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Abstract

Although caloric restriction in numerous models extends life, longevity in humans is suggested to
be limited by the increased prevalence of obesity. Adiponectin, a fat-derived peptide, has a
protective role against age-related disease, and thus is an excellent candidate gene for longevity.
We studied adiponectin levels in centenarians (n = 118), their offspring (n = 228), and unrelated
participants <95 (n = 78). Adiponectin levels were significantly greater in participants older than
95 years (p = .01), an effect that was independent of sex and body mass index (BMI). Adiponectin
levels in the offspring were higher (following adjustment for age, sex, and BMI) compared to
controls (p =.02), suggesting that inherited factors play a role in determining adiponectin levels.
Over-representation of two common variants in Adiponectin gene (ADIPOQ) in male long-lived
individuals combined with their independent association with elevated plasma adiponectin levels
(in men and women) suggests that their presence may promote increased life span through the
regulation of adiponectin production and/or secretion.
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With aging, there is an increased prevalence of type 2 diabetes, cardiovascular disease
(CVD), Alzheimer’s disease, and cancer. However, exceptionally long-lived humans, that is,
those older than 95 years, have survived to more than double their life expectancy at birth,
and have often been spared these age-related diseases (1). Indeed, offspring of centenarians
have 50% lower prevalence rates of these diseases than do the control groups, suggesting
that they may inherit protection against these major causes of mortality (2). Insulin
resistance is an independent risk factor for glucose intolerance and diabetes as well as CVD.
Thus, one of the mechanisms underlying protection from these age-related diseases in
exceptionally long-lived individuals and their offspring is that those who survive to extreme
old age have preserved their insulin sensitivity (3).

Adiponectin, a serum protein expressed and secreted exclusively by adipose tissue, plays a
protective role against insulin resistance (4) and atherosclerosis (5-8) in humans, and
protects the heart from ischemia-reperfusion injury in an animal model (9). Adiponectin
exerts its favorable effects on insulin sensitivity in vivo through a decrease in hepatic
glucose production (4). Adiponectin’s anti-atherosclerotic effects are mediated in part by its
anti-inflammatory activity on endothelial cells (5,7,8). Plasma adiponectin concentrations
are reduced in obese individuals (10). Weight loss has been shown to increase adiponectin
levels (11). Lower adiponectin levels are characteristic of insulin-resistant states such as
lipoatrophy (5) and type 2 diabetes (T2D) (12), as well as with coronary artery disease (5).
Further support for the close relationship between insulin sensitivity and adiponectin comes
from clinical studies in which treatment with the insulin-sensitizing thiazolidinediones
increases adiponectin levels (13-15).

Several cross-sectional studies show that adiponectin increases with age (16-19). This
finding appears paradoxical because normal aging is associated with insulin resistance and
increased risk of CVD and suggests that aging may be associated with some degree of
adiponectin resistance or possibly that increased adiponectin levels extend life span, leading
to a selection bias for survival of those with higher adiponectin levels. To elucidate whether
exceptionally long-lived individuals are protected from the development of aging-associated
disease as a result of increased adiponectin levels, we studied participants at least 95 years
old. We also recruited the offspring of these individuals, reasoning that many of these
individuals will also be enriched with phenotype(s) and genotype(s) that enable exceptional
longevity, relative to controls of similar ages who do not have a family history of
exceptional longevity. In these individuals, we investigated the relationship between
adiponectin levels, ADIPOQ genotypes, relevant metabolic phenotypes, and longevity.
Identification of genes and biological markers that are conducive to exceptional longevity
may provide insights into mechanisms that protect from a number of common diseases
and/or slow the biological processes of aging (20).

Materials and Methods

Participants and Phenotyping

A cohort of Ashkenazi Jews with exceptional longevity was recruited as previously
described (2,20-22). The Ashkenazi population is descended from a founder population
(estimated to be several thousands) originating in the 15th century. This “founder effect”
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resulted in a population both culturally and genetically homogeneous, from which several
disease-related genes have been successfully identified (23). Most of our study group were
born in the United States, or moved there prior to World War Il. We report here on 118
Ashkenazi probands with exceptional longevity (defined as living independently at age 95
years or older) whose adiponectin and body mass index (BMI) were measured; birth
certificates or dates of birth as stated on passports were used to verify the participants’ ages.
DNA was available from an additional 54 probands for a total of 172 probands used in the
genotype frequency analysis. Offspring of the long-lived probands consisted of 228
participants (with adiponectin levels and BMI measurements as well), half of whom were
women, with a mean age of 68 years (range 50-92 years). DNA was available for an
additional 55 offspring for a total of 283 offspring used in the frequency analysis. The
control group consisted of spouses of the offspring (n = 78) with adiponectin and BMI
measurements and a mean age of 76 (range 59-94) years. An additional 48 spouses as well
as a group of independently recruited Ashkenazi Jews from the Einstein Aging Study (n =
167) (24), for a total of 293 control participants (mean age 77 [range 51-94] years), were
included in the frequency analysis (neither phenotypic significant nor genotypic significant
differences were observed between the two control groups). Controls who had parents older
than the usual survival age (>85 years) were excluded. The mean age of the entire control
group was 77 years [range 51-94 years]; 59.9% were women. Thus a total of 424
individuals with adiponectin and BMI levels were available for quantitative/metabolic
syndrome traits, and a total of 748 individuals were available for genotype frequency
analysis. Written informed consent was obtained in accordance with the policy of the
Committee on Clinical Investigation of the Albert Einstein College of Medicine.

A detailed medical history questionnaire and physical examination were performed as
previously described (2,20,21). The presence of metabolic syndrome was determined using
National Cholesterol Education Program (NCEP), Adult Treatment Panel I11 (ATP 111)
criteria (25). Percentage body fat was determined using bioelectric impedance analysis
(BIA), performed with a Tanita BIA body fat analyzer (Body Fat Monitor Scale, BF-625;
Tanita Corporation of America Inc., Arlington Heights, IL). BIA is used in many of the
epidemiological studies including the age group of the offspring and controls, and has been
shown to be better representative of risks associated with increased fat mass compared to
BMI. Therefore, it should be helpful for this group. However, it has not been validated in the
centenarians, and because the test depends on distribution of water, it may misrepresent the
exact percentage of fat and lean body mass. Low-density lipoprotein cholesterol (LDL)
levels, high-density lipoprotein cholesterol (HDL) levels, and average particle sizes were
determined by nuclear magnetic resonance (NMR) spectroscopy at LipoScience, Inc.
(Raleigh, NC) as previously described (26,27). Large lipoprotein particle sizes were defined
as >8.9 nm for HDL and >21.3 nm for LDL. Serum adiponectin levels were measured using
a human adiponectin enzyme-linked immunosorbent assay (ELISA) kit (ALPCO
Diagnostics, Windham, NH).

The adiponectin gene, ADIPOQ, is ~17 kb in length and contains three exons, one
noncoding and two coding. From public databases and previous publications (3,16), we
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selected eight single nucleotide polymorphisms (SNPs) of ADIPOQ (rs17300539
[promoter], rs266729 [promoter], rs182052 [promoter], rs822396 [intron 1], rs2241766
[exon 2; synonymous], rs1501299 [intron 2], rs17366743 [exon 3; synonymous], and a
single base pair insertion/deletion polymorphism 2019 bp downstream of the ATG start
codon in the 3" untranslated region [hereafter denoted as SNP +2019]). These
polymorphisms were chosen because they were distributed throughout the gene, had been
previously reported to be common, and in some studies had been found to be associated with
diabetes and related phenotypes (28).

Five SNPs (rs182052, rs822396, rs2241766, rs1501299, and rs17366743) were genotyped
using Tagman (Applied Biosystems) according to the manufacturer’s instructions. The
remaining three SNPs (rs17300539, rs266729, and SNP +2019) were genotyped using the
PSQ HS 96A Pyrose-quencer according to the manufacturer’s methods (Pyrose-quencing,
Uppsala, Sweden; www.pyrosequencing.com). Primer sequences are available from the
authors upon request. All polymorphisms were found to be in Hardy—Weinberg equilibrium
in the control group except rs1501299 (p =.0005), which was excluded from further
analysis.

Statistical Analysis

Data in Table 1 are expressed as mean (standard error [SE]). Crude means are shown.
Triglycerides, which were not normally distributed, were In-transformed for analysis and
back-transformed for presentation. Three comparisons have been established: (i) between
probands and controls where crude data were adjusted for BMI (except BMI, % fat, sex, and
age) and sex (except sex and age); (ii) between offspring and controls unadjusted crude data;
and (iii) between offspring and controls where crude data were adjusted for age (except age
and sex), sex (except sex), and BMI (except age, sex, BMI, and % fat).

Associations of adiponectin levels with other variables were estimated using regression on
an indicator variable for group, stratifying for age, sex, and BMI. In defining strata for age,
cut points of 65, 70, 75, 80, and 85 years were used (Figure 1). Spearman correlations for
BMI, % fat, and age were adjusted for age and sex (except age). Spearman correlations for
metabolic syndrome-associated traits (i.e., blood pressure, HDL, LDL, triglycerides,
glucose, waist circumference, and HDL and LDL particle sizes) were adjusted for age, sex,
and BMI (Table 2).

Before analysis, genotypes were checked for Mendelian consistency where possible by
comparing probands—offspring pairs. Mendelian errors were resolved or removed before
analysis. Allele frequencies were calculated by gene counting. All SNPs conformed to
Hardy—Weinberg expectations. We evaluated the association between SNP genotype and
phenotype (adiponectin levels) under the additive and dominant genetic models using
multiple regression. Statistical analyses were performed using Stata 9.2 (Stata Corp.,
College Station, TX) and SAS 9.1 (Cary, NC).
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The phenotypic characteristics of exceptionally long-lived probands, their offspring, and
unrelated controls are shown in Table 1. Adiponectin levels are known to be associated with
age and BMI (a surrogate for body fat), and these relationships held in our sample (Figure 1
and Table 2). As previously described (31,32), women had significantly higher adiponectin
levels than did men in the combined sample (15.6 + 0.49 vs 11.6 + 0.58 pug/mL; p < .0001,
adjusted for age at recruitment and BMI. Furthermore, adiponectin levels were correlated
with some serum lipid levels (Table 2), for example, Spearman correlation coefficients for
triglycerides and HDL with adiponectin levels were —0.19 (p = .0005) and 0.23 (p < .0001),
respectively. Lipoprotein particle sizes were positively correlated, whereas waist
circumference was negatively correlated with adiponectin levels (Table 2). Glucose, LDL
levels, and blood pressure showed no significant correlation with adiponectin levels.

Low adiponectin levels have been associated with metabolic syndrome (33); this
relationship held in our control and offspring groups. The mean difference in adiponectin
levels between persons with and without metabolic syndrome was 3.18 pg/mL (p = .011).
This difference was observed in both offspring and in controls, and the effect size was
similar in each group (p = .56 for interaction effect), suggesting that the biological action of
adiponectin to protect from metabolic syndrome is similar in offspring (with higher adjusted
adiponectin levels) who are expected to be genetically enriched for longevity compared to
controls. The relationship between adiponectin levels and metabolic syndrome was
significant in both sexes but stronger among men (women: 13.5+ 1.2 vs 16.6 + 0.6, p = .02;
men: 7.7 £ 1.2 vs 11.5 £ 0.5, p = .004).

We hypothesized that if increased adiponectin levels are heritable and are related to genes
that promote longevity, we would expect to find greater adiponectin levels in the offspring
of long-lived probands than in controls. In unadjusted analysis, adiponectin did not differ
between the offspring and control groups [mean + SE 12.8 + 0.5 vs 12.5 + 0.8 pg/mL (p =.
75)] (Table 1). However, after adjustment for BMI, age, and sex, adiponectin levels were
significantly higher in the offspring group than in the control group (adjusted mean
difference 2.28 ug/mL, p = .02). To avoid concerns about mortality selection, we also
analyzed control-offspring differences in adiponectin levels separately in individuals
younger than 85 years versus 85 years old or older. Results were similar in the younger than
85 years group (mean difference = 2.31 £ 0.97 pg/mL, p = .02). In the 85 years old or older
group, which only contained 30 individuals, the difference was greater (3.47 £ 3.85 pug/mL)
but not significant (p = .38). We also undertook a further analysis which, in addition to
adjusting for age, sex, and BMI, included In-triglycerides and HDL and LDL levels as
covariates. In this analysis, the difference in adiponectin levels between offspring and
control was 2.68 pg/mL, p = .009. HDL level remained an independent significant
determinant of adiponectin (p = .02). There was no significant interaction between sex and
offspring status. However, the difference between controls and offspring among men was
significant (mean difference = 3.21 pg/mL; p = .022) and was greater than in women, where
the difference was not significant (mean difference = 1.74 ug/mL; p = .18) following
adjustment for age and BMI. Higher adjusted adiponectin levels in offspring of long-lived
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probands than in controls, particularly among men, is consistent with our hypothesis that
high adiponectin levels pose a survival advantage.

One possible explanation for increased adiponectin levels in offspring of long-lived
probands is that some of these individuals may have inherited a genotype that leads to a
favorable (increased) adiponectin level phenotype. To examine this possibility further, we
genotyped common ADIPOQ variants, including some that were previously shown to
influence adiponectin levels (28), and performed association analysis between adiponectin
levels and these variants. When these SNPs were included separately as additional
covariates in the regression models (Table 3), two SNPs were significantly associated with
increased adiponectin levels: rs17300539 (p = .02) and SNP +2019 (p =.02). Linkage
disequilibrium between the two SNPs as estimated by r2 was low (r2 = 0.05), suggesting two
independent effects. The mean adiponectin difference associated with rs17300539 in a
dominant model was significant and slightly higher in men (mean difference =2.22 + 1.11
pg/mL; p = .047) than in women (mean difference = 1.77 = 1.21 pg/mL; p = .15). Similarly,
in an additive model the effect of SNP+2019 was significant and slightly higher in men
(mean difference = 1.45 + 0.71 pg/mL; p = .043) than in women (mean difference = 1.18 +
0.82 pg/mL; p =.15). No significant associations of adiponectin levels with adiponectin
genotypes were seen within the proband group (data not shown).

We also compared the frequency of the adiponectin SNP genotypes among probands,
offspring, and controls in the expanded set of 748 participants. Frequencies were not
significantly different between probands and controls (Table 4). However, given sex
differences in survival to exceptional longevity (34) and the differences in sex ratios in cases
versus controls, we stratified the sample by sex and found that the frequencies of two SNPs,
rs17300539 and APM1+2019, both associated with adiponectin levels, were significantly
different in frequency in male probands versus controls but not female probands versus
controls. For promoter SNP rs17300539, 31% of male probands versus 16% of male
controls had at least one copy of the minor (A) allele (p = .04). Male offspring had an
intermediate A allele carrier frequency of 26% (p = .04 vs controls). For SNP +2019, 38%
of male probands versus 19% of male controls had the del/del genotype (p = .01) (offspring
frequency = 25%, p = .25 vs controls; Table 4); an additive effect was also observed (p = .
03). The equivalent analyses in women revealed that 19% of probands versus 29% of
controls carried the rs17300539 A allele (p = .08) and 22% of probands versus 23% of
controls had the +2019 del/del genotype (p = .89). The interaction between sex and genotype
was significant in both probands versus control cases (p = .007 for rs17300539 and p = .03
for +2019 by Breslow—Day test for homogeneity of the odds ratios). However, as shown in
Table 3, raw significant differences were no longer statistically significant after adjustment
for multiple comparisons.

Discussion

Living to 100 years is a rare phenotype, with prevalence in the general population of 1 in
10,000 individuals (35). Although we have recruited numerous participants at this age, they
are rare survivors, and if genetics helps them attain such longevity they should be enriched
for specific favorable genotypes and their corresponding phenotypes. Following adjustment
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for age, sex, and BMI, we found that offspring of exceptionally long-lived individuals
(defined in this case as 95 years old or older), some of whom will also live to exceptionally
old age, have significantly higher serum adiponectin levels than do controls without a family
history of exceptional longevity. A caveat is that modeling assumptions were necessary to
detect this difference, but another way to state the observation is that unadjusted mean
adiponectin levels were similar between offspring and controls (12.8 vs 12.5 pg/mL,
respectively), whereas higher levels would have been expected in controls given their
significantly higher mean age. Furthermore, exceptionally long-lived individuals have
higher levels of serum adiponectin compared to younger persons. An association between
higher adiponectin levels and age has been reported previously (14), but we extend these
findings to exceptional old age. Lacking an age-matched control group, it is not possible to
know if the extremely high levels seen in probands are purely a consequence or in part a
cause of exceptional longevity, but the higher adjusted levels seen in their offspring lend
support to the latter hypothesis.

Because insulin sensitivity and metabolic syndrome traits are major risk factors for
cardiovascular morbidity and mortality, our findings support the hypothesis that the
mechanism whereby higher adiponectin levels may contribute to longevity is through its
anti-atherogenic (5,6) and anti-inflammatory (5,7,8) effects. As in the case of HDL levels,
adiponectin levels are consistently higher in women than in men, probably due to variations
in fat distribution that contribute to adiponectin secretion (14,36). These sex differences in
adiponectin levels are consistent with lower CVD incidence rates and greater life expectancy
observed in women in our population.

The observation that offspring of long-lived probands have higher BMI-, age-, and sex-
adjusted adiponectin levels than do spouse controls is suggestive of a genetic mechanism for
modulation of adiponectin levels and promotion of exceptional longevity. The offspring—
control difference in adiponectin levels appears to be stronger in men than in women. In
addition, two common ADIPOQ polymorphisms were associated with adiponectin levels,
with stronger evidence in men. (This association was not seen in the probands, which may
be due to the small sample size and other factors potentially controlling aging- and/or
longevity-related increases in adiponectin levels.). To our knowledge, we further
demonstrate for the first time that the high adiponectin alleles of these same ADIPOQ
polymorphisms are over-represented in exceptionally long-lived men. The rs17300539 A
allele and +2019 del allele were significantly more prevalent in long-lived male probands
versus male controls. Thus our data support the hypothesis that genetic variants in ADIPOQ
that influence adiponectin levels may contribute to this rare phenotype of exceptional
longevity. That this association was seen only in men suggests that polymorphism in
ADIPOQ may be a greater determinant of longevity in men than in women. This may be due
to the fact that women have higher adiponectin levels compared to men and are protected
from cardiovascular morbidity and mortality independent of genotype. Given the drawback
of association studies with insufficient statistical power, a recognized limitation of
performing multiple comparisons is an inflation of type | error. Indeed, after statistical
adjustment for multiple comparisons, our raw results were no longer significant. In any case,
we are currently following both male and female offspring and controls longitudinally with
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regard to cardiovascular outcome to test the hypothesis that increased adiponectin levels,
particular adiponectin genotypes and other factors inherited from long-lived pro-bands,
provide protection from CVD through enhanced insulin sensitivity.

Because we have studied a relatively homogeneous cohort of Ashkenazi Jews residing on
the East Coast of the United States, population stratification is an unlikely explanation for
the observed associations. Furthermore, the same alleles enriched in male probands were
associated with higher adiponectin levels, as previously reported in other populations
(13,28). The +2019 single nucleotide deletion is present in the 3’-untranslated region, and
thus it is possible that it could affect protein expression by altering messenger RNA
(mRNA) stability or translational efficiency. However, we cannot rule out the possibility
that this and the promoter variant may not be causal, but rather in linkage disequilibrium
with functional variants. Functional studies will be required to further define the causal role
of these variants on adiponectin levels and the longevity phenotype. Since several
comparisons were made and the associations are at a modest level of significance, the
replication of previous reports of association with adiponectin levels in the same direction
(13,28) supports a true effect on adiponectin levels and enrichment in long-lived probands of
the rs17300539 G/A-A/A and APM1+2019 del/del.

We previously reported (20) an increased frequency of the favorable V/V cholesterol ester
transfer protein (CETP 405 VV) genotype with exceptional longevity. Whereas in the 70-
year-old control group the frequency of the favorable VV genotype was 8%, it was 25% in
the 100-year-old group; offspring of centenarians had an intermediate (21%) frequency (20).
Furthermore, lipoprotein particle size was found to be an independent heritable predictor of
longevity and was also associated with the CETP VV genotype. We now find that
lipoprotein particle size is related to levels of adiponectin (Tables 1 and 2), thus leading us
to consider the relationship between adiponectin levels and polymorphisms of CETP. We
found no association between the 405 CETP genotype and adiponectin levels, suggesting
that the effect of the CETP VV genotype on lipoprotein particle size is not mediated via
adiponectin levels (data not shown).

Our endeavor to study exceptional longevity in Ashkenazi Jews was based on the hypothesis
that the phenotypic and genotypic characteristics of longevity may be less complex in this
relatively genetically homogeneous population. At the same time, findings in this population
will likely reflect biologically and genetically relevant pathways present in other populations
as well. Indeed, the relationships we observed between adiponectin levels and BMI, sex, and
lipoprotein profile are in complete agreement with findings of others in diverse populations
(14). Because obesity is associated with low adiponectin, these findings also shed light on
the biology behind the emerging evidence that human longevity is being threatened by the
epidemic of obesity (10). Further mechanistic understanding of the role of adiponectin in the
promotion of longevity may lead to development of strategies for the delay or prevention of
age-related disease.
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Figure 1.
Adiponectin levels according to age. a, Adiponectin levels, adjusted for sex and body mass

index (BMI) in long-lived probands and controls. This group represents a continuous age
group of unrelated individuals from 51 to 106 years of age. b, Adiponectin levels, adjusted
for BMI in long-lived probands and controls stratified by sex. ¢, Adiponectin levels,
adjusted for BMI in offspring of long-lived probands stratified by sex. *p = .05, **p = .01
for comparison to the <65-year-old group. #p < .05 for comparison to the 66- to 75-year-old
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group. ¥p < .05 for comparison to the 76- to 85-year-old group. 8p < .01 for comparison to
females within stratified group.
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Univariate Correlations Between Adiponectin Levels and Other Metabolic Syndrome-Related Traits for All

424 Participants

Trait Adiponectin  p Value
Age”™ 0.22 <.0001
BMI™ -0.21 <.0001
% of Fat™ -0.16 .0002
TriglycerideJr -0.19 .0005
HDLT 0.23 <.0001
LoLt 0.02 79
Systolic1L 0.09 .0878
Diastolic’ 0.10 .0497
Waist circumference -0.11 0292
Glucosel -0.09 .0917
LDL particle size 0.27 <.0001
0.24 <.0001

HDL particle size'

Notes:

*
Adjusted for age and sex (except age).

TAdjusted for age, sex, and BMI.

BMI = body mass index; HDL = high-density lipoprotein; LDL = low-density lipoprotein.
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