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1 Introduction
‘New horizons are never discovered by following old roads.’ – John O’Reilly

The sequencing of a growing number of genomes, and of the human genome in par-
ticular, has paved the way for remarkable technological innovations that are revolu-
tionizing research across the life sciences. Large-scale sequencing and emerging
techniques and approaches, like microarrays and systems biology, are changing the
way researchers study life and its intrinsic complexity. Cells and the molecules that
compose them, in particular proteins programmed from the genome to give rise to
complex interactions and functions, can now be studied in a high-throughput fashion.
Genomics and its derivative technologies promise to transform biomedical research
and be the preeminent area of scientific discovery during the 21st century.

New technologies are particularly useful in scientific fields that have already been the
subject of considerable research, and thus for which substantial observations exist, but
that remain largely unsolved (de Magalhães and Toussaint, 2004a). Biogerontology is
one of such fields and the post-genome era promises to be a time of unprecedented
breakthroughs in our understanding of ageing. The goal of this chapter is to review
some of the key technological and methodological advances made possible by the
recent sequencing of genomes and summarize their relevance to the study of complex
traits like longevity, ageing and age-related diseases.

2 The genomic revolution
Clearly, genomic technologies are changing the way research on the science of ageing
is conducted (Kaeberlein, 2004; Lim and Ng, 2007; Raghothama et al., 2005). One fit-
ting example of a breakthrough made possible by having the sequence of the human
genome was the association of mutations in the LMNA gene with Hutchinson-Gilford
progeria syndrome. Succinctly, using a combination of genetic techniques, Eriksson et
al. (2003) identified a candidate interval of 4.82 Mb on chromosome 1. Though there
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are roughly 80 known genes in this region, the researchers immediately focused on
LMNA because mutations in this gene had been previously associated with various
disorders. Sequencing of LMNA revealed a heterozygous base substitution in 18 of 23
patients (Eriksson et al., 2003).

The work on LMNA is an excellent example of how useful it is for genetic research
to have the sequence of the human genome, yet it is only the tip of the iceberg. As will
be further detailed ahead, having the genome sequence for a given organism allows
genome-wide studies and genetic screens. One example is the powerful technology of
RNA interference (RNAi), which can now be used to manipulate gene expression on
a whole-genome level (Hannon, 2002). In fact, with the availability of genome
sequences for several model organisms, RNAi technology can be used to screen thou-
sands of genes for their effects on a given phenotype. Not surprisingly, large-scale
RNAi longevity studies have already been conducted in C. elegans and have allowed
the identification of new genes and pathways that influence lifespan (Hamilton et al.,
2005; Lee et al., 2003).

In addition to facilitating genetic research, the sequencing of genomes has allowed
the development of several large-scale techniques for the quantification of the basic
molecular components of living organisms. Having the genome sequence of a given
organism opens the door to the development of microarrays used in gene expression
studies (Brown and Botstein, 1999) and modern proteomics like mass spectrometry
(Aebersold and Mann, 2003; Dierick et al., 2002). These technologies allow researchers
to generate massive amounts of data and help understand how the molecular compo-
nents of cells, and the genes that give rise to them, produce the complexity of life. Some
of their uses in the context of research on ageing, a process that can be seen as the cor-
ruption of life, are discussed below.

2.1 Functional genomics

The goal of functional genomics is to understand the function of genes, in particular
the function of the roughly 25 000 genes that make up the human genome. Functional
genomics focuses mostly on analyses of the expression of genes and/or proteins and
their interactions (i.e. protein-protein interactions and protein-DNA interactions).

Clearly, one of the most powerful genomic technologies is the microarray, which is
normally used to study gene expression. Microarrays allow researchers to quantify the
mRNA levels of thousands of genes. Typically, gene expression studies of ageing aim
to identify genes whose expression levels change with age. Briefly, many ageing tis-
sues have been studied in animals and, although ageing changes in gene expression are
often tissue-specific, a few common patterns have emerged. For instance, some path-
ways appear to change with age in different model organisms, such as genes linked to
cellular detoxification (McElwee et al., 2007). A complementary approach is to iden-
tify genes differentially expressed in long-lived strains (e.g. in long-lived knock-outs)
or conditions (e.g. under caloric restriction). In an interesting work, Murphy et al.
(2003) used microarray analysis to identify genes differentially expressed in long-lived
C. elegans mutant strains, many of which they later showed to influence ageing.

One problem with gene expression studies of ageing is that genes differentially
expressed may not necessarily be related to the ageing process but rather to specific
age-related diseases. They may also reflect programmed responses to the loss of func-
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tion and tissue homeostasis that normally represents ageing, rather than an underly-
ing mechanism of ageing (de Magalhães and Toussaint, 2004a). As such, interpreting
ageing microarray data is not as straightforward as when studying other processes,
like the cell cycle.

Microarrays have numerous pharmacological applications, including for age-related
diseases. Briefly, one example comes from the Connectivity Map, a collection of gene-
expression profiles obtained from cultured human cells treated with 164 small mole-
cules. The Connectivity Map can be used to find connections among small molecules,
diseases and physiological processes and has been used to identify candidate small mol-
ecules that might be used to help treat Alzheimer’s disease (Lamb et al., 2006). Another
area in biogerontology in which microarrays may be valuable is in finding biomark-
ers of ageing. Although the search has so far been largely fruitless and even somewhat
controversial, being able to quantify how aged a given organism or patient is would be
extremely useful to basic and applied research (Miller, 2001). Gene expression studies
– alone or integrated with other parameters – may help identify biomarkers of ageing
that allow us to quantify ageing (Kriete, 2006). For example, genes differentially
expressed with age whose changes are attenuated in long-lived strains are potentially
good candidates. Interestingly, it has been proposed that a cheaper and quicker
approach to screen candidate life-extending therapies in mice is to employ gene expres-
sion biomarkers at earlier ages rather than conduct full longevity studies (Spindler and
Mote, 2007).

Because of their ability to generate large amounts of data in a relatively short period
of time, gene expression studies have thus far been more used than protein studies,
even though protein modifications can alter protein function and go undetected by
gene expression studies. With proteomics, however, it is possible not only to analyse
protein levels but inquire about post-translational modifications (Gafni, 2004).
Although proteomic studies are less prevalent in ageing research, and arguably in bio-
medical research in general, there have been some successes. The most widely used
rationale for applying proteomic analyses to ageing is the same for doing gene expres-
sion studies, that is, to identify protein differences with age or between short- and
long-lived strains (Gafni, 2004). Recently, Dong et al. (2007) employed mass spec-
trometry to identify 86 proteins more or less abundant in a long-lived daf-2 mutant C.
elegans strain. They also showed that some of these proteins act in processes regulated
by DAF-2, including development and ageing. In another study, Sowell et al. (2007)
recently reported a mass-spectrometry-based survey of the Drosophila proteome at
nine time points across adulthood. Overall, while not as high-throughput as gene
expression studies, and in spite of advances in protein microarrays to assess protein
abundance and function (LaBaer and Ramachandran, 2005), proteomics offers a com-
plementary set of tools capable of providing unique insights.

Ultimately, one goal of functional genomics is to obtain gene expression maps for
whole organisms: in other words, to know the expression patterns of nearly all genes
in different cells or tissues and at different stages of the lifespan. Deriving such maps
for lower organisms appears within reach, in particular for C. elegans since it only has
959 adult somatic cells and its cell lineage has been described. To achieve this objective,
Dupuy et al. (2004) generated a ‘Promoterome’, a genome-wide resource of about 6000
C. elegans promoters which can be used to drive the expression of protein-encoding
genes, such as localization markers like the green fluorescent protein (GFP). In mice,
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one fascinating resource is the Allen Brain Atlas (http://www.brain-map.org/), a dig-
ital atlas of gene expression patterns of approximately 20 000 genes in the adult mouse
brain. Although it does not presently contain different time points, the Allen Brain
Atlas can serve as a reference point for comparisons with ageing and/or disease states
(Lein et al., 2007).

Another area of intense research is the study of transcriptional regulation and reg-
ulatory networks. This is a major challenge of the post-genome era because, even
knowing the building blocks of life, genes can regulate their own expression and/or the
expression of other genes in complex networks and regulatory loops. Phenotypes often
arise from these multiple components and their complex interactions. One powerful
technology to study transcriptional regulation is the ChIP-microarray or ChIP-chip
where ChIP stands for chromatin immunoprecipitation. Succinctly, to identify targets
of a given transcription factor, a whole-genome microarray can be used to find genomic
regions to which the transcription factor is bound (Buck and Lieb, 2004). For exam-
ple, Meier et al. (2007) used ChIP-chip technology to study mammalian DNA-dam-
age response factors in damaged telomeres. Other studies of ageing have also taken
into account gene regulatory regions. For example, one study in the ageing human
brain reported that genes with reduced expression with age had increased DNA dam-
age in their promoters, and in cell culture these same promoters were more suscepti-
ble to damage by oxidative stress (Lu et al., 2004).

Understanding transcriptional regulation is further complicated, however, because
gene expression can be regulated at many levels and our knowledge of these mecha-
nisms is still incomplete. For example, the recent discovery of microRNAs and their
capacity to regulate gene expression has added a new dimension to the problem and it
is likely that other unknown mechanisms will still surprise researchers. Interestingly,
Boehm and Slack (2005) showed that a microRNA regulates lifespan in C. elegans, so
studies of these mechanisms have a huge potential to provide insights about ageing.

Although the above technologies are powerful by themselves, they can of course be
used in combination with each other or with other techniques. For example, Hubner
et al. (2005) focused on two rat tissues relevant to the pathogenesis of the metabolic
syndrome and integrated gene expression profiles with linkage analysis to identify 73
candidate genes for hypertension. Studies combining genetic screens with microarray
analysis have also been proposed to identify longevity genes in mice (de Haan and
Williams, 2005). Another interesting example combining basic biology in a model
organism with genome-wide approaches comes from the SLC24A5 gene. A mutation
in its zebrafish homolog was found to be responsible for pigmentation. Because it was
known that the human gene showed a strong difference between populations, the
researchers then demonstrated a strong association between an allele in SLC24A5 and
variation in pigmentation between European and African populations (Lamason et al.,
2005). Lastly, in Drosophila, Lai et al. (2007) studied gene expression in two strains
for which quantitative trait loci (QTLs) affecting lifespan had been previously identi-
fied. Combining information on genes differentially expressed with age and between
the two strains, they obtained a set of 49 candidate genes.

To cope with the large amounts of data being generated, including the growing num-
ber of genes being associated with ageing, several computational resources have been
developed to assist researchers in navigating the seas of information (see Table 1).
Indeed, we developed the Human Ageing Genomic Resources (de Magalhães et al.,
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2005). One of its key components is GenAge (http://genomics.senescence.info/genes/),
the first curated database of genes possibly related to human ageing. Recently, we also
added a database of genes associated with ageing and/or longevity in model organisms
as well as a list of genes analysed for their possible association with human longevity.
Our aim in developing GenAge is to collect, manage and analyse the data. Not only
do we want to summarize basic information about genes related to ageing, but we also
want GenAge to be useful for researchers in many types of studies, including genetic
association studies, or even for exploiting clinical interventions in human ageing.
Another database of ageing- and longevity-associated genes is the SAGE KE database,
which is now being hosted at the University of Washington (http://uwaging.org/
genesdb/index.php). Interestingly, Lunetta et al. (2007) recently reported a genome-
wide association study of longevity genes and performed an analysis focusing on can-
didate genes obtained from GenAge and from the SAGE KE database. Finally, another
potentially useful database in biogerontology is the Gene Aging Nexus, a database of
ageing gene-expression data (Pan et al., 2007).

2.2 Comparative and evolutionary genomics

The human genome can be seen as the digital code from which proteins, the molecu-
lar machines of life, emerge (Hood and Galas, 2003). Comparative genomics, which is
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Table 1. Major databases of relevance to biogerontologists.

Name URL Type of data

AGEMAP http://server1-kimlab.stanford. Gene expression database for ageing 
edu/cgi-bin/index.cgi?Home in mice

Aging Gene Nexus http://gan.usc.edu/ Microarray gene expression data

AGINGDB http://aging.pharm.pusan.ac.kr/ Oxidative stress and calorie
restriction in the study of ageing

AnAge http://genomics.senescence. Life history traits, longevity records, 
info/species/ and ageing-related observations in

organisms

Baltimore http://blswww.grc.nia.nih.gov/ Repository for most of the 
Longitudinal longitudinal data collected during 
Study of Aging this study

GenAge http://genomics.senescence. Ageing- and longevity-associated 
info/genes/ genes in model organisms and in

humans

Human Mortality http://www.mortality.org/ Mortality and population data
Database

SAGE KE Database http://uwaging.org/genesdb/ Genes and interventions that have
been studied with respect to their
effects on life-span or age-related
neurological diseases
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the analysis and comparison of different genomes (either from different species or from
different individuals of the same species), provides opportunities to decipher that code
by allowing researchers to associate DNA variation with phenotypic variation.

Ageing and longevity are quantitative traits. Both are complex in the sense that they
are modulated by two or more genes and their interactions with each other and with
the environment. Associating complex diseases with DNA variants is challenging but
researchers are now benefiting from the availability of large numbers of genetic mark-
ers and new genotyping technologies (Cardon and Bell, 2001). One common type of
genetic variation is the single-nucleotide polymorphism (SNP). SNPs are now widely
used genetic markers in genetic association studies and one major resource is HapMap,
a public database with several million SNPs (International HapMap Consortium,
2005). Thanks to this and other projects, massive genome-wide association studies are
ongoing to search for disease genes. One example is the Wellcome Trust Case Control
Consortium (2007), which examined about 500 000 SNPs in 14 000 individuals affected
by major diseases and in 3000 controls, yielding evidence for the involvement of many
loci in the diseases.

Such studies promise to help bridge the gap between genotype and phenotype for
hundreds of complex diseases. By focusing on longevity, genome-wide studies have a
huge potential to help unravel the genetic basis of longevity, age-related diseases, and
possibly of the ageing process itself. Of course, genes associated with longevity may
or may not be related to the basic ageing process. For example, one of the first genes
associated with longevity was APOE, with one of its alleles known to promote pre-
mature atherosclerosis reported to be less frequent in centenarians than in controls
(Schachter et al., 1994). Whether APOE is involved in the basic process of ageing
remains to be determined. Nonetheless, associating genes with longevity and age-
related diseases has a remarkable potential to improve human health and in some cases
may provide mechanistic clues about ageing (Barzilai and Shuldiner, 2001). Moreover,
with the dropping costs of resequencing the human genome, knowing the genetic
determinants of human longevity is crucial for developing personalized medicine
(Hood, 2003).

Certainly, an exciting area of research is identifying the genetic basis for individual
variance in longevity and susceptibility to age-related diseases. An even greater pheno-
typic variation than that observed between individuals, however, is of course observed
between species, and this is also reflected in the biology of ageing. Even similar species,
like primates, can age at remarkably different rates (Figure 1). As in population studies,
the rationale behind evolutionary genomics is that by studying different phenotypes of
the process under study we can gather clues about its underlying genetics and mecha-
nisms. It is clear that the genomic information determines the features of each species’
ageing process to a large extent (Austad, 2005; de Magalhães, 2003). Multiple sequenced
genomes provide data-mining opportunities to at least derive testable hypotheses. Iden-
tifying some of the genes involved in species differences in longevity would help under-
stand the cellular and molecular basis for differences in the ageing process and in diseases
like cancer, type II diabetes and neurodegenerative diseases. Eventually, it would inform
about human susceptibility to such diseases.

Due to its much smaller size, sequencing the mitochondrial DNA (mtDNA) is con-
siderably cheaper and quicker than sequencing the nuclear genome. As such, the
mtDNA of hundreds of vertebrates has now been sequenced. Because mitochondria
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have been associated with ageing, and hypothesized to play a causal role in the human
ageing process, some studies have been conducted trying to associate some feature of
the mtDNA with the longevity of different species (de Magalhães, 2005a; Khaidakov
et al., 2006; Lehmann et al., 2006; Rottenberg, 2007). For example, in one intriguing
study Samuels (2005) demonstrated a relation between the free energy of mitochondrial
DNA, which can be seen as a factor in its susceptibility to mutation, and longevity.
Although there are alternative explanations for all these studies, they could suggest a
general pattern of selection on the mitochondrion that is associated with the evolu-
tion of longevity.
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Species

63 mya

58 mya

35–40 mya

7–9 mya

4–6 mya

25 mya

18 mya

14 mya

Longevity

Otolemur garnetti 18.3

18.2

16

22.8

30.3

37.5

39

40

59

53.5

122.5

74

44.1

Microcebus murinus

Tarsier syrichta

Callithrix jacchus

Saimiri sp.

Papio hamadryas

Macaca fascicularis

Macaca mulatta

Hylobates leucogenys

Pongo pygmaeus

Gorilla gorilla

Pan troglodytes

Homo sapiens

Figure 1. Phylogeny and longevity of primate species approved for sequencing at the time of
writing (http://www.genome.gov/10002154). The strategy behind evolutionary genomics of
ageing, which can be seen as a form of comparative genomics, is to take advantage of the
variation in longevity between similar species and of the growing number of sequenced
genomes to understand not only the evolutionary pressures shaping longevity but obtain
biologically significant clues about the genetics of ageing and age-related diseases. Longevity
refers to maximum longevity and was obtained from build 9 of the AnAge database (de
Magalhães et al., 2007). Because it is not yet possible to quantify rate of ageing, maximum
longevity under protected conditions is often used as an approximation to compare differences
in ageing between species (de Magalhães, 2006). Human longevity, of course, may be
overestimated due to the much larger sample size. Phylogeny from Goodman, 1999. Branch
sizes are not to scale. mya, million years ago.
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When studying the evolution of the much-larger nuclear genome to gather clues
about ageing, one major drawback is the fact that ageing is a largely mysterious process.
The genetic basis of longevity is also mostly unknown, which means researchers are
virtually searching needles in a haystack. An example may be useful. Because humans
tend to live longer and exhibit signs of ageing at later ages than chimpanzees, we
recently studied the evolutionary forces acting on human-chimpanzee orthologous
gene pairs. With only two species, however, our signal-to-noise ratio was still low and
hence our analyses were limited to protein-coding sequences and to pathways and
mechanisms previously associated with ageing. Surprisingly, we found that ageing-
associated genes tend to evolve under stronger-than-average functional constraints.
Albeit interesting from an evolutionary perspective, however, we failed to obtain sig-
nificant insights regarding the genetic basis for differences in ageing and longevity
between these two species (de Magalhães and Church, 2007).

Many different theoretical frameworks seeking to explain species differences in age-
ing have been put forward. One of the most popular explanations is the free radical the-
ory of ageing, which succinctly argues that species with higher generation of reactive
oxygen species (ROS) accumulate damage faster and thus age faster. Because mito-
chondria, the cells’ powerhouses, are one major source of ROS, the free radical theory
offered an elegant explanation to the long-held view that short-lived mammals have
higher metabolic rates (Harman, 1981). Recently, however, this explanation has been
put into question by the demonstration that metabolic rates, when statistically cor-
rected for the effects of body mass and phylogeny, do not correlate with longevity in
placental mammals or in birds (de Magalhães et al., 2007a).

In addition to ageing being largely mysterious, another problem in evolutionary
genomics (of ageing and otherwise) is that we have few clues regarding which genomic
features are involved in species differences and in adaptation. New genes can obvi-
ously give rise to new phenotypes. For example, transgenic mice expressing a CPD-
photolyase, enzymes involved in repair of UV-induced damage that were
evolutionarily lost in placental mammals, were protected from sunlight-induced
tumorigenesis (Jans et al., 2005). Probably, though, more subtle adaptive changes in
gene products or in their regulatory regions underlie the augmented human longevity.
Considering that humans are thought to have essentially the same set of genes as chim-
panzees, it is unlikely that differences in ageing are due to the loss or evolution of new
genes, at least among such closely related species. It has long been thought that differ-
ences between similar species may be due to transcriptional regulation (King and Wil-
son, 1975), though probably a combination of changes in regulatory and
protein-coding regions are involved (Hoekstra and Coyne, 2007). The challenge is to
identify such changes from the background of neutral mutations.

In spite of these difficulties, it appears plausible that, as the genomes of more organ-
isms are sequenced, it will be possible to associate selection patterns in one or more
genes with the evolution of longevity in mammalian and/or primate lineages. In that
context, sequencing the genome of long-lived mammals would be a tremendous help
(de Magalhães et al., 2007b). New genomic methods also promise to aid in these efforts.
Because differences in gene expression might play a role in species differences in age-
ing, gene expression studies can be used in combination with genome comparisons to
study regulatory networks. Using a multispecies cDNA microarray, Gilad et al. (2006)
identified genes with expression levels significantly elevated or reduced in the human
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lineage when compared to other primates. Transcription factors were particularly
prevalent among the identified genes. Overall, I am convinced that increases in the sig-
nal-to-noise ratio through better methods and/or more data will make it possible to
identify candidate human longevity genes. Eventually, with the dropping costs of rese-
quencing the human genome (Church, 2006), such genes can be further studied in
genetic association studies in human populations and may provide important clues
about the basic cellular and molecular mechanisms of ageing.

3 Systems biology
The aforementioned technologies have allowed researchers to survey biological sys-
tems and their molecular components on a global scale. Systems biology is not only the
study of these components but how they interact to give rise to the system under study
(Hood, 2003; Kriete et al., 2006). In biogerontology, many genes have been related to
ageing in model systems but it is now necessary to study how these genes interact and
how they exert their influence as an aggregate to modulate the ageing process. As such,
the ageing process is suitable for a system-level approach (Kirkwood et al., 2003; Vijg
and Suh, 2003). GenAge, in fact, was developed as a tool for systems biology by pro-
viding a core dataset that allows researchers to employ data-mining algorithms and
computational approaches to study ageing from a genomic, proteomic and evolution-
ary perspective.

One simple way to study a complex system is to observe the effects of disrupting
each of its components. Indeed, based on GenAge, I developed a system-level inter-
pretation of genetic interventions that alter the ageing process in model systems to
help comprehend the mechanisms of ageing. One of my conclusions was that DNA
alterations appear to be more relevant to ageing than other forms of molecular dam-
age (de Magalhães, 2005b).

As aforementioned, a key aspect of systems biology involves the study of how the
system’s components – typically genes and/or proteins, but they could be metabolites
or cells – interact. Some potentially useful network studies of ageing have already been
conducted (Bergman et al., 2007; Promislow, 2004). Of particular interest, a number
of researchers have studied networks of ageing-associated proteins in order to identify
new candidate genes or proteins that may play a role in ageing (Budovsky et al., 2007;
de Magalhães and Toussaint, 2004b; Ferrarini et al., 2005). In this ‘guilt-by-
association’ method, the principle is that proteins that tend to interact with proteins
previously associated with ageing have a higher probability of also being involved in
ageing than what would be expected by chance, and are thus promising targets for fur-
ther experiments (see Figure 2).

The future of systems biology and of biological research in general is in integrating
different sources of information to understand complex processes. Indeed systems
biology is not limited to a few technologies or approaches. For example, as discussed
above, evolutionary biology provides a unique perspective on gene action, and evolu-
tionary studies can be integrated into systems biology. In fact, evolutionary  systems
biology is a major emerging field whose broad goal is to study how gene  networks
evolve (Medina, 2005). Understanding regulatory networks also benefits from the inte-
gration of different types of data, such as combining microarray data with literature
mining, which can be seen as a form of systems biology (Werner, 2007).  Likewise, some
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of the integrative genomic approaches described above can be classified as systems
biology approaches.

Although promising, applying systems biology to ageing research still faces some
significant hurdles. For instance, ageing research suffers from a lack of appropriate
experimental models (de Magalhães and Toussaint, 2004a). In cancer biology, applying
the principles of systems biology is much easier because cancer researchers have at
their disposal multiple cancer cell lines in which to conduct a battery of large-scale
analyses using ‘-omic’ technologies, which can then be integrated to identify cancer
markers that make it possible to develop personalized cancer therapies (Weinstein,
2004). In fact, one exciting project is the Cancer Genome Atlas, a comprehensive effort
to explore the spectrum of genomic changes associated with cancer (http://
cancergenome.nih.gov). Systems biology is also appropriate to study infectious dis-
eases, which perturb the network structure of a system (e.g. the immune system), and
are themselves caused by agents that are made of interacting components and whose
genome can be (or has been) sequenced. Although cellular models of ageing are suit-
able for systems biology, applying systems biology to complex organisms like mam-
mals still suffers from a lack of experimental paradigms. Other applications and
problems of systems biology in the study of ageing are discussed below.
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Unstudied protein

A

B

Protein associated with ageing

Protein-protein interaction

Figure 2. ‘Guilt-by-association’ method in a simple hypothetical network of protein-protein
interactions. Each circle represents a protein with grey circles representing proteins previously
associated with ageing and white circles representing proteins not previously studied in the
context of ageing. Just from visualizing the network, it is clear that proteins A and B are the
best targets for future experiments because they interact with a large number of proteins
already linked to ageing, which makes A and B more likely to play a role in ageing. Typically,
though, protein networks tend to be more complex with more proteins and interactions. It is
also possible to define the type of the interactions and take into consideration regulatory
interactions, such as activation or repression, which require more advanced algorithms to infer
the best targets for future experiments.
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3.1 Modelling the ageing process

One goal of systems biology is to develop computer models of the whole system from
its parts and their relationships. In silico models are easier to interpret and may allow
novel insights into the process under study. The ultimate aim of modelling is to pre-
dict phenotypes that may help guide experiments and may even have clinical applica-
tions. For example, as mentioned above, quantifying different aspects of ageing may
reveal a fingerprint of ageing that allows researchers to quantify the whole ageing
process (Kriete, 2006).

Models can be constructed at different levels, focusing on different components of
the system, and with varying degrees of mathematical complexity (de Jong, 2002). The
type of model depends on what is sought from the model and on the data available,
with better data of course allowing more complete models. Modelling can follow a
top-down or a bottom-up approach (or a combination of the two). A top-down model
begins with an overview of the system. Its parts are then refined until a level of detail
is reached that provides suitable predictions. In bottom-up modelling, the components
of the system are first identified and characterized and their relationships are then put
together until the entire system is modelled.

Probably the main problem in modelling ageing is that we still do not understand
the essence of the ageing process (de Magalhães, 2005b). Some researchers have even
argued that there is no basic ageing process and that what we call ageing is in fact the
product of different age-related diseases and degenerative processes occurring approx-
imately in parallel (Holliday, 1995). Recent breakthroughs in the genetics of ageing
showing it is possible to modulate the entire ageing process by manipulating single
genes, however, have cast doubts on this view (de Magalhães, 2003).

Others view ageing as the result of one or more forms of molecular damage accu-
mulating with age, in particular damage caused by chemical reactions such as oxidative
damage or DNA mutations. But even if ageing is caused by the accumulation of molec-
ular damage and inefficient repair systems, there are different mechanisms by which
this may occur and these need to be modelled in different ways. Bell (1998) argued
that there could be conceptually different types of repair. DNA, for example, can be
repaired based on an original blueprint. Another way of eliminating errors is to have
a large number of DNA copies, for example in different cells, and then subject those
cells to a given test that eliminates cells with a number of DNA mutations above a cer-
tain threshold (in this case, the outcome might be apoptosis). To put it another way,
evolution may increase longevity by optimizing repair mechanisms – and even a slight
increase in DNA repair will have major consequences over the large number of cell
divisions necessary to produce an adult mammal – or evolution might operate by opti-
mizing cell selection (e.g. acting on processes like apoptosis and mitosis).

The point has also been made that degeneration is not caused by damage to the
 components of a system but rather by the inability to replace those components
(Williams, 1957). Ageing can be seen as a result of systems being redundant in irre-
placeable elements (Gavrilov and Gavrilova, 2001), and some authors have suggested
a ‘network theory of ageing’ integrating different forms of molecular damage
(Franceschi et al., 2000; Kowald and Kirkwood, 1996). Alternatively, a completely dif-
ferent hypothesis is that some developmental mechanisms shaped by evolution to opti-
mize reproduction have an impact on ageing and age-related diseases (de Magalhães
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and Church, 2005). The free radical theory of ageing can, in fact, be interpreted in light
of the antagonistic roles of ROS in development/growth and in ageing (de Magalhães
and Church, 2006). It appears that at least some forms of damage may be caused by
genetic programmes (e.g. as a form of antagonistic pleiotropy) rather than inefficient
repair systems.

Overall, there is no consensus on what the driving force of ageing is or what type of
components play a role in it, which makes it nearly impossible to model ageing in
higher organisms with precision. For now, modelling ageing has been restricted to
lower organisms or simple pathways. A model of yeast ageing has been proposed
(Gillespie et al., 2004), as has a model of the role of chaperones in ageing (Proctor et
al., 2005). Ultimately, however, the goal of systems biology is to reconstruct the causal
structure of the human ageing process at different levels and understand its genetic
network.

4 Future prospects
‘By the year 2030, we will have (1) developed a complete model of all human cell types,

obviating the need for many laboratory experiments [by doing computer simulations instead];
(2) lowered the cost of doing a complete genomic sequence for an human individual to less than

$1,000 each; and (3) catalogued all the genes involved in ageing. Therefore, human clinical
trials to extend lifespan could already be underway by this date.’ – Francis Collins

It is my belief that understanding ageing will require what is known in reverse engi-
neering as ‘a grey box approach’: a combination of white and black box. A white box
is the source code, the binary code being decoded: in this case, the genome. The black
box approach involves observing results of different inputs in the system being
analysed to understand its functioning: in this case, genetic manipulation experiments
followed by observations from gross phenotypes to changes in genes and proteins. In
this context, microarrays and proteomics provide new high-throughput ways to gen-
erate massive amounts of detailed observations of the system under study, while a sys-
tems-biology thinking allows researchers to fit these immense amounts of data into
coherent models.

The lack of a theoretical framework that explains ageing (or the large numbers of
frameworks that may or may not be correct) is a difficulty in applying genomic tech-
nologies to ageing, from interpreting gene expression results to modelling ageing, pass-
ing by evolutionary genomics. On the other hand, genomic technologies have so far
been mostly used for hypothesis generation rather than hypothesis testing and may
even provide new conceptual frameworks that have so far eluded biogerontologists.

Biomedical discovery will continue to benefit from the extraordinary progress of
technology and provide researchers with new horizons. For example, as mentioned
above, comparative genomics is an emerging field and it will soon be possible to rese-
quence the genome of thousands of patients. As resequencing costs continue to drop,
however, even more ambitious projects become feasible. One endeavour that may
allow researchers to address the role of mutations in ageing would be to produce a
phylogenetic tree of cells. The idea would be to catalogue somatic mutations in the
genomes of individual cells during development and ageing of mammals, to sequence
the genome of many cells in a mouse. This would allow researchers to infer the history
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of cell divisions and obtain a mammalian cell-fate map describing cellular lineages dur-
ing the entire lifespan (Salipante and Horwitz, 2007). 

Ultimately, biomedical research will gradually transform biologists and physicians
from observers to architects. At present, there are inherited limitations to radically
engineering biological systems and not many success stories. In non-biological fields,
engineers have an in-depth understanding that permits computer models and an
abstraction of the task at hand. The situation is quite different in biology, at least for
now (Heinemann and Panke, 2006). Progress in the emergent field of synthetic biol-
ogy, however, coupled with a more complete understanding of biological processes
made possible by genomic technologies, promises gradually to augment our capacity
to engineer biology. De Grey (2003), for example, has argued that it will be possible
within a foreseeable future to engineer human ageing to the point of reversing it.

In conclusion, this is an exciting time for research in the biomedical sciences with
unprecedented opportunities for discovery. When compared to other biomedical fields,
ageing research is still in its infancy. Biogerontologists have now high-throughput tech-
nologies with which to prod the mechanisms of ageing, and the computational capac-
ity to build models of the ageing process with an increasing ability to predict
phenotypes. In the next decade or two, I anticipate we will learn more about the basic
ageing process and its genetic, cellular and molecular underpinnings than ever before.
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