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Abstract: While the growth hormone/insulin-like growth factor-1 (GH/IGF-1) pathway plays essential
roles in growth and development, diminished signaling via this pathway in model organisms extends
lifespan and health-span. In humans, circulating IGF-1 and IGF-binding proteins 3 and 1 (IGFBP-3
and 1), surrogate measures of GH/IGF-1 system activity, have not been consistently associated with
morbidity and mortality. In a prospective cohort of independently-living older adults (n = 840,
mean age 76.1 ± 6.8 years, 54.5% female, median follow-up 6.9 years), we evaluated the age- and
sex-adjusted hazards for all-cause mortality and incident age-related diseases, including cardiovascular
disease, diabetes, cancer, and multiple-domain cognitive impairment (MDCI), as predicted by baseline
total serum IGF-1, IGF-1/IGFBP-3 molar ratio, IGFBP-3, and IGFBP-1 levels. All-cause mortality was
positively associated with IGF-1/IGFBP-3 molar ratio (HR 1.28, 95% CI 1.05–1.57) and negatively with
IGFBP-3 (HR 0.82, 95% CI 0.680–0.998). High serum IGF-1 predicted greater risk for MDCI (HR 1.56,
95% CI 1.08–2.26) and composite incident morbidity (HR 1.242, 95% CI 1.004–1.538), whereas high
IGFBP-1 predicted lower risk for diabetes (HR 0.50, 95% CI 0.29–0.88). In conclusion, higher IGF-1
levels and bioavailability predicted mortality and morbidity risk, supporting the hypothesis that
diminished GH/IGF-1 signaling may contribute to human longevity and health-span.

Keywords: IGF-1; IGFBP-3; IGFBP-1; older adults; longevity; health-span; age-related disease;
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1. Introduction

The rise in age-related diseases and disability that accompany advanced age presents a burden
to economies, health care systems, and individuals worldwide [1]. Evidence from model organisms
demonstrates that aging is a biologically regulated process that can be modulated to extend lifespan
and health-span [2]. The evolutionarily conserved growth hormone/insulin-like growth factor-1
(GH/IGF-1) pathway, which plays essential roles in growth, development, and metabolism, has been
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recognized as one key regulator of aging [3]. In invertebrates, attenuated signaling in pathways
homologous to mammalian IGF-1 dramatically extends lifespan [4,5]. Similarly, mutant rodents
with diminished GH and/or IGF-1 secretion or signaling exhibit lifespan extension of 25–60% [6–10].
They also display extended health-span, including delayed age-related impairments in cognition,
musculoskeletal function, glucose homeostasis, immunosenescence and cancer [6–8,11–14]. On the
other hand, overexpression of GH/IGF-1 in transgenic rodents accelerates age-related pathologies and
dramatically reduces lifespan [15,16].

However, the role of the GH/IGF-1 system in human aging and longevity is still uncertain.
In humans, profound reduction or enhancement in GH/IGF-1 signaling has consequences for survival
and health that replicate some of those noted in experimental models. For instance, individuals
with GH receptor deficiency are protected from lethal malignancies and type 2 diabetes, although
their lifespan is not prolonged [17]. On the other hand, patients with acromegaly, characterized by
hypersecretion of GH, have increased risk for premature cardiovascular disease, diabetes, malignancy,
and mortality [18–20]. Nonetheless, epidemiologic studies investigating the relationship between
circulating levels of IGF-1, which are used as a proxy for the activity of GH/IGF-1 axis in humans [21],
and clinical outcomes have yielded inconsistent findings. While our group and others found inverse
relationship between IGF-1 levels and survival [22,23], a number of studies reported positive [24,25] or
null [26] associations. Furthermore, IGF-1 levels have been reported to have opposite effects on risk for
different age-related diseases. For instance, lower levels of IGF-1 were associated with increased risk
for cardiovascular disease [27,28], while high IGF-1 levels were related to increased risk for cancer [29];
although the findings were not consistent in all studies [30].

Several reasons may contribute to the inconsistent findings above. First, the activity of the GH/IGF-1
axis and levels of circulating IGF-1 are affected by acute [31] and chronic illness [32]; this introduces
the possibility of “reverse causation” in some studies conducted in high-risk populations [25]. Second,
numerous epidemiologic studies investigated associations between IGF-1 and morbidity and mortality
in cohorts with wide age-ranges under the assumption that the effect of IGF-1 would be similar in
younger and older adults [33,34]. Furthermore, total IGF-1 does not represent bioavailable IGF-1 [21]:
Almost all circulating IGF-1 is bound to six IGF-binding proteins (IGFBP-1-6), leaving <1% of IGF-1
in a free form, bioavailable to bind to its receptors [35]. In addition to providing a long-lasting
pool of circulating IGF-1, IGFBPs closely regulate biological functions of IGF-1 through controlled
inhibition and promotion of IGF-1 interactions with its receptor [36]. Since measuring free IGF-1
remains challenging [37], the molar ratio of total IGF-1 to IGFBP-3, the most abundant IGFBP in
circulation, is commonly used as a proxy for bioavailable IGF-1 [21]. Finally, other elements of the
GH/IGF-1 system, including IGFBP-3 and IGFBP-1, have been implicated in human disease and survival,
independent of IGF-1 [38,39]. Therefore, our aim was to prospectively investigate the associations
between several components of the GH/IGF-1 pathway, including total IGF-1, IGF-1/IGFBP-3 molar
ratio, IGFBP-3, and IGFBP-1, with mortality and incidence of major age-associated diseases in a cohort
of independently-living older adults with majority in general good health at enrollment.

2. Materials and Methods

2.1. Human Cohort Data Acquisition

LonGenity is an ongoing longitudinal study initiated in 2008, that seeks to identify genotypes and
phenotypes that protect from age-related diseases and promote exceptional longevity in humans [40].
The LonGenity cohort is composed of Ashkenazi Jewish older adults and about half of the cohort has a
parental history of exceptional longevity, defined as having at least one parent survive to 95 years of age.
Other inclusion criteria include baseline age ≥ 65 years or older and being free of significant cognitive
impairment at baseline. Study participants are extensively characterized at annual visits, which include
medical history and neurocognitive testing. Baseline IGF-1 and related protein measurements were
available for 877 (54.5% female) study participants. Among this group, 37 individuals only completed
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the baseline visit and thus, were excluded from this analysis. Among the 840 participants included in
this study, 20 did not have complete physical examinations as they either declined or were unable
to do so due to mobility issues and were therefore missing body mass index (BMI) measurements.
Fasting blood samples were also collected biannually at follow up visits. The LonGenity study was
approved by the institutional review board (IRB) at the Albert Einstein College of Medicine. Informed
consent was obtained from all study participants.

2.2. Biochemical Measurements

Biochemical measurements were performed as previously described [41]. Total IGF-1 levels
were measured by liquid chromatography/mass spectrometry at Quest Diagnostics Nichols Institute
laboratories (Quest, San Juan Capistrano, CA, USA) in serum collected at baseline and subsequently
stored at −80 ◦C. For IGF-1, the limit of quantification (LOQ) was 15.6 ng/mL and the coefficient of
variance (CV) was 3.3%, 3.1%, 2.8%, and 5% for the low (mean 57.2 ng/mL), medium (mean 248 ng/mL),
high (mean 447.1 ng/mL) Bio-Rad quality controls and pooled human serum in-house control
(mean 104 ng/mL), respectively. IGFBP-3 levels were measured at Quest with a chemiluminescent
immuno-metric assay (Siemens Immulite 2000; Siemens Healthineers AG, Erlangen, Bavaria, Germany).
IGFBP-1 levels were measured at Quest with a radioimmunoassay. For IGFBP-1, the LOQ was 5 ng/mL,
and the CV was 9.3%, 10.1%, and 8.5% for the low (mean 19.2 ng/mL), medium (mean 53.5 ng/mL)
and high (mean 111.3 ng/mL) controls, respectively. For IGFBP-3 the LOQ was 0.5 mg/L, and the CV
was 5.1%, 6.1%, and 6.5% for the low (mean 0.90 mg/L), high (mean 3.56 mg/L), and in-house controls,
respectively. The IGF-1/IGFBP-3 molar ratio was calculated by dividing measured serum total IGF-1
and IGFBP-3 levels by their molecular weights (7649 Daltons and 31,673 Daltons, respectively), and then
calculating the ratio between the two quantities [42,43]. Insulin was measured by radioimmunoassay at
the Albert Einstein College of Medicine Biomarker Analytic Research Core (BARC). Due to limitations
in sample volume, IGFBP-3 was measured in 828 subjects, IGF-1 in 761, IGFBP-1 in 728 subjects,
and insulin in 801 subjects.

2.3. Disease Definitions

Three of the age-associated morbidities in this study, cardiovascular disease, diabetes, and cancer,
were selected because they represent major causes of morbidity and mortality in the aging
population [44]. These morbidities were defined using a combination of self-reported questionnaire
data, medical records, and laboratory results. Cardiovascular disease was defined as having a history
of myocardial infarction, stroke, or cardiac procedure such as percutaneous coronary intervention or
coronary artery bypass grafting surgery. Diabetes was defined as a self-reported history of diabetes,
a fasting blood glucose of 126 mg/dL or greater, or a hemoglobin A1C level of 6.5% or greater. Cancer was
defined as a self-reported history of any malignancy, excluding non-melanoma skin cancers.

We also investigated multiple-domain cognitive impairment (MDCI), as it was previously
shown that individuals with MDCI with memory involvement have high rates of progression to
Alzheimer’s disease [45], which is a major cause of morbidity and mortality in older individuals [44].
MDCI was assigned by the neuropsychology team under the direction of the study neuropsychologist.
Annual neurocognitive batteries evaluating memory, language, visuospatial, attention, and executive
cognitive domains were double scored and age normed. As controversy remains about optimal cut-off

scores [46], performances 1.5 SD below the age-appropriate mean were defined as impaired [45].
Multiple-domain cognitive impairment assignment was made when participants had impaired
performance on at least one measure of memory and impaired performance on at least one measure in
another cognitive domain.

Composite incident morbidity was a composite outcome defined as onset of either cardiovascular
disease, diabetes, cancer, or MDCI during study follow-up. To maximize power for the incident
morbidity analysis, individuals with pre-existing disease were included in the analysis and were
monitored for the onset of an additional age-associated morbidity. For the single disease analyses,
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individuals with that particular disease at baseline were excluded from the analysis (e.g., individuals
with baseline diabetes were excluded from all analyses of incident diabetes but were included in the
incident morbidity analysis).

2.4. Statistical Analysis

Statistical analysis was performed using custom scripts in Python (version 3.6), a general-purpose
programming language. For all analyses tracking a particular biochemical measurement—IGF-1,
IGFBP-1, IGFBP-3, or IGF-1/IGFBP-3 molar ratio—the participants were dichotomized into high and
low groups using sex-specific medians of their baseline measurements. The median IGF-1 for men
was 123 ng/mL and for women it was 105.5 ng/mL. Thus, the “low IGF-1” group was formed by
combining men and women with IGF-1 levels below the sex-specific medians and the “high IGF-1”
group was formed by combining men and women with IGF-1 levels at or above the sex-specific
medians. “High” and “low” groups for analyses of IGFBP-1 (median 14 ng/mL in males, 18 ng/mL in
females), IGFBP-3 (median 3.5 mg/L in males, 4.1 mg/L in females), and IGF-1/IGFBP-3 ratio (median
0.15 in males, 0.11 in females) were all formed by this procedure.

For comparison of baseline characteristics, normally distributed continuous variables (age and
biochemical measurements) were compared using a two-tailed student’s t-test. Normality was
confirmed by visual inspection of the histograms. Categorical variables were compared using either a
chi-squared test of homogeneity (deaths) or a binomial test (number of participants). Results were
considered statistically significant at p-value < 0.05.

Unadjusted survival curves for “high” and “low” groups of participants were generated using
the Kaplan–Meier method for censored data and the survival curves were compared using log-rank
tests. In addition, Cox proportional hazards models adjusted for sex and age at study enrollment were
fit to the dichotomized biochemical measures and a clinical outcome of interest. The analyses were
further stratified by sex, in order to identify any sex-specific differences in the association between
dichotomized biochemical measures and clinical outcomes of interest. Interaction between age and
dichotomized biochemical measures were investigated in mortality models stratified by median age
at enrollment. Additionally, models were adjusted for dichotomized IGF-1 levels to investigate the
independent associations between IGFBPs and clinical outcomes. BMI and insulin levels were included
as covariates in models that predicted incidence of diabetes.

3. Results

3.1. Baseline Characteristics of Study Cohort

The study included 840 subjects (54.5% female), whose baseline characteristics are shown in
Table 1 and in Tables S1 and S2. The median follow-up time for mortality was 6.9 years (interquartile
range 4.6–8.5 years). The average age of the cohort was 76.1 ± 6.8 years, with no significant difference
between men and women (p = 0.39). Men, on average, had higher serum IGF-1 levels (p < 0.001)
and IGF-1/IGFBP-3 molar ratios (p < 0.001), but lower IGFBP-1 (p < 0.001) and IGFBP-3 (p < 0.001)
compared to women. The average age was significantly older in subjects with low IGF-1 compared to
those with high IGF-1 in the combined cohort (p = 0.04) and among men in the sex-stratified analysis
(p = 0.02), (Table S2). Over the course of follow-up, 13.9% of study participants died. At baseline,
prevalence of morbidities was as follows: cardiovascular disease 12.7%, diabetes 10.5%, cancer 22.1%,
and MDCI 3.0% (Table S1).
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Table 1. Baseline characteristics of study cohort. All p-values are for comparisons between males
and females.

All Male Female p-Value

Number of Individuals, n (%) 840 382 (45.5) 458 (54.5) 0.01

Deaths, n (%) 117 (13.9) 65 (17.0) 52 (11.4) 0.02

Age (years), mean ± SD 76.1 ± 6.8 76.4 ± 7.0 76.0 ± 6.7 0.39

BMI (kg/m2), mean ± SD, n = 820 27.6 ± 4.7 27.9 ± 3.9 27.3 ± 5.3 0.053

Insulin (mIU/L), mean ± SD, n = 801 15.4 ± 12.3 16.6 ± 15.7 14.5 ± 8.3 0.02

IGF-1 (ng/mL), mean ± SD, n = 761 117 ± 38 127 ± 39 108 ± 36 <0.001

IGFBP-1 (ng/mL), mean ± SD, n = 728 19 ± 15 17 ± 14 21 ± 15 <0.001

IGFBP-3 (mg/L), mean ± SD, n = 828 3.9 ± 1.0 3.6 ± 0.9 4.2 ± 1.0 <0.001

IGF-1/IGFBP-3 Molar Ratio, n = 749 0.13 ± 0.04 0.15 ± 0.04 0.11 ± 0.03 <0.001

3.2. IGF-Associated Proteins and Mortality: Low IGFBP-3 and High IGF-1/IGFBP-3 Molar Ratio Predict
Mortality Risk

In unadjusted analysis, baseline IGF-1 levels were not predictive of mortality risk (Figure 1a–c).
Upon adjustment for baseline age, we observed a non-significant trend towards higher mortality
hazard with high IGF-1 levels in women (HR = 1.28, 95% CI 0.96–1.71, p = 0.09; Figure 2c). High levels
of IGFBP-1, compared to low levels, were associated with significantly higher mortality risk in the
overall cohort (p < 0.001) and among men (p < 0.001), (Figure 1d–f), but the associations became
non-significant upon adjustment for age and sex (Figure 2a–c). On the other hand, high levels of
IGFBP-3 predicted a lower mortality risk in an unadjusted analysis of the overall cohort (p < 0.001),
as well as in men (p = 0.005) and women (p = 0.003) (Figure 1g–i). The difference in mortality risk
between subjects with high vs. low IGFBP-3 remained significant upon adjusting for age and sex in the
overall cohort (HR 0.82, 95% CI 0.680–0.998, p = 0.048), while in sex-stratified analysis associations
retained the same direction but lost statistical significance (Figure 2a–c). Further adjustment for IGF-1
did not significantly alter the association between IGFBP-3 and mortality in the overall cohort (HR 0.71,
95% CI 0.56–0.89, p = 0.003) and strengthened it in women (HR 0.60, 95% CI 0.43–0.84, p = 0.003), but the
association in men remained non-significant (HR 0.85, 95% CI 0.62–1.17 p = 0.32). High IGF-1/IGFBP-3
molar ratio, which is an estimate of circulating free IGF-1, was associated with higher mortality risk in
the overall cohort (p = 0.002) and in women (p = 0.003) in unadjusted analysis (Figure 1j–l), and these
associations persisted upon adjustment for age and sex (HR 1.28, 95% CI 1.05–1.57, p = 0.02 and HR
1.53, 95% CI 1.12–2.09, p = 0.007, respectively) (Figure 2a–c). After exclusion of 5 participants (4 males,
1 female) who died during the first year of follow-up, associations between IGF-1 and related proteins
with mortality remained largely unchanged (data not shown).

Stratification by median participant baseline age showed consistent associations of IGF-related
proteins and mortality between the two age groups (Figure S1), with the exception of IGFBP-1,
which was significantly positively associated with mortality in younger (HR 1.60, 95% CI 1.04–2.46,
p = 0.03) but not in older participants (HR 0.98, 95% CI 0.78–1.22, p = 0.85). High IGF-1, on the other
hand, was more strongly associated with mortality among older women (HR 1.47, 95% CI 1.03–2.08,
p = 0.03) compared with younger women (HR 1.10, 95% CI 0.64–1.87, p = 0.73).



Cells 2020, 9, 1368 6 of 18

Cells 2020, 9, x 6 of 19 

 

 
Figure 1. Insulin-like growth factor (IGF)-associated proteins and mortality. Unadjusted survival 
curves for individuals with high and low levels of IGF-1 (a. combined cohort; b. males; c. females), 
IGFBP-1 (d–f), IGFBP-3 (g–i), and IGF-1/IGFBP-3 molar ratio (j–l). 

 
Figure 2. IGF-associated proteins and mortality hazard. Sex and age-adjusted survival hazards for 
combined cohort (a) and age-adjusted survival hazard for males (b) and females (c) with high levels 
of IGF-associated proteins as compared to individuals with low levels. 

Stratification by median participant baseline age showed consistent associations of IGF-related 
proteins and mortality between the two age groups (Figure S1), with the exception of IGFBP-1, 
which was significantly positively associated with mortality in younger (HR 1.60, 95% CI 1.04–2.46, 
p = 0.03) but not in older participants (HR 0.98, 95% CI 0.78–1.22, p = 0.85). High IGF-1, on the other 

Figure 1. Insulin-like growth factor (IGF)-associated proteins and mortality. Unadjusted survival
curves for individuals with high and low levels of IGF-1 (a. combined cohort; b. males; c. females),
IGFBP-1 (d–f), IGFBP-3 (g–i), and IGF-1/IGFBP-3 molar ratio (j–l).



Cells 2020, 9, 1368 7 of 18

Cells 2020, 9, x 6 of 19 

 

 
Figure 1. Insulin-like growth factor (IGF)-associated proteins and mortality. Unadjusted survival 
curves for individuals with high and low levels of IGF-1 (a. combined cohort; b. males; c. females), 
IGFBP-1 (d–f), IGFBP-3 (g–i), and IGF-1/IGFBP-3 molar ratio (j–l). 

 
Figure 2. IGF-associated proteins and mortality hazard. Sex and age-adjusted survival hazards for 
combined cohort (a) and age-adjusted survival hazard for males (b) and females (c) with high levels 
of IGF-associated proteins as compared to individuals with low levels. 

Stratification by median participant baseline age showed consistent associations of IGF-related 
proteins and mortality between the two age groups (Figure S1), with the exception of IGFBP-1, 
which was significantly positively associated with mortality in younger (HR 1.60, 95% CI 1.04–2.46, 
p = 0.03) but not in older participants (HR 0.98, 95% CI 0.78–1.22, p = 0.85). High IGF-1, on the other 

Figure 2. IGF-associated proteins and mortality hazard. Sex and age-adjusted survival hazards for
combined cohort (a) and age-adjusted survival hazard for males (b) and females (c) with high levels of
IGF-associated proteins as compared to individuals with low levels.

3.3. IGF-Associated Proteins and Morbidity: High IGF-1 Predicts Risk for MDCI and Age-Related Composite
Morbidity while Low IGFBP-1 Predicts Risk for Diabetes

High IGF-1 levels, compared to low IGF-1 levels, were associated with greater risk for incident
MDCI in the overall cohort (p = 0.04) and in men (p = 0.045). These associations remained significant
after adjusting for baseline age and sex, with HR 1.56, 95% CI 1.08–2.26, p = 0.02 and HR 1.81, 95% CI
1.04–3.16, p = 0.04 for MDCI in the overall cohort and in men, respectively. Similarly, we observed a
greater risk with high IGF-1 for composite incident morbidity in the overall cohort (p = 0.04) and in
men (p = 0.03) (Figure 3), which remained significant after adjustments (HR 1.242, 95% CI 1.004–1.538,
p = 0.046 and HR 1.44, 95% CI 1.04–2.01, p = 0.03, respectively; Figure 4). High IGFBP-1, compared to
low IGFBP-1 level, was also associated with higher risk for incident MDCI in men (p = 0.004), but not
in the overall cohort (p = 0.11) or in women (p = 0.43), (Figure 5). After adjusting for age and sex,
the association between IGFBP-1 level and MDCI hazard became non-significant (Figure 6). On the
other hand, high IGFBP-1 was associated with reduced diabetes risk in the overall cohort in unadjusted
analysis (p = 0.01), (Figure 5). In age- and sex-adjusted analysis, high IGFBP-1 remained significantly
associated with protection from incident diabetes in the overall cohort (HR 0.50, 95% CI 0.29–0.88,
p = 0.02) and in men (HR 0.31, 95% CI 0.10–0.92, p = 0.03; Figure 6). These associations persisted upon
inclusion of IGF-1 as a covariate in the age- and sex-adjusted model (HR 0.50, 95% CI 0.29–0.89, p = 0.02
in the overall cohort; HR 0.30, 95% CI 0.10–0.89, p = 0.03 in men). However, when body mass index
(BMI) and insulin levels were added to the model, the association between IGFBP-1 and diabetes was
attenuated and no longer significant (HR 0.47, 95% CI 0.21–1.03, p = 0.06 in the overall cohort; HR 0.66,
95% CI 0.26–1.67, p = 0.38 in men). Levels of IGFBP-3 were not significantly associated with risk of any
of the investigated age-related diseases (Figures S2 and S3). Associations between high IGF-1/IGFBP-3
ratio and MDCI risk were in the same directions as those between IGF-1 and MDCI, but they reached
statistical significance only among women in both unadjusted (p = 0.04) and age-adjusted analyses
(HR 1.81, 95% CI 1.03–3.21, p = 0.04), (Figures S4 and S5).
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4. Discussion 

In a longitudinal cohort of independently living older adults in generally good health, we 
found that IGF-1 and associated proteins predicted all-cause mortality and incidence of age-related 
diseases, including MDCI, diabetes, and composite incident morbidity. High IGF-1/IGFBP-3 molar 
ratio, which is considered an estimate of bioavailable IGF-1 [21], predicted a 28% greater risk of 
mortality, while high baseline IGF-1 level predicted a 56% greater risk for MDCI and a 24% greater 
risk for composite incident morbidity. The rationale for studying a morbidity composite that 
includes several major diseases is that aging is a risk factor for all age-related diseases. Therefore, a 
biological process that accelerates aging is expected to increase the risk for multiple age-associated 
diseases [47]. Our results confirm findings from model organisms [6–8] and cohorts with 
exceptional longevity [22,23,41], which demonstrated that attenuated IGF-1 levels or bioavailability 
were predictive of extended lifespan and health-span. While these findings are consistent with 
several other epidemiologic studies [48], we provide additional evidence for the role of GH/IGF-1 
axis in mortality and morbidity, specifically among older adults. We have also shown that IGFBP-3 
and IGFBP-1 predict mortality and diabetes, respectively. This contributes to the growing body of 
evidence that IGFBPs, in addition to their classical roles in regulating IGF-1 bioavailability, may 
also exert independent effects on lifespan and health-span. 

The results from our study support the theory that diminished IGF-1 levels and bioavailability 
promote longevity and prolonged health-span in humans. The longevity-promoting mechanisms of 
diminished GH/IGF-1 signaling are well-studied in animal models and include improved stress 
defense, autophagy and cell survival via reduced PI3K/Akt and mTOR signaling [49,50]. Data from 
human studies have also shown that GH receptor deficiency improves defense from oxidative 
stress in healthy tissues and promotes apoptosis in neoplastic cells [17]. In genetic studies, 
mutations in the IGF-1 receptor that result in partial IGF-1 resistance [51] and polymorphisms in 
genes in insulin/IGF-1 signaling pathway [52,53], were associated with exceptional longevity. In 
exceptionally long-lived human cohorts, our group and others have shown that lower levels of IGF-
1 and IGF-1/IGFBP-3 molar ratio predict longer survival [22,23], better cognitive function [41], and 
better functional status [23]. On the other hand, studies in older individuals who were not of 
exceptionally old age have shown inconsistent results. While one study in community-dwelling 
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Figure 6. IGFBP-1 and morbidity hazard. Sex and age-adjusted morbidity hazards for all individuals
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compared to individuals with low levels.

4. Discussion

In a longitudinal cohort of independently living older adults in generally good health, we found
that IGF-1 and associated proteins predicted all-cause mortality and incidence of age-related diseases,
including MDCI, diabetes, and composite incident morbidity. High IGF-1/IGFBP-3 molar ratio, which is
considered an estimate of bioavailable IGF-1 [21], predicted a 28% greater risk of mortality, while high
baseline IGF-1 level predicted a 56% greater risk for MDCI and a 24% greater risk for composite
incident morbidity. The rationale for studying a morbidity composite that includes several major
diseases is that aging is a risk factor for all age-related diseases. Therefore, a biological process that
accelerates aging is expected to increase the risk for multiple age-associated diseases [47]. Our results
confirm findings from model organisms [6–8] and cohorts with exceptional longevity [22,23,41],
which demonstrated that attenuated IGF-1 levels or bioavailability were predictive of extended lifespan
and health-span. While these findings are consistent with several other epidemiologic studies [48],
we provide additional evidence for the role of GH/IGF-1 axis in mortality and morbidity, specifically
among older adults. We have also shown that IGFBP-3 and IGFBP-1 predict mortality and diabetes,
respectively. This contributes to the growing body of evidence that IGFBPs, in addition to their classical
roles in regulating IGF-1 bioavailability, may also exert independent effects on lifespan and health-span.

The results from our study support the theory that diminished IGF-1 levels and bioavailability
promote longevity and prolonged health-span in humans. The longevity-promoting mechanisms
of diminished GH/IGF-1 signaling are well-studied in animal models and include improved stress
defense, autophagy and cell survival via reduced PI3K/Akt and mTOR signaling [49,50]. Data from
human studies have also shown that GH receptor deficiency improves defense from oxidative stress in
healthy tissues and promotes apoptosis in neoplastic cells [17]. In genetic studies, mutations in the
IGF-1 receptor that result in partial IGF-1 resistance [51] and polymorphisms in genes in insulin/IGF-1
signaling pathway [52,53], were associated with exceptional longevity. In exceptionally long-lived
human cohorts, our group and others have shown that lower levels of IGF-1 and IGF-1/IGFBP-3 molar
ratio predict longer survival [22,23], better cognitive function [41], and better functional status [23].
On the other hand, studies in older individuals who were not of exceptionally old age have shown
inconsistent results. While one study in community-dwelling older adults found lower IGF-1 levels to
be associated with decreased mortality [48], other studies in individuals with high cardiovascular risk
found associations with increased mortality [24,25], or null results [26,38]. Our results offer additional
evidence in support of lower IGF-1 levels being associated with reduced mortality and may bring us
closer to resolving these inconsistencies.

It is important to note that the same IGF-1 level can represent different physiological states
depending on the context and population studied. For instance, IGF-1 levels may be low due to an
acute illness [31] or chronic disease [32], which could lead to findings of an inverse association between
IGF-1 levels and mortality as a result of “reverse causation”. On the other hand, low IGF-1 level may
reflect a lifelong diminished IGF-1 signaling due to genetic variants that may confer longevity. In fact,
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the relationship between IGF-1 levels and mortality may be bimodal in a heterogeneous population,
as shown in a meta-analysis that included 12 studies and more than 14,000 subjects [54]. The association
of low IGF-1 levels with mortality may reflect the presence of chronic disease, while the association
of high IGF-1 levels with mortality might reflect life-long higher IGF-1 exposure. Our cohort was
in good overall health, with relatively low prevalence of chronic diseases [55,56] and our findings
were confirmed upon exclusion of those who died within the first year of follow-up. Therefore,
the associations between IGF-1 levels and mortality were unlikely to be affected by pre-existing
comorbid conditions and suggest protection by reduced IGF-1 signaling per se. The age of the cohort
should also be taken into consideration. Since IGF-1 levels naturally decline with age [57], a low IGF-1
level in a younger individual may reflect an underlying disease or accelerated aging, whereas a low
IGF-1 level in an older individual may reflect healthy physiology. Thus, age-interaction is important to
consider in any analysis. Since our cohort was composed only of older individuals, it would not have
been surprising not to find interactions between age and IGF-1-associated measures in prediction of
mortality risk. However, even in this older cohort (mean age 76.0 for females) we detected a signal
for greater hazard of mortality with higher IGF-1 in a subgroup of females above median age (mean
age 81.8 years), which further supports the theory that high IGF-1 may be particularly detrimental in
older individuals. In our cohort, low baseline IGF-1 bioavailability and levels predicted both delayed
occurrence of age-associated morbidities and longer survival, supporting the notion that diminished
IGF-1 signaling is associated with delayed aging. Furthermore, by conducting our analysis in a
relatively healthy cohort of older age, we minimized many potential confounders.

Higher IGF-1 levels in our cohort were associated with incident MDCI. While the role of IGF-1
system in cognitive aging has been extensively studied, prior findings have not been conclusive [58].
Cross-sectional studies in middle-aged and older individuals have reported both positive [59,60] and
negative [41,61] correlations between circulating IGF-1 levels and cognitive performance. Prospective
studies have similarly shown conflicting findings. A study in older women, using phone-based
neurocognitive assessments, found positive association between baseline IGF-1 and future cognitive
performance [62]. The opposite was found in men of similar age in a study that used more
comprehensive, in-person neurocognitive evaluations [61]. Some of these conflicting findings may
be attributed to heterogeneity between the study populations, methods of cognitive assessment,
and definitions of cognitive outcomes [58]. The comprehensive in-person neurocognitive assessments
and diagnosis of MDCI, established by a neuropsychologist, increase confidence in the validity of our
findings. Furthermore, the biological effects of IGF-1 on the brain may vary depending on age and type
of insult [58]. IGF-1 promotes neurogenesis, synaptogenesis, myelination, and cell survival, which are
important for brain development and repair after an acute injury [63,64]. On the other hand, IGF-1
increases oxidative stress and inhibits both autophagy and stress responses, leading to diminished
cell resilience and accumulation of aberrant proteins and other cellular debris [49,65]. Consistent with
these experimental data, interventional trials did not confirm protective cognitive effects of IGF-1 in
older adults [66,67]. Presence of high levels of IGF-1 is therefore beneficial for the brain during youth
and after an acute insult, but may be detrimental during aging and in evolving neurodegenerative
diseases [58], which is supported by our results. As prior studies have shown that older individuals
with MDCI with memory involvement have a high rate of conversion to Alzheimer’s disease [45],
it will be important to further explore the role of IGF-1 in progression from cognitive impairment to
Alzheimer’s disease in cohorts with larger number of participants and/or longer follow-up.

Our findings reaffirmed the negative association between IGFBP-3 and all-cause mortality
previously noted by other studies [33,34,38]. Furthermore, we confirmed that the association between
IGFBP-3 and all-cause mortality is independent from IGF-1 levels, as previously suggested [33,34,38].
These epidemiologic observations of IGFBP-3′s independent effects are supported by experimental
evidence and possibly involve two different mechanisms. First, the functional nuclear localization
sequence of IGFBP-3 allows it to enter the nucleus [68], where it has been shown to alter gene
expression [69]. Second, IGFBP-3 may bind to a cell-surface receptor lipoprotein receptor-related
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protein-1 (LRP-1), which was shown to mediate inhibitory effects of IGFBP-3 on cellular growth [70].
Experimental [71,72] and epidemiologic studies [34] suggest that IGFBP-3 may exert its protective
effects by reducing cancer-related mortality. However, not all studies have been consistent [73,74] and
power limitations in our study precluded cause-specific mortality analysis.

While low levels of IGFBP-1 have been associated with increased risk for diabetes in middle-aged
individuals [75–77], our study is among the first to show that low IGFBP-1 levels may predict diabetes
in older adults. Circulating IGFBP-1, which is produced mainly by the liver, is normally suppressed in
postprandial state by hyperinsulinemia [78] and increased glycolysis [79]. As the levels of IGFBP-1
fluctuate throughout the day in response to feeding and fasting, it acutely regulates the availability
of free IGF-1, which has insulin-sensitizing effects [80]. In adipose tissue, IGFBP-1 inhibits IGF-1
stimulated proliferation of preadipocytes [81], resulting in reduced fat mass [82]. At the same time,
IGFBP-1 may promote insulin secretion and glucose uptake independently of IGF-1, via binding to a
cell-surface integrin receptor [83]. In line with these experimental findings, several cross-sectional and
prospective epidemiologic studies have associated low IGFBP-1 levels with obesity [84], high fasting
insulin [75], impaired glucose tolerance, and diabetes [75,76,85] in middle-aged individuals. However,
prospective data on the association between IGFBP-1 and diabetes risk in older adults are scarce.
In our cohort of older adults, we found in an age-adjusted analysis that low IGFBP-1 predicted risk for
diabetes. This association persisted after adjusting for IGF-1 but was attenuated with inclusion of BMI
and insulin in the model. These findings indicate that the protective effects of high IGFBP-1 against
diabetes may be partly mediated by lower BMI and related enhanced insulin sensitivity in individuals
with high IGFBP-1.

The sex-stratified analysis highlighted that some of the studied associations may be sex-specific
or preferential. For instance, we found that IGF-1/IGFBP-3 molar ratio may be a better predictor of
mortality in women than in men, similar to the findings from many rodent [6,10,11] and human [22]
studies. It is well known that levels of various elements of the GH/IGF-1 system vary between men
and women. Men have higher levels of IGF-1 and IGF-1/IGFBP-3 molar ratio, whereas women have
higher levels of IGFBP-3 and IGFBP-1 [21,86]. Women also have diminished physiologic response
to GH, which translates into lower IGF-1 levels and alterations in body water and fat content [87].
However, it is not established whether these differences contribute to observed divergence in mortality
and morbidity between men and women. Future studies are needed to clarify if hormonal or other
sex-specific factors interact with signaling in the GH/IGF-1 pathway.

Although our study possesses many unique strengths, it also has some limitations. Assessment
of GH/IGF-1 pathway activity in humans remains challenging due to the inherent complexity of this
biological system [36]. Additionally, it has been noted that total IGF-1 level may be an imperfect
proxy for bioavailable IGF-1 [88]. However, the high-affinity with which IGF-1 binds to IGFBPs has
limited the development of a reliable laboratory assay for measuring free IGF-1 [37]. We therefore used
IGF-1/IGFBP-3 molar ratio as an estimate of free IGF-1, similar to a number of previous studies [23,89–91].
IGF-1/IGFBP-3 ratio has been shown to positively correlate with free IGF-1 [92] and has been associated
with a number of clinical outcomes, including functional status in nonagenarians [23], metabolic
disease [89,90], and neoplastic diseases [91,93]. Regardless of the selected measure, a single measure
of IGF-1 level and its associated proteins does not capture adequately the life-long exposure to
IGF-1; thus, a longitudinal study with repeated measures would be needed to investigate the role of
IGF-1 trajectories in human longevity and health-span. Another important member of the GH/IGF-1
system and the most abundant IGF in circulation is IGF-2. IGF-2, which has been implicated in
disease [91,94], binds to the same IGFBPs and receptors as IGF-1, although at lower affinity, and signals
via shared pathways with IGF-1 [95]; however, assessment of IGF-2 levels was out of scope of this study.
Additionally, due to general good health of our cohort [55,56], there were relatively few incident disease
events, which limited our power to study some of the age-related disease outcomes, in particular in
sex-stratified analyses. However, the fact that our cohort was in good health allowed us to interpret
our findings more reliably in the context of healthy aging and to minimize confounding that may
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arise from alterations in the GH/IGF-1 axis as a result of disease. Furthermore, all study samples
were collected in the morning and under fasting conditions. This was particularly relevant for the
interpretation of IGFBP-1 levels, which normally fluctuate in relation to prandial status; yet, not all
prior studies have been able to establish these conditions [39].

In conclusion, our findings indicate that higher IGF-1 levels and/or bioavailability are predictive
of mortality and morbidity risk. These results support the hypothesis that diminished signaling
via GH/IGF-1 pathway may contribute to longevity and health-span in humans. If the detrimental
effects of high IGF-1 signaling in older adults are confirmed by larger studies with longer follow-up
time, then the GH/IGF-1 pathway may represent a promising target for therapies that delay aging.
A monoclonal antibody that targets IGF-1 receptor (IGF-1R) and decreases IGF-1 signaling has already
been shown to increase health-span and lifespan in middle-age female mice [96]. In fact, several FDA
approved drugs that inhibit GH/IGF-1 signaling are currently in clinical use for other indications.
For example, pegvisomant, a growth hormone receptor antagonist, is used for normalizing IGF-1
levels in acromegaly [97] and teprotumumab, which antagonizes IGF-1R, is used to treat thyroid eye
disease [98]. These drugs could be readily repurposed for slowing aging in clinical trials. The findings
in our study highlight the relevance of this evolutionarily conserved longevity pathway in human
aging, and underscore the importance of future studies. In particular, investigating the longitudinal
trajectories of circulating IGF-1 and associated proteins and genetically quantifying GH/IGF-1 signaling
could serve to strengthen the causal connection between the GH/IGF-1 pathway and human aging.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/6/1368/s1,
Table S1: Baseline prevalence of age-related morbidities; Table S2: Baseline Characteristics of High and Low IGF-1
Groups; Figure S1: IGF-Associated Proteins and Mortality Hazard, Age-Stratified; Figure S2: IGFBP-3 Levels and
Morbidity; Figure S3: IGFBP-3 and Morbidity Hazard; Figure S4: IGF-1/IGFBP-3 Molar Ratios and Morbidity;
Figure S5: IGF-1/IGFBP-3 Molar Ratios and Morbidity Hazard.

Author Contributions: Conceptualization, W.B.Z., S.A., S.M., and N.B.; methodology, W.B.Z., S.A. and S.M.;
software, W.B.Z.; validation, W.B.Z. and S.A.; formal analysis, W.B.Z.; investigation, W.B.Z. and S.A.; resources, T.G.
and S.M.; data curation, W.B.Z., S.A., T.G., E.F.W., and E.D.; writing—original draft preparation, S.A. and W.B.Z.;
writing—review and editing, S.A., W.B.Z., S.M., E.F.W., R.H., N.B., and J.V.; visualization, W.B.Z.; supervision,
S.M. and N.B.; project administration, S.M. and T.G.; funding acquisition, S.M., J.V., and N.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH/NIA K23AG051148 (S.M.), R01AG061155 (S.M.), P30AG038072 (N.B.),
R01AG057909 (N.B.), R01AG044829-01A1 (N.B., J.V.), R01AG050448 (R.H.), T32AG023475-18 (W.B.Z.); NIH/NINDS
2R37NS43209 (E.F.W.), 1UG3NS105565–01 (E.F.W.), R01NS109023 (R.H.); NIH/NCATS Einstein/Montefiore CTSA
UL1TR002556 (S.A.); American Federation for Aging Research (S.M.); Paul F. Glenn Center for Biology of Aging
Research (N.B.) and NY State Department of Health Center of Excellence for Alzheimer’s Disease (E.F.W.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nikolich-Zugich, J.; Goldman, D.P.; Cohen, P.R.; Cortese, D.; Fontana, L.; Kennedy, B.K.; Mohler, M.J.;
Olshansky, S.J.; Perls, T.; Perry, D.; et al. Preparing for an Aging World: Engaging Biogerontologists,
Geriatricians, and the Society. J. Gerontol. A Biol. Sci. Med. Sci. 2016, 71, 435–444. [CrossRef] [PubMed]

2. Guarente, L.; Kenyon, C. Genetic pathways that regulate ageing in model organisms. Nature 2000, 408,
255–262. [CrossRef] [PubMed]

3. Sonntag, W.E.; Csiszar, A.; deCabo, R.; Ferrucci, L.; Ungvari, Z. Diverse roles of growth hormone and
insulin-like growth factor-1 in mammalian aging: Progress and controversies. J. Gerontol. A Biol. Sci. Med.
Sci. 2012, 67, 587–598. [CrossRef] [PubMed]

4. Kenyon, C.; Chang, J.; Gensch, E.; Rudner, A.; Tabtiang, R. A C. elegans mutant that lives twice as long as
wild type. Nature 1993, 366, 461–464. [CrossRef] [PubMed]

5. Broughton, S.J.; Piper, M.D.; Ikeya, T.; Bass, T.M.; Jacobson, J.; Driege, Y.; Martinez, P.; Hafen, E.; Withers, D.J.;
Leevers, S.J.; et al. Longer lifespan, altered metabolism, and stress resistance in Drosophila from ablation of
cells making insulin-like ligands. Proc. Natl. Acad. Sci. USA 2005, 102, 3105–3110. [CrossRef] [PubMed]

6. Brown-Borg, H.M.; Borg, K.E.; Meliska, C.J.; Bartke, A. Dwarf mice and the ageing process. Nature 1996, 384,
33. [CrossRef]

http://www.mdpi.com/2073-4409/9/6/1368/s1
http://dx.doi.org/10.1093/gerona/glv164
http://www.ncbi.nlm.nih.gov/pubmed/26419976
http://dx.doi.org/10.1038/35041700
http://www.ncbi.nlm.nih.gov/pubmed/11089983
http://dx.doi.org/10.1093/gerona/gls115
http://www.ncbi.nlm.nih.gov/pubmed/22522510
http://dx.doi.org/10.1038/366461a0
http://www.ncbi.nlm.nih.gov/pubmed/8247153
http://dx.doi.org/10.1073/pnas.0405775102
http://www.ncbi.nlm.nih.gov/pubmed/15708981
http://dx.doi.org/10.1038/384033a0


Cells 2020, 9, 1368 14 of 18

7. Ikeno, Y.; Bronson, R.T.; Hubbard, G.B.; Lee, S.; Bartke, A. Delayed occurrence of fatal neoplastic diseases in
ames dwarf mice: Correlation to extended longevity. J. Gerontol. A Biol. Sci. Med. Sci. 2003, 58, 291–296.
[CrossRef]

8. Flurkey, K.; Papaconstantinou, J.; Miller, R.A.; Harrison, D.E. Lifespan extension and delayed immune and
collagen aging in mutant mice with defects in growth hormone production. Proc. Natl. Acad. Sci. USA 2001,
98, 6736–6741. [CrossRef]

9. Coschigano, K.T.; Clemmons, D.; Bellush, L.L.; Kopchick, J.J. Assessment of growth parameters and life span
of GHR/BP gene-disrupted mice. Endocrinology 2000, 141, 2608–2613. [CrossRef]

10. Holzenberger, M.; Dupont, J.; Ducos, B.; Leneuve, P.; Geloen, A.; Even, P.C.; Cervera, P.; Le Bouc, Y. IGF-1
receptor regulates lifespan and resistance to oxidative stress in mice. Nature 2003, 421, 182–187. [CrossRef]

11. Selman, C.; Lingard, S.; Choudhury, A.I.; Batterham, R.L.; Claret, M.; Clements, M.; Ramadani, F.;
Okkenhaug, K.; Schuster, E.; Blanc, E.; et al. Evidence for lifespan extension and delayed age-related
biomarkers in insulin receptor substrate 1 null mice. FASEB J. 2008, 22, 807–818. [CrossRef]

12. Kinney, B.A.; Meliska, C.J.; Steger, R.W.; Bartke, A. Evidence that Ames dwarf mice age differently from
their normal siblings in behavioral and learning and memory parameters. Horm. Behav. 2001, 39, 277–284.
[CrossRef]

13. Ikeno, Y.; Hubbard, G.B.; Lee, S.; Cortez, L.A.; Lew, C.M.; Webb, C.R.; Berryman, D.E.; List, E.O.; Kopchick, J.J.;
Bartke, A. Reduced incidence and delayed occurrence of fatal neoplastic diseases in growth hormone
receptor/binding protein knockout mice. J. Gerontol. A Biol. Sci. Med. Sci. 2009, 64, 522–529. [CrossRef]

14. Spadaro, O.; Goldberg, E.L.; Camell, C.D.; Youm, Y.H.; Kopchick, J.J.; Nguyen, K.Y.; Bartke, A.; Sun, L.Y.;
Dixit, V.D. Growth Hormone Receptor Deficiency Protects against Age-Related NLRP3 Inflammasome
Activation and Immune Senescence. Cell Rep. 2016, 14, 1571–1580. [CrossRef]

15. Wolf, E.; Kahnt, E.; Ehrlein, J.; Hermanns, W.; Brem, G.; Wanke, R. Effects of long-term elevated serum levels
of growth hormone on life expectancy of mice: Lessons from transgenic animal models. Mech. Ageing Dev.
1993, 68, 71–87. [CrossRef]

16. Bartke, A.; Chandrashekar, V.; Bailey, B.; Zaczek, D.; Turyn, D. Consequences of growth hormone (GH)
overexpression and GH resistance. Neuropeptides 2002, 36, 201–208. [CrossRef]

17. Guevara-Aguirre, J.; Balasubramanian, P.; Guevara-Aguirre, M.; Wei, M.; Madia, F.; Cheng, C.W.; Hwang, D.;
Martin-Montalvo, A.; Saavedra, J.; Ingles, S.; et al. Growth hormone receptor deficiency is associated with a
major reduction in pro-aging signaling, cancer, and diabetes in humans. Sci. Transl. Med. 2011, 3, 70ra13.
[CrossRef]

18. Colao, A.; Ferone, D.; Marzullo, P.; Lombardi, G. Systemic complications of acromegaly: Epidemiology,
pathogenesis, and management. Endocr. Rev. 2004, 25, 102–152. [CrossRef]

19. Dal, J.; Leisner, M.Z.; Hermansen, K.; Farkas, D.K.; Bengtsen, M.; Kistorp, C.; Nielsen, E.H.; Andersen, M.;
Feldt-Rasmussen, U.; Dekkers, O.M.; et al. Cancer Incidence in Patients With Acromegaly: A Cohort Study
and Meta-Analysis of the Literature. J. Clin. Endocrinol. Metab. 2018, 103, 2182–2188. [CrossRef]

20. Dekkers, O.M.; Biermasz, N.R.; Pereira, A.M.; Romijn, J.A.; Vandenbroucke, J.P. Mortality in acromegaly:
A metaanalysis. J. Clin. Endocrinol. Metab. 2008, 93, 61–67. [CrossRef]

21. Friedrich, N.; Wolthers, O.D.; Arafat, A.M.; Emeny, R.T.; Spranger, J.; Roswall, J.; Kratzsch, J.; Grabe, H.J.;
Hübener, C.; Pfeiffer, A.F.H.; et al. Age- and Sex-Specific Reference Intervals Across Life Span for Insulin-Like
Growth Factor Binding Protein 3 (IGFBP-3) and the IGF-I to IGFBP-3 Ratio Measured by New Automated
Chemiluminescence Assays. J. Clin. Endocrinol. Metab. 2014, 99, 1675–1686. [CrossRef] [PubMed]

22. Milman, S.; Atzmon, G.; Huffman, D.M.; Wan, J.; Crandall, J.P.; Cohen, P.; Barzilai, N. Low insulin-like
growth factor-1 level predicts survival in humans with exceptional longevity. Aging Cell 2014, 13, 769–771.
[CrossRef] [PubMed]

23. Van der Spoel, E.; Rozing, M.P.; Houwing-Duistermaat, J.J.; Slagboom, P.E.; Beekman, M.; de Craen, A.J.;
Westendorp, R.G.; van Heemst, D. Association analysis of insulin-like growth factor-1 axis parameters with
survival and functional status in nonagenarians of the Leiden Longevity Study. Aging (Albany Ny) 2015, 7,
956–963. [CrossRef] [PubMed]

24. Schutte, A.E.; Conti, E.; Mels, C.M.; Smith, W.; Kruger, R.; Botha, S.; Gnessi, L.; Volpe, M.; Huisman, H.W.
Attenuated IGF-1 predicts all-cause and cardiovascular mortality in a Black population: A five-year
prospective study. Eur. J. Prev. Cardiol. 2016, 23, 1690–1699. [CrossRef]

http://dx.doi.org/10.1093/gerona/58.4.B291
http://dx.doi.org/10.1073/pnas.111158898
http://dx.doi.org/10.1210/endo.141.7.7586
http://dx.doi.org/10.1038/nature01298
http://dx.doi.org/10.1096/fj.07-9261com
http://dx.doi.org/10.1006/hbeh.2001.1654
http://dx.doi.org/10.1093/gerona/glp017
http://dx.doi.org/10.1016/j.celrep.2016.01.044
http://dx.doi.org/10.1016/0047-6374(93)90141-D
http://dx.doi.org/10.1054/npep.2002.0889
http://dx.doi.org/10.1126/scitranslmed.3001845
http://dx.doi.org/10.1210/er.2002-0022
http://dx.doi.org/10.1210/jc.2017-02457
http://dx.doi.org/10.1210/jc.2007-1191
http://dx.doi.org/10.1210/jc.2013-3060
http://www.ncbi.nlm.nih.gov/pubmed/24483154
http://dx.doi.org/10.1111/acel.12213
http://www.ncbi.nlm.nih.gov/pubmed/24618355
http://dx.doi.org/10.18632/aging.100841
http://www.ncbi.nlm.nih.gov/pubmed/26568155
http://dx.doi.org/10.1177/2047487316661436


Cells 2020, 9, 1368 15 of 18

25. Bourron, O.; Le Bouc, Y.; Berard, L.; Kotti, S.; Brunel, N.; Ritz, B.; Leclercq, F.; Tabone, X.; Drouet, E.;
Mulak, G.; et al. Impact of age-adjusted insulin-like growth factor 1 on major cardiovascular events after
acute myocardial infarction: Results from the fast-MI registry. J. Clin. Endocrinol. Metab. 2015, 100, 1879–1886.
[CrossRef]

26. Kaplan, R.C.; McGinn, A.P.; Pollak, M.N.; Kuller, L.; Strickler, H.D.; Rohan, T.E.; Xue, X.; Kritchevsky, S.B.;
Newman, A.B.; Psaty, B.M. Total insulinlike growth factor 1 and insulinlike growth factor binding protein
levels, functional status, and mortality in older adults. J. Am. Geriatr Soc. 2008, 56, 652–660. [CrossRef]

27. Juul, A.; Scheike, T.; Davidsen, M.; Gyllenborg, J.; Jorgensen, T. Low serum insulin-like growth factor I is
associated with increased risk of ischemic heart disease: A population-based case-control study. Circulation
2002, 106, 939–944. [CrossRef]

28. Saber, H.; Himali, J.J.; Beiser, A.S.; Shoamanesh, A.; Pikula, A.; Roubenoff, R.; Romero, J.R.; Kase, C.S.;
Vasan, R.S.; Seshadri, S. Serum Insulin-Like Growth Factor 1 and the Risk of Ischemic Stroke: The Framingham
Study. Stroke A J. Cereb. Circ. 2017, 48, 1760–1765. [CrossRef]

29. Renehan, A.G.; Zwahlen, M.; Minder, C.; O’Dwyer, S.T.; Shalet, S.M.; Egger, M. Insulin-like growth factor
(IGF)-I, IGF binding protein-3, and cancer risk: Systematic review and meta-regression analysis. Lancet 2004,
363, 1346–1353. [CrossRef]

30. Kaplan, R.C.; McGinn, A.P.; Pollak, M.N.; Kuller, L.H.; Strickler, H.D.; Rohan, T.E.; Cappola, A.R.; Xue, X.;
Psaty, B.M. Association of total insulin-like growth factor-I, insulin-like growth factor binding protein-1
(IGFBP-1), and IGFBP-3 levels with incident coronary events and ischemic stroke. J. Clin. Endocrinol. Metab.
2007, 92, 1319–1325. [CrossRef]

31. Ross, R.; Miell, J.; Freeman, E.; Jones, J.; Matthews, D.; Preece, M.; Buchanan, C. Critically ill patients
have high basal growth hormone levels with attenuated oscillatory activity associated with low levels of
insulin-like growth factor-I. Clin. Endocrinol. 1991, 35, 47–54. [CrossRef] [PubMed]

32. Juul, A. Serum levels of insulin-like growth factor I and its binding proteins in health and disease. Growth Horm.
Igf. Res. 2003, 13, 113–170. [CrossRef]

33. Saydah, S.; Graubard, B.; Ballard-Barbash, R.; Berrigan, D. Insulin-like growth factors and subsequent risk of
mortality in the United States. Am. J. Epidemiol. 2007, 166, 518–526. [CrossRef] [PubMed]

34. Friedrich, N.; Haring, R.; Nauck, M.; Ludemann, J.; Rosskopf, D.; Spilcke-Liss, E.; Felix, S.B.; Dorr, M.;
Brabant, G.; Volzke, H.; et al. Mortality and serum insulin-like growth factor (IGF)-I and IGF binding protein
3 concentrations. J. Clin. Endocrinol. Metab. 2009, 94, 1732–1739. [CrossRef]

35. Jogie-Brahim, S.; Feldman, D.; Oh, Y. Unraveling insulin-like growth factor binding protein-3 actions in
human disease. Endocr. Rev. 2009, 30, 417–437. [CrossRef]

36. Allard, J.B.; Duan, C. IGF-Binding Proteins: Why Do They Exist and Why Are There So Many?
Front. Endocrinol. (Lausanne) 2018, 9, 117. [CrossRef]

37. Faix, J.D. Principles and pitfalls of free hormone measurements. Best Pract. Res. Clin. Endocrinol. Metab.
2013, 27, 631–645. [CrossRef]

38. Yeap, B.B.; Chubb, S.A.; McCaul, K.A.; Ho, K.K.; Hankey, G.J.; Norman, P.E.; Flicker, L. Associations of IGF1
and IGFBPs 1 and 3 with all-cause and cardiovascular mortality in older men: The Health In Men Study.
Eur. J. Endocrinol. Eur. Fed. Endocr. Soc. 2011, 164, 715–723. [CrossRef]

39. Laughlin, G.A.; Barrett-Connor, E.; Criqui, M.H.; Kritz-Silverstein, D. The prospective association of serum
insulin-like growth factor I (IGF-I) and IGF-binding protein-1 levels with all cause and cardiovascular
disease mortality in older adults: The Rancho Bernardo Study. J. Clin. Endocrinol. Metab. 2004, 89, 114–120.
[CrossRef]

40. Gubbi, S.; Schwartz, E.; Crandall, J.; Verghese, J.; Holtzer, R.; Atzmon, G.; Braunstein, R.; Barzilai, N.;
Milman, S. Effect of Exceptional Parental Longevity and Lifestyle Factors on Prevalence of Cardiovascular
Disease in Offspring. Am. J. Cardiol. 2017, 120, 2170–2175. [CrossRef]

41. Perice, L.; Barzilai, N.; Verghese, J.; Weiss, E.F.; Holtzer, R.; Cohen, P.; Milman, S. Lower circulating insulin-like
growth factor-I is associated with better cognition in females with exceptional longevity without compromise
to muscle mass and function. Aging (Albany Ny) 2016, 8, 2414–2424. [CrossRef]

42. The UniProt Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47,
D506–D515. [CrossRef]

43. Rinderknecht, E.; Humbel, R.E. The amino acid sequence of human insulin-like growth factor I and its
structural homology with proinsulin. J. Biol. Chem. 1978, 253, 2769–2776.

http://dx.doi.org/10.1210/jc.2014-3968
http://dx.doi.org/10.1111/j.1532-5415.2007.01637.x
http://dx.doi.org/10.1161/01.CIR.0000027563.44593.CC
http://dx.doi.org/10.1161/STROKEAHA.116.016563
http://dx.doi.org/10.1016/S0140-6736(04)16044-3
http://dx.doi.org/10.1210/jc.2006-1631
http://dx.doi.org/10.1111/j.1365-2265.1991.tb03495.x
http://www.ncbi.nlm.nih.gov/pubmed/1909610
http://dx.doi.org/10.1016/S1096-6374(03)00038-8
http://dx.doi.org/10.1093/aje/kwm124
http://www.ncbi.nlm.nih.gov/pubmed/17602136
http://dx.doi.org/10.1210/jc.2008-2138
http://dx.doi.org/10.1210/er.2008-0028
http://dx.doi.org/10.3389/fendo.2018.00117
http://dx.doi.org/10.1016/j.beem.2013.06.007
http://dx.doi.org/10.1530/EJE-11-0059
http://dx.doi.org/10.1210/jc.2003-030967
http://dx.doi.org/10.1016/j.amjcard.2017.08.040
http://dx.doi.org/10.18632/aging.101063
http://dx.doi.org/10.1093/nar/gky1049


Cells 2020, 9, 1368 16 of 18

44. Johnson, N.B.; Hayes, L.D.; Brown, K.; Hoo, E.C.; Ethier, K.A. CDC National Health Report: Leading causes
of morbidity and mortality and associated behavioral risk and protective factors–United States, 2005–2013.
MMWR Suppl. 2014, 63, 3–27.

45. Tabert, M.H.; Manly, J.J.; Liu, X.; Pelton, G.H.; Rosenblum, S.; Jacobs, M.; Zamora, D.; Goodkind, M.; Bell, K.;
Stern, Y.; et al. Neuropsychological prediction of conversion to Alzheimer disease in patients with mild
cognitive impairment. Arch. Gen. Psychiatry 2006, 63, 916–924. [CrossRef]

46. Jak, A.J.; Bondi, M.W.; Delano-Wood, L.; Wierenga, C.; Corey-Bloom, J.; Salmon, D.P.; Delis, D.C.
Quantification of five neuropsychological approaches to defining mild cognitive impairment. Am. J.
Geriatr. Psychiatry 2009, 17, 368–375. [CrossRef]

47. MacNee, W.; Rabinovich, R.A.; Choudhury, G. Ageing and the border between health and disease. Eur.
Respir. J. 2014, 44, 1332–1352. [CrossRef]

48. Andreassen, M.; Raymond, I.; Kistorp, C.; Hildebrandt, P.; Faber, J.; Kristensen, L.O. IGF1 as predictor of all
cause mortality and cardiovascular disease in an elderly population. Eur. J. Endocrinol. Eur. Fed. Endocr. Soc.
2009, 160, 25–31. [CrossRef]

49. Barzilai, N.; Huffman, D.M.; Muzumdar, R.H.; Bartke, A. The critical role of metabolic pathways in aging.
Diabetes 2012, 61, 1315–1322. [CrossRef]

50. Bartke, A.; Darcy, J. GH and ageing: Pitfalls and new insights. Best Pract. Res. Clin. Endocrinol. Metab. 2017,
31, 113–125. [CrossRef]

51. Suh, Y.; Atzmon, G.; Cho, M.O.; Hwang, D.; Liu, B.; Leahy, D.J.; Barzilai, N.; Cohen, P. Functionally significant
insulin-like growth factor I receptor mutations in centenarians. Proc. Natl. Acad. Sci. USA 2008, 105,
3438–3442. [CrossRef]

52. Van Heemst, D.; Beekman, M.; Mooijaart, S.P.; Heijmans, B.T.; Brandt, B.W.; Zwaan, B.J.; Slagboom, P.E.;
Westendorp, R.G. Reduced insulin/IGF-1 signalling and human longevity. Aging Cell 2005, 4, 79–85. [CrossRef]

53. Pawlikowska, L.; Hu, D.; Huntsman, S.; Sung, A.; Chu, C.; Chen, J.; Joyner, A.H.; Schork, N.J.; Hsueh, W.C.;
Reiner, A.P.; et al. Association of common genetic variation in the insulin/IGF1 signaling pathway with
human longevity. Aging Cell 2009, 8, 460–472. [CrossRef]

54. Burgers, A.M.; Biermasz, N.R.; Schoones, J.W.; Pereira, A.M.; Renehan, A.G.; Zwahlen, M.; Egger, M.;
Dekkers, O.M. Meta-analysis and dose-response metaregression: Circulating insulin-like growth factor I
(IGF-I) and mortality. J. Clin. Endocrinol. Metab. 2011, 96, 2912–2920. [CrossRef]

55. Centers for Disease Control and Prevention. National Diabetes Statistics Report; Centers for Disease Control
and Prevention, U.S. Dept of Health and Human Services: Atlanta, GA, USA, 2020.

56. Villarroel, M.A.B.D.; Jen, A. Tables of Summary Health Statistics for U.S. Adults: 2018 National Health
Interview Survey. National Center for Health Statistics, 2019. Available online: http://www.cdc.gov/nchs/
nhis/SHS/tables.htm (accessed on 27 April 2020).

57. Yamamoto, H.; Sohmiya, M.; Oka, N.; Kato, Y. Effects of aging and sex on plasma insulin-like growth factor I
(IGF-I) levels in normal adults. Acta Endocrinol. 1991, 124, 497–500. [CrossRef]

58. Gubbi, S.; Quipildor, G.F.; Barzilai, N.; Huffman, D.M.; Milman, S. 40 YEARS of IGF1: IGF1: The Jekyll and
Hyde of the aging brain. J. Mol. Endocrinol. 2018, 61, T171–T185. [CrossRef]

59. Al-Delaimy, W.K.; von Muhlen, D.; Barrett-Connor, E. Insulinlike growth factor-1, insulinlike growth factor
binding protein-1, and cognitive function in older men and women. J. Am. Geriatr. Soc. 2009, 57, 1441–1446.
[CrossRef]

60. Wennberg, A.M.V.; Hagen, C.E.; Machulda, M.M.; Hollman, J.H.; Roberts, R.O.; Knopman, D.S.; Petersen, R.C.;
Mielke, M.M. The association between peripheral total IGF-1, IGFBP-3, and IGF-1/IGFBP-3 and functional
and cognitive outcomes in the Mayo Clinic Study of Aging. Neurobiol. Aging. 2018, 66, 68–74. [CrossRef]

61. Tumati, S.; Burger, H.; Martens, S.; van der Schouw, Y.T.; Aleman, A. Association between Cognition and
Serum Insulin-Like Growth Factor-1 in Middle-Aged & Older Men: An 8 Year Follow-Up Study. PLoS ONE
2016, 11, e0154450. [CrossRef]

62. Okereke, O.; Kang, J.H.; Ma, J.; Hankinson, S.E.; Pollak, M.N.; Grodstein, F. Plasma IGF-I levels and cognitive
performance in older women. Neurobiol. Aging 2007, 28, 135–142. [CrossRef]

63. Liang, G.; Cline, G.W.; Macica, C.M. IGF-1 stimulates de novo fatty acid biosynthesis by Schwann cells
during myelination. Glia 2007, 55, 632–641. [CrossRef] [PubMed]

64. Nieto-Estevez, V.; Defterali, C.; Vicario-Abejon, C. IGF-I: A Key Growth Factor that Regulates Neurogenesis
and Synaptogenesis from Embryonic to Adult Stages of the Brain. Front. Neurosci. 2016, 10, 52. [CrossRef]

http://dx.doi.org/10.1001/archpsyc.63.8.916
http://dx.doi.org/10.1097/JGP.0b013e31819431d5
http://dx.doi.org/10.1183/09031936.00134014
http://dx.doi.org/10.1530/EJE-08-0452
http://dx.doi.org/10.2337/db11-1300
http://dx.doi.org/10.1016/j.beem.2017.02.005
http://dx.doi.org/10.1073/pnas.0705467105
http://dx.doi.org/10.1111/j.1474-9728.2005.00148.x
http://dx.doi.org/10.1111/j.1474-9726.2009.00493.x
http://dx.doi.org/10.1210/jc.2011-1377
http://www.cdc.gov/nchs/nhis/SHS/tables.htm
http://www.cdc.gov/nchs/nhis/SHS/tables.htm
http://dx.doi.org/10.1530/acta.0.1240497
http://dx.doi.org/10.1530/JME-18-0093
http://dx.doi.org/10.1111/j.1532-5415.2009.02343.x
http://dx.doi.org/10.1016/j.neurobiolaging.2017.11.017
http://dx.doi.org/10.1371/journal.pone.0154450
http://dx.doi.org/10.1016/j.neurobiolaging.2005.10.012
http://dx.doi.org/10.1002/glia.20496
http://www.ncbi.nlm.nih.gov/pubmed/17299765
http://dx.doi.org/10.3389/fnins.2016.00052


Cells 2020, 9, 1368 17 of 18

65. Gontier, G.; George, C.; Chaker, Z.; Holzenberger, M.; Aid, S. Blocking IGF Signaling in Adult Neurons
Alleviates Alzheimer’s Disease Pathology through Amyloid-beta Clearance. J. Neurosci. 2015, 35, 11500–11513.
[CrossRef] [PubMed]

66. Sevigny, J.J.; Ryan, J.M.; van Dyck, C.H.; Peng, Y.; Lines, C.R.; Nessly, M.L. Growth hormone secretagogue
MK-677: No clinical effect on AD progression in a randomized trial. Neurology 2008, 71, 1702–1708. [CrossRef]
[PubMed]

67. Friedlander, A.L.; Butterfield, G.E.; Moynihan, S.; Grillo, J.; Pollack, M.; Holloway, L.; Friedman, L.;
Yesavage, J.; Matthias, D.; Lee, S.; et al. One year of insulin-like growth factor I treatment does not affect
bone density, body composition, or psychological measures in postmenopausal women. J. Clin. Endocrinol.
Metab. 2001, 86, 1496–1503. [CrossRef] [PubMed]

68. Schedlich, L.J.; Le Page, S.L.; Firth, S.M.; Briggs, L.J.; Jans, D.A.; Baxter, R.C. Nuclear import of insulin-like
growth factor-binding protein-3 and -5 is mediated by the importin beta subunit. J. Biol. Chem. 2000, 275,
23462–23470. [CrossRef]

69. Schedlich, L.J.; O’Han, M.K.; Leong, G.M.; Baxter, R.C. Insulin-like growth factor binding protein-3 prevents
retinoid receptor heterodimerization: Implications for retinoic acid-sensitivity in human breast cancer cells.
Biochem. Biophys. Res. Commun. 2004, 314, 83–88. [CrossRef]

70. Huang, S.S.; Ling, T.Y.; Tseng, W.F.; Huang, Y.H.; Tang, F.M.; Leal, S.M.; Huang, J.S. Cellular growth inhibition
by IGFBP-3 and TGF-beta1 requires LRP-1. FASEB J. 2003, 17, 2068–2081. [CrossRef]

71. Cohen, P.; Lamson, G.; Okajima, T.; Rosenfeld, R.G. Transfection of the human insulin-like growth factor
binding protein-3 gene into Balb/c fibroblasts inhibits cellular growth. Mol. Endocrinol. 1993, 7, 380–386.
[CrossRef]

72. Valentinis, B.; Bhala, A.; DeAngelis, T.; Baserga, R.; Cohen, P. The human insulin-like growth factor (IGF)
binding protein-3 inhibits the growth of fibroblasts with a targeted disruption of the IGF-I receptor gene.
Mol. Endocrinol. 1995, 9, 361–367. [CrossRef]

73. Martin, J.L.; Weenink, S.M.; Baxter, R.C. Insulin-like growth factor-binding protein-3 potentiates epidermal
growth factor action in MCF-10A mammary epithelial cells. Involvement of p44/42 and p38 mitogen-activated
protein kinases. J. Biol. Chem. 2003, 278, 2969–2976. [CrossRef] [PubMed]

74. Lofqvist, C.; Chen, J.; Connor, K.M.; Smith, A.C.; Aderman, C.M.; Liu, N.; Pintar, J.E.; Ludwig, T.; Hellstrom, A.;
Smith, L.E. IGFBP3 suppresses retinopathy through suppression of oxygen-induced vessel loss and promotion
of vascular regrowth. Proc. Natl. Acad. Sci. USA 2007, 104, 10589–10594. [CrossRef] [PubMed]

75. Rajpathak, S.N.; He, M.; Sun, Q.; Kaplan, R.C.; Muzumdar, R.; Rohan, T.E.; Gunter, M.J.; Pollak, M.; Kim, M.;
Pessin, J.E.; et al. Insulin-like growth factor axis and risk of type 2 diabetes in women. Diabetes 2012, 61,
2248–2254. [CrossRef] [PubMed]

76. Petersson, U.; Ostgren, C.J.; Brudin, L.; Brismar, K.; Nilsson, P.M. Low levels of insulin-like
growth-factor-binding protein-1 (IGFBP-1) are prospectively associated with the incidence of type 2 diabetes
and impaired glucose tolerance (IGT): The Soderakra Cardiovascular Risk Factor Study. Diabetes Metab. 2009,
35, 198–205. [CrossRef]

77. Lewitt, M.S.; Hilding, A.; Ostenson, C.G.; Efendic, S.; Brismar, K.; Hall, K. Insulin-like growth factor-binding
protein-1 in the prediction and development of type 2 diabetes in middle-aged Swedish men. Diabetologia
2008, 51, 1135–1145. [CrossRef]

78. Suikkari, A.M.; Koivisto, V.A.; Rutanen, E.M.; Yki-Jarvinen, H.; Karonen, S.L.; Seppala, M. Insulin regulates
the serum levels of low molecular weight insulin-like growth factor-binding protein. J. Clin. Endocrinol.
Metab. 1988, 66, 266–272. [CrossRef]

79. Snyder, D.K.; Clemmons, D.R. Insulin-dependent regulation of insulin-like growth factor-binding protein-1.
J. Clin. Endocrinol. Metab. 1990, 71, 1632–1636. [CrossRef]

80. Clemmons, D.R. Role of IGF-binding proteins in regulating IGF responses to changes in metabolism. J. Mol.
Endocrinol. 2018, 61, T139–T169. [CrossRef]

81. Siddals, K.W.; Westwood, M.; Gibson, J.M.; White, A. IGF-binding protein-1 inhibits IGF effects on adipocyte
function: Implications for insulin-like actions at the adipocyte. J. Endocrinol. 2002, 174, 289–297. [CrossRef]

82. Rajkumar, K.; Modric, T.; Murphy, L.J. Impaired adipogenesis in insulin-like growth factor binding protein-1
transgenic mice. J. Endocrinol. 1999, 162, 457–465. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.0343-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26290229
http://dx.doi.org/10.1212/01.wnl.0000335163.88054.e7
http://www.ncbi.nlm.nih.gov/pubmed/19015485
http://dx.doi.org/10.1210/jcem.86.4.7377
http://www.ncbi.nlm.nih.gov/pubmed/11297574
http://dx.doi.org/10.1074/jbc.M002208200
http://dx.doi.org/10.1016/j.bbrc.2003.12.049
http://dx.doi.org/10.1096/fj.03-0256com
http://dx.doi.org/10.1210/mend.7.3.7683373
http://dx.doi.org/10.1210/mend.9.3.7539889
http://dx.doi.org/10.1074/jbc.M210739200
http://www.ncbi.nlm.nih.gov/pubmed/12433918
http://dx.doi.org/10.1073/pnas.0702031104
http://www.ncbi.nlm.nih.gov/pubmed/17567756
http://dx.doi.org/10.2337/db11-1488
http://www.ncbi.nlm.nih.gov/pubmed/22554827
http://dx.doi.org/10.1016/j.diabet.2008.11.003
http://dx.doi.org/10.1007/s00125-008-1016-x
http://dx.doi.org/10.1210/jcem-66-2-266
http://dx.doi.org/10.1210/jcem-71-6-1632
http://dx.doi.org/10.1530/JME-18-0016
http://dx.doi.org/10.1677/joe.0.1740289
http://dx.doi.org/10.1677/joe.0.1620457


Cells 2020, 9, 1368 18 of 18

83. Haywood, N.J.; Cordell, P.A.; Tang, K.Y.; Makova, N.; Yuldasheva, N.Y.; Imrie, H.; Viswambharan, H.;
Bruns, A.F.; Cubbon, R.M.; Kearney, M.T.; et al. Insulin-Like Growth Factor Binding Protein 1 Could Improve
Glucose Regulation and Insulin Sensitivity Through Its RGD Domain. Diabetes 2017, 66, 287–299. [CrossRef]
[PubMed]

84. Wheatcroft, S.B.; Kearney, M.T. IGF-dependent and IGF-independent actions of IGF-binding protein-1 and
-2: Implications for metabolic homeostasis. Trends Endocrinol. Metab. 2009, 20, 153–162. [CrossRef] [PubMed]

85. Heald, A.H.; Cruickshank, J.K.; Riste, L.K.; Cade, J.E.; Anderson, S.; Greenhalgh, A.; Sampayo, J.; Taylor, W.;
Fraser, W.; White, A.; et al. Close relation of fasting insulin-like growth factor binding protein-1 (IGFBP-1)
with glucose tolerance and cardiovascular risk in two populations. Diabetologia 2001, 44, 333–339. [CrossRef]
[PubMed]

86. Unden, A.L.; Elofsson, S.; Brismar, K. Gender differences in the relation of insulin-like growth factor binding
protein-1 to cardiovascular risk factors: A population-based study. Clin. Endocrinol. 2005, 63, 94–102.
[CrossRef]

87. Span, J.P.; Pieters, G.F.; Sweep, F.G.; Hermus, A.R.; Smals, A.G. Gender differences in rhGH-induced changes
in body composition in GH-deficient adults. J. Clin. Endocrinol. Metab. 2001, 86, 4161–4165. [CrossRef]
[PubMed]

88. Frystyk, J. Free insulin-like growth factors – measurements and relationships to growth hormone secretion
and glucose homeostasis. Growth Horm. IGF Res. 2004, 14, 337–375. [CrossRef]

89. Drogan, D.; Schulze, M.B.; Boeing, H.; Pischon, T. Insulin-Like Growth Factor 1 and Insulin-Like Growth
Factor-Binding Protein 3 in Relation to the Risk of Type 2 Diabetes Mellitus: Results From the EPIC-Potsdam
Study. Am. J. Epidemiol. 2016, 183, 553–560. [CrossRef]

90. Sierra-Johnson, J.; Romero-Corral, A.; Somers, V.K.; Lopez-Jimenez, F.; Malarstig, A.; Brismar, K.; Hamsten, A.;
Fisher, R.M.; Hellenius, M.L. IGF-I/IGFBP-3 ratio: A mechanistic insight into the metabolic syndrome. Clin. Sci.
2009, 116, 507–512. [CrossRef]

91. Gao, Y.; Katki, H.; Graubard, B.; Pollak, M.; Martin, M.; Tao, Y.; Schoen, R.E.; Church, T.; Hayes, R.B.;
Greene, M.H.; et al. Serum IGF1, IGF2 and IGFBP3 and risk of advanced colorectal adenoma. Int. J. Cancer
2012, 131, E105–E113. [CrossRef]

92. Marzullo, P.; Di Somma, C.; Pratt, K.L.; Khosravi, J.; Diamandis, A.; Lombardi, G.; Colao, A.; Rosenfeld, R.G.
Usefulness of different biochemical markers of the insulin-like growth factor (IGF) family in diagnosing
growth hormone excess and deficiency in adults. J. Clin. Endocrinol. Metab. 2001, 86, 3001–3008. [CrossRef]

93. Soubry, A.; Il’yasova, D.; Sedjo, R.; Wang, F.; Byers, T.; Rosen, C.; Yashin, A.; Ukraintseva, S.; Haffner, S.;
D’Agostino, R., Jr. Increase in circulating levels of IGF-1 and IGF-1/IGFBP-3 molar ratio over a decade is
associated with colorectal adenomatous polyps. Int. J. Cancer 2012, 131, 512–517. [CrossRef] [PubMed]

94. Cheng, Y.W.; Idrees, K.; Shattock, R.; Khan, S.A.; Zeng, Z.; Brennan, C.W.; Paty, P.; Barany, F. Loss of
imprinting and marked gene elevation are 2 forms of aberrant IGF2 expression in colorectal cancer. Int. J.
Cancer 2010, 127, 568–577. [CrossRef] [PubMed]

95. Bergman, D.; Halje, M.; Nordin, M.; Engstrom, W. Insulin-like growth factor 2 in development and disease:
A mini-review. Gerontology 2013, 59, 240–249. [CrossRef] [PubMed]

96. Mao, K.; Quipildor, G.F.; Tabrizian, T.; Novaj, A.; Guan, F.; Walters, R.O.; Delahaye, F.; Hubbard, G.B.;
Ikeno, Y.; Ejima, K.; et al. Late-life targeting of the IGF-1 receptor improves healthspan and lifespan in female
mice. Nat. Commun. 2018, 9, 2394. [CrossRef] [PubMed]

97. Van der Lely, A.J.; Kopchick, J.J. Growth hormone receptor antagonists. Neuroendocrinology 2006, 83, 264–268.
[CrossRef]

98. Douglas, R.S.; Kahaly, G.J.; Patel, A.; Sile, S.; Thompson, E.H.Z.; Perdok, R.; Fleming, J.C.; Fowler, B.T.;
Marcocci, C.; Marino, M.; et al. Teprotumumab for the Treatment of Active Thyroid Eye Disease. N. Engl.
J. Med. 2020, 382, 341–352. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2337/db16-0997
http://www.ncbi.nlm.nih.gov/pubmed/28108607
http://dx.doi.org/10.1016/j.tem.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19349193
http://dx.doi.org/10.1007/s001250051623
http://www.ncbi.nlm.nih.gov/pubmed/11317665
http://dx.doi.org/10.1111/j.1365-2265.2005.02306.x
http://dx.doi.org/10.1210/jcem.86.9.7815
http://www.ncbi.nlm.nih.gov/pubmed/11549643
http://dx.doi.org/10.1016/j.ghir.2004.06.001
http://dx.doi.org/10.1093/aje/kwv188
http://dx.doi.org/10.1042/CS20080382
http://dx.doi.org/10.1002/ijc.26438
http://dx.doi.org/10.1210/jcem.86.7.7628
http://dx.doi.org/10.1002/ijc.26393
http://www.ncbi.nlm.nih.gov/pubmed/21898383
http://dx.doi.org/10.1002/ijc.25086
http://www.ncbi.nlm.nih.gov/pubmed/19957330
http://dx.doi.org/10.1159/000343995
http://www.ncbi.nlm.nih.gov/pubmed/23257688
http://dx.doi.org/10.1038/s41467-018-04805-5
http://www.ncbi.nlm.nih.gov/pubmed/29921922
http://dx.doi.org/10.1159/000095537
http://dx.doi.org/10.1056/NEJMoa1910434
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Human Cohort Data Acquisition 
	Biochemical Measurements 
	Disease Definitions 
	Statistical Analysis 

	Results 
	Baseline Characteristics of Study Cohort 
	IGF-Associated Proteins and Mortality: Low IGFBP-3 and High IGF-1/IGFBP-3 Molar Ratio Predict Mortality Risk 
	IGF-Associated Proteins and Morbidity: High IGF-1 Predicts Risk for MDCI and Age-Related Composite Morbidity while Low IGFBP-1 Predicts Risk for Diabetes 

	Discussion 
	References

