IGF-1 can preserve  
endothelial function. GH deficiency impairs flow-mediated 
arterial dilation, and thus endothelial NO-dependent vasodila-
tion (152), and increases cardiovascular morbidity and mor-
tality (153). Because GH is a primary regulator of circulating 
IGF-1 and GH deficiency leads to low IGF-1, it is reasonable 
to speculate that IGF-1 plays a major role in vasodilatory  
responses by regulating NO production in the endothelium. 
This hypothesis is supported by a recent publication showing 

that low plasma IGF-1 levels are associated with impaired 
endothelium dependent vasodilation (154). In patients with 
diabetes, vascular tone regulation is impaired, and IGF-1 
supplementation improves vascular responses to vasodila-
tors, potentially by enhancing eNOS activity (155,156). 
These observations in humans are supported by animal and 
cell culture studies. For example, in mice fed a high-fat diet 
(an animal model of type 2 diabetes), IGF-1 resistance ex-
ists at the endothelial level, which in turn blunts eNOS de-
pendent vasorelaxation (157). This finding is consistent 
with a positive effect of IGF-1 on endothelium function. 
However, this model was characterized by increased serum 
IGF-1 levels (157), whereas patients with poorly controlled 
diabetes generally have low serum IGF-1 levels (158). In EC 
culture systems, IGF-1 acutely enhances eNOS-dependent 
NO production by increasing phosphorylation at Ser1177 via 
a PI3K and Akt pathway (159). In addition to acute effects of 
IGF-1 on eNOS activity, a link has been suggested between 
BH4 biosynthesis and IGF-1. One of the key enzymes  
involved in BH4 biosynthesis is 6-pyruvoyltetrahydropterin 
synthase; its deficiency in mice causes dwarfism with 
markedly reduced serum IGF-1 levels (160), suggesting 
that a functional BH4 biosynthetic pathway is essential for 
maintenance of IGF-1 levels and normal growth. By con-
trast, in pheochromocytoma-12 (PC12) cells, IGF-1 ele-
vates BH4 levels, potentially by enhancing its biosynthesis 
through a PI3K-dependent mechanism (161). It would be 
interesting to determine if the potential IGF-1 effect on BH4 
biosynthesis can be generalized to other tissues with NO syn-
thase activity. In Apoe−/− mice fed a high-fat diet, we observed 
that IGF-1 infusion enhanced eNOS gene expression in the 
aorta (6). Recently, we demonstrated that IGF-1–induced 
atheroprotection does not depend on NO bioavailability (94). 
It is important to note that IGF-1–induced increase in plaque 
smooth muscle cells, suppression of cell apoptosis, and 
downregulation of lipoprotein lipase were also NO indepen-
dent, suggesting a potential important role of these mecha-
nisms in IGF-1–induced suppression of atherosclerosis. In 
GH-deficient rodent models (Ames dwarf mice and Lewis 
dwarf rats), GH and IGF-1 deficiency was accompanied by 
high oxidative stress in the vasculature, potentially leading 
to endothelial dysfunction (162,163). The high oxidative 
stress could be explained by reduced eNOS gene and pro-
tein expression in the aortas of Ames dwarf mice, in which 
acetylcholine-induced vasorelaxation was impaired. Their 
observation is consistent with a stimulatory role of GH/
IGF-1 on eNOS expression and function; moreover, GH and 
IGF-1 enhanced expression of antioxidant enzymes such as 
Mn-superoxide dismutase, Cu/Zn-superoxide dismutase, 
and glutathione peroxidase-1 in aortae of the Ames dwarf 
mice and in explants of mouse aorta and human coronary 
arterial ECs (162,163), suggesting that GH and/or IGF-1 
have antioxidant effects that are independent of eNOS. The role 
of IGF-1 in regulating endothelial function is supported by 
recent reports that deficiency of GH and IGF-1 exacerbates 
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high-fat diet–induced endothelial impairment (164) and that 
systemic IGF-1 deficiency in mice decreases vascular oxida-
tive stress resistance by impairing the Nuclear factor erythroid 
2-like 2–dependent antioxidant response (165). Nuclear fac-
tor erythroid 2-like 2 is a transcription activator that binds to 
antioxidant response elements in the promoter regions of tar-
get genes; hence, it is important for the coordinated upregu-
lation of genes in response to oxidative stress. Therefore, 
Nuclear factor erythroid 2-like 2 could be a key molecule 
linking IGF-1 signaling to its antioxidant effects and preven-
tion of endothelial dysfunction. Intriguingly, increased inci-
dence of intracranial hemorrhage was reported in the Lewis 
dwarf rats (166), implying a pivotal role of GH/IGF-1 in 
maintaining vascular integrity potentially mediated by anti-
oxidant effects. Abbas and colleagues (167) took a different 
approach to investigate IGF-1 effects on endothelial func-
tion by creating mice with whole-body haploinsufficiency 
of IGF-1R and endothelium specific holo- and haploinsuffi-
ciency of IGF-1R. They found that haploinsufficiency of 
IGF-1R both at the whole-body level and in endothelium led 
to enhanced endothelial function, as assessed by reduced 
vasoconstriction to phenylephrine, increased basal NO pro-
duction, and increased EC insulin sensitivity leading to aug-
mented insulin-mediated NO generation. They conclude that 
IGF-1R, via its ability to form hybrids with the insulin recep-
tor, is a negative regulator of insulin signaling in endothe-
lium. In fact, they demonstrated that in an insulin-resistance 
mice model (whole-body insulin receptor haploinsuffi-
ciency model), the introduction of IGF-1R haploinsuffi-
ciency restored insulin-mediated NO production, basically 
by changing IGF-1R: insulin receptor stoichiometry. There-
fore, whether IGF-1 (or IGF-1R) augments or diminishes 
endothelial function might be substantially affected by 
physiological settings (eg, presence of insulin resistance). 
Further clarification of IGF-1 effects on the endothelium is 
necessary.

IGF-1 and Hypertension
Hypertension is a major risk factor for atherosclerosis, and 

aging influences the prevalence of hypertension, whereas 
aging by itself appears insufficient to induce hypertension 
(168,169). As described above, IGF-1 increases endothelial 
NO production; hence, a major part of IGF-1 effects on vas-
cular tone regulation can be attributed to eNOS–NO depen-
dent mechanisms. In addition, insulin/IGF-1 reduces [Ca2+]i 
and Ca2+-MLC sensitivity in VSMC (170,171), thereby 
inducing vascular relaxation. In human subjects, it has been 
shown that there is an inverse association between free IGF-1 
and isovolumic relaxation in arterial systemic hypertension 
(172), and IGF-1 levels in the low normal range are associ-
ated with hypertension in subjects without pituitary and car-
diovascular diseases (173). Moreover peripheral resistance 
and systolic blood pressure were increased in liver-specific 
IGF-1 knockout mice (174), and IGF-1–induced vasorelaxant 

effects were impaired before the onset of hypertension in 
spontaneously hypertensive rats (175,176). Collectively, 
these observations point to a pathophysiological role of IGF-1 
in the development of hypertension. The powerful vasocon-
strictor, endothelin-1, has also been suggested as a potential 
link between IGF-1 and vascular tone regulation. IGF-1 atten-
uates endothelin-1–induced contractile responses in porcine 
aorta, potentially by altering endothelin-1/endothelin recep-
tor type A signaling activity in smooth muscle cells (177). 
IGF-1 might directly or indirectly regulate endothelin-1 gene 
expression; for example, in liver specific IGF-1-deficient mice, 
endothelin-1 gene expression was upregulated in the aorta, 
and this was associated with elevated systolic blood pressure 
and impaired vasorelaxation (174). IGF-1 enhancement of 
NO bioavailability could explain the ability of IGF-1 to  
antagonize endothelin-1 contractile responses; endothelin-1 
increases vascular superoxide by enhancing NADPH-oxidase 
activity and thus lowers NO bioavailability (178–180), sug-
gesting that endothelin-1–induced endothelial dysfunction 
is at least partly mediated by increased oxidative stress.  
Interestingly, insulin and IGF-1 upregulate endothelin-1/ 
endothelin receptor type A levels in VSMCs (181,182), 
indicating a complex interaction between insulin/IGF-1 and 
endothelin effects.

IGF-1 and Endothelial Repair
Endothelial progenitor cells (EPCs) derived from bone 

marrow and/or the vascular wall contribute to neovascular-
ization in response to ischemia (183), and their levels are 
related to cardiovascular disease outcome (184). EPCs pro-
mote endothelial repair directly by differentiation and inte-
gration into a newly formed endothelial layer or indirectly by 
producing a variety of proangiogenic cytokines and growth 
factors, promoting proliferation and migration of preexisting 
ECs (185), thereby preventing endothelial dysfunction 
(186,187). Interestingly, factors that positively or negatively 
alter endothelial function also affect EPC function. eNOS, 
which is crucial for maintenance of endothelial function, is 
also involved in mobilization of EPCs from bone marrow 
(188), and eNOS uncoupling impairs EPC mobilization and 
function (189). Intrinsic high expression of antioxidant 
enzymes has been reported in EPCs (190,191), suggesting 
that they are resistant to oxidative stress. However, there are 
conflicting reports on the effects of ROS on EPC function in 
neovascularization induced by hind limb ischemia (192–194). 
Perhaps appropriate levels of ROS, that is, “fine tuning”  
of the level of oxidative stress, is essential for EPC integrity. 
In the context of aging, it has been shown that aging reduces 
EPC availability and impairs EPC function, including hom-
ing, proliferation, and migration (195). More importantly, it 
has been shown in human subjects that an increase in circu-
lating IGF-1 in response to GH or IGF-1 administration cor-
rects age-dependent impairment of endothelial progenitor 
cells. Thus GH or IGF-1 increased circulating EPC number 
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and improved EPC colony forming and migratory capacity, 
enhanced incorporation into tube-like structures, and aug-
mented eNOS expression (196,197). These findings provide 
direct evidence that IGF-1 exerts beneficial effects on aging 
associated impairment in endothelial repair mechanisms. 
Similar findings in an animal model of atherosclerosis (6) 
imply that IGF-1 influences EPC mobilization and function 
by altering NO bioavailability as it does in mature ECs. 
However, there are many remaining questions about poten-
tial IGF-1 effects on EPC, and these are complicated by the 
continuing debate about the definition of EPC (198). For 
instance, potential IGF-1 regulation of specific EPC niches 
in the bone marrow and vascular wall (199) and of EPC 
mobilization and homing remains to be determined.

Conclusion and Future Directions
There is increasing evidence that IGF-1 exerts pleiotropic 

effects on the vasculature resulting in reduced vascular oxidant 
stress, apoptosis, and inflammatory signaling (summarized in 
Figure 4). Furthermore, IGF-1 reduces atherosclerotic burden 
and increases atherosclerotic plaque stability in animal 
models. These findings suggest that IGF-1 may have salu-
tary effects on the normal vascular aging process. However, 
there is some evidence that reduced IGF-1 and insulin sig-
naling may favorably impact longevity. Further studies are 
required to dissect the role of IGF-1 in vascular aging pro-
cesses and to determine the relation between IGF-1 signal-
ing and longevity. Defining cell–cell interactions between 
different cell populations (ie, EC, smooth muscle cell, and 
proinflammatory cells such as macrophage and T cell) will 
be key to dissecting the role of IGF-1 in both vascular aging 
and atherosclerosis. Furthermore, a better understanding  
of cellular–microenvironment interactions and the impact of 
these interactions on downstream IGF-1 signaling pathways 
will be critical to understand mechanisms.
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