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Abstract

Humans age at different rates and families with exceptional survival provide the opportunity to
understand why some people age slower than others. Unique features exhibited by centenarians
include a family history of longevity, compression of morbidity with resultant extension of
healthspan, and biomarkers such as low circulating insulin-like growth factor-1 (IGF-1) and
elevated high-density lipoprotein (HDL) cholesterol levels. Given the rarity of the centenarian
phenotype, it has not been surprising that the use of discovery methods that relied on common
population single nucleotide polymorphisms (SNPs) to unlock the genetic determinants of
exceptional longevity have not yielded significant results. Conversely, gene sequencing has
resulted in discoveries of functional gene variants that support several of the centenarian
phenotypes. These discoveries have led to the strategic developments of drugs that my delay aging
and prolong healthspan.

Introduction

1. The rationale for studying human exceptional longevity

The Unites States government annually publishes a report on the rate of death from
individual diseases, stratified by age groups. What’s striking about these reports is that the
rate of death increases logarithmically with advancing age for all diseases associated with
aging, including heart disease, cancer, stroke, diabetes mellitus type 2 (T2DM), and
Alzheimer’s disease (Figure 1). This demonstrates that aging is a major risk factor that all
these age-related diseases have in common. To put these statistics in perspective, elevated
low-density lipoprotein (LDL) cholesterol level, which is one of the best known and
aggressively treated risk factors for heart disease, which is the most common cause of death
among older adults, is associated with a three-fold increase in the risk for heart disease.
However, advancing the age from 30 years to 80 years raises the rate of death from each of
the age-related disease by as much as 100 to 1,000 fold. If we accept the notion that aging is
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the common and major risk factor for all age related diseases then we conclude that unless
aging itself is delayed, our best attempts at preventing each disease individually will result in
exchanging one disease for another. The return for curing individual diseases is small. For
example, statistical models project that delaying cancer would result in an increase of only
0.8% in the population of older adults over a 50 year period, whereas delaying aging would
lead to an increase of about 7% in the population, with most of theses individuals being free
of disability (Goldman et al. 2013). Furthermore, this delay in aging would yield
approximately $7.1 trillion in social benefit to the population (Goldman et al. 2013).

When thinking about aging, it is important to recognize that chronological and biological
age are not the same. It is well recognized by all that some individuals appear younger than
their chronological age, whereas others appear older. This observation highlights an
opportunity for scientific discovery that until recently has been missed, that is to try to
understand the biology of why some age faster while others age slower. At one extreme of
the spectrum of the rate of aging are rare segmental progeroid syndromes that are thought to
accelerate various aging phenotypes. The responsible gene mutations have suggested
genomic instability as an important mechanism of aging (Martin 2005). More recently,
scientists have become interested in studying people with exceptional longevity, which are
located at the other end of the rate of aging spectrum, in an effort to discover the genetic and
biological determinants of delayed aging.

Centenarians are a unique group of individuals that constitute an example of delayed aging.
This delay in aging can only be accomplished if it results in the extension of disease-free
survival and indeed this appears to be the case in many centenarians. Analyses from the
New England Centenarian Study (Andersen et al. 2012), the Long Life Family Study
(Sebastiani et al. 2013) and the Longevity Genes Program (Ismail K 2014) have provided
evidence that individuals with exceptional longevity manifest compression of morbidity,
meaning that they spend a smaller percentage of their life being ill, and as a result their
health span approximates their lifespan. These studies revealed significant delay in the ages
of onset for most age-related diseases among individuals with exceptional longevity,
including hypertension, cardiovascular disease, cancer, T2DM, stroke, osteoporosis, and
Alzheimer's disease. Thus, not only do centenarians live longer, they live healthier.
Although a large proportion of centenarians delay or escape from age-related diseases
altogether (Evans et al. 2014), a number of individuals achieve exceptional longevity despite
having developed one or several of these diseases (Andersen et al. 2012; Ailshire et al.
2015). This suggests that these people likely possess protective factors that allow them to be
resilient and survive in spite of health ailments.

The inherent differences between chronological and biological age, and between the diverse
rates of aging, offer scientists opportunities to study the variations in the biology and
genetics among these different groups. As exemplified in other chapters of this book, several
mechanisms have already been identified that can delay aging in a variety of animal models.
Investigating whether these same mechanisms apply to humans with exceptional longevity
serves to validate these discoveries as important for human aging. Furthermore, studies are
underway for discovery of age-delaying mechanisms that are specific to humans by using
centenarian populations. The rationale for studying centenarians is that they are the “poster
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children” for what we are ultimately trying to achieve-extension of healthspan and not
merely lifespan.

2. The evidence that longevity is inherited

Demographers and epidemiologists have attributed ~15-30% of the variation in lifespan to
heritable factors. Several studies have found positive correlations between the lifespans of
the parents and their biological children (Atzmon et al. 2004; Schoenmaker et al. 2006;
Westendorp et al. 2009). However, the advances of modern medicine that include preventive
measures and treatments, have extended the lifespans of the newer generations beyond what
would have been predicted based on their inheritance. Thus, offspring whose parents died
from cardiovascular disease resulting from hereditary hyperlipidemia, can now enjoy an
extension of their lifespan through treatment with cholesterol lowering medications and
interventions such as coronary artery bypass graft surgery or revascularization of coronary
arteries with angioplasty. Despite these significant medical advances, achievement of
exceptional longevity remains a rare occurrence. Yet, in spite of its rarity, exceptional
longevity clusters in families, pointing to a strong relationship between genetics and
longevity.

Data suggests that the offspring of parents who achieved a lifespan of at least 70 years have
a much greater probability of living longer compared to the offspring of parents with shorter
lifespans, with this association becoming stronger as the parental lifespan lengthens
(Gavrilov et al. 2001). This relationship is even more pronounced in families with
exceptional longevity. Siblings of centenarians have been shown to be approximately 4-5
times more likely to achieve longevity, with male siblings being 17 times more likely to
become centenarians themselves (Perls et al. 1998; Perls et al. 2002). The parents of
centenarians were found to be seven times more likely to have survived to age 90 and
beyond, compared to parents of those with usual lifespan (Atzmon et al. 2004). Even if
genetics account for smaller differences observed in the rate of aging, identification of these
genes is important for planning strategies that can delay the aging process. Furthermore,
since exceptional longevity is heritable, studying the families of centenarians to identify
genetic determinants of exceptional longevity offers great promise for discovery.

Familial longevity is likely mediated through protection from age-related disease, which is
inherited by the offspring from their parents. Centenarians and their offspring have a lower
prevalence and later age of onset of heart disease, stroke, hypertension, T2DM, Alzheimer’s
disease, and cancer (Anderson et al. 1991; Atzmon et al. 2004; Adams et al. 2008; Lipton et
al. 2010; Altmann-Schneider et al. 2012). This heritable protection from disease has also
been demonstrated in several large studies. A prospective population based study found that
the incidence of Alzheimer’s disease was 43% lower in offspring of parents with exceptional
longevity compared to offspring of parents with more usual lifespans over a 23 year follow-
up (Lipton et al. 2010). A similar association was also found in a study conducted in a
population whose parents achieved more modest longevity. In a secondary analysis of the
Diabetes Prevention Program (DPP), a large clinical trial designed to compare strategies for
T2DM prevention in individuals at high risk for T2DM, parental longevity was associated
with a delay in the incidence of T2DM of the offspring, with the children of parents with
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longest lifespans experiencing the greatest delay in disease onset (Florez et al. 2011). The
effect of parental lifespan on diabetes prevention was found to be just as strong as the effect
of metformin, an anti-diabetic drug used in this study (Florez et al. 2011). These results
demonstrate that extended parental lifespan is strongly associated with better health
outcomes in the offspring, even in populations who achieve less extreme degrees of
longevity.

Although environmental influences may have a significant effect on health and lifespan in
the general population, this does not seem to be the case in centenarians. A study that
compared individuals with exceptional longevity to their contemporaries who did not
achieve longevity found that centenarians were as likely as their shorter-lived peers to have
been overweight or obese (Rajpathak et al. 2011). Furthermore, the proportion of
centenarians who smoked, consumed alcohol daily, had not participated in regular physical
activity, or had not followed a low calorie diet throughout their middle age was similar to
that among their peers from the same birth cohort. In fact, as many as 60% of male and 30%
of female centenarians had been smokers (Rajpathak et al. 2011). Thus, the centenarians had
not engaged in a healthier lifestyle compared to their peers. This supports the notion that
people with exceptional longevity possess genomic factors that protect them from the
environmental influences that may be detrimental to health.

3. Genetics of Exceptional Longevity

For over a decade, centenarian populations of diverse Americans, as well as, ethnically
homogeneous populations of Mormons, Ashkenazi Jews, Icelandics, Okinawan Japanese,
Italians, Irish and Dutch, among others, have served as cohorts for studies to identify
longevity genes or longevity-associated biological pathways. These studies relied on
candidate genes and genome-wide association study (GWAS) that included genotyping of
large populations. One of the strengths of GWAS compared to the candidate gene approach
is that these studies are un-biased. Their results may provide insights into novel mechanisms
of longevity. Several research groups have conducted GWASs for longevity (Beekman et al.
2010; Sebastiani et al. 2012), yet none yielded significant results after appropriate statistical
corrections for multiple comparisons were applied. One exception was the finding of the
APOE2 genotype, although its identification may have been the result of ascertainment bias,
since individuals with the APOE4 allele, who are at higher risk for developing Alzheimer’s
dementia, are less likely to be recruited into population studies (Nebel et al. 2011).

There are several explanations for these disappointing results. First, relying on common
genetic variants that occur at frequencies between 5-49% in the population in order to study
such a rare event as exceptional longevity (one that occurs at a rate of 1/6,000-1/10,000 in
the general population) may result in missing the rarer longevity-associated genotypes. This
also underscores the need for exon or whole genome sequencing in order to discover rare
mutations. Second, applying GWAS to genetically diverse populations requires a very large
study cohort in order to account for genomic diversity and to identify relatively rare genetic
variants. Thus, most studies have lacked sufficient power for such discoveries.
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Following this logic, it is not surprising that many important genetic discoveries were made
in populations that exhibit comparatively small levels of genetic diversity. One such
example is the Icelandic population, which originated from a small number of founders and
expanded to ~500,000 people. Others include the Amish and Ashkenazi Jews (AJ), a larger
population (Barzilai et al. 2003; Atzmon et al. 2008; Suh et al. 2008; Atzmon et al. 2009b;
Atzmon et al. 2010). The advantage of studying a genetically homogeneous population was
exemplified by a recent study which demonstrated that the addition of each Ashkenazi
Jewish subject contributed 20 times more genetic variability to the cohort as compared to
adding a European subject to a cohort of European origin of identical sample size (Carmi et
al. 2014).

There are several ways in which genetically similar populations can contribute to genetic
and biological discovery. One is if the population has a higher frequency of carriers of a
particular genotype and its associated phenotype due to the founder effect, as is the case
with breast cancer caused by mutations in the BRCA genes among Ashkenazi Jewish
women. Another is that single nucleotide polymorphisms (SNPs) that are novel or rare in the
general population will occur at higher frequencies in a homogenous population. This will
result in the associated rare phenotype, such as longevity, to be more amenable to withstand
the rigorous statistical analysis that is performed on genetic data. Third is that many SNPs
that are statistically significant, but below the threshold for GWAS, may still be relevant.
Lastly, it is possible that numerous SNPs contribute in combination to the phenotype.
Indeed, Sebastiani et. al have identified 281 SNPs that can distinguish centenarians from
controls (Sebastiani et al. 2012).

Although discovery of longevity-associated genes has been met with several challenges,
many genes have been identified that are associated with risk for CVD, AD, T2DM and
other age related diseases. One attractive hypothesis had been that centenarians lack these
disease-associated genes; thus, being protected by a more “perfect genome”. However, it has
become clear from GWAS studies that centenarians harbor as many disease-associated
genotypes as controls. Furthermore, a whole genome sequence analysis of 44 centenarians
revealed that this group carried a total of 227 autosomal and 7 X-chromosome coding single
nucleotide variants (SNVs) that are likely to cause disease according to the ClinVar database
(Freudenberg-Hua et al. 2014). Among these are variants associated with Parkinson’s
disease, AD, neurodegenerative diseases, neoplastic, and cardiac diseases. Despite more
than 95 years of exposure to these risky genotypes none of the centenarians exhibited any of
the diseases for which they were genetic carriers. These observations lead to the conclusion
that there are longevity-associated protective genotypes in centenarians that delay aging or
specifically protect against the manifestation of age-related diseases.

Although the GWAS approach did not prove to be particularly helpful in identifying
longevity genes, some success stories have emerged through the application of the candidate
gene approach. Several genes were selected for investigation because they were previously
implicated in aging and SNPs within these genes were suggested to be linked with longevity.
These included PON1 (Bonafe et al. 2002; Rea et al. 2004; Franceschi et al. 2005;
Marchegiani et al. 2006; Tan et al. 2006), IGF-1 (Bonafe et al. 2003; Kojima et al. 2004;
van Heemst et al. 2005), PAPR-1, cytokine genes, genes that code for enzymatic
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antioxidants such as superoxide dismutases (Andersen et al. 1998; Mecocci et al. 2000), and
components of lipid metabolism (Barzilai et al. 2006; Vergani et al. 2006). Other genes that
have been implicated in human aging, and not only longevity, are updated on http://
genomics.senescence.info/genes/.

However, not all discoveries resulted in improved understanding of the biology of aging.
One of the most notable discoveries of a longevity-associated gene, which has been
validated by numerous research groups, is the FOX0O3a genotype. As summarized by Kahn
(Kahn 2014), the FOXO3a genotypes are rather common, the identified SNPs within the
gene localize to intronic or non-coding regions, and despite sequencing of the whole gene by
several groups, no functional mutations have thus far been identified in the regions of the
gene that would predict altered protein function. Furthermore, assays of cells with the
FOXO03a genotype variants also have not been, thus far, associated with functional changes.
Finally, no identifiable phenotype has yet been linked with these FOXO3a genotypes and
they have not been related to risk or protection from disease. In fact, a panel of experts did
not agree on whether a drug that displaces FOX0O3a from the nucleus to the cytoplasm
would induce longevity or shorten the lifespan (Monsalve and Olmos 2011). The example of
FOX03a demonstrates that even a validated genotype does not always translate into better
understanding of the biology of longevity.

There are also other challenges that face researchers studying longevity. In addition to the
usual problems and pitfalls of association studies, particularly in the new age of ‘big data’
brought on by whole genome sequencing (Lawrence et al. 2005), there is another problem
that is particular to longevity studies, that of identifying appropriate controls for a cohort of
exceptionally long lived individuals. This has been a challenge because the ideal controls,
individuals of the same birth cohort as the centenarians but who have not achieved
exceptional longevity, are all deceased. One approach to overcome this challenge has been
to rely on the innovative experimental design in which the progeny of centenarians, who
have inherited about half of their genome from the centenarian parent, are compared to their
spouses who do not have a parental history of longevity and thus can serve as matched
controls (Barzilai et al. 2001).

4. Genomic discoveries and mechanisms for exceptional longevity

The Longevity Genes Project (LGP) and LonGenity are studies that include families of AJs
with exceptional longevity. Since longevity carries a substantial genetic component, these
studies conduct genomic and detailed phenotype analyses in the families with exceptional
longevity in an effort to determine the functions of genes of interest. Using the candidate
gene approach in this AJ cohort, several favorable homozygous genotypes were identified in
multiple genes, which were associated with unique biological phenotypes.

The cholesterol ester transfer protein (CETP) gene codon 405 isoleucine to valine variant
was associated with low levels of plasma CETP, high levels of HDL cholesterol and large
lipoprotein particle size. This genotype was also shown to be protective against cognitive
decline and AD in an independent diverse population (Sanders et al. 2010). This same
genotype was validated by another research group in an Italian population (Vergani et al.
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2006). Three other genotypes in the CETP gene were also found to be significantly
associated with longevity in the Long Life Family Study (LLFS). Although none of the other
studies have confirmed these findings, it is important to keep in mind that a particular SNP
may not exhibit a similar phenotype in all populations. Therefore, the biological phenotype
itself should be tested for association with longevity rather than a particular SNP that may
have differential expression in varying populations. Further complicating matters is the
possibility that the gene with the significant action may be in linkage disequilibrium with the
SNP and that there may be genetic variations at that associated locus.

Another lipid-related genotype, homozygosity for the apolipoprotein C-3 (APOC-3) -641 C
allele was also associated with exceptional longevity in AJs (Atzmon et al. 2006). It too
exhibited a unique lipid phenotype and low levels of plasma APOC-3 (Atzmon et al. 2006).
In a striking example of validation, carriers of a different APOC3 genotype in a homogenous
Pennsylvania Amish population also exhibited low APOC-3 levels, a favorable lipid
phenotype, better arterial health score, and enhanced longevity (Pollin et al. 2008). These
findings demonstrate the power of discovery in selected genetically homogeneous
populations. The APOC-3 genotype was also identified to be related to exceptional longevity
in the LLFS but the phenotype associated with this SNP has not yet been revealed.

ADIPOQ is another longevity associated genotype. Adiponectin is a fat derived peptide with
powerful effects on lipids and metabolism. A deletion at +2019 in the adiponectin
(ADIPOQ) gene was associated in the AJ cohorts with longevity, which was also related to a
phenotype of high adiponectin level, independent of fat mass (Atzmon et al. 2008).

A longevity-associated genotype whose discovery has already made an impact on clinical
practice is that of the thyroid stimulating hormone receptor (TSHR) (Atzmon et al. 2009a;
Atzmon et al. 2009b). The metabolic rate theory of aging suggests that in nature there exists
an inverse relationship between basal metabolic rate and aging, with several hypothyroid
mammalian models exhibiting longer lifespan. Centenarians have higher plasma TSH levels,
although they are not hypothyroid, and their offspring also exhibit this phenotype with
significant hereditability (Atzmon et al. 2009a; Rozing et al. 2010). These clinical features
have been supported by a National Health and Nutrition Examination Survey (NHANES I1I1)
conducted across US and led to the recommendation to not supplement older adults with
mild elevations in TSH with thyroid hormone (Tabatabaie and Surks 2013).

In nature, disruption of the growth hormone/insulin-like growth factor-1 (GH/IGF-1) action
has led to extension of life-span. Spontaneous and experimentally induced partial
disruptions of the GH/IGF-1 pathway, including genetic alterations, are associated with a
small body size (dwarfism) across species (Brown-Borg et al. 1996). Thus, small dogs have
longer lifespans than large dogs (Samaras and Elrick 2002). Models of IGF-1 deficiency
demonstrate numerous indices of delayed aging, including enhanced stress resistance and a
major increase in lifespan (Kenyon et al. 1993; Brown-Borg et al. 1996). On the other hand,
reduced levels of IGF-1 in humans, while protective against cancer, have been linked with
higher risk for cardiovascular disease and diabetes (Sandhu et al. 2002; Burgers et al. 2011),
suggesting a more complex physiological role for IGF-1 in humans. Several SNPs in genes
within the insulin/IGF-1 signaling pathway have been associated with and validated in
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exceptional longevity, but for the most part no specific phenotype related to these SNPs has
been identified (Pawlikowska et al. 2009). An exception to this has been the identification of
a functional IGF-1 receptor (IGF1R) gene mutation discovered after sequencing the IGF1
and IGF1R genes of centenarians (Suh et al. 2008). Heterozygous mutations in the IGF1R
gene have been overrepresented among centenarians compared to the controls without
familial longevity and have been associated with high serum IGF-1 level in the setting of
reduced activity of the IGF1R, as measured in transformed lymphocytes (Tazearslan et al.
2011). Partial IGF-1 resistance conferred by these longevity-associated |GF1R genotypes
was confirmed in a study conducted on wild-type cells transformed with the mutant genes
(Tazearslan et al. 2011). A particular IGF1R genotype was also associated with longevity in
the LLFS; however, its associated phenotype has not yet been defined.

Another example that highlights the importance of GH/IGF-1 signaling in extended
healthspan comes from a population of Laron Dwarfs, who are carriers of a rare mutation in
the GH receptor (GHR) gene that results in GHR deficiency. A group with this genotype
was studied in Ecuador and appears to have a negligible prevalence of Type 2 diabetes
mellitus and cancer (Guevara-Aguirre et al. 2011). Although they did not live long, clearly
they have been protected from major age-related diseases.

Finally, among females with exceptional longevity, those with IGF-1 levels below the
median exhibited significantly longer survival compared to those with levels above the
median, (Figure 2) (Milman et al. 2014). However, this relationship between IGF-1 levels
and survival was not observed in males with exceptional longevity. On the other hand,
among males and females who achieved longevity and had a history of cancer, lower IGF-1
levels predicted longer survival (Milman et al. 2014). Thus, low IGF-1 levels predict life
expectancy in exceptionally long-lived individuals, supporting the role of the GH/IGF-1
pathway in exceptional longevity.

Interest in telomeres and their association with aging led to significant research efforts
aimed at identifying the role of telomere length in exceptional longevity. Telomere length or
mass assessment showed that centenarians have longer telomeres, that this length is
inherited in their offspring, and is associated with decreased incidence of the metabolic
syndrome (MS), T2DM, and cognitive decline (Atzmon et al. 2010). This longevity-
associated telomere phenotype has also been related to a genetic “fingerprint’ in the
telomerase genes in centenarians (Atzmon et al. 2010).

Other genomic mechanisms, no doubt, also contribute to aging, including epigenomic
variations. Sirtuins, resveratrol and other specific activators have been used to induce
histone deacetylation and activation of the SIRT1 gene, thereby resulting in longevity in a
variety of animal models and in high-fat fed mice. However, no significant association
between SRT1 genotypes and longevity have been reported in humans thus far (Han et al.
2014). Methylation patterns have been noted to change with aging and may affect the
transcribed DNA. Initial studies have shown significant differences in methylation patterns
between centenarians and younger controls, with several groups currently pursuing this line
of research. Finally, longevity-associated microRNAs have been identified, but their effects
still need to be determined (Gombar et al. 2012).
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5. Exceptional longevity leading to age-delaying drugs

The goal of longevity research is to identify pathways that are relevant to human aging and
to develop drugs that will delay aging by targeting these pathways. Longevity and extension
of healthy lifespan have been achieved in models via a variety of genetic manipulations,
drugs, and environmental influences, thereby providing the preclinical foundation needed to
proceed to drug development. The main obstacle facing the development of drugs for the
treatment of aging is the fact that the FDA does not consider aging as a preventable
condition. Even if there would be a popular demand for drugs that delay aging, the
pharmaceutical industry would not develop drugs that will not be reimbursed by health
insurance companies. The same was true for hypertension, until studies demonstrated that
lowering blood pressure prevented cardiovascular diseases (CVD), including strokes.

The pharmaceutical industry has relied on genetic discoveries made in longevity studies, as
well as other studies, to identify individuals who have naturally occurring genetic variants or
mutations that confer desirable phenotypes. The goals for pharmaceutical development is to
create drugs whose actions would mimic those of the favorable genetic variants. Observing
the carriers of these genetic variants for any detrimental health effects informs drug makers
of any potential side effects that may arise from a drug that targets the desired pathway. For
example, the observation that centenarians are enriched with a unique CETP genotype that
exposes them to a life-time of lower CETP levels that is also associated with high HDL level
and large lipoprotein particle size, suggests that decreased CETP function is safe (Barzilai et
al. 2003). In fact, a CETP inhibitor is currently being tested in a phase 3 trial by a leading
pharmaceutical company (Cannon et al. 2010). Similar observations were made about the
APOC-3 protein and an APOC-3 inhibitor is also being tested in a phase 3 trial by another
pharmaceutical company (Graham et al. 2013; Lee et al. 2013).

Another class of agents whose actions on aging may be predicted through longevity research
are monoclonal antibodies directed against the IGF-1 receptor. These were initially
developed by several pharmaceutical industries as anti-neoplastic therapies; however, they
were not successful at treating cancer due a significant degree of mutagenesis within cancer
cells that eventually made them resistant to these drugs. Nonetheless, these compounds are
available for pre-clinical testing in aging research. Similarly, the GH/IGF-1 pathway, which
may be important for human aging, can be targeted by the GH receptor antagonist that is
currently in clinical use for the treatment of acromegaly, a condition of GH excess
(Kopchick 2003). Although the above mentioned therapeutics are not presently being
developed for longevity, these drugs may be tested in the future for the indication of
delaying aging and age-associated diseases.

Other drugs may target aging more specifically, although they are in clinical use for other
indications. One example is a class of drugs that inhibit the mammalian target of rapamycin
(mTOR) enzyme. These drugs are primarily used as immune modulators post organ
transplantation, but recently also have been shown to increase the immune response to
vaccinations in the elderly (Mannick et al. 2014), thereby demonstrating their potential
utility in the treatment of health conditions associated with aging.
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Another drug of interest is metformin, the first line drug treatment for T2DM. Several
research groups tested the effect of metformin on aging and demonstrated that it caused
extension in lifespan and healthspan in many rodent models (Anisimov et al. 2008;
Anisimov et al. 2010; Smith et al. 2010; Anisimov et al. 2011; Martin-Montalvo et al. 2013).
Metformin also extended the lifespan of nematodes (Cabreiro et al. 2013), suggesting that its
action is mediated via an evolutionary conserved mechanism. Numerous investigators
looked at the potential anti-aging effects of this drug in populations treated with metformin
for T2DM. The large United Kingdom Prospective Diabetes Study (UKPDS) convincingly
demonstrated that metformin reduced the incidence of CVVD (Holman et al. 2008; Anfossi et
al. 2010). This finding has been validated and reproduced by other studies and meta analysis
(Johnson et al. 2005; Lamanna et al. 2011; Roumie et al. 2012; Hong et al. 2013;
Whittington et al. 2013). In addition, a number of studies suggested that metformin use is
associated with a decreased incidence of cancer (Libby et al. 2009; Landman et al. 2010;
Lee et al. 2011; Monami et al. 2011; Tseng 2012), with many animal and cell models
demonstrating the inhibitory effects of metformin on tumorigenesis (Seibel et al. 2008;
Tosca et al. 2010; Liu et al. 2011; Salani et al. 2012; Anisimov and Bartke 2013; Karnevi et
al. 2013; Quinn et al. 2013). The proposed mechanisms of action for metformin’s effect on
inhibiting tumorigenesis include decrease in insulin production and its action, decrease in
IGF-1 signaling, and AMPK activation.

In the future, other compounds discovered to be important for longevity may be developed
into drugs. For example, the level of humanin, a mitochondrial derived peptide, decreases
with aging but has been shown to be up to 3-fold increased in the offspring of centenarians
(Muzumdar et al. 2009), thus making it an attractive candidate for drug development.

Concluding Remarks

This chapter demonstrates that via the use of biologic and genetic experimental methods
scientists can determine why some people age more slowly or more rapidly than others.
Such discoveries in humans, as opposed to those in other animal models, have the advantage
of being directly relevant to human longevity and can be relied upon by pharmaceutical
developers looking to establish the safety of drugs whose actions mimic the function of the
genetic variants found in centenarians. Thus it follows that if functional mutations or SNPs
that are more common in centenarians are also deemed safe in that population, then drugs
that mimic the desired actions are worth developing. This kind of drug development should
result in unique drugs that target not only specific diseases but also aging. The barrier for
development of drugs that target aging is that at present aging is not an indication for
treatment by the FDA. There is an urgent need to change this paradigm in order to accelerate
drug development and realize the longevity dividend.
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Figure 1.
Rate of death per 100,000 people per year for age-related diseases, stratified by age groups.
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Figure2.

Kaplan-Meier survival curves for females with IGF-1 levels above and below the median.
Adapted from Milman et al. Aging Cell 2014.
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