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Why do we age? Is aging inevitable? Will medical advances allow us to extend our
lifespan beyond its present limits?

Recent discoveries in the fields of cell biology and molecular genetics are seriously
challenging the assumption that human lifespans are beyond our control. With such dis-
coveries in mind, noted cell biologist William R. Clark skillfully describes how
senescence begins at the level of individual cells and how cellular replication may be
bound up with aging of the entire organism. He explores the evolutionary origins of
aging, the cellular connections between aging and cancer, and the insights gained
through studying human genetic disorders that mimic the symptoms of aging. In a final
chapter, Clark considers the social and economic aspects of living longer, the implications
of gene therapy on senescence, and what we might learn about aging from experiments
in cloning.
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REPLICATIVE IMMORTALITY

Figure7.2. The Ras oncogene system. Cells normally begin to divide when a growth
sgnal (S) recognizes and bindsto a signal receptor (SR) in the cdl's outer membrane.
Molecules such asras, located just below the membrane, sensethat thereceptor is
occupied, and cause a chemical modification of a second molecule in the signaling
pathway (r af), which activates that molecule and causesit to activate the next member
of the pathway, and so on. Thefinal step in the signaling pathway is activation of
genesin the nucleusthat control cel proliferation. (The names of the various

components of the signaling pathway derive from short-handed notations used by the
scientistsswho discovered them.)

have been defined in humans, and they are found in alarge proportion
of human tumors. All of the products of these genes are involved with
receiving, transmitting, and processing growth signals. When a growth
factor arrives at a cell surface, it binds to a specific receptor that recog-
nizes that factor and no other. The receptor is itself usually a protein
molecule that passes through the cell membrane. Within or immedi-
ately under the membrane, and adjacent to the receptor, are molecules
that can sense when the receptor is occupied by growth factor. These
molecules initiate a cascade of molecular signaling events that eventu-
aly result in a transcription factor entering the nucleus and triggering
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the expression of genes—such as the cyclin and Cdk genes—needed
for activating the cell cycle.

This entire sequence of molecular events, from triggering the
growth factor receptor through the transcription of specific genes in
the DNA, is called a signaling pathway, and it is normally set in
motion only by the arrival at the cell surface of the appropriate growth
factor. Progression through the pathway involves sequential activation
of the various components of the cascade. Each component, once acti-
vated by the preceding or "upstream" component, in turn activates the
next "downstream" component, and so on until transcription is suc-
cessfully initiated.

Like any other genes, the genes encoding the components of sig-
naling pathways are subject to mutation. Some—probably most—
mutations will result in production of a protein that is unable to carry
out its normal function in the pathway. In this case, the cell will not be
able to divide when called upon to do so, and may well die as a result,
but it would not become a tumor. Some mutations may be "neutral" or
"silent," causing minimal or no functional alteration in the encoded
protein. A few mutations, on the other hand, will actually enhance the
function of the protein, sometimes to the extent of causing inappro-
priate activation of the signaling pathway; it is this sort of "oncogenic"
mutation that can steer a cell toward the cancerous state. For example,
there are mutations in the receptor mol ecul es themselves, which cause
the receptor to behave as if it were occupied by a growth factor when
it is not. None of the downstream cell cycle components are aware of
this deception, and will respond just as if the cell were being bom-
barded by a constant stream of growth factors.

Mutations in any one of the intermediate components may also
cause them to function in a constant activated or "on" state, even
though all of the upstream components are at rest. The result of any
one of these receptor-linked or intermediate-pathway mutations will
be the activation of all proteins downstream of the mutation, eventu-
aly leading to transcription of the genesinvolved in entry into the cell
cycle. The cell will struggle as hard as it can to respond to these never
ending but false signals by dividing over and over. The Philadel phia
chromosome described earlier representsjust such a mutation, in this
case caused by a chromosomal translocation. An oncogene called Abl
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is activated on chromosome 22; Abl is a member of a cell signaling
pathway that triggers cellular proliferation.

It is clear from this description that oncogenes are not some alien
form of disease-causing gene that has managed to infect the genome,
but rather an allelic variant of a normal gene that has a specific func-
tion in the life of every normal cell. And the tumor cell itself has not
become some sort of pathogenic renegade; it isjust anormal cell doing
its best to respond to what it perceives to be a legitimate signal to
divide. Note also that for an oncogene to affect a cell, only one of the
two alleles of that gene need be mutant. For example, if a cell has one
normal and one mutant allele for a growth factor receptor, both nor-
mal and mutant forms of the receptor will show up in the cell's mem-
brane. The mutant receptor in the membrane will be sufficient to drive
the cell into active division, even though the unmutated receptors are
well-behaved.

Oncogenes have proved very useful to viruses. Often, when avirus
reproduces its DN A inside a host cell, it will clip out small pieces of
the host DNA and carry them out of the cell as part of its own
genome. Over evolutionary time viruses have picked up many genesin
this fashion that help them in their own life cycle. Apparently some
viruses have in the past infected cells with oncogenic mutations,
because many of them carry around copies of human or animal onco-
genes. In fact, oncogenes were first discovered as parts of viral
genomes, and only later found to be slightly altered copies of normal
animal genes. T heviruses use these pirated oncogenes to drive the cells
they infect into cell division, because dividing cells provide an
expanded and more efficient environment for viral reproduction.

In many animals, infection of a particular cell by an oncogene-
bearing virus may in itself be sufficient to cause cancer. In humans,
where there are more effective safeguards against unscheduled cell divi-
sion, virus-induced tumors are relatively rare. Certainly the cell-cycle
checkpoints are a major defense against inappropriate cell division. But
transformation by oncogene-bearing viruses, or mutation of cell-cycle
genes into oncogenes, may drive a cell into unscheduled cell division
on afairly frequent basis, for all we know; the cells that develop into
tumors in such cases may represent rare individuals that escaped detec-
tion by the immune system or other higher-level defense mechanisms.
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That oncogenes alone are not generally sufficient to induce a tumor
became evident when oncogenes were deliberately introduced into nor-
mal, healthy cells in culture. If the cells had potential cell divisions
remaining, these might be completed, but then the cells stopped divid-
ing. They did not become tumors. Although this seemed puzzling at
the time, we now know that there are safeguards planted throughout
the cell cycle to prevent unscheduled or excessive cell division. Cells are
naturally resistant to fortuitous growth signals, whatever their origin.
Development of full-blown cancer thus requires a simultaneous muta-
tion in one or more of these guardians of the cell cycle, some of which
were in fact originally discovered in connection with their involvement
in cancer, where they were known as tumor-suppressor genes.

The first such gene to be identified in a human cancer was the Rb
gene. Rbwasidentified as agene for which both copieswere either miss-
ing or seriously mutated, first in the childhood cancer retinoblastoma,
and subsequently in other tumors as well. The other major cell-cycle
blocker that has been identified as a tumor suppressor is p53. In fact
p53 is the most commonly missing molecule associated with human
cancers. (Again, both gene copies must be defective.) Its primacy in
cancer defenses was made clear with the development of p53 "knock-
out” mice. These mice are normal at birth and grow normally, but have
an incredibly high cancer rate compared with normal mice.

W hile oncogenes are helpful to viruses, tumor suppressor genes are
generally anathema because they block the prolific cell division needed
for viruses to reproduce effectively. M any viruses have evolved proteins,
such as the T antigen of SV 40, to neutralize host cell tumor suppres-
sor proteins. p53, in fact, was originally discovered as a protein bound
by the proliferation-inducing T antigen; its role as a natural tumor sup-
pressor gene was recognized only later.

The dual role played by tumor suppressor genes in cancer and in
senescence is highlighted in a rather astonishing way by some very
recent research into oncogene function. Asjust noted, when normal
cells are infected with an oncogene, they do not immediately become
cancerous. But in looking at this more closely, researchers found that
even very young cells began "looking old" soon after infection by an
oncogene called ras: The cells became larger and their shape changed
in ways reminiscent of much older cells. When the contents of the cells
were examined, it was found that the expression of two tumor sup-
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pressor genes—p53 and pl 6— had increased to very high levels, and
many of the cells had arrested in G1. Thus the cells' response to inter-
nal expression of this oncogene was to grow old before their time, to
become senescent. In the case of other oncogenes, such as one called
myc, the infected cells are actually instructed to commit suicide.
Apparently the possibility of spontaneous mutation of oncogenes is
great enough—and dangerous enough—that cells have developed
means to sense when this happens, and they respond to this threat even
before additional, tumor-promoting mutations have occurred. The
response is similar to what happens when damaged DNA is detected
during normal cell division—the cell is shunted into a state of prema-
ture senescence and in some cases driven into apoptosis. The molecu-
lar machinery for handling all of these responses is exactly the same
machinery used in regulating the normal cell cycle, and in normal pro-
gression to senescence in all dividing cells.

As with most genes, a single normal allele of a tumor suppressor
gene is sufficient to carry out the active function of the gene—in this
case, suppression of abnormal cell division. We know this from exper-
iments in which a single copy of an Rb gene introduced into Rb-
deficient tumor cells grown in vitro was sufficient to reverse the can-
cer phenotype of the cell. (This strategy is the basis for several gene
therapy protocols for the treatment of certain human cancers.) One
faulty tumor suppressor allele would be insufficient to cause cancer; the
second allele would produce more than enough of the protein that
keeps cell division under control. So in the case of oncogenes, one
mutant allele is sufficient to cause a problem; for tumor suppressor
genes, both alleles must be mutant for tumor development. Because of
this difference in a requirement for one versus two mutant alleles to
cause a potential problem, so-called "hereditary cancers" never involve
oncogenes. |f a mutant oncogene were passed through the germ cells
to a fetus, every cell in that fetus would have an active problem of
excessive activation of unregulated cell division. True, for an actual
tumor to develop, tumor suppressor genes would also have to be
mutant. Nevertheless, the difficulty in regulating the cell cycle with a
mutant signaling pathway gene distributed throughout the entire
organism is bound to cause irreparable damage to a developing fetus,
which would spontaneously abort. And in fact no hereditary cancer has
been traced to a mutant oncogene.
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On the other hand, a single faulty allele of a particular tumor sup-
pressor gene could in fact be inherited, since the remaining "good"
alele is enough to insure function. Inheritance of two faulty alleles is
unlikely; it would be the equivalent of inheriting a single mutated
oncogene and would cause serious problems for the developing fetus.
An individual inheriting a single faulty tumor suppressor gene will not
automatically develop cancer, but will have only one functional allele
of that gene remaining in each and every cell of his or her body; only
asingle copy of the gene guards each cell against escape from cell cycle
control. If at any time during the life of such an indivdual, a mutation
should occur in the remaining good allele of this genein any cell of the
body, there is a very high probability that a tumor will develop from
that cell. Given that there are something like a hundred trillion cells
in the body, that is not at all a distant probability. Tumors of this type
have been identified as resulting from inheritance of one faulty allele
of either Rb or p53. What isinherited is not cancer itself, but agreatly
increased likelihood that cancer might develop.

So the development of a tumor requires the mutation of several
genes. There must be at least one mutation in a gene activating cell
division—an oncogene—that starts the cell down the pathway toward
proliferation in the absence of an appropriate signal. But there must
also be a mutation in one or more of the genes whose specific purpose
is to detect and suppress such events—tumor suppressor genes. M uta-
tion of genes in either category alone, while causing problems with
normal cell cycle regulation, would be unlikely to cause cancer. The
need to accumulate multiple mutations in a single tumor precursor cell
is one reason most cancers do not arise until relatively late in life, and
why cancer is thus predominantly a disease of the elderly.

In the past few years, additional genes have been identified in
humans that, when mutated, are the basis for cancers with a strong
hereditary basis—certain breast and ovarian tumors (caused by the
BRCA-1 and BRCA -2 genes) and hereditary colon cancers (attrib-
uted to the HNPCC-1 and -2 genes). All four of these genes behave
like tumor suppressor genes, although whether or how they relate to
the cell cycle is not clear at present. The BRCA -1 and -2 genes are
involved in arelatively small number of strongly hereditary breast can-
cers (5 to 10 percent of all breast cancers) and also predispose toward
ovarian cancers. Defective alleles in either of these genes can result in
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a 70 to 90 percent incidence of cancer in affected individuals. (A
recently discovered third gene, the AT gene, may also contribute sig-
nificantly to strongly hereditary breast cancer.) The HNPCC genes,
which, interestingly, are involved in DN A repair, are responsible for a
highly hereditary form of colon cancer called hereditary nonpolyposis
colorectal cancer, which accounts for about 15 percent of colorectal
cancers in the United States. An estimated one million Americans are
thought to carry a disease-causing allele of one of these genes, and
these individuals have a 75 percent chance of mutating a second gene
and developing colon cancer in their lifetimes. There is another gene
strongly predisposing to colorectal cancer called the A PC gene (for
adenomatous polyposis coli). It can be expected that as the Human
Genome Project is brought to completion over the next ten years or so,
additional genes predisposing to cancer, quite possibly involved with
cell cycle regulation, will be discovered.*

Having lost the restrictions placed on them by cell-cycle regulators,
cancer cellsin effect gain the potential for immortality. Cell lines have
been prepared from a great many human tumors, and some of these
have been in continuous culture for forty years or more, giving rise to
an effective biomass billions of times greater than that of the individ-
ual who begat them.** This stretch toward immortality is thwarted in
vivo by the fact that the untreated tumor eventually kills its host. We
saw earlier an example of transient replicative immortality expressed
in the cellular descendants of the zygotes formed by normal fertiliza-
tion. These cells enjoy a state of "natural" immortality that does not
require genetic mutation or viral transformation. Cell lines derived

* The Human Genome Project is an international effort to sequence the entire human
genome, thus uncovering all of the estimated 100,000 human genes. A major driving
force for the Genome Project at its inception was the discovery of additional cancer -
causing (or -preventing) genes. T he project will likely be completed by the year 2003;
unraveling the function of the genes defined may, however, require decades of addi-
tional work. For details, see William R. Clark, The New Healers: The Promise and Prob-
lems of Molecular Medicine in the Twenty-First Century (New York: Oxford Universty
Press, 1997).

**Each of these cdlls, by the way, continuesto carry aDNA " hologram” of that individ-
ual, containing all the information necessary for his or her "reassembly," as demon-
drated by therecent " doning" of a sheep from DNA from a single, fully differentiated
adult sheep cdll.
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from these descendants, called ES cells, have been maintained in a
continuous state of growth for as long as seven years, with no sign of
senescence, replicative or otherwise. Thisis not easy to do, because the
cells have a strong tendency to develop into embryos and become mor-
tal, but it can be done. In vivo, the state represented by ES cells is
thought to be very transient, lasting perhaps only until implantation
of the developing embryo in the uterine wall. As far as we understand
this transient immortality, it relates to a suspension, or perhaps more
likely a suppression, of the normal cell-cycle controls discussed above
and in the last chapter, which guard against unscheduled and unlim-
ited cellular proliferation. It has recently been shown, for example, that
ES cells have almost no Rb protein.

Thereisin fact little to distinguish ES cell lines and most tumor cell
lines used in research today, and the underlying mechanisms of unreg-
ulated cell division appear to be the same. But in vivo, of course, as
embryological development proceeds, the process of unbridled cell
division is gradually brought under control, and at this point any sim-
ilarity of the zygotic cellswith atumor ends. True, some cells continue
to divide until the body reaches its final size and shape, months or years
later. Even in the fully formed individual, many cells retain the poten-
tial to divide if called upon in an emergency—wound healing, for
example. A few cells, most notably those giving rise to the various cells
of the blood system, continue vigorous cell division all through life.
But the story of fetal, embryological, and childhood development is
one of a continual reining-in of cellular proliferation and of bringing
growth processes increasingly under the most stringent regulation.
This of course does not happen in cancer.

Cancer and ES cells are tied into replicative senescence through yet
another aspect of the cell cycle. In the last chapter we discussed how
telomeres might be involved in "counting" the number of cycles a cell
has compl eted and shunting the cell into senescence by activating cell-
cycle inhibitors such as Rb or p53. W hat happens with telomeres in
cancer cells and ES cells, which are replicatively immortal? Remem-
ber that each time DN A replicates during S phase, telomeres lose a
small portion of their total length because of the way DNA is repro-
duced. In more primitive eukaryotic cells where extended cell division
is anormal part of a cell's life cycle, and in germ cells and a few other
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normally dividing cells in higher eukaryotes, telomere length is main-
tained by a special enzyme called telomerase, which adds additional
telomeric motif unitsto the ends of newly replicated DNA . But telom-
erase is undetectable in most normal cells in the bodies of higher
eukaryotes. On the other hand, it is present in high levels in both can-
cer cells and ES cells. It is now thought that in addition to mutations
in oncogenes and tumor surpressor genes, a third type of mutation is
required for a cell to become cancerous: T he cell must somehow induce
the reexpression of telomerase, which was among those genes shut of f
as embryonic differentiation proceeded. It has been proposed that the
necessity to induce expression of telomerase could be the M2 barrier
to cellular immortalization by viruses as well.

Another possible explanation for the appearance of telomerase
in cancer cells is that some tumors may arise from developmentally
primitive stem cells, which are thought to be distributed throughout
most normal tissues. Stem cells represent an intermediate stage in the
development of mature, fully differentiated cells, and are likely still
pluripotent. This could account for the fact that many tumors look his-
tologically undifferentiated. Stem cells are thought to be important in
the local regeneration of cells and tissues, but they are extremely rare
and thus difficult to find. Nonetheless, in those cases where stem cells
have been identified, they appear to have alevel of telomerase activity
similar to germ cells or ES cells.

Telomerase has been found to be active in 90 percent or more of
human tumors. This places a major constraint on the application of a
recently described technique allowing scientists to introduce a telom-
erase gene into normal human cells. When this was done, the cells
were able to grow well beyond their replicative limit; in fact at the time
of this writing, they are still growing. This led some to claim that
human immortality was now within reach. Certainly the cells used in
these experiments have been immortalized, but of course that is also
the definition of a tumor cell. The notion that telomerase activation in
a living organism would increase human lifespan is a dangerous one.
Reactivating telomerase in normal cells would be unlikely to convert
them immediately to tumor cells, but it would remove an important
barrier (M 2) to unlimited proliferation in cells with altered oncogenes
or tumor-suppressor genes. In that sense, cells in which telomerase had
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been deliberately activated would be like cells in which both copies of
a tumor-suppressor gene had been lost; it could be only a single muta-
tional event away from becoming cancerous.

The Evolutionary Origins of Cancer

For species like humans that have greatly lengthened the pre-
reproductive portions of their lifespan, during which time the offspring
undergoes physical, intellectual, and cultural development that
enhances its reproductive success, it is important to prevent diseases
like cancer from clai ming the young before they in turn have a chance
to reproduce. Cancer does not a priori require fifty or sixty years to
develop; mice, with alifespan of only a few years, develop cancer at
about the same frequency as older humans. It may well be that mice
and other short-lived animals have much less stringent safeguards
against unscheduled cell division and tumor formation. From a purely
biological point of view, there seems to be no reason why human
beings could not develop lethal cancersin the first few years of life, and
indeed a few rare (and deadly) pediatric cancers such as retinoblastoma
and neuroblastoma continue to plague our offspring.

One of the ways humans have managed to defer the onset of cancer
has been through the development of the powerful tumor-suppressor
genes we have discussed in this and the previous chapter. These genes
make it difficult to trigger unscheduled cell division, even under the
influence of virally carried oncogenes. And it appears that humans also
have multiple backup tumor suppressor systems, since viruses that are
known to neutralize individual tumor suppressors rarely cause cancer
in humans. Tumor suppressor genes would thus clearly qualify as senes-
cence repressing genes. Regulatory genes preventing telomerase from
adding telomeres to the ends of chromosomes in rapidly dividing cells
may play a similar role in inhibiting the emergence of tumors from
transformed cells, and thus in repressing senescence.

Telomerase itself poses an interesting dilemma in terms of inducers
and repressors of senescence. From the point of view of individual cells,
telomerase helps them escape from senescence, and so could be viewed
as a senescence repressor. Y et from the organism's point of view, this
escape from cellular senescence results in cancer, a form of organismal
senescence, so telomerase |ooks like a senescence effector mechanism.
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Cancer is one of the few instances when cellular and organismal senes-
cence would seem to be at odds. The apparent dilemma resolves when
we remember that the role of senescence in both cells and organisms
is to enhance the transmission of germline DNA; the survival of
organisms and the somatic cells of which they are mostly composed is
aways secondary to that role.

The connection between cancer and senescence, particularly replica-
tive senescence, continues to fascinate us. Cancer is a disease unique
to multicellular organisms. When cells gave up their individuality to
take advantage of a communal life-style, they had to learn to live
together; they had to become socialized. If any one of them chose to
take a shot at immortality, it could compromise the mission of the
entire organism—transmission of germline DN A to the next genera-
tion. But thisis a critical consideration only before reproductive matu-
rity; once DNA has been passed on, the need for safeguards against
runaway cells is less compelling. In fact, the powerful restraints against
excessive cell division that evolved to protect us against cancer when
we are young are the very mechanisms that force our cellsinto replica-
tive senescence when we are old. It is certainly clear from many differ-
ent types of experiments that the molecular machinery in the two cases
isidentical. And it is also increasingly clear that replicative senescence
is a feature of all senescent cells, whether or not they actively divide
during most of their lifetime. Exactly how replicative senescence would
become manifest as a more generalized senescence in these cells (or
vice versa) is unclear at present, but remains one of the more interest-
ing and exciting areas of aging research.
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Caloric Restriction and
Maximum  Lifespan

Behind our quest for a clearer understanding of the aging
process in animals doubtless lies the hope that we may somehow be
able to use this information to extend our own maximum possible
lifespan. For some single-cell species, maximum lifespan is to some
extent a plastic quantity: It may not be defined at all in terms of cal-
endar time, as our own lives are, but rather as a fixed number of cell
divisions. In times of depleted resources, single-cell organisms can even
go into a death-like state to prolong life, where they may stay for years,
further complicating a precise definition of maximum lifespan. For
some invertebrate species, even when maximum lifespan is defined in
years or months, it can often be manipulated by relatively simple
means such as changing growth temperatures. For warm-blooded
mammals such as ourselves, maximum lifespan, at least in the wild,
seems to be a genetically regulated property of each species, even
though it may only be observable in highly artificial environments such
as zoos or laboratories. Still, the fact that in organisms like round-
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worms and fruit flies, mutations in a single gene can result in substan-
tial increases in maximal as well as average lifespan of 50 percent or
more has led at least some researchers to ask just how predetermined
maximum lifespan may be.

That maximal lifespan in warm-blooded animals—although seem-
ingly fixed in the wild—might not be an absolutely unalterable quan-
tity was first suggested in a believable way by experiments carried out
with rats in the 1930s by the nutritionist Clive M cCay at Cornell Uni-
versity. The type of studies M cCay engaged in were stimulated at | east
indirectly by Buffon's suggestion in the eighteenth century that the
maximal lifespan of a species could be predicted from the time it takes
for members of that species to reach full physical maturity; in many
mammalian species maximal lifespan is approximately five times as
long as the time required for completion of body growth. M cCay thus
set out to determine whether postponing full physical maturity would
increase maximum lifespan. To his delight and satisfaction, it seemed
to dojust that.

The means M cCay used to retard growth in his rats was initially
called dietary restriction. Although by no means the first to observe an
effect of undernutrition on growth, McCay's studies were unusually
well controlled, and are cited today as the true starting point for seri-
ous investigation of the interaction between nutrition and longevity.
M cCay allowed a portion of his rats unrestricted access to a nutrition-
ally balanced diet. The remaining rats were fed the same diet, but
restricted to about halfthe total amount of food. Importantly, McCay
added extra vitamins and minerals to the food of those receiving a
restricted diet, so that the levels of these important dietary adjuncts
were the same in all groups. McCay's insistence on undernutrition but
not malnutrition set his studies apart from earlier experiments along
these lines, and has been followed by all serious investigators since
his time.

As expected, rats fed the restricted diet from the time they were
weaned grew more slowly, and in fact never reached the size of fully
fed rats, even if the restricted rats were allowed unlimited access to
food later on as young adults. Nevertheless, the underfed rats appeared
quite healthy, and showed no signs of physiological abnormality upon
their eventual death. While alive, they had excellent coats (a sensitive
sign of health problems in rodents) and later studies proved them to
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be quite vigorous in all exercise regimens. They did not seem to be
more susceptible to infectious disease, and in fact subsequent work by
McCay and others suggested that the incidence of many diseases, in
particular cancer, was actually decreased in underfed rats. As McCay
had hoped, the underfed rats also lived considerably longer; both the
average and maximal lifespans increased by 50 to 80 percent.
Researchers at the time felt that these data established quite clearly the
point suggested nearly 200 years earlier by Buffon, that maximal life-
span is determined by the time required for full maturation, and if the
latter is somehow retarded, the former will be extended proportionally.

McCay's observations were followed up by numerous investigators
over the next two decades, who tried to identify biochemical differ-
ences between underfed and fully fed animals that could explain the
effects on longevity. Dietary restriction studies were also extended to
other species, both vertebrate and invertebrate and, with a few excep-
tions among certain invertebrates, proved to be widely true. Interest in
this subject intensified in the 1970s, perhaps not coincidentally with
the establishment in 1974 of the National Institute of Aging as part of
the U.S. National Institutes of Health. Dozens of laboratories around
the world have been intensively involved over the past two decades in
diet and longevity research. As a result, our understanding of the
effects of diet on longevity, and of possible underlying mechanisms,
has increased considerably.

The most complete studies of the impact of dietary restriction on
longevity have continued to be carried out in rats and mice. The rela-
tively low cost of purchasing and maintaining these animals, plus the
worldwide availability of genetically defined strains (which makes
results easier to compare from one laboratory to another), has made
them the model of choice for studying a wide range of biological ques-
tions. Moreover, years of experience in biomedical research have
demonstrated that results obtained in studies with rodents can, with
few modifications, provide useful information about human biology
and physiology.

One of the first and most important points to emerge from the
modern era of studies with rats and mice is that the single most impor-
tant factor in modulating longevity is simply the total amount of cal o-
ries taken in at each feeding, and the frequency of feeding. Extensive
investigations of the manipulation of major food groups in the diet—
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protein versus carbohydrates versus fats, alone and in various combi-
nations—showed very clearly that complicated dietary theories con-
cerning balances among the various food groups were not relevant to
longevity. The best results were always obtained when animals were
simply fed less of awell-balanced diet, as suggested by M cCay over
sixty years ago. As our knowledge of nutrition improved in the middle
part of this century, particularly with respect to additional vitamins and
trace minerals, restricted diets became much more effective in main-
taining health and extending lifespan. Thus it is now more common
to refer to the observed effects as due to caloric restriction, and not
dietary restriction, as had been the standard practice in the several
decades following M cCay's first report. In most current studies of this
type, total caloric intake is usually restricted to 40 to 70 percent of an
unrestricted diet. Typical results are shown in Figure 8.1, which com-
pares weight gain and survival between female rats fed an unrestricted
diet and rats restricted after weaning to about 40 percent of the total

BOOMSEERE Tk e =2 60
e e
\
\
80 \ 48
| \
| \ g
| \
g © \ CR % 3
% \ s
H \ z
Q
§ \ \ %
§4o \ . 24 E
o \ \
\
CR \ \
20 \ \ 12
\ \
\ \
\ \
\
6 18 30 42 54

Figure8.1. Effect of caloricrestriction on weight gain and survival in femalerats. In
thisexperiment, the median survival time of thefully fed (Ad Lib) ratswas 29
months; of the calorie-restricted (CR) rats, 49 months.
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caloriesin the unrestricted diet. Calorically restricted rats weighed only
a third as much as adults, compared with fully fed rats, but on average
lived nearly twice as long.

The second most important fact confirmed by more recent studies
is that the effect of underfeeding on longevity is not, as thought by ear-
lier workers, due to retardation of physical growth. This is shown most
clearly in studies in which caloric restriction is implemented not
shortly after weaning, but only after the animals have attained full
physical maturity. Although the animals may experience substantial
weight loss as aresult of the calorically restricted diet, their physical
size does not decrease, and highly significant increases in maximal
lifespan can be achieved with caloric restriction started in adults. This
finding of course received a good deal of attention. No one would pro-
pose subjecting human children to caloric restriction starting in
infancy, but consenting adults are another matter altogether. Thus
began a fascination with the possible interactions of caloric restriction
and lifespan in humans that continues to this day.

Of considerable interest are some recent studies on the effect of
caloric restriction on the replicative potential of cells grown in vitro. If
calorically restricted animals are, at any given calendar age, "younger"
than fully fed controls, then we might expect to see this reflected in an
increased potential for growth of their cells in vitro. This is indeed
what is seen. Mice fed a diet containing 40 percent fewer calories than
fully fed controls experienced about a 40 percent increase in maximal
lifespan. When cells from a variety of tissue sites were removed for cul -
turing in vitro, the proliferative potential of cells from the calorically
restricted animals was found to be significantly greater than those
taken from tissues of animals of the same calendar age given access to
unlimited food. This was true at all ages except for the "oldest old";
cells at the end of life in both groups showed greatly reduced prolifer-
ative potential. However, the oldest-old calorically restricted mice were
actually much older than the fully fed controls in terms of months
aready lived.

Theimpact of calorically restricted diets on virtually every aspect of
the lives of experimental animals subjected to them has been examined
in great detail in an attempt to understand the basis of this rather star-
tling effect. In the following sections we examine some of the major
findings of these studies.
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The Effect of Caloric Restriction on
Reproductive Activity

All of the studies carried out in mammals to date show a sig-
nificant impact of caloric restriction on reproductive capacity. This
effect is more pronounced in females than in males, most likely because
of the heavier reproductive burden they carry. In one study typical for
rats, females with unlimited access to food had an average onset of
estrus at 40 days of age; in females fed a calorically restricted diet,
the average age of first estrus was 160 days. This effect was shown to
be correlated with a delayed production of reproductive hormones.
However, once estrus was initiated, the rats all bore normal, healthy
offspring, although litter size was generally smaller in calorically
restricted females. If the level of caloric restriction is too severe, estrus
may be completely suppressed, particularly in mice. However, at mod-
erate levels of restriction, the effect appears simply to be a delay in
onset of reproductive activity; calorically restricted rats are able to bear
offspring well beyond the age at which control rats are reproductively
senescent. In the study cited here, rats allowed unrestricted access to
food were infertile by 18 months of age, whereas 80 percent of calori-
cally restricted rats were still producing litters at this age, and a quar-
ter of these were still reproductively active at 30 months. While on the
one hand it may seem impressive that calorically restricted rats are able
to reproduce at an age when control rats are reproductively senescent,
in terms of their overall lifespan the reproductive period is not unusual
at all, simply displaced in time in proportion to the extended lifespan
of the individual rat. Nevertheless, the lifetime number of offspring
produced may be somewhat less in calorically restricted animals. These
results underscore the fact that it is not achievement of full body size
that determines maximum lifespan, as Buffon speculated, but rather
the timing of onset of reproductive activities. Because the ability to
produce offspring occurs very close in time to physical maturation, it
is easy to see why most scientists accepted Buffon's hypothesis.

From abiological and particularly an evolutionary point of view, all
of this makes perfectly good sense. The generation of an entirely new
individual (six to eight such individuals at a time for a pregnant female
rat) requires enormous inputs of energy in the form of food. If afemale
does not have adequate food available to support her ability to produce
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and subsequently to nurse a litter, it isin her own interest (in terms of
successful transmission of her genes to the next generation) to delay
breeding activities until enough food is once again available. This
reluctance to breed would be expected in terms of many of the evolu-
tionary models discussed in Chapter 3, particularly the "disposable
soma" model of Kirkwood and associates, which predicts that animals
will not invest scarce resources in unsuccessful reproductive activities
that might threaten their existence. Given the general thesis that ini-
tiation of senescence is deferred in animals until they initiate repro-
duction, the delay in reproductive activities caused by caloric restriction
would be expected to lengthen maximal lifespan. Because it is females
that carry the major resource-requiring burden in reproduction, it
makes sense that the life-extending effects of caloric restriction are
seen most clearly in that sex.

Sexual development in rats, as in humans, is regulated by hormones
produced in the hypothalamus and pituitary gland. It is perhaps not
surprising that the effects of underfeeding on breeding behavior are
found to be accompanied by a perturbation of the associated hormonal
patterns. Exactly how or why caloric restriction could affect hormonal
patterns in the brain is unclear, but the genes for sex hormones are
good candidates for senescence regulator genes. Altered hormone pat-
terns, and the accompanying alterations in reproductive behavior
(including earlier reproductive senescence), return to normal in calor-
ically restricted rats returned to a normal diet.

Effects of Caloric Restriction on Disease

The diseases that characterize the later stages of life in all
warm-blooded animals are largely idiopathic, that is, of self origin—
cardiovascular disease, cancer, and stroke, for example—but many such
diseases also render the individual more susceptible to accidental death.
Any decline from the physical peak of the pre-reproductive years may
result in failure to escape from a predator or compete for food, or in an
increased susceptibility to "accidental" diseases caused by infectious
microorganisms. For avariety of reasons, the most extensively studied
age-associated idiopathic disease in animals is cancer. Over the past
fifty years numerous studies in rodents have demonstrated conclusively
that even moderate caloric restriction has a profound inhibitory effect
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on the development of tumors. Both the age of onset and the total
incidence of virtually every known tumor are altered in calorically
restricted animals. Moreover, animals on restricted diets survived on
average half again as long with their tumors, once they developed,
compared with fully fed controls.

A possible basis for the effect of caloric restriction on the devel op-
ment of chemically induced tumors was recently reported in thejour-
nal Cancer Research. Mice were fed a carcinogen known to cause
bladder cancer. This tumor usually shows up at multiple sites in the
bladder, and is highly invasive in the surrounding tissues. Some of the
treated mice were given unlimited access to food, and some were put
on acalorically restricted diet. The fully fed mice all developed multi-
ple, highly invasive tumors in their bladders. Only a few of the calor-
ically restricted mice developed tumors; these were single tumors, and
they did not invade surrounding tissues. T he researchers noted that a
protein called | GF-1, which is known to make certain human tumors
resistant to treatment, was considerably depressed in the calorically
restricted mice. To see whether the reduced levels of | GF-1 might be
responsible for the reduced cancer incidence, an additional batch of
calorically restricted mice was injected with the tumor-inducing agent,
and at the same time with purified | GF-1 protein. Mice receiving
I GF-1 injections were as susceptible to the induced bladder cancer as
fully fed mice. How caloric restriction affects | GF-1 production is
unknown, but is currently under investigation. It is assumed, although
not yet proved, that lowered levels of | GF-1 are also responsible for
the decreased level of spontaneous cancers seen in calorically restricted
mice. It will also be of great interest, of course, to determine just how
lowered levels of | GF-1 make mice more resistant to tumor develop-
ment.

Although other diseases have not been as intensively studied as can-
cer, the same pattern appears to hold true. The onset of spontaneous
lung and kidney disease, the extent of bone and muscle degeneration,
and the incidence of vascular diseases are all greatly retarded in rats
maintained on arestricted diet, as is the frequency and severity of dis-
orders such as ulcers, hypertension, and cataracts. In one study using a
strain of rats genetically predisposed to end-stage kidney disease, renal
degeneration was found in 56 of 80 control rats dying between 18 and
24 months, but in none of the calorically restricted rats, al of whom
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died between 18 and 48 months. Reflecting the effect of caloric restric-
tion on extension of lifespan, a significant delay or reduction of disease
was achieved with both infant- and adult-onset caloric restriction.

As with the impact of caloric restriction on reproductive behavior,
the underlying mechanisms behind retardation of disease are in most
cases not immediately obvious. For many years after McCay's initial
report, biochemists eagerly analyzed the inner workings of calorically
restricted animals. This was, after all, the great age of biochemistry
(1940-70), and all of the advances made in that field were applied in
an attempt to understand and explain the effect of limiting caloric
intake. Virtually every enzyme system and metabolic pathway was dis-
sected and examined in great detail, but it must be admitted that the
majority of these studies provided only minimal information that
would help us understand how caloric restriction could delay breeding,
extend lifespan, and retard disease. All of the metabolic and physio-
logical systems examined in calorically restricted animals were, at any
given age, equivalent to those of much younger animals fed an unre-
stricted diet. The most likely biological explanation for accelerated
aging in fully fed animals at present centers on something called oxida-
tive stress, which will be explored in detail in the next chapter.

The Effect of Caloric Restriction on
the Immune System

Caloric restriction delays the normal, age-associated degen-
eration of almost all of the body's physiological systems, which is the
basis for the observed extension of maximal lifespan in calorically
restricted animals. T he role of the immune system in normal aging has
itself been extensively investigated, and there have been suggestions
that the impact of caloric restriction on immune function may be the
key to understanding the impact of caloric restriction on longevity.
What happens in the immune system in fully fed versus calorically
restricted animals is likely typical of most of the body's major systems,
so let's look at some of these changes in detail.

Immune function ordinarily declines substantially with age after
onset of reproductive maturity. Although this decline is unlikely to be
a primary cause of aging per se, a decrease in the ability to combat
infectious disease is unquestionably a major cause of accidental mor-
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bidity and mortality in older animals. T he crippling effects of autoim-
mune diseases in older animals would negatively affect their ability to
seek out and to compete for food, and to escape from predators. The
immune system is also an important defense against cancer, a disease
that would clearly affect performance in the wild, even before it led to
death of the animal itself. Thus the impact of caloric restriction on age-
associated immune function in animals has been a major target for
investigation by several laboratories in the past two decades.

There are a number of immune parameters that change with age,
and that are presumed to underlie diminished immune capacity. One
of the most prominent age-associated changes occurs in the thymus.
The thymus is an organ lying just above the heart, and it is vitally
involved in the production of one of the body's most important
defenses against disease, the white blood cells called T cells. At about
the time that reproductive activities begin, the thymus begins gradu-
ally to shrink in size, and slows its production of T cells. In very old
animals (including humans) the thymus is essentially nonexistent. The
detailed cellular makeup of the thymus also changes with age, and the
portion of the thymus most involved in new T-cell generation (the cor-
tex) is the most sensitive to age-related changes. In calorically
restricted mice, although the thymus (like other organs in the body) is
somewhat smaller than normal, the age-related shrinkage and degen-
eration of the cortex is greatly retarded; at any given age, the cortex of
a thymus from a calorically restricted mouse looks very much like the
cortical thymus in a much younger animal.

A study of the white blood cells in the circulation of calorically
restricted mice has revealed a much longer period of robust T-cell
function than in fully fed controls. As animals age, their T cells become
increasingly less responsive to signals that ordinarily induce them to
proliferate and help fight infection. These poorly responsive T cells
accumulate in older animals, where they eventually come to predomi-
nate. Together with slower production of new T cells from the thymus,
thisresults in markedly reduced T-cell responses to challenge by invad-
ing germs. Although the overall humber of white cells is reduced in
calorically restricted mice, the proportion of young, healthy T cells is
much higher than in the controls, especially the critical subset of T
cells called "helper T cells," also known as CD4T cells.

Helper T cells play several key roles in immune responsiveness
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(Fig. 8.2). They provide important chemical amplifiers to other white
blood cells called B cells, which make the antibody used to clear
microbes from the bloodstream, and to so-called "killer" T cells, which
destroy virally infected self cells. (Helper T cells are also the cells sel ec-
tively destroyed in AIDS.) In calorically restricted animals, the pro-
portion of healthy, responsive helper T cells in the overall population
isconsiderably increased. As aresult, the T-cell responses of calorically
restricted animals to a variety of challenges are unusually robust, and
correspond at any given age to responses seen in much younger ani-
mals. Studies of another white cell type called the "natural killer" (NK)
cell, thought to be important in defenses against tumors, showed that
these cells were also unusually strong in older calorically restricted
animals. NK-cell function in lymphoid tissues such as the spleen and
lymph nodes also normally declines with age; this decline was
markedly delayed in animals on a calorically restricted diet.
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Other age-associated changes in the immune system are also ame-
liorated by controlled underfeeding. One of the best animal models for
autoimmunity is the NZ B/W mouse, which spontaneously develops a
broad-spectrum, lupus-like disease as it approaches sexual maturity.
Systemic lupus erythematosis is one of the most common chronic,
debilitating autoimmune diseases in humans, affecting predominantly
(but not exclusively) women. When NZ B /W mice were placed on a
calorically restricted diet after weaning, the onset of symptoms of this
disease was greatly delayed, and in many cases completely prevented.
Mice placed on arestricted diet after onset of their disease also showed
less severe disease complications, including the kidney damage that is
a concomitant of almost all autoimmune diseases. They became more
active and lived significantly longer than the fully fed controls.

So caloric restriction does indeed have a profound effect on the
immune system, resulting in ayounger, healthier immune system, bet-
ter able to fight infectious disease and cancer and to avoid autoimmune
problems. All of the effects observed would obviously be advantageous
for average lifespan, and could conceivably contribute to maximum
lifespan as well. But the same is probably true of increased performance
by most of the body's major physiological systems, all of which are also
seemingly rejuvenated by acaloric restriction regimen. Thereis no rea-
son to believe that improved immune function is any more important
for longevity than improved kidney, lung, or heart function. It seems
very likely that these improved performances are all a reflection of
some more fundamental biological alteration, resulting in better sur-
vival and performance of the cells of which these various systems are
composed. The opposite side of the coin, of course, isthat unrestricted
feeding may be accelerating the aging process through these same fun-
damental mechanisms.

Caloric Restriction in  Higher Primates and Humans

Intensive studies carried out over nearly two decades in
species as wide ranging as roundworms, fruit flies, rats, and mice, have
been remarkably consistent in showing that caloric restriction increases
both average and maximal lifespan. These species were selected for
study in part because they have lifespans sufficiently short that an
impact of diet could be measured with reasonable amounts of experi-
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mental time and effort. The question that is of course at the back of
everyone's mind is whether we could expect to see the same impact of
a calorically restricted, nutritionally balanced diet on lifespan in
humans, particularly if restriction could be initiated in adults.

To gain further insight into this possibility, several studies have been
initiated with primates whose overall physiology and genetic constitu-
tion are very close to humans. One such study has been organized
through the National Institutes of Health's Primate Unit in Poolesville,
Maryland. Beginning in April 1987, thirty rhesus monkeys in three
age groups (juveniles, 7-12 months of age; adolescents, 3-5 years of
age; and old, 18-25 years of age) were entered into the study. The first
two groups were each divided into two subgroups, one of which
received a normal, full diet, and one of which received 30 percent fewer
calories overall, with avitamin and mineral supplement to bring them
up to par nutritionally with the fully fed subgroup.

Six years into the study, monkeys kept on acalorically restricted diet
weighed significantly less than fully fed controls, but were extremely
healthy and performed physically as well as the controls. One of the
more intriguing findings to date is that calorically restricted monkeys,
like many (but not all) of the calorically restricted animals in previous
studies, have a core body temperature that is slightly but significantly
lower than that seen in fully-fed controls. The difference in this case
was about half a degree centigrade during the day, and one degree
centigrade during sleep. Thiswould represent a considerable reduction
in calories burned for purposes of maintaining body temperature.
Although it will likely be twenty years or more before we will know
whether lifespan has been increased in these monkeys, all indications
to date are that the early responses to caloric restriction in these ani-
mals are comparable to the early responses to caloric restriction seen
in other animals where a significantly increased maximum lifespan
was achieved. In another study with rhesus monkeys, measuring
energy used across a twenty-four-hour day, it was found that calori-
cally restricted monkeys expended much less energy at night than
did fully fed animals, which is consistent with the findings on body
temperature.

In arecently initiated study using a strain of monkeys that has a
high incidence of spontaneous atherosclerosis and heart disease, a diet
was created that contained 30 percent fewer calories, but had the same
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level of cholesterol as the animals' normal diet. After one year, mon-
keys fed the calorically restricted diet showed substantial weight loss
and a marked reduction in fat (particularly abdominal fat). They also
showed an enhanced response to insulin. The results of this study, as
they unfold, will be of particular interest because they may point to
what we could expect the impact of caloric restriction to be on one of
the most important human senescence-related diseases, nhamely, car-
diovascular disease.

An important question to ask about caloric restriction is what
impact it may have on the quality of life. This is uniquely a human
question, entirely subjective, and not one that can be answered directly
from animal studies. Although all of the primates kept on restricted
diets so far are certainly healthy, we cannot ask them how they feel
about it. Would humans subjected to a calorically restricted diet be
constantly hungry, spending all of their free time and energy thinking
about food, and how to get it? Would we be constantly agitated and
irritable because we're chronically hungry? To achieve an extended
lifespan, would we have to reduce our total energy expenditure, fore-
going many of the energy-expensive activities that enrich our lives?
These are complex and important questions to which we may never
really know the answers.

An experimental analysis of the effects of caloric restriction on max-
imum lifespan per se in humans is probably not practical. Maintain-
ing large numbers of people under rigidly controlled conditions of
caloric intake throughout their entire lives, no matter how committed
and enthusiastic they may be initially, simply cannot be done. But
shorter trials to look at the early responses to caloric restriction may
be revealing. In September 1991, four men and four women of excel -
lent initial health voluntarily entered into Biosphere 2, where they
remained for a period of two years. Biosphere 2 is a three-acre com-
pound near Tucson, Arizona, built originally to test the feasibility of
biologically self-sufficient human living units that might be involved
in extraterrestrial exploration. (The complex was named Biosphere 2
in recognition of the earth itself as Biosphere 1.) One of the objectives
was to raise all required food internally, to recycle solid, liquid, and
gaseous waste products, and generally to remain independent of out-
side support (other than energy from the sun).

Although not part of the original plan for living in the Biosphere,
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the "Biospherians" adopted what was in effect a calorically restricted
diet, which was largely vegetarian, supplemented by small amounts of
fish and animal meat. Three meals a day were served, and all food
served was consumed. T he average total calories consumed per day was
about 1800; fat was kept to a maximum of 30 percent of the total calo-
ries consumed, and care was taken to keep a proper balance of major
food groups. One of the members of the group, Dr. Roy Walford, was
a physician who had also been a pioneer in the animal studies defining
the effect of caloric restriction on longevity and on immune function.
He himself had been experimenting with a calorically restricted diet
for some years prior to Biosphere 2. Dr. Walford monitored a number
of physiological parametersin the Biospherians that might be expected
to be affected by arestricted diet. Afterjust six months on the Bio-
sphere diet, weight losses ranged from 10 to 15 percent. Average blood
pressures dropped 20 percent, cholesterol levels dropped by 35 percent,
and serum lipids by 31 percent. While it would be risky to attribute
these changes entirely to diet, it must be admitted that these changes
parallel closely those seen in previous studies of animals, particularly
higher primates, maintained on calorically restricted diets.

Continuance of the physiological studies on the Biospherians even-
tually had to be suspended because of problems in maintaining the
proper balance of gases in the enclosed atmosphere, and further scien-
tific evaluation of the effect of caloric restriction on human parameters
that might be related to aging was abandoned. But arelated study car-
ried out in Holland supports the findings of Biosphere 2. In the Dutch
study, twenty-four healthy male volunteers, thirty-five to fifty years of
age, were entered into a twelve-week regimen in which they lived at
home and continued their normal daily routines, but ate all of their
meals under supervision of the researchers. Their daily caloric intake
was reduced by 20 percent, largely through reductions of fat and sugar,
and vitamin and mineral supplements were given where deemed
appropriate. Those placed on arestricted diet lost 10 percent of their
body weight, and experienced decreases in serum cholesterol and in
blood pressure. These individuals performed as well on physical and
mental tests as fully fed controls.

Based on these preliminary human studies, the initial results with
higher primates, and the clear demonstration in rodents and other ani-
mals that adult-onset caloric restriction can be effective in increasing
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lifespan, it seems reasonable to imagine that similar effects could be
achieved in humans. Accordingly, a group of interested scientists and
physicians (including Dr. Walford) has drafted a plan for an open-
living study in humans of the effects of caloric restriction on human
lifespan. The objective of such a study obviously cannot be to deter-
mine an effect on maximal longevity per se, since that would take hun-
dreds of years and involve impossible logistical problems. Rather, the
study would focus on those parameters known from animal studies
most likely to have an impact on maximum lifespan. The diet would
be similar to those described above, and would initially involve indi-
viduals in the twenty-five- to thirty- and fifty-five- to sixty-year-old
age ranges. Weekly recordings of dietary consumption and measure-
ments of health statistics would be used to monitor progress through
the program. Individuals would spend up to two years in the program.
When such a study might actually get under way is uncertain at pre-
sent.

What Does It All Mean?

The data showing that caloric restriction can improve health
and increase lifespan in animals is overwhelmingly convincing. Per-
haps, though, we should phrase this statement differently. Animals in
the wild are probably chronically restricted calorically. Very few ani-
mals living naturally would have the luxury of the unrestricted feeding
patterns enjoyed by most laboratory animals, free of the threat of
predators, with no need to compete for scarce resources. So it may be
that what the data are telling us is not that caloric restriction can make
us healthier and live longer, but that over-eating and minimal exercise
can decrease our quality of life and make us die sooner. We do not
really know what an appropriate calorically restricted diet for humans
would be, other than that it should be nutritionally balanced. But it is
abundantly clear that human beings can subsist on many fewer calo-
ries than is typical in most industrialized countries; simply look at diets
in less-developed countries. People on such involuntarily calorically
restricted diets often do not fare well in terms of health and lifespan,
but that is almost certainly due to improper overall nutrition and the
suboptimal general medical care they receive compared with individ-
uals in wealthier countries, not the number of calories they consume.
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Remember that the keynote in al caloric restriction studies in animals
has been undernutrition but not malnutrition. That we live as long as
we do in industrialized societies is likely because of vastly improved
public health and medical care, and not to our calorie-rich diets. The
implications are that the apparent maximal lifespan for human beings
of between 110 and 120 years that we think we see at the present time
may not be the true human limit after all. At the very least, the data
from all of the studies so far suggest that extended average lifespans,
and improved quality of life, are readily within reach for humans as
well as other animals through caloric restriction. It may be as simple
as returning our forks to the side of our plates a few minutes earlier
each time we eat.
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With Every Breath
We Take

Oxidative Sress and
Cdllular Senescence

It is now beyond question that caloric restriction can have a
profound impact on both average and maximal lifespan. But how are
we to explain this effect, which can be observed in virtually every
species? We could imagine that animals reared on a calorically
restricted diet are simply healthier, and as a result live longer. That
could perhaps explain the increase in average lifespan, but it is not at
al obvious how such factors could affect maximum lifespan, which, to
the extent that it is genetically determined, would not be expected
under normal conditions to vary on anything less than an evolution-
ary time scale.

If the conclusion stated at the end of the last chapter is true, that
what the caloric restriction experiments are telling us is that overfeed-
ing may prevent us from realizing our true maximum lifespan, then it
may well be that in these experiments we are touching on something
very fundamental to the aging process. We have said before that in
order to understand aging, we must search for basic senescence mech-
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anisms that are common to all cells, mechanisms that when set in
motion could explain the enormous range of phenotypes associated
with the aging process. We imagine such mechanisms must involve
something extremely fundamental to life—more fundamental, even,
than eating. Perhaps as fundamental as the air we breathe.

Oxygen: The Precious Poison

We are all aware of how dependent we are on oxygen. It
is the most crucial element in every breath we take, the stuff upon
which our very life depends. Deprivation of oxygen for even afew min-
utes, for example, in connection with aheart attack or interference with
breathing, can lead to fatal consequences for heavily oxygen-dependent
parts of the body such as the brain. But we are perhaps less aware of
how incredibly toxic oxygen can be. When life first appeared on earth
some three to four billion years ago, the atmosphere was largely devoid
of gaseous oxygen. Early bacterial life forms, like the anaerobic bacte-
ria that still survive today, did not use oxygen in the process of break-
ing down food to generate energy. T he gradual increase in the concen-
tration of oxygen in the atmosphere that occurred around two billion
years ago (caused by hydrogen-hungry, water-splitting photosynthet-
ic cyanobacteria, some of which would later become the oxygen-
generating parts of plants) was an evolutionary challenge of major pro-
portions. Before the cyanobacteria, oxygen was at best a trace element
in the atmosphere; it would eventually reach current levels of about 20
percent. Oxygen is adeadly, corrosive gas, causing iron to crumble into
rust and wreak havoc with nearly all of the organic molecules on which
life is based. The release of oxygen into the atmosphere by cyanobac-
teria forced all other life forms on earth to develop specializations to
protect themselves against oxidative degradation. There was no choice;
those that failed to do so simply did not survive.

As atmospheric oxygen began to mount, the evolutionary descen-
dants of the bacteria—the eukaryotic Protista—were beginning to
expand rapidly into awide range of ecological niches. Like bacteria,
the protists were still single-cell organisms, but they became very large;
eventually they became multicellular and evolved into the plants and
animals that dominate the earth today. The protists were also faced
with the challenge of surviving in an increasingly toxic, oxygen-filled
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environment. One of the means they developed for dealing with oxy-
gen involved a process called endosymbiosis. Certain bacteria had
already developed quite good defenses against oxygen, including not
just the means to neutralize it, but the ability to use it to produce
energy. The ability to generate large amounts of energy very quickly
was a major advantage of oxygen over other energy-generating systems
that had been tried, and led to the rapid adoption of the oxygen path-
way in spite of its high toxicity. Some of the oxygen-using bacteria
apparently found the interiors of the larger, more advanced protists a
reasonable place to live and raise a family; they became symbiotic
intracellular parasites. The protists could have simply digested these
intruders for food; instead, they converted them into permanent parts
of the protist cell and put them to work dealing with the protists' own
oxygen toxicity problem. This may not have been what the bacteria had
in mind when they came aboard, but the experiment turned out to be
so successful that eventually all eukaryotic cells acquired similar intra-
cellular parasites.

Ultimately, the intracellular bacteria lost their individual identities
altogether and became aworking part of the protist cell. We find these
bacterial "living fossils" in our own cells to this day: They became the
mitochondria, the highly specialized, oxygen-consuming, energy-
producing organelles found today in every eukaryotic animal cell. Itis
rather easy now to see their prokaryotic origins: Only the mitochon-
dria, of all the organelles inside a cell, have their own DN A, showing
their independent biological origin. This DNA is single-stranded and
usually circular, and contains genes that are distinctly prokaryotic
rather than eukaryotic in structure. But when this radical evolutionary
origin for mitochondria was first proposed by Lynn Margulis in the
early 1970s, nearly a decade passed before it was widely accepted. Itis
possible that other organelles within the eukaryotic cell have a similar
origin, but the traces are not so clear.

The mitochondria are the site within each cell where oxygen is com-
bined with enzymatically degraded food products to produce energy.
The molecular form of the energy produced in the mitochondriais
something called adenosine triphosphate (A TP). Greater than 90 per-
cent of the oxygen consumed by an average animal cell is burned in the
mitochondriato produce ATP. The basic chemical reaction that occurs
during ATP generation is the opposite of that taking place in the
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oxygen-producing cyanobacteria (and in all plants): The mitochondria
combine oxygen with hydrogen to form water, and use the energy thus
released to form ATP.

Oxygen in its gaseous form (O 2) and as a component of water
(H 2 0) isfairly stable, but during the transformation from O2toH 2 O
in the cell a number of potentially reactive oxygen intermediates are
generated (Fig. 9.1). Although the vast majority of the intermediates
generated are processed right on through to the water stage during
energy generation, inevitably a few escape from the reaction site; this
"leakage" has been estimated to be several percent of the total oxygen
processed by the cell. It is these escaped intermediate forms, called
reactive oxygen species (which we will refer to simply as oxygen radi-
cals), that are responsible for the oxygen toxicity that is so deadly to
other components of the cell. Oxygen radicals produced in the mito-
chondria include the superoxide anion, hydrogen peroxide, and
hydroxyl "free radicals," the latter of which in particular can attack and
seriously damage a wide range of cellular molecules, including mem-
brane lipids, cellular proteins, and, perhaps most important, DNA.

Oxygen radicals include some of the most potent DNA mutagens
known. The mitochondria themselves are one of the primary victims
of this form of "biological rusting," perhaps because of their proximity
to these metabolically generated toxic wastes. Eukaryotes protect their
DNA from all sorts of assaults by wrapping it in protective proteins
called histones. As in their prokaryotic predecessors, the DNA of
mitochondria is not protected by histones, and is thus more suscepti-
ble to direct oxidative attack. Damage to mitochondriawill of course
affect energy production within cells, compromising almost every
function critical to their health. And mitochondrial damage is self-
compounding; when damaged, mitochondria become even more leaky,

Catalase
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Figure9.1. Generation of reactive oxygen species during metabolism of oxygen.
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spilling more oxygen radicals into their immediate vicinity. This mito-
chondrial degradation is thought to be a major contributor to cellular
senescence.

Although mitochondria are clearly the major source of oxygen rad-
icals within the cell, there are several other intracellular sources of ox-
idative by-products. Oxygen diffuses into cells from the surrounding
extracellular fluids, and is quickly sequestered within the mitochondria.
However, while molecular oxygen (O 2) is passing through the cyto-
plasm on its way to the mitochondria, it can undergo spontaneous
degradation, particularly if it comes in contact with molecules con-
taining iron or copper, which catalyze the generation of oxygen radi-
cals, particularly peroxides. Normally iron and copper are kept tightly
bound to special chaperone proteins like ferritin or ceruloplasmin, but
in some situations—prematurely born babies, for example—free forms
of iron or copper may be available to catalyze the breakdown of oxy-
gen. There is also another cellular organelle called the peroxisome,
where excess fats and other molecules are degraded using oxygen.
Ridding cells of such moleculesis essential to their survival, but perox-
isomes can be a significant source of reactive oxygen species under cer-
tain dietary conditions. Another intracellular radical-generating site is
the cytochrome P450 system of the liver, which has a special mecha-
nism for the oxidative destruction of external toxins that manage to
breach the cell's outer membrane. Finally, incidental cosmic radiation
impinging on a cell can result in generation of oxygen radicals; this is
probably the major cause of skin degeneration in people exposed to ex-
cessive sunlight. With the exception of the latter effect, however, all of
these extramitochondrial sources ordinarily do not account for more
than 10 percent of the oxygen radicals generated.

One of the more common sources of reactive oxygen species in the
body as a whole is from cells that use the destructive power of these
molecules as a natural defense against microbial invasion. Phagocytes
(literally, "eaters of cells") such as macrophages and neutrophils pur-
posely generate high levels of oxygen radicals, which they storein tight-
ly sealed intracellular compartments. W hen phagocytes engulf bacte-
ria or other microbes during the course of an infection, they deliver
them to these internal radical-containing compartments, where they
are very efficiently destroyed. Unfortunately, after several rounds of mi-
crobial feeding, the phagocytes die and release their contents into the
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surrounding tissues. Oxygen radicals released in this fashion can be
taken up by adjacent cells, and once inside they cause the same sort of
damage as radicals produced internally. For infections that are rapidly
and efficiently cleared, the damage caused by phagocytic oxygen radi-
cal spillageisusually negligible. But in the case of prolonged infections,
achronic inflammatory state may develop, and the repeated engorging
and death of phagocytes can cause serious oxidative damage to nearby
healthy cells. This is also the major source of damage in chronic
inflammatory autoimmune reactions such as rheumatoid arthritis, and
can lead to serious tissue loss. Particularly in older individuals in whom
oxidative damage repair processes may be less efficient, the cumulative
effects of oxygen radicals can be serious indeed.

T he damage done by reactive oxygen molecules to the biological
mol ecul es needed to operate living cells can be enormous. No mol ec-
ular species is immune. Oxygen radicals can attack and deform protein
molecules, disrupting structural complexes and inhibiting important
enzymatic functions. Protein degradation products frequently show up
in the body fluids of elderly persons or of patients with chronic infec-
tions or chronic inflammatory diseases such as arthritis. Various lipid
oxidation products show up in pigment granules called lipofuscin that
clog the cells of older individuals, and are a major component of ath-
erosclerotic plagues. Oxygen radicals also attack the individual
nucleotide bases that make up both nuclear and mitochondrial DNA.

To protect themselves from external as well as internal oxidative
damage, eukaryotic cells have developed a number of defenses that
either neutralize oxygen radicals before they cause serious harm or
quickly repair any damage they may do. Oxygen circulating through-
out the body is kept tightly bound to hemoglobin, which prevents it
from damaging other components of blood or attacking and destroy-
ing the blood vessels themselves. Once oxygen radicals have been pro-
duced inside a cell, there are enzymes dedicated to destroying or
otherwise neutralizing reactive oxygen species that may stray from the
reaction site. Cytoplasmic superoxide dismutase converts the superox-
ide anion to hydrogen peroxide, which can then be disposed of by pro-
tective enzymes such as catalase and the various peroxidases (Fig. 9.1).
There are also mechanisms for repairing or getting rid of damaged
lipids and proteins. But of most concern in terms of senescence is what
happens to DNA. The damage to DN A caused by oxygen radicals is

154



WITH EVERY BREATH WE TAKE

essentially the same as that caused by radiation; as we know, unrepaired
DNA damage in cycling cells can result in the induction of p53 and
arrest of the cell cycle. The number of "hits" on the DNA in asingle
cell by oxygen radicals has been estimated to be on the order of tens of
thousands per day.

DNA repair in higher animals is not well understood, and most of
what we know about this process has been learned from studying bac-
teria and other single-cell organisms. Single-cell organisms are partic-
ularly vulnerable. They are often exposed to very high levels of light
and other cosmic radiation, and they are more directly exposed to envi-
ronmental chemicals that can damage DNA . Thus they tend to have
highly efficient DN A repair systems. Interestingly, the DN A damage
caused by reactive oxygen molecules or radiation is not itself a signifi-
cant cause of mutations to genes. Rather, it is mistakes made during
the DN A repair process that most often induces mutations. The same
appears likely to be true in animal cells; as far as can be determined,
DNA repair in higher animals generally conforms to what has been
learned by studying lower organisms.

The most common repair mechanism, employed when hydroxyl
radicals attack individual DN A bases, is something called nucleotide
excision repair. A large number of proteins are involved in this proce-
dure. Some detect that a base mismatch has occurred between oppos-
ing strands of DN A, usually because the double helix at mismatched
sites is physically distorted. Separate sets of proteins are then involved
in cutting out the mismatched nucleotide, replacing it with the correct
one, and connecting the new nucleotide to its neighbors on either side.
But many aspects of the repair process are still not understood. For
example, at the site of a mismatch, how does the repair system know
which of the two opposing nucleotides is the good one, and which the
bad? We simply do not know. Nevertheless, there is good experimen-
tal evidence that DNA repair, including repair of telomeric DNA,
declines with age and could thus contribute to cellular senescence
through induction of the p53 pathway.

The Okxidative Stress Hypothesis of Aging

All of these observations led a number of scientists to for-
mulate the oxidative stress hypothesis of aging, wherein senescence at
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the cellular level is proposed to result from cumulative damage caused
by toxic oxygen intermediates. In the context of this hypothesis, aging
is seen as the sum of unrepaired oxidative injuries at the cellular level,
triggering idiopathic disease, which renders an individual more sus-
ceptible to accidental death and which may in itself be fatal (e.g., can-
cer or cardiovascular disease). The net result in terms of damage over
time will reflect a balance between the rate of production of oxygen
radicals and the effectiveness of prevention or repair of the cellular
damage they cause, particularly to DNA . Cancer, as one example, is a
major element of post-reproductive senescence in both long- and
short-lived animals, and unrepaired damage to DN A is known to be a
major cause of cancer.

The oxidative stress hypothesis could also help explain differences
we see in maximal lifespan across different species. The early entrance
into the senescent state that we see in short-lived organisms would
represent a tip in the balance between damage and repair toward the
accumulation of cellular damage early in life. Longer-lived species
would either generate less oxidative damage to begin with or have

Metabolic Rate
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Figure9.2. The correlation of maximum lifespan with metabolic rate.
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more effective prevention or repair mechanisms in place for a longer
period of time.

Supportive evidence for the oxidative stress hypothesis comes
from a number of directions. One piece of indirect evidence is the cor-
relation of maximum lifespan with overall metabolic rate (Fig. 9.2).
Higher metabolic rates mean more energy produced per unit time,
which will result in a greater rate of oxygen radical production, and
animals with racier metabolisms do tend to have shorter average and
maximal lifespans. This is likely exacerbated by the fact that most of
them do not have enhanced repair systems in place to balance the
oxidative damage resulting from a heavier oxygen radical burden.
Longer-lived animals generally have lower steady-state levels of radi-
cals in their cells, at least prior to sexual maturation, and this appears
to be due mostly to higher levels of both antioxidants and damage
repair mechanisms. This changes with age.

There is good evidence that lifespan, particularly in primates, cor-
relates very well with the level of circulating antioxidants. Studies in
many different laboratories have shown that cells taken from older
members of longer-lived species, including humans, are more suscep-
tible to oxidative damage in vitro than are younger cells. They seem
less able to neutralize oxygen radicals to begin with, and are also slower
to repair radical- or radiation-induced DN A damage. Mitochondria
from older cells have been shown to "leak" more oxygen radicals per
unit of oxygen consumed. The overall trend of these studies strongly
suggests an increasing accumulation of oxidative damage with age in
longer-lived animals.

Studies with human fibroblasts have been particularly informative.
The number of doublings fibroblasts grown in vitro can undergo is
strongly influenced by the concentration of oxygen to which they are
exposed. Human cells are normally grown in vitro in the presence of
20 percent oxygen, for no other reason than that is the concentration
of oxygen found in the atmosphere, and this was the condition adopted
by those who developed the techniques for cell culture early in this
century. This has been the oxygen concentration used to analyze the
proliferative capacity of human fibroblasts of various ages in the vast
majority of studies carried out to date.

But in fact, oxygen tension within the body itselfis much less than
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20 percent, more on the order of 3 percent. When fibroblasts were cul -
tured in vitro under 3 percent oxygen, the number of doublings at any
given age increased by 50 percent or more. In adifferent study, the oxy-
gen concentration was doubled to 40 percent, and the number of cell
doublings was greatly reduced. The fibroblasts cultured under this
unusually high oxygen concentration quickly accumulated the charac-
teristics of senescent cells, including gross enlargement and the accu-
mulation of lipofuschin granules in their cytoplasm. Interestingly, the
DN A in these cells showed greatly shortened telomeres, confirming
once again the close correlation of telomere length and senescent sta-
tus in dividing cells.

Thetoxic effect of higher concentrations of oxygen itself, or of pre-
formed oxygen radicals, can be offset if antioxidants are added to the
culture medium. In one study, radicals such as superoxide anion and
hydrogen peroxide were tested against human fibroblasts of various
ages growing in a dish. Older fibroblasts had a much more difficult time
dealing with these challenges, apparently because of reduced levels of
intracellular antioxidants. In another study, it was shown that pre-
formed oxygen radicals added to the culture medium of young human
fibroblasts decreased the number of cell doublings by 35 percent com-
pared with untreated controls. These cells acquired all of the features
of senescent cells, in terms of both their cellular metabolism and their
external morphology. Thus not only do older human cells grown in cul-
ture show signs of considerable oxidative damage and an impaired abil-
ity to repair such damage with increasing age, but younger cells can be
brought to a stage of accelerated senescence by exposure to oxidative
byproducts. But when antioxidants were added simultaneously to the
cultures, all of these effects were compl etely reversed.

The importance of natural antioxidants to aging in vivo was borne
out in a set of experiments carried out at the University of Texas, in
which extra copies of the genes for two major antioxidant molecules—
superoxide dismutase and catalase—were introduced into lines of the
common fruit fly D. melanogaster. The amount of oxidative damage
produced with age was reduced significantly in these lines, but, more
important, both the average and maximum lifespans of the altered flies
were increased by up to thirty percent.* Information was also gathered

* Interestingly, in arecent sudy, researchersin Toronto showed that the human genefor
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in this study on metabolic potential. M etabolic potential refers to the
total amount of oxygen consumed, and the energy produced from it,
across an animal's entire lifespan. It is an indirect indicator of how
much energy an animal has at its disposal to spend on pursuing its
goals in life, whatever they may be. For some animals, lifespan may
well be defined in terms of a total amount of energy generated and
expended. We know, for example, that when lifespan is extended in
cold-blooded animals simply by lowering the ambient temperature, the
total amount of oxygen they consume in their extended lifetime at the
lower temperature is about the same as that consumed in their briefer
lifetime at the higher temperature. In these cold-blooded animals liv-
ing at different temperatures, metabolic potential is a zero-sum game;
they can live longer, but at a significantly reduced metabolic rate.
Caloric restriction may be doing the same thing; reducing caloric
intake almost certainly decreases the generation of oxidative waste
products, but if it also decreases an individual's metabolic potential, the
extended lifespan achieved may be partially offset by reduced meta-
bolic capacity.

But in the Texas Drosophila study, the researchers found that in flies
whose lifespan was increased by antioxidant supplementation, overall
metabolic potential was actually increased. While metabolic rates in
younger flies was about the same in treated and control groups, the
older flies receiving antioxidants had a significantly higher metabolic
potential than age-matched, untreated controls, suggesting that the
extended lifespan observed was accompanied by an overall increase in
metabolic activity. What these results suggest is that the lifespan
benefit achieved with antioxidants does not necessarily have to come
with a trade-off in terms of reduced metabolic activity; rather, the
potential for activity in old age may actually be increased.

Almost certainly, oxidative damage to DN A is the major contribu-
tor to cellular senescence. The ability of animals to repair DN A dam-
age as a function of age has been studied by a number of laboratories,
often with conflicting results, but in general there is atendency toward
a decrease in the ability to repair radiation- or oxidation-induced DN A

superoxide dismutase can function in Drosophilia to give a similar increase in lifespan.
Thisisone of the many examples of the tremendous evolutionary conservation of genes
involved both in the generation of and in defenses against oxygen by-products.
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damage, including telomere damage, with increasing age in many dif-
ferent cell types. In arecent study of DNA repair processes in human
cells grown in vitro, the rate of accumulation of the type of chromoso-
mal and DN A damage caused by oxidation (among other things) was
assessed in normal human fibroblasts of different ages, and in cells
taken from patients with Werner and Cockayne syndromes and other
progeric disorders. There were clearly higher levels of abnormalities in
the DNA and chromosomes from older patients and in the cells of
progeric patients. DNA samples with purposely introduced oxidative
damage were also injected into these cells; younger cells were able to
repair the damage much more efficiently than older cells or progeric
cells. The inability to repair DN A damage was found to correlate very
well with the replicative capacity of these cells in vitro, suggesting a
possible connection between oxidatively induced DNA damage and
the phenomenon of replicative senescence.

Some of the most convincing evidence for a role of oxidative stress
in determining lifespan comes from studies carried out in the nema-
tode worm C. elegans. Certain mutations of the C. elegans gene age-1
can result in a near doubling of maximal lifespan. Worms with the
age-1 mutation show increased resistance to both oxidative and ther-
mal stress. Although the identity of the age-1 gene is not yet known,
this mutation is accompanied by a decrease in the accumulation of
DNA damage, an increase in the ability to repair ultraviolet-induced
DN A alterations, and an increase in intracellular levels of antioxidant
molecules such as superoxide dismutase and catal ase.

The impact of caloric restriction on maximum lifespan as described
in the last chapter is certainly interpretable in terms of the oxidative
stress hypothesis. Oxygen radicals are produced as a direct result of
"burning" foodstuffs to produce energy. If the amount of foodstuffs
burned is kept to a minimum consistent with actual energetic needs,
fewer oxygen radicals will be produced, which should be accompanied
by reduced radical-mediated molecular damage. Animals kept on
calorically restricted diets do in fact show significant reductions in the
normal age-associated increases in generation of oxygen radicals by
mitochondria and by systems such as cytochrome P450 in the liver.
Calorically restricted animals also generally have enhanced levels of
endogenous antioxidant enzymes. The greatest degree of oxidative
damage is normally seen in hard-working tissues such as the brain and

160



WITH EVERY BREATH WE TAKE

skeletal and cardiac muscle, and as we have seen damage to these tis-
sues is greatly retarded in animals on calorically restricted diets.

The impact of caloric restriction on DNA repair in animals has also
been studied by a number of researchers. The majority of these stud-
ies suggest that DN A repair is more efficient in animals maintained on
a calorically restricted diet than in fully fed control animals. Most
impressive is that the extensive damage to mitochondrial DN A with
age is substantially retarded by caloric restriction. All of these obser-
vations are consistent with reduced oxidative damage as the explana-
tion of caloric restriction. The flip side of the argument, that
over-consumption of foodstuffs may actually reduce maximal lifespan,
should then also be interpretable in terms of the over-production of
oxidative damage.

Finally, the oxidative stress hypothesis of aging has direct implica-
tions for the theories of the evolution of senescence discussed in Chap-
ter 3. Oxidative damage was present in eukaryotic cells as an internal
danger from the moment they incorporated oxygen-metabolizing
prokaryotes into their cellular life cycle. Oxidative damage now seems
to be the major source of senescence-inducing damage in eukaryotic
cells. Thus we do not need to look to rather complicated evolutionary
theories to explain the acquisition of genes that cause senescence; a sub-
stantial number of them were incorporated into eukaryotic cells from
the very beginning of their evolutionary history. The major task in the
evolution of eukaryotes has been to develop means to deal with the
damage wrought by oxygen radicals, forestalling senescence where nec-
essary to allow different species to complete their reproductive cycle, yet
allowing this damage to take its toll once reproduction has been
achieved. While it seems likely that a few genes contributing to nonox-
idative senescence have indeed crept into eukaryotic genomes over evo-
lutionary time, it is likely that the contributions of these genes to
senescence have been minor, and that the major senescence-inducing
genes came in through the endosymbiosis of oxygen-using prokaryotes.

Oxidative Damage in Human Aging
and Age-Related Disease

The data from in vivo animal studies and from the study of
animal and human cells in vitro all strongly suggest a major role for
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oxidative damage in the aging of both organisms and cells. In fact
everything we understand at present about senescence is consistent
with the idea that oxidative damage is a likely primary cause of the
aging process in animals. Are we ready, then, to conclude that oxida-
tive stress is the key factor in aging and age-related diseases in human
beings? The problem with drawing such a conclusion is that we can-
not do the type of direct experiments on human beings required to
establish this point with absolute certainty. We cannot, for example,
deliberately expose human beings to excess oxidative damage and
observe the effect this has on aging. T he nature of the evidence we do
have on this question is thus of necessity indirect. For example, data
on the accumulation of oxidative products with aging and disease in
the human body would support such a conclusion. There is a definite
increase in serum levels of oxidative productsin elderly individuals, and
a decreased ability to generate natural antioxidants. In the cardiovas-
cular disease that often accompanies normal aging, oxidative modifi-
cation of the lipid-protein complex involved in removing cholesterol
from the blood—Ilow-density lipoprotein (LDL)—appears to be a
major factor in the development of atherosclerotic plagues. Athero-
sclerotic plaques from elderly heart patients examined at autopsy also
show a high level of oxidized lipids and high levels of the metal ions
that promote oxidative reactions. These observations are all consistent
with, but in fact do not demand, the conclusion that oxidative damage
is a primary mechanism in human aging.

Although we cannot directly expose humans to greater or lesser
amounts of oxidative damage, or to differing levels of antioxidant pro-
tection, individuals actually do this to themselves, largely through diet.
Overeating, and in particular consumption of excess fat in the diet,
places a major oxidative burden on virtually all the cells in our bodies.
On the other hand, fruits and vegetables are excellent sources of nat-
ural antioxidants such as ascorbic acid (vitamin C), the tocopherols
(vitamin E), and carotenoids (related to vitamin A). By and large, the
effects of diet on aging and disease can be demonstrated only by the
study of large populations. Such epidemiological studies have repeat-
edly shown that consumption of dietary antioxidants is associated with
major reductions in age-related diseases. It is tempting to conclude,
although perhaps not yet justified on the basis of presently available
data, that consistent, long-term consumption of a diet rich in natural
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antioxidants retards the development of these diseases by retarding the
natural aging process, and specifically cellular senescence.

There are a number of ongoing, large-scal e epidemiological studies
currently underway in the United States and many other countries in
which large numbers of individuals voluntarily submit to exhaustive
analyses of their life-style (including diet) and health. These individ-
uals are then tracked over many years, with frequent updates of their
profiles, to see which diseases they develop, how long they live, and
what causes their death. One of the largest such studies in the United
States is the Nurses Health Study, which has tracked over 120,000
women, with starting ages of thirty to fifty-five years, since 1976. The
separate but closely related Health Professionals Study has tracked
more than 50,000 males, with starting ages from forty to seventy-five
years, since 1986. Another important study group is the lowaWomen's
Health Study, which involves a random selection of just under 100,000
post-menopausal women aged fifty-five to sixty-nine years in 1985.
Long-term studies of these magnitudes, with appropriate controls and
statistical analysis of the data, are absolutely necessary to determine
with any degree of confidence what effect diet or lifestyle has on any
aspect of human health. All comparisons of dietary effects in studies
with these population groups can be adjusted for other life-style attrib-
utes such as smoking. The fact that all information on dietary and
other lifestyle habits is gathered before the onset of disease minimizes
any possible bias relating to selection of individuals for the study of any
particular disease or aging parameter.

In 1993, Dr. Bruce Ames published a paper in the prestigious Pro-
ceedings of the National Academy of Sciences summarizing the cur-
rent state of knowledge about the effects of dietary and supplemental
antioxidants on human disease and the aging process, as gathered from
both basic science studies and large epidemiological studies of the type
just described. He carefully marshaled the existing evidence support-
ing arole for oxidative damage in human maladies as wide-ranging as
cardiovascular disease, cataracts, cancer, nervous disorders, and birth
defects. In the same article, Dr. Ames also discussed the nature of the
evidence that dietary antioxidants can have a significant effect on low-
ering the incidence and severity of many diseases and malfunctions
associated with old age, including cancer, cardiovascular disease,
cataracts, and neurological pathologies, among others. For example, he
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cited a monumental review of over 170 mostly smaller studies exam-
ining the relationship between diet and cancer. This study, published
in the journal Nutrition and Cancer, showed a significant protective
effect of fruit and vegetable consumption in 128 of 156 statistically
interpretable cases. For most types of cancer, persons with the lowest
fruit and vegetable intake had twice the cancer risk of persons with
high intakes. Since that time, alarge number of studies have confirmed
Dr. Ames's contention that many of the major age-related diseases in
humans are strongly associated with, and very likely caused by, oxida-
tive cellular damage.

Vitamin E and Breast Cancer

Vitamin E is a complex of eight different lipophilic (fat-
loving) compounds, some of which, particularly al pha-tocopherol, have
been shown in animal studies to be highly effective antioxidants. These
compounds usually insert into a cell's membranes, from where they
actively scavenge reactive oxidative molecules. Vitamin E isfound in
mitochondrial membranes, for example, and presumably aids in mop-
ping up escaped oxygen radicals at the site of generation. T he efficacy
of vitamin E is dependent on an adequate dietary source of selenium.
Vitamin E also interacts with vitamin C; the latter acts somewhat like
arecharger, removing some of the reactive oxygen molecules from vit-
amin E to itself, thereby releasing "recharged” vitamin E to scavenge
again. Like all vitamins, vitamin E cannot be made by the body and
must be obtained from food or taken as a vitamin supplement. Unfor-
tunately, vitamin E is found only in fatty foods such as oils, nuts, and
shortenings, which are avoided by many people for general health rea-
sons, and which are thought to be especially problematic for women at
risk for breast cancer. It has long been recognized, for example, that
Japanese women living in Japan, where dietary fat is unusually low,
have a very low breast cancer rate. However, when these women
migrate to the United States or other Western countries with high-fat
diets, their breast cancer rates rapidly approach that of women in the
host country. This puts women between the proverbial rock and a hard
place: Avoiding a known risk factor for breast cancer—fatty foods—
deprives them of a natural source of a potent cancer-fighting antioxi-
dant—vitamin E.
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At least two dozen studies have now shown that vitamin E given in
supplemental form to rats and mice that develop spontaneous breast
tumors significantly reduces the onset and severity of their cancers.
Vitamin E has also been shown to interfere with the growth of human
breast cancer cells grown in vitro, and to ameliorate breast tenderness
in women prone to benign cysts. Epidemiological studies, summarized
in arecent issue of thejournal Nutrition and Cancer, also support arole
for vitamin E in reducing breast cancer, although the data at this stage
is not particularly strong. Because of the great variation in the design
of the ten studies analyzed, some of which depended on patient recall
of dietary habits over a number of years, and varying intakes of dietary
versus supplemental vitamin E, the precise relationship between vita-
min E and breast cancer is difficult to discern. Nevertheless, a positive
effect was seen in eight of ten studies, and in several of these the pro-
tective effect was quite strong. M ore precisely controlled studies will
likely be planned for the future. In the meantime, because the animal
and in vitro studies are so strong, and since vitamin E is essentially
nontoxic in humans, even at high doses, it has been suggested that
women in general should make every effort to assure they receive gen-
erous amounts of this vitamin through their diets, and that women
especially at risk for breast cancer may want to consider taking sup-
plemental vitamin E as well.

Antioxidant  Vitamins and Cardiovascular Disease

As with the effects of antioxidants on cancer, thereis a strong
basis in animal studies and epidemiological analyses to support the
notion that antioxidants can lower the risk of atherosclerosis and car-
diovascular disease in humans. Vitamin E has been shown in studies
with chickens, rabbits, and monkeys, as well as rats and mice, to have
a marked inhibitory effect on the development of atherosclerotic
lesions. Vitamin E actually associateswith the L D L complex, inhibit-
ing the oxidation that is associated with atherosclerotic plaques. In
some animal studies, vitamin C and carotenoids such as beta carotene
have also been shown to provide protection against atherosclerosis.

There is also suggestive evidence from studies of dietary habits in
humans indicating a positive effect of antioxidant vitamins on heart
disease; again, those consuming high levels of fresh fruits and vegeta-
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bles had a lower incidence of cardiovascular disease. Two European
studies also showed that high serum concentrations of vitamin E were
correlated with alower incidence of heart disease, and vice versa. The
evidence for protective effects of vitamin C and carotenoids was less
clear. In addition to vitamins, antioxidant drugs also have a strong pro-
tective effect against cardiovascular disease. One of the earliest cho-
lesterol-lowering drugs, Probucol, is a strong antioxidant that, like
vitamin E, physically associateswith L DL, inhibiting the atheroscle-
rosis-promoting oxidative damage that results in improper uptake of
cholesterol into cells.

Studies using very large numbers of human subjects, such as those
provided by the Nurses Health Study, the lowa Women's Study, and
the Health Professionals Study, generally support the earlier studies.
In the Nurses Health Study it was found that those individuals with
the highest vitamin E intake had a 34 percent reduction in cardiovas-
cular disease. M ost of the women in this highest-intake group were
also taking supplementary vitamin E. High beta carotene intake was
associated with a 22 percent reduction in cardiovascular disease, but
because of the small numbers (552 total cases of heart disease in the
population base), this effect is only marginally statistically signifi-
cant.The effect of vitamin C was also statistically uncertain. In the
Health Professionals Study, both vitamin E and beta carotene showed
modest protective effects; vitamin C showed no effect at all. In the
lowa Womens Study, which looked at cardiovascular mortality (as
opposed to simple presence of disease), vitamin E was associated with
avery strong decrease in mortality; carotenoids and vitamin C showed
no correlation with deaths from cardiovascular disease. Several trials
in which large numbers of individuals have been randomly assigned to
supplements of antioxidant vitamins are now under way, and will even-
tually produce the most definitive results of all. However, at present it
is too early in these trials to gain any clear impressions of what the
results may tell us.

The evidence, both direct and indirect, that oxidative damage is a
major factor in the development of age-related diseases, including not
only cancer and heart disease but also kidney disease, cataracts, and
more benign problems such as degeneration of skin and muscle, is
quite compelling. At present we cannot say with complete certainty
that individuals consuming diets high in antioxidants, or taking sup-
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plemental antioxidants, will live longer. The answer to that question
will likely emerge from the large-scale epidemiological studies and
direct supplementation trials currently under way, but will certainly
take many years. Reducing mortality from heart disease and cancer
would be expected to have at |east a modest effect on average lifespan.

There are other questions about oxidative damage and lifespan that
remain unanswered. For example, oxygen consumption increases enor-
mously during vigorous exercise, and would be expected to generate
additional reactive oxygen species. Does there come a point in life
when a decreased ability to neutralize oxygen radicals might outweigh
the proven advantages of strenuous exercise? Can this be offset by
antioxidant supplementation? We simply do not know at present
whether excess oxygen consumption in the elderly is dangerous or
whether it could be controlled by antioxidants. We would also like to
know a great deal more about why antioxidants taken in with food
appear to be so much more effective than highly purified vitamins
taken supplementally. Are there as-yet unidentified elements in food-
stuffs that increase the effectiveness of the vitamins themselves? Could
these "co-factors" be taken supplementally as well? We do not yet
know, but one can be certain this question is being looked at very
closely by nutritional supply companies.

Nevertheless, the evidence for the overall benefits of dietary and
supplemental antioxidants, albeit largely indirect, is sufficiently strong
at present that many health care professionals and nutritional experts
are themselves reassessing their own diets, and where appropriate—
when the individual is at risk for heart disease or breast cancer, for
example—taking supplemental antioxidants, particularly vitamin E.
The end of this story is not entirely clear, but its general outlines
should begin to emerge in the next dozen years or so. It is astory with
tremendous potential for human health, and one we should all watch
very closely indeed.
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The Aging Brain

One of the greatest fears associated with aging is the possi-
bility that senescence may rob us of our mental faculties, leaving us to
wander the empty spaces of our minds with none of the familiar land-
marks that tell us where we are or where we have been. Each human
personality is shaped by a unique combination of intellectual and emo-
tional capacities, developed over alifetime of learning and feeling, and
exercised with a particular brand of reason and judgment that leads to
a highly individualized response to the surrounding world. We each
have our own way of seeing that world, of thinking about it and
responding to it—of being in it—drawing upon atotally idiosyncratic
collection of memories and experience. It is this personal collection
that we label "self" and use to guide ourselves through our daily lives.

We connect our sense of who we are with our minds, but the mind
is ultimately a product of the brain, largely of the outer regions of the
brain known as the cerebral cortex. It is there, throughout most of our
lifetime, that we spin the complex tapestry that makes each of us who
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we are. T he threads of this tapestry are the nerve cells, or neurons, tied
together in patterns of seemingly impenetrable complexity. Beginning
even before we are born, and for a short while after birth, the neurons
begin generating enormous numbers of nerve fibers that they simply
cast out in the general direction of tissues and cells needing nerve con-
nections. If a particular nerve fiber happens to find a cell with a nerve
attachment point on its surface—another nerve cell, for example, or a
muscle cell—it makes a connection. That fiber, and the neuron from
which it came, will survive and become the nervous systems physical
link with the targeted cell for life. If, on the other hand, the nerve fiber
fails to establish contact with an appropriate cell—and fewer than half
do—the neuron that sent it out must commit suicide, dying the same
quiet apoptotic death that helped shape the developing hand (Fig. 2.1).

But gradually, aswe age, this process reverses itself. Starting some-
where after the reproductive years have ended, with differing speeds
and to differing extents in different individuals, senescence begins to
take its toll in the brain and in the nervous system, just as it does in
every other cell in the body, and many of the neural connections estab-
lished over alifetime of pattern weaving are broken. The cellswill pull
in their fibers and disconnect from one another. This process happens
much more slowly in people who remain mentally and physically
active—one of the more poignhant manifestations of the adage "use it
orloseit." Neuronal lossisitself only rarely a cause of organismal death
in the normal aging process, but depending on how far the process
advances before death comes, it can greatly diminish the quality of our
remaining years.

Disruption of intercellular connections among the ten billion or so
neurons forming the human brain is, however, a major cause of the
gradual diminution of mental function that normally accompanies
aging. Some degree of neural degeneration is detectable at autopsy in
almost every person over sixty years of age. The type of degeneration
neurons undergo is shown in Figure 10.1. Nerve impulses are brought
into the cell by the relatively short fibers known as dendrites. Each
neuron can have dozens of dendrites feeding information into it, and
each dendrite is extensively branched at its tip, ultimately gathering
information from a dozen or more different nerve cells. Each neuron
may thus receive input from hundreds of other nerve cells. The neu-
ron in turn sends information to other cells through its single outgo-
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ing fiber, the axon, which can be quite long and may also be branched
at the tip, allowing connection with numerous other cells. If a nerve
cell make its connection with another neuron, it normally does so by
linking one of its axonal processes with that cell's dendrite, although
occasionally a nerve cell may attach its axon directly to the cell body of
another neuron. Nerve cells send and receive impulses by the release
and uptake of special neural transmitters, small chemical molecules
such as acetylcholine, stored in the tip of each axon. When appropri-
ately stimulated, axons release these chemicals, which are picked up by
the cell to which the axon is connected across a special structure called
a synapse.

As neurons age they undergo a number of distinct intracellular
changes (Fig. 10.1). One very characteristic alteration is the accumu-
lation of lipofuscin, a dense, granular material composed mostly of oxi-
dized lipids. The origin of this material is uncertain; it is presumed to
be a storage form of lipids damaged by the oxidative wastes of metab-
olism. It has been a component of aging cells throughout much of
eukaryotic evolution; even cells of the tiny nematode worm C. elegans
accumulate lipofuscin with age, as do the post-mitotic cells making up
insects such as fruit flies. As far as can be determined, lipofuscin gran-
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Figure10.1. Intracdlular changes in neurons during aging. As normd neurons (A)
begin to age, they accumulate increasing amounts of lipofuscin, and begin to devdop
neurdfibrillary tangles. The dendrites begin to degenerate (B, C), disrupting
connections with other neurons. The neuron shown in C is probebly very near deeth.
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ules cause no harm to nerve cells. The same is not true of the neurofi-
brillary tangles, another characteristic inclusion of aging neurons.
These are twisted strands of protein that condense together inside the
cell, forming insoluble complexes often described as " flame-like." The
presence of neurofibrillary tanglesin nerve cells is thought to be a sign
that the cell will soon die.

As a neuron begins to die, the most obvious change is a degenera-
tion and pulling back of its dendrites. Very slowly, over a number of
years late in life, the number of dendrites feeding into nerve cells, and
the number of branches on the remaining dendrites, diminishes, and
the cells begin the slow slide toward death. Cell death contributes to
an actual decrease in brain weight, which can be 10 percent or morein
very old individuals. Overall brain volume does not change apprecia-
bly; the brain still sits snugly inits skull case. As the neurons disappear,
the fluid-filled spaces within the brain simply expand to fill the space.
The loss of neurons is not uniform throughout the brain. Some areas,
such as the cerebral cortex in a healthy, active older person, are only
marginally affected; other areas, such as the substantia nigra or the
locus ceruleus, may lose athird or more of their neurons in most indi-
viduals over eighty. These losses are often associated with problems
such as an inability to sleep or disorders such as Parkinson's disease, as
well as a gradual impairment of the ability to learn and remember. Pre-
mature or excessive neuronal lossis one of the hallmarks of Alzheimer's
disease, as we shall see. In the spinal cord, there is also a loss of neu-
rons, particularly the motor neurons, which may interfere with move-
ment and balance.

The brain isaclassic example of an organ in the body where replica-
tive senescence is unlikely to play arole in aging and age-associated
disease. Once neurons begin making connections with other neurons,
or with cells elsewhere in the body, they never divide again. The brain
is a post-mitotic organ, and it is obvious why this must be so. A fully
engaged neuron may have dozens, or even hundreds, of interconnec-
tionswith other cells. For abrain cell to divide, it would have to break
each of these connections, undergo mitosis, and then try to find and
reform each of these connections. Aside from the "down-time" of that
neuron's function, which could likely be ill-afforded, the possibility of
finding all of the right connections after cell division would be
extremely small. From this it is also evident why damaged nerve tissue
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can never be regenerated; there is no way a new nerve cell could find
and make each of the connections established by the cell it would be
replacing.

Alzheimer's Disease

The degeneration seen in the brain and nervous system with
age are normally accompanied by definite but relatively minor cogni-
tive deficits, such as loss of short-term memory, decreased stimulus-
response times, and occasional mild confusion. When these problems
begin to interfere seriously with an aging individual's social or work
environment, we enter into the gray area of senile dementia. Demen-
tiais defined as the loss of some combination of intellect and emotion,
memory and judgment, without a loss of consciousness and the sim-
pler cognitive functions, but with a detectable impairment of occupa-
tional or social function. " Senile" simply defines this loss as age-rel ated.
Perhaps two-thirds of senile dementias are attributable to some degree
of Alzheimer's disease. Some Parkinson's disease patients also experi-
ence a form of dementia quite similar to Alzheimer's. Another com-
mon cause of dementia in the elderly is multiple infarct dementia,
which results from the gradual destruction of tiny portions of the brain
caused by recurrent, often undetected, small strokes. States of demen-
tia not related to senility can usually be traced to particular drugs or
drug combinations, microbial infections such as HIV, or other psy-
chological states such as depression and stress; these reversible demen-
tias often go away when the underlying cause is treated or removed.

The first report of what would become known as Alzheimer's dis-
ease was published by the German neuropathologist Alois Alzheimer
in 1907, who described the findings at autopsy of a woman who had
died at age fifty-five. Prior to death, she had suffered a progressive
dementia involving severe memory, behavior, and language deficits.
Alzheimer took advantage of recently developed histological stains
based on the use of silver to examine the brain tissue of this patient,
and he reported what was at the time a new finding: the presence,
within the nerve cells themselves, of silver-staining structures that
came to be known as the neurofibrillary tangles (Fig. 10.1 C). This
patient also had an abnormally large loss of brain tissue, and the pres-
ence of numerous neuritic plaques composed of dead and dying nerve
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cells. Because of the relatively young age of the patient, Alzheimer's
disease became the standard definition of presenile dementia (demen-
tia setting in before sixty years of age) in the years immediately fol-
lowing his report. Alzheimer's initial three findings—neurofibrillary
tangles, neuritic plaques, and marked tissue loss, leading to eventual
death—are still the signature findings in all Alzheimer's patients.
There are today five million people in the United States diagnosed
with Alzheimer's disease; current estimates are that about half of all
persons over eighty-five have some degree of disease. It accounts for
nearly 100,000 deaths annually in the United States. Based on the tim-
ing of onset of the disease, and to some extent on the underlying
defect, Alzheimer's falls into two distinct categories. Approximately
95 percent of cases are late-onset Alzheimer's disease. This form of the
disease arises from defects occurring in the individual within his or her
life history, beginning any time after conception, and is not passed on
to the individual's offspring. About 5 percent of Alzheimer's cases are
of the inherited type, and are characterized by early onset of disease
symptoms—Dbefore sixty years of age. Yet even this early form of
Alzheimer's occurs after the reproductive period of an individual's life,
allowing the genes to be passed on to the next generation. L ate-onset
Alzheimer's disease is becoming of increasing sociological concern,
because it affects a significant portion of what is the fastest growing
segment of the population in industrialized countries; those eighty-
five years of age or older. Current demographic trends indicate that the
number of people severely disabled by Alzheimer's disease will double
every twenty years during the next century. Barring discovery of an
effective treatment or cure, the impact on health care costs will be
enormous. The burden on families who must care for these seriously
and distressingly incapacitated individuals will be equally catastrophic.

Defining the relation of Alzheimer's disease to normal aging of the
brain has posed a major challenge to neurologists since it was first
described. Human average lifespan has increased substantially since
Alzheimer's first patient, and so the presence of Alzheimer's-type
lesions in very old individuals, without the disabling dementia typical
of fully developed Alzheimer's disease, took some time to be appreci-
ated. The picture was clarified somewhat in the 1950s when other
causes of dementia, such as multiple cerebral infarcts, drugs, and
depression, were clearly identified. Still, even when only the more
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"classical" Alzheimer's cases are considered, their relationship to nor-
mal aging is not always clear. L oss of brain tissue and the presence of
neurofibrillary tangles are seen to some extent in most people over
sixty. Even neuritic plaques are seen in people who live long enough—
beyond age eighty or so. They are simply seen earlier, in the case of pre-
senile dementia, or develop to an exaggerated degree that can lead to
death, in elderly people with clinically verified late-onset Alzheimer's
disease. Histologically, there is no difference in the tangles and plaques
seen in normally aging brain and those found in Alzheimer's disease
patients. It is possible, however, that the patterns of distribution of
damaged cells within the brain is slightly different in normal aging and
in Alzheimer's disease.

Thus the difference between the neurological changes seen in nor-
mal aging and those seen in Alzheimer's disease may be as much quan-
titative as qualitative. Unfortunately, there is no simple test at present
that can definitively establish the presence of Alzheimer's disease, so
the diagnosis depends on the physician's assessment of the degree of
loss of cognitive function, and on ruling out other possible causes of
that loss. The changes in cognitive function characterizing Alzheimer's
disease include severe memory loss and impairment of language skills,
learning ability, and the ability to think abstractly and make reasonable
judgments about events in one's surroundings. Other symptoms
include fearfulness, delusions, excessive irritability, and unusual aggres-
sive behavior. While all of these traits may appear to some degree with
age in everyone, it is only when they seriously interfere with an indi-
vidual's ability to function in his or her daily life that a tentative diag-
nosis of Alzheimer's disease is made. When followed by critical
laboratory tests and a detailed neurological examination, the accuracy
of diagnosis is now about 90 percent, but a truly definitive diagnosis
can only be made at postmortem examination.

It was apparent early on that the number of neurofibrillary tangles
found at autopsy correlates well with the severity of the disease during
the patient's lifetime, and it is now generally agreed that neurofibril-
lary tangles are intimately involved in the pathology of Alzheimer's
disease. The quantity of neurofibrillary tangles within cells is much
greater in individuals diagnosed with Alzheimer's disease than in age-
and sex-matched individuals without this disease. The neurofibrillary
tangles found in normally aged brains are thus presumed to be involved
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in the normal mental deficits of old age. They are composed mostly of
the so-called tau protein, which is found in association with the
cytoskeleton, the proteinaceous framework that gives a cell its shape
and assists it in moving around. W hy these proteins show up in neu-
rofibrillary tangles is something of a mystery. The tau proteins wind
around one another in very tight helices, which take up silver stains
and are the flame-shaped structures within affected cells (Fig. 10.1).
This process may be promoted by excess aluminum within the cells,
although this is still acontroversial point. T he exact cellular events that
trigger formation of neurofibrillary tangles are simply not understood
at present.

T he presence of neuritic plaques, sometimes called senile plaques,
is a sign of severe neuronal degeneration and loss. Neuritic plaques are
occasionally seen in normal aged brains, but only in the oldest old indi-
viduals. They are very common in Alzheimer's disease. T he plaques are
found in highest concentration in the so-called "associational areas" of
the brain. Neurons in these areas have extensive interconnections with
neurons in other parts of the brain—connections presumably involved
in the coordination of mental functions related to intellect, judgment,
and memory. These neurons are particularly important in the sorting
and storage of short-term memories, such as recently learned names
or telephone numbers. Some of these neurons, called pyramidal neu-
rons, are much larger than normal brain cells and have a great many
more intercellular connections with other neurons; these are the cells
most subject to degeneration. The regions of the brain involved with
sensory perception and motor functions are only marginally affected.
The few viable neurons that may be found within neuritic plagues are
largely devoid of dendrites, and may also show axonal deformity.

As with neurofibrillary tangles, the severity of Alzheimer's disease
correlates strongly with the number of neuritic plaques found in the
brain at autopsy. Whereas the tangles probably identify nerve cells that
will soon die, the plaques are essentially open gravesites filled with
dead neurons. It is assumed that continued fusion of neuritic plaques
is a major cause factor in creation of the empty regions of the brain
characteristic of advanced Alzheimer's disease.

Each neuritic plaque contains not only large numbers of dead and
dying cells, but also deposits of amyloid protein. Deposition of amy-
loid protein is not limited to Alzheimer's disease and to the brain. It
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commonly occurs as one concomitant of the replicative senescence of
fibroblasts grown in vitro. Accumulation of amyloid deposits in vivo,
or amyloidosis, is a condition that arises under a variety of circum-
stances. Amyloidosis associated with aging involves many tissues in
addition to the brain, in particular the heart and the pancreas. Amy-
loid deposition also occurs in connection with particular diseases and
is often found in chronic inflammatory states. There is no single amy-
loid protein characterizing all of these lesions, but the proteins involved
in all of them are polymerized into insoluble fibers and share common
reactions with certain chemical stains used to detect them. The signi-
ficance of amyloid deposits is likely different in each of the situations
where they are found. The particular form of amyloid protein found in
the brain is referred to as beta-amyloid protein. In addition to neuritic
plaques, beta amyloid protein is also found deposited in blood vessels
serving the brain, which is thought to contribute to the overall pathol-
ogy associated with normal aging, perhaps in the form of so-called
"microstrokes" that damage tiny portions of the brain, as well as with
full-blown Alzheimer's disease.

Genetics of Alzheimer's Disease

Inheritance patterns of Alzheimer's disease have long been
of interest to geneticists. The majority of cases are of the late-onset
type, and are traditionally referred to as either familial or sporadic
Alzheimer's disease. In so-called sporadic Alzheimer's, there is no
obvious pattern of familial inheritance, and the disease is presumed to
have arisen spontaneously within the individual. In familial
Alzheimer's disease, there is a tendency for a higher frequency of dis-
ease within certain family lineages, but the nature of the genes involved
is not always clear. A genetic element in late-onset Alzheimer's is sug-
gested by the fact that there is anywhere from 50 to 80 percent
(depending on the study) concordance of late-onset disease in genet-
ically identical twins, whereas concordance in fraternal twins of the
same sex ranges from 20 to 40 percent. On the other hand, the fact
that the concordance is not 100 percent in identical twins, plus the fact
that the age of onset even in identical twins can vary by a dozen years,
suggests environmental factors must also play an important role.

Although the distinction between "familial® and "sporadic”
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Alzheimer's disease is along-standing one, it is not entirely clear that
the distinction is real. The apparent clustering of Alzheimer's disease
in certain families could well be due to the fact that people in these
families live longer; given that Alzheimer's is fairly common in the old-
est old, families in which members frequently reach a very old age
might appear to have a rather higher frequency of the disease. On the
other hand, in families where members die at earlier ages from other
causes, there may appear to be little or no Alzheimer's disease. It might
not be Alzheimer's disease per se that is inherited in these families, but
rather a tendency for longer average lifespan.

On the other hand, a small number of cases of Alzheimer's dis-
ease—perhaps no more than 3 to 5 percent—are clearly caused by
mutations in one of several possible autosomal-dominant genes. These
cases are almost always of the early-onset type (forty-five to sixty years
of age), probably similar to the case seen by Alzheimer himself at the
beginning of this century. Inheritance patterns and specific gene asso-
ciations for early-onset disease are quite strong. T he pathology of this
type of disease is not significantly different from the late-onset form;
the difference appears to be restricted to the timing of onset. So far
three genes have been implicated that, when mutated in specific ways,
can result in early-onset Alzheimer's disease. One of these genes had
been traced some years ago to chromosome 21, which was of great
interest because that is the chromosome involved in Down's syndrome.
This syndrome is sometimes referred to as "trisomy-21 disorder,"
because those afflicted with it have three rather than the normal two
copies of chromosome 21. Down's syndrome patients who survive to
age thirty-five or so always show evidence of Alzheimer's disease, both
clinically and at postmortem examination.

The chromosome 21 gene is called APP, because it encodes a pro-
tein called amyloid precursor protein. The APP protein is found
embedded in the membranes of al cells in the body. Its normal cellu-
lar function is not known, but its synthesis and processing in cells, crit-
ical to understanding the pathology of Alzheimer's disease, are known
in some detail (Fig. 10.2). APP is aprotein composed of 726 amino
acids. After insertion into the cell membrane, APP is cleaved at amino
acid 671, liberating a soluble, smaller protein of 45 amino acids called
APP,. (The rest of the molecule remains inserted in the cell mem-
brane.) APP, is an intermediate molecule that is normally further
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Figure 10.2. Processing of the APP protein to produce ABP molecules of various
lengths.

modified to produce a 40-amino-acid final soluble product called ABP.

Alzheimer's disease can be caused by overproduction of AP P itself
or by mutations in the APP gene that result in the production of
slightly longer versions of ABP. Overproduction of normal APP
appears to cause Alzheimer's symptoms and pathology in Down's syn-
drome, and overexpression ofthe APP gene in brain cells cultured in
vitro has been shown to result in the buildup of ABP-containing
deposits, resulting in neuronal cell death. Mice given an extra APP
gene develop severe Alzheimer's-like brain pathology. In early-onset
disease, specific mutations in the AP P gene result in a change in the
processing of AP P, that results in the production of ABP molecules
containing either 41 or 42 amino acids, rather than the normal 40.
These slightly longer molecules condense more readily into multi-
stranded amyloid sheets that form the bulk of the material found in
neuritic plaques. Although the 40-amino-acid version of ABP can also
form amyloid sheets and cause disease when it is overproduced, the 41 -
and 42-amino-acid forms cause earlier and more aggressive disease. It
may seem extraordinary that such a minor change in the processing of
a protein could have such disastrous consequences, but the body's
chemistry is extremely fine-tuned.

Mutations in the APP gene turn out to account for only a minor
portion of early-onset disease. By far the majority of cases involve
mutations in two additional genes, discovered only in the past few

years, called presenilin-1 (PS-1; mappingto chromosome 14) and pre-
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senilin-2 (PS-2; found on chromosome 1). These two genes are closely-
related, sharing 67 percent amino-acid sequence homology in the cor-
responding proteins. Over thirty mutations have been found in PS-1;
only two have been found so farin PS-2.The PS-1 mutations account
for roughly three-quarters of early-onset cases. Disease induced by PS-
2 is more rare, and appears to be milder and slightly later in setting in.

As with APP, mutations in the presenilins are dominant and fully
penetrant, meaning that only one of the two gene copies need be
mutated, and the presence of an appropriate mutation results in a
100 percent certainty of disease. The presence of such mutations results
in exactly the same phenotype as APP mutations—production of
slightly longer forms of ABP and development of Alzheimer's disease.
The proteins encoded by these two genes are, like the APP protein,
membrane-bound and found in all cells in the body. As with APP, the
normal function ofthese proteins is unknown. It is also not known
how mutations in these genes cause the production of longer ABP
molecules or why the addition of one or two amino acids to ABP
should enhance its precipitation in neuritic plaques. Although muta-
tions in any ofthe three genes discussed above can trigger early-onset
Alzheimer's disease, 10 percent or so of presenile Alzheimer's patients
do not show mutations in any ofthe three, so presumably there are

additional genes waiting to be discovered.

Although we do not yet understand exactly what PS-1 and -2 do in
the body under normal circumstances, some intriguing clues have
come from studies carried out in the roundworm C. elegans. One ofthe
great advantages of C. elegans for understanding the function of the
human body is that nematodes and humans are about as far apart evo-
lutionarily as any two multicellular organisms could be, having
diverged at least 800 million years ago. Therefore, whenever we find
genes that are highly conserved between these two species, it suggests
the genes are encoding extremely important functions, functions too
important to have been tampered with during evolution.

It turns out that C. elegans has a gene called sel-12 that has approx-
imately 50 percent homology with human PS-1 and -2. The sel-12
gene is involved in the embryonic development ofseveral tissues in C.
elegans, including nervous system tissue. The equivalent genes have
also been identified in mice, and were found to be expressed very

strongly in the mouse brain during embryonic development, but at
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very low levels in the adult brain. Recently, "knockout mice" lacking
the PS-1 gene were created and mated to see whether they could pro-
duce viable offspring. The embryos ofthese mice barely survived until
birth; although the cellular architecture ofthe brain appeared normal,
there was extensive hemorrhaging in both the brain and spinal cord,
suggesting that PS-1 and -2 may be important in developing nervous
system vasculature. Given the close parallels in human and mouse
embryonic development, it seems likely that these genes play a similar
role in development ofthe human brain.

How defects in brain vasculature might translate into the defects
seen in Alzheimer's disease later in life is unclear, but further studies
ofthese genes and their proteins in lower animals will likely shed light
on this question. And it is quite possible that the answer may be
unveiled in C. elegans itself. The fact that the majority of PS-1 muta-
tions resulting in early-onset Alzheimer's disease affect amino acids
evolutionarily conserved in PS-1 and sel-12 led researchers to ask
whether the two genes might play functionally identical roles in these
two widely separated species. This turns out to be the case. One ofthe
phenotypes produced in C. elegans as a result of sel-12 mutations
affects the ability to lay eggs. Researchers have used human PS-1 genes
in a form of "gene therapy" to try to correct the C. elegans defect. When
normal forms ofhuman PS-1 were introduced, the defect in C. elegans
was completely repaired. However, when forms of PS-1 that lead to
Alzheimer's disease were tested, the ability to correct the sel-12 defect
was greatly reduced or absent. This suggests that PS-1 and sel-12
almost certainly are involved in the same fundamental cellular role in
humans and in C. elegans, and that a detailed analysis ofsel-12 func-
tion in nematodes will very likely provide important insights into the

function of PS-1 in humans.

In the inherited form of Alzheimer's disease, by definition the same
mutations must be present in every cell of the body, and presumably
the longer forms of ABP caused by mutations in any of these three
genes are produced throughout the body. Yet the condensation ofthese
longer forms into plaques containing dead cells occurs only in the
brain. There is some laboratory evidence suggesting that the longer
ABP molecules are directly and selectively toxic to nerve cells, which
would be an attractive explanation of neuritic plaques, but this remains
to be confirmed.
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The existence ofallelic variants ofthe APP, PS-1, and PS-2 genes
that cause early-onset Alzheimer's disease are obvious candidates for
senescence effector genes. Clearly they are genetically fixed in the
human species, and so at some point must have been seen by evolution
and natural selection as somehow advantageous. Perhaps this advan-
tage still exists today, although no one has any idea what it might be,
since we really do not know the function ofthe underlying gene itself.
Given that the negative effects of these alleles are seen only in post-
reproductive individuals, who would have been an exceedingly small
part ofthe species until very recently, no negative pressure against the
selection of these alleles would have been exercised. As other causes of
death were gradually brought under control, the contribution ofthe
heritable forms of Alzheimer's disease have become significant con-

tributors to "natural death" caused by senescence.

The genetic basis for the late-onset forms of Alzheimer's disease is
less clear. So far there is little evidence for an involvement ofthe three
genes responsible for early-onset disease. But since there is no evidence
that Alzheimer's disease is triggered by outside agents, it is reasonable
to suspect the involvement offaulty endogenous genes. Since 1991, it
has been suspected from a study of family lineages that a heritable gene
located on chromosome 19 may be involved in late-onset disease. One
gene located on chromosome 19, called ApoE, was identified in 1993,
and is altered in over 70 percent of cases of late-onset disease. This
gene was identified in a completely different manner than the gene
identified through family studies, and it is unclear whether the two
genes are the same. ApoE encodes a protein that is involved in the
transport offat (lipid) molecules through the bloodstream. Fat mole-
cules are not soluble in water-based blood, and on their own would
have a tendency to stick to the walls of blood vessels. Certain proteins,
while water-soluble themselves, have "lipid-friendly" regions that can
bind to lipid molecules and carry them to move through the blood-
stream without causing problems. The ApoE protein, for example, is
part of the complex called LD L, which helps transport cholesterol
through the blood. Interestingly, the heritable variant of ApoE that
confers high risk for Alzheimer's disease—epsilon 4 (¢4)—is the same

variant that is a recognized risk factor in heart disease and stroke.

It turns out that the ApoE protein is also able to bind to ABP mol-

ecules; whether this is through the same binding site ApoE uses to
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bind lipids is not clear at present. Intriguingly, however, ApoE binds
to the same site on ABP that ABP molecules use to bind to each other
in forming the insoluble amyloid sheets associated with neuritic
plaques. There are three different alleles ofthe ApoE gene in the pop-
ulation, called €2, €3, and E4 (see Table 10.1). Some 6 0 percent ofthe
population in the United States has two copies ofthe €3 allele (i.e., is

€3/€3). The E4 allele binds most tightly to ABP, and amonglate-onset
Alzheimer's patients the frequency ofthis allele is twice as high as in
age-matched control groups. Statisticians have calculated that some-
one with two E4 alleles (i.e., someone who is E4/E4; 2 to 3 percent of
the U.S. population) is three times as likely to develop late-onset

Alzheimer's disease as someone with no E4 alleles.

Interestingly, the frequency of E4 in healthy centenarians is half that
in younger people; presumably, those individuals with E4 succumbed
to Alzheimer's or other e4-mediated diseases at an earlier age. On the
other hand, the €2 allele is generally viewed as protective, in that per-
sons with €2 alleles are less likely even than those with €3 to develop
Alzheimer's disease. In those rare cases when disease does set in in per-
sons carrying €2, it is usually later and more mild than in persons lack-
ing €2. AS might be expected, E2 is much more frequent in
centenarians than in younger individuals. Almost exactly the same pat-
tern is seen in atherosclerosis—E4 being a risk factor and €2 being pro-

tective—suggesting the underlying biology may be similar.

Some studies show that individuals with two E4 alleles develop their
disease earlier and have more neurofibrillary tangles and neuritic
plaques. As with the genes involved in early-onset disease, we do not
know exactly how the E4 allele causes disease symptoms. Clearly, the

E4 allele of the ApoE gene cannot be thought of as causative for

Alzheimer's disease in the same way that certain alleles ofthe APP,

Table 10.1. ApoE allele frequencies in patient and control populations

E2 E3 E4

Control population .08 77 .22
Early-onset Alzheimer's disease .06 .61 .33
Late-onset Alzheimer's disease .03 Sl .46
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PS-1,and PS-2 genes are causative for early onset disease. Inheritance
of any ofthe latter variants is accompanied by complete certainty of
developing the disease; inheritance of E4 is recognized as a risk factor,
but apparently e4 must interact with other, as yet identified factors—
genetic or environmental—to cause disease. Moreover, some €4/e4
individuals do not develop Alzheimer's symptoms at all, and about a
third oflate-onset disease occurs in individuals lacking even one €4
allele. Given that the pathology of early- and late-onset disease is
essentially identical, and that all early-onset disease is related to inap-
propriate processing of APP, many are looking to this pathway for an
explanation of late-onset disease as well. On the other hand, it is
entirely possible that ApoE does not play a direct causative role in
Alzheimer's disease per se. It has been suggested that its normal func-
tion may be in repairing normally occurring damage to neurons; E4
would then be seen as a particularly inefficient variant of a needed

repair protein.

Oxidative Stress andAging in the Brain

As with cellular aging in so many other regions of the body,
there is increasing evidence that oxidative stress plays a major role in
the senescence ofbrain cells, in both normal aging and Alzheimer's
disease. As in other cells, the major targets of oxidative damage in the
brain are proteins, DNA, and the lipids found in cellular membranes.
Researchers have noted for a dozen years or more an age-related
increase in oxidatively damaged molecules, particularly lipids, in the
human brain. Oxidative damage to D N A (especially mitochondrial
DNA) is up to three-fold higher in brain samples from Alzheimer's
patients and is substantially increased in very old patients without clin-
ically detectable disease. There is also an age-dependent increase in
endogenous antioxidant enzymes, in an apparent attempt by neurons

to deal with the oxidative challenge.

One theory of how oxidative damage is generated in neuritic
plaques focuses on the oxidative properties of ABR Studies with highly
purified synthetic ABP have shown that it is capable of reacting with
oxygen dissolved in water (the form ofoxygen present in extracellular
fluids, where ABP is found), and that dissolved oxygen is necessary to

generate the B-amyloid sheets that are a characteristic feature ofneu-
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ritic plaques. The oxygen radicals generated by the interaction of ARP
with molecular oxygen could then damage surrounding neurons, has-
tening their death. In fact, damage very similar to that caused by ABP
in cultures of nerve cells can be reproduced by adding oxidants such as
hydrogen peroxide to the cultures, and the damage by ABP is at least
partially reversible by antioxidants. Another source ofoxidative dam-
age is thought to be phagocytes attracted to the neuritic plaques by the
large numbers of dead and dying cells; oxygen radicals spilled during
the "cleaning-up" process engaged in by phagocytes surrounding and
infiltrating neuritic plaques could further exacerbate the damage. The
damage caused by ABP-generated oxygen radicals would be additive
with any oxidative damage generated within nerve cells themselves as
a concomitant of aging. Thus damage triggered by ABP would essen-
tially accelerate a normal endogenous process, consistent with our view
of what Alzheimer's disease represents. All forms of Alzheimer's dis-
ease described so far involve in one way or another a perturbation in
the processing of APP to ARP.

That oxidative damage might contribute to neuronal degradation
has been supported by numerous studies in experimental animals. A
detailed study in gerbils showed that as these animals age, there is an
increase in the levels of oxidized proteins in their brain tissues. This
age-related increase could be prevented, and even reversed, by treat-
ment ofthe animals over time with a potent antioxidant called PBN.
That this reversal had functional significance was demonstrated in a
so-called radial maze test, which analyzes spatial and temporal learn-
ing and memory. Young gerbils made an average of four mistakes in
working their way through this maze problem. Old gerbils made eight
mistakes on average in the same test. But old gerbils that had been
maintained on PB N not only had less oxidative brain damage, but they
made only four mistakes in the maze test. That the effect ofthe PBN
was truly on an age-dependent change in the older animals was shown
by the fact that the number of mistakes made by young gerbils did not

change as a result of PBN treatment.

An important animal model for studying senescence, developed in
Japan, is the senescence-accelerated mouse. These mice develop con-
ditions that are in many ways reminiscent of the human progerias
described in Chapter 5, in that they display in an accelerated fashion

many ofthe hallmarks ofthe normal aging process. Various substrains
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of this mouse have been developed, each displaying in isolation one or
afew of the many deficits seen in the original strain. One of these sub-
strains, called P8, ages normally in most of its body, but goes through
age-dependent changes in the brain and in mental capacity in agreatly
accelerated fashion. Functionally, P8 mice are similar to Alzheimer's
patients, in that they undergo premature and aggressive degeneration
of neurons, particularly pyramidal neurons in associative regions of the
brain. This process is accompanied by the retraction and degradation
of dendrites, a process usually seen only in old age. As in the normally
aging brain, neuronal death results in a shrinkage of the brain tissues
and in aloss of cognitive functions, especially learning and memory.
Another substrain, P10, also shows a more Alzheimer's-like pathol -
ogy, with premature accumulation of amyloid-filled neuritic plaques in
the brain.

A possible involvement of oxidative damage in this process was
recently examined by the same laboratory that carried out the gerbil
studiesjust described. They found an accelerated increase in the accu-
mul ation of oxidatively damaged proteins, as well as membrane lipids,
in the neurons of P8 mice. They also examined the effect of PBN on
the development of disease in these mice. They found that adminis-
tration of PB N over time reduced the accumulation of oxidative dam-
age to both proteins and membranes in brain tissue. Experiments in
other laboratories showed that antioxidants were able both to increase
the lifespan of P8 mice and to significantly improve cognitive function.

If brain aging can be accelerated by oxidative damage, and this
acceleration retarded by antioxidants, then it might be expected that
caloric restriction, which is presumed to operate at least in part
through a system-wide reduction in the generation of oxidative dam-
age, should have a positive impact on brain damage and cognitive
function as animals age. T his has proved to be the case in arecent study
in mice. As a measure of oxidation in aging brain cells, researchers
again looked at the intracellular accumulation of oxidized proteins, this
time in normal mice. Oxidatively damaged proteins were found to
increase from eight through twenty-seven months of age, particularly
in the hippocampus and other associative regions of the brain, in fully
fed mice. Animals placed on a calorically restricted diet at weaning
showed reductions of up to 50 percent in the amounts of intracellular
oxidized protein; significant reductions were seen even when caloric
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restriction was started in adult mice. These researchers also compared
the ability of fully fed and calorically restricted mice to learn and
remember tasks as a function of age. In a shock-avoidance learning
test, calorically restricted mice required only about halfas many trials
to learn how to avoid a mildly discomfiting shock as did age-matched
fully fed controls. These results agree with earlier findings that calor-
ically restricted animals show superior neurological function compared
with fully fed animals.

In the end, the aging of the cells that make up the human brain turns
out to be no different from the processes at work to guarantee the
gradual post-reproductive decline of all the body's systems. A |essen-
ing of almost any of the brain's functions, whether coordination of our
internal physiological systems or interpretation of our external envi-
ronment, will gradually render us more susceptible to accidental death.
Should that strategy fail, eventually senescence of the brain itself—as
with any other major organ—will lead us to a"natural" death.

Y et undeniably, a gradual, drawn-out failure of the brain, with its
accompanying collapse of mind, holds a particular fear. Heart attacks,
stroke, or kidney failure, particularly when we are very old, will take us
to the same certain fate, but it is something like Alzheimer's disease
that we most dread. We would all like to go out in the end not just
"with our boots on," but with a clear mind, an undistorted sense of who
we are and what is happening to us. The enormous energy—and
money—poured into research on Alzheimer's disease is a testament to
our dread and to our need to understand both the normal and abnor-
mal aging processes that can affect the mind. The fact that at bottom
these processes prove to be nothing special should not worry us; we
might have foreseen such a conclusion had we known more about
aging in general before we became concerned about aging of the brain
in particular.

But we do know more about aging now than ever before, thanks in
large part to basic and clinical research funded by the National Insti-
tute of Aging. We have explored most of what is known in this and the
preceding chapters. The question now before us is, what should we do
with this information? Do we apply it simply to living longer, or should
we concern ourselves with living better? Can we do both? These are
the questions we will address in our final chapter.
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A Conditional Benefit

In this book we have looked at the process of aging from a
new and increasingly important perspective, that of cell and molecu-
lar biology and the underlying discipline of genetics. These are fairly
new disciplines: Cell biology really came into its own only at the end
of the last century; genetics was born in the first few years of the pre-
sent century, with the rediscovery of Gregor Mendel's momentous
works; and molecular biology emerged from the fields of biochemistry
and microbial genetics only toward the end of the 1950s. These three
disciplines have provided powerful new tools for looking at living
organisms. We can now analyze biology at its most fundamental level;
we can look for the genes underlying a given aspect of the life history
of an animal, ask what exactly it is they do, how they do it, which other
genes they may interact with, and how each gene's function may be
affected by the environment. In the past twenty-five years or so, this
new approach has been applied to the study of human physiology as
well, and has given rise to an entirely new branch of medicine called
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molecular medicine. This new field will radically alter the way we
approach diagnosing and treating human illness in the twenty-first
century. But perhaps even more important than its impact on manag-
ing disease will be the new framework that molecular medicine pro-
vides for thinking about every aspect of human biology, including such
perfectly normal processes as aging.

Genes, Senescence, and Death

There is every reason to believe that aging—senescence—is
under genetic control. Senescence appeared at a specific point in evo-
lution; all indications are that this was at the very earliest stages of
eukaryotic evolution. Senescence and programmed death were already
clearly present in early eukaryotes like paramecia. When unicellular
life forms evolved into multicellular organisms, these genetic programs
were maintained: Many of the very same senescence effector and
senescence resistor genes can be found in paramecia, C. elegans, and
humans. This high degree of conservation of the genes underlying
senescence, across species so widely separated in evolutionary time, is
one of the major arguments in favor of the early emergence of genes
controlling senescence and compulsory death, as opposed to their
gradual accumulation over evolutionary time. It is also convincing evi-
dence in favor of strong selective pressures working to maintain their
existence, in spite of apparently negative consequences for individuals
bearing these genes. It is possible that a few senescence effector genes
may have been incorporated randomly into the genomes of various
species over time, but perhaps too little attention has been paid to the
fact that senescence programs were already present and operating in
the very earliest eukaryotes.

Another reason for believing that senescence is genetically con-
trolled is that maximum lifespan is a species-specific, stably heritable
attribute of the life history of the members of a species, which is essen-
tially an apriori definition of agenetically controlled trait. This state-
ment requires some qualification. In species where there is considerable
heterogeneity in size—dogs, for example—there will also be a hetero-
geneity in maximum lifespan. Large breeds of dog have longer maxi-
mal lifespans than small breeds. But the point is that these lifespans
are heritable within each breed. M ost important of all, perhaps, it is
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the extremely close coordination of reproduction and senescence
within the life history of different species, and the similarity of aging
phenotypes in species with vastly different maximal lifespans, that
point to the operation of an evolutionarily derived common set of
genetically determined mechanisms underlying senescence.

Neither maximum lifespan nor senescence is a monogenic trait;
there is no single gene that controls these parameters in even the bio-
logically simplest species. We are only just beginning to perceive the
molecular basis for senescence in cells, but enough information has
been uncovered to provide us with a sense of how it al might work. A
good deal of this information has been presented in the preceding
chapters, but as is often the case, too much detail can obscure the larger
picture, the sense of how it might all fit together. So let us try in this
concluding chapter to understand at the organismal level exactly how
individual genes might be responsible for aging.

What seems abundantly clear from experiments carried out in the
past two decades is that far from being caused by randomly accruing,
idiosyncratic collections of large numbers of different genes in each
species, as suggested by current evolutionary theories of aging, a mod-
est number of senescence effector genes and senescence resistor genes
in eukaryotes are organized into a limited number of evolutionarily
conserved senescence programs. The evolutionary origin of senescence
as a process is almost certainly congruent with two events that appear
to have happened very close in time, and very early in eukaryote evo-
lution: the incorporation of oxygen-metabolizing prokaryotic cells as
a means of dealing with the oxygen crisis, and the incorporation of sex
into reproduction. Oxidative damage began in eukaryotes when they
imported oxygen-utilizing bacteria and converted them into the
energy-producing structures we now call mitochondria. These bacte-
ria also brought along with them many of the genes for defense against
oxidative damage, such as the antioxidant enzymes superoxide dismu-
tase and catalase. Thus the basic components of programmed death—
a set of senescence effector genes along with senescence resistor
genes—may have been acquired by eukaryotes at the very beginning
of their evolutionary existence. As with other senescence-related genes,
al of these genes are highly similar in virtually all eukaryotes.

Oxidative damage as an effector mechanism of senescence is extra-
ordinarily potent, and must have been so from the very beginning; it
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probably did not require much further evolutionary refinement after
the emergence of eukaryotes. Even now, life forms that die in a mat-
ter of weeks or months die from the very same underlying mechanisms
as animals living fifty or a hundred years. Thus it is unlikely that
much evolutionary energy has been spent generating senescence effec-
tor genes, or even senescence resistor genes. What has more likely
occurred over evolutionary time is the accretion of senescence regula-
tory genes, controlling the exposure of eukaryotic organisms to greater
or lesser risk, at earlier or later times in their life histories, from arel-
atively limited and evolutionary ancient humber of senescence effec-
tor mechanisms. The target of senescence regulatory genes would
likely be senescence repressor genes such as those for antioxidant
enzymes or DN A repair systems. Senescence regulatory genes control
the timing of onset of senescence; in so doing, they indirectly lengthen
or shorten maximal lifespan. This could most easily be done by mod-
ulating the activity of senescence resistor genes.

We have discussed in previous chapters the specific functions of
some of the genes involved in senescence, but it might be useful to
think about just one gene and how it could participate in the overall
senescence of an organism. An interesting example would be the gene
responsible for Werner's syndrome (W S). It does not matter whether
the Werner's gene turns out to be a true human aging gene or not—it
certainly could, and probably will. The homolog of the Werner's gene
in yeast definitely affects the aging process in those organisms. But for
the moment we will simply use it as ageneral model for genes involved
in cellular senescence and aging. Clearly, persons with WS exhibit
many of the phenotypes of human aging. Given that normal aging is
polygenic, while WS is a single-gene defect, it is not at all surprising
that the overall syndrome is not perfectly congruent with the normal
aging process.

The Werner's gene is now known to be a DNA helicase. To date,
nine alleles have been identified for this gene that, when present in the
same individual in two copies, can cause W S. Doubtless otherswill be
uncovered as time goes on. How could a helicase be involved in cellu-
lar senescence? Aswe have said, senescence as a cellular process can be
viewed as a balance between damage and repair. Damage to DNA is
perhaps one of the most senescence-provoking types of damage a cell
can experience, in both dividing and nondividing cells. A cell will do

192



A CONDITIONAL BENEFIT

everything it can to repair this damage; if it fails to do so, the cell will
either be shunted into a state of permanent senescence (the outcome
of which is not entirely clear) or induced to undergo apoptosis.

Prior to reproductive maturity, DN A repair mechanisms are quite
active, particularly in dividing cells, where DN A damage is more likely
to arise in connection with DN A replication. DN A helicases play an
important role in this process, because the DNA strands must be
unwound before repair can begin. Helicases are often part of the var-
ious protein complexes that physically associate with DN A, maintain-
ing the DNA in an appropriate state for carrying out functions such as
replication, copying genes that are to be made into proteins, and repair
of DNA damage. An altered function in any one of these proteins
could contribute to cellular senescence, because each of these processes
can be absolutely crucial to cellular function, but perhaps none is more
crucial to cell survival than DNA repair. It is likely that there are a
number of different helicase genes in our genomes, encoding helicases
with different specific functions. The helicase unwinding DN A for
purposes of replication may well be different from the helicase used for
local DNA repair.

How could a defect in a DN A helicase gene result in the premature
aging phenotypes seen in W S? Helicases would be among those genes
we have classified as housekeeping genes, and so inherited alterations
in their function could be expected to have an effect in essentially every
cell in the body. We imagine this to be the basis for the widespread
nature of the physiological changesseenin WS. |f damageto DNA is
accumulating at a normal rate in cells throughout the body, and repair
of this damage is seriously compromised by aWerner's helicase allele,
it is rather easy to imagine that these cells would experience acceler-
ated senescence.

But how does this relate to normal aging? Can we make the stretch
from involvement of a defective helicase gene in WS to the involve-
ment of a normal helicase gene in the normal aging process? Reason-
able scenarios are not all that difficult to envision. L et us imagine that
at the time of reproductive maturation, perhaps under the influence of
sex hormones, the activity of the normal helicase gene is turned down
in all cells throughout the body. Thiswill immediately affect each cell's
ability to repair DNA. Each gene in the genome, in addition to con-
taining the coding information for a protein, also has an associated
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control region that is used to regulate the rate at which the corre-
sponding protein is produced. These control regions respond to signals
sent throughout the body; hormones are a common example of such
signals. It is entirely conceivable that a turning down of the activity of
a repair helicase at sexual maturation is one part of a "program” of
senescence that will hasten the eventual death of an organism.

As we have seen, a diminution of DNA repair is in fact a normal
accompaniment of human aging; whether that happens as a result of
altered expression of a repair helicase, we cannot say. In persons
afflicted with W S, the helicase gene could be defective in a structural
sense, producing a protein with greatly decreased helicase function.
Alternatively, it may encode a normal helicase, but its control region
may be altered in such away that abnormally low amounts of the pro-
tein are produced. In other words, the gene may operate from birth as
if the individual were sexually mature and ready for senescence to set
in. Either defect would explain the accelerated aging seen in Werner's
patients. Cells from Werner's patients do in fact show an unusually
high level of unrepaired DNA, including chromosomal abnormalities,
and damage of this type is thought to lead to either senescence or
death of the affected cells.

None of the foregoing is based on fact; it is entirely speculation.
Work is continuing on the helicase involved in W S, try to unravel its
role in this disease and the role of the corresponding normal helicase
in normal human aging. Thiswill likely take a few years. The point of
the above exercise is to suggest how a defect in a single gene could lead
to expression of a wide range of aging-associated phenotypes. If a sin-
gle gene could indeed cause the wide range of senescent phenotypes
seen in W S, it would reinforce the idea that aging may not necessarily
have to involve a huge number of genes. The estimate of seven to sev-
enty genes, made by George Martin twenty years ago and dismissed
by some as far too low, seems increasingly reasonable. Whatever the
number, we imagine that the interaction of an individual's particular
combination of alleles for each of these genes, with each other and
with the environment, will determine that individual's unique rate and
path of senescence.

The Werner's gene, should it prove to be a true human senescence
effector gene, will also provide important lessons for our understand-
ing of the evolution of senescence. First, it would show that a single
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gene can have a powerful effect on the aging process. This would not
be predicted by current theories of the evolution of senescence, which
see aging as due to the gradual accumulation of large humbers of
senescence-related genes over evolutionary time, each responsible for
only atiny portion of the aging process. A defect in only one of these
genes would not be predicted to have such alarge effect on aging. And
the Werner's gene would join the growing list of genes that illustrate
the tremendous evolutionary conservation of senescence effector genes.
A gene in yeast has recently been shown to be the evolutionary ances-
tor of the Werner's gene, and it turns out to be involved in replicative
senescenceinthese cells; disabling of thisgene, called SGS1, causesan
accelerated aging syndrome in yeast characterized by cellular defects
similar to WS. And recall the human superoxide dismutase gene that
was able to prolong lifespan in Drosophila. Current theories on the
evolution of senescence do not predict that organisms widely separated
in evolutionary time should have the same senescence-related genes;
in fact, they predict the opposite.

One last word concerning the putative senescence regulator genes
referred to in previous sections. We have postulated that reproductive
hormones play a key role in regulating onset of the senescence pro-
gram. Hormones tied to the reproductive cycle are clearly involved
in one of the more spectacular examples we have of senescence in
an animal. A very few animals, such as certain species of salmon, are
semel parous—they reproduce only once, and then die very quickly
thereafter. After several years of feeding in the open ocean, these
salmon return to the rivers in which they originally hatched and make
their way upstream to a suitable spawning ground. As soon as they
enter the river, they stop feeding, relying on food they have stored
while in the ocean to carry them through impressive hazards. The toll
from accidental death during thisjourney is very high, and only a few
survive to breed. Once breeding activities are finished, both sexes
undergo extremely rapid physical deterioration, passing through the
entire sequence of events leading to death injust a few days. Virtually
every organ system in the body is involved. There islittle question that
initiation of this sequence is under genetic control, and that reproduc-
tive hormones play a major role in its mediation.

Yet it must be admitted that evidence bearing on the role of repro-
ductive hormones as regulators of senescence in most animalsis largely
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indirect. Senescence is greatly accelerated at the time of reproductive
maturity. It is possible that there are separate sets of signals regulating
reproductive maturity and the acceleration of senescence, but nature is
not usually so wasteful. On the other hand, there is a good deal of evi-
dence suggesting that senescence and reproductive hormones are inti-
mately tied together, particularly in females. The life-prolonging
effects of caloric restriction reflect a delayed onset of senescence, and
this is accompanied by a delayed production of reproductive hormones
in females. The growth of certain tumors is promoted by sex hor-
mones, which would certainly hasten senescence and death. Sex hor-
mones are important in the development of the reproductive system in
the early years, but both their production and the tissues affected by
them change dramatically in the reproductive years and, especially in
female mammals, in the post-reproductive years.

In humans, cardiovascular disease is clearly a major idiopathic com-
ponent of senescence in humans. At menopause, when estrogen stops
being produced internally, the rate of cardiovascular disease, which is
low in premenopausal women, climbs rapidly to the level observed in
men. On the other hand, post-menopausal women receiving estrogen
(a sex hormone) replacement therapy have a greatly reduced incidence
of heart disease. It has recently been shown that estrogen administra-
tion also reduces the incidence of Alzheimer's disease—another major
senescence-induced disease—by nearly 50 percent in post-menopausal
women. The same is true for osteoporosis and avariety of other senes-
cence-related disorders. In the absence of any evidence to the contrary,
and in the presence of a great deal of indirect supporting evidence, it
seems reasonable to assume that reproductive hormones are the most
likely regulators of senescence in humans, and in fact probably in the
majority of multicellular animals with reproductive hormone systems.

With completion of the Human Genome Project early in the next
century, it is entirely possible that one day we will actually know the
identity of all of the genes involved in aging, the types of alleles of
these genes spread among the population, and to a first approximation,
how they work. What will we do with this information? We will cer-
tainly want to use it to increase the quality of human life, particularly
toward the end of our years when the cumulative ravages of senescence
cause the most suffering. But can we, will we in the course of this
quest, also increase the quantity of human life? Can we live longer?
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Scientific disclaimers notwithstanding, this question probably
drives a significant proportion of all gerontological research. It can be
approached in two different ways. The first approach, which is of
immediate interest to most of us, is to ask this question in terms of
average lifespan: How long, on average, can we expect to live, and
what, if anything, can we do to increase this expectation? Average
lifespan in human populations is determined by two things and, as
far as we know, only two things: the rate of accidental death and the
rate of death driven by senescence (including accidents caused indi-
rectly by senescence). The second approach to the question of lon-
gevity addresses a more fundamental biological question, namely, that
of human maximum possible lifespan. We would very much like to
know whether there are any fundamental biological determinants
underlying human maximum lifespan, and whether and to what extent
these may be mutable. L et us begin with this question first.

Maximum Human  Lifespan

When we compare the endpoints of curves C and D in Fig-
ure 1.1, the implied maximum lifespan for humans born in the nine-
teenth and twentieth centuries does not seem to be terribly different.
Of course, the numbers of people surviving to the most advanced ages
is small, making any meaningful comparisons statistically suspect. And
certainly, a single century in the evolutionary lifetime of a species that
reproduces as slowly as humans is less than the blink of an eye. Still,
the historical record, as far aswe can determine, supports the idea that
maximum human lifespan may not have changed at all in the past
5000 years or so. While still abrief period in evolutionary terms, an
apparent constancy of human maximal lifespan over 5000 years at | east
raises the question of whether this is a mutable factor in the life his-
tory of human beings.

As we continue to rectangularize the human survival curve shown
in Figure 1.1C, through medical and social interventions, average life-
span will continue to increase. But there is an implied limit to this
increase; as such curves approach perfect rectangularity, average human
lifespan will approach the inherent theoretical maximum. Based on
current projections of the increase in average human lifespan (Table
11.1), and the difference in survival between males and females, we
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Table11.1. Expected age at death for persons born in the years 2000 and
2050, and for those turning 65 in the years 2000 and 2050

Caucasian Black Hispanic
B* 65 B® 65° B 65
2000
Males 74.2 81.2 64.6 78.8 75.2 83.1
Females 80.5 84.7 74.7 829 82.8 87.4
2050
Males 82.0 86.6 70.8 81.5 84.4 90.6
Females 85.9 88.6 79.7 853 89.6 92.9

* Expected age of death at birth.
" Expected age at death for someone 65 years of age.

Source: Middle assumption data taken from U.S. Bureau of the Censuslife expectancy
tables, July 1993.

could guess that women born somewhere in the twenty-sixth century
will have come very close to this apparent limit. What happens then?
Based on what we think we understand about the basic biology of
aging, will it ever be possible to move the entire rectangle itself to the
right; can we increase maximum possible human lifespan?

Before trying to answer that question, let's take alook at what max-
imum human lifespan is currently thought to be. We could approach
this question intuitively and anecdotally—simply find the longest per-
son that ever lived, and that must be the maximum possible human
lifespan, or very close to it. The problem is that anecdotal information
is notoriously unreliable. Those who study this question closely regard
almost every claim for human age beyond 110 or so with great skepti-
cism. Independent records for the vast majority of such claims do not
exist, and people over 100 years of age almost always have serious
problems with memory. Many claims are knowingly false, made to
improve social standing or attract fame. In seventeenth-century Eng-
land, one Thomas Parr claimed an age of 150, and was buried with
appropriate honors in Westminster Abbey at the supposed age of 152.
An autopsy on Parr's remains was carried out by no less a figure than
William Harvey, who found his organs suspiciously young in appear-
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ance. Parr is now believed to have been no more than ninety when he
died. It was long accepted that a high proportion of individuals in the
Caucasus region of what is now the Georgian Republic lived routinely
beyond 120 or even 130 years. However, upon even moderately close
inspection, virtually every such claim has either been dropped for lack
of evidence or shown to be an outright fraud.

The oldest human being whose age can be absolutely verified was
Jeanne L ouise Calment, born February 21,1875. Mme. Calment lived
in her native city of Aries, France, until her death at the age of 122
years and nearly six months on August 4, 1997. Although blind and
nearly deaf, she was nonetheless alert mentally until the very end. She
served as aliving memory source for her community; as ateenager, she
sold paint in her father's shop to Vincent Van Gogh, who spent ayear
in Ariesin 1888. Mme. Calment's long life paid offin many ways. In
1965, at the age of ninety, she entered into an agreement with an attor-
ney to sell him her apartment en viager, he agreed to pay her $500 a
month for as long as she lived, which would entitle him to inherit her
apartment upon her death. Given her already advanced age, it proba-
bly seemed a shrewd piece of business on his part. The attorney died
in 1995, after having paid her more than twice the market value of her
apartment. His survivors inherited the burden of his promissary note
and continued making payments to Mme. Calment until her death
nearly three years later.

So at present, at the level of verification of a single individual's doc-
umentable age, we can say with some confidence that absolute human
lifespan is at least 122 and a half years. But that doesn't mean that
someone in the past has not actually exceeded that age; we would have
no way of knowing one way or the other. And as more and more peo-
plelive past 100 years, exceeding M me. Calment's age is certainly pos-
sible, and perhaps likely. The oldest person alive at the time of this
writing, whose age is beyond dispute (among demographers, as
opposed to the Guiness Book of Records), is Chris Mortensen, a San
Rafael, California, man who turned 115 years of agejust four days after
M me. Calment died. Studies with fruit flies have shown clearly that
when very large numbers of very old individuals are observed, previ-
ously unimaginable survival ages are uncovered. The same will almost
certainly be true of humans. But will these numbers represent a fun-
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damental shift of the entire curve to the right, or will they simply be
an elongation of the flattened-out tad-end of the human survival curve
(Fig. 1.1C, D)?The latter seems the most likely interpretation.

Even with human populations of the size used in the very best
demographic analyses of the endpoint of human life, the number of
people who are "pushing the envelope” of human age (i.e., are over
110) is at any given time rarely more than fifty in all of the countries
for which we have reliable data. With such small numbers, it is simply
not possible to decide statistically what the maximum lifespan for
human beings is, and statistics is the language of demography. So a
definition of maximum lifespan remains as elusive as the position of
an electron in its orbit around a nucleus, and it is defined in essentially
the same way. No demographer concerned about his or her profes-
sional credibility would ever specify a number. However, in a roomful
of demographers, it might be possible (if they thought none of their
colleagues were listening too closely) to get about half of them to agree
that statistically the number appears to he somewhere between 110 and
120 years at the present time.

Since demographers will not commit themselves on whether max-
imum lifespan even exists, let alone whether it could be a mutable
value, we must turn once again to basic biology and ask whether any-
thing we have uncovered in gerontological research over the past fifty
years or so would convince us that maximal human lifespan can be
extended. One obvious focus for a discussion of the plasticity of max-
imum lifespan is caloric restriction (Chapter 8). In every caloric restric-
tion study that has been carried out, the measurable maximum lifespan
of warm-blooded animals has been increased by restricting their caloric
intake. The animals subjected to such regimens are healthier and show
less signs of aging at every point in their calendrically measured lives.
We are not talking about simply a shift of average lifespan to the right,
although this also occurs. These studies involve large numbers of ani-
mals, followed from birth to death with very tight record-keeping; it
is beyond question that maximal lifespan, by any and all measures, has
been increased.

Nevertheless, many scientists are uncertain of just what this means.
Every experiment needs controls for proper interpretation of data. The
controls in the caloric restriction experiments have traditionally been
considered to be the fully fed animals. Great care has always been
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taken to match vital dietary components such as vitamins and miner-
als and other trace elements between calorically restricted and fully fed
controls. The problem lies in decidingwhich group isreally the exper-
imental group, and which is the control. It has been argued that the
animal's subjected to caloric restriction are dietarily much closer to life
in the wild than are those reared on an unlimited food supply. The
point can certainly be made that the real experimental animals in these
studies have been those subjected to the artificially calorie-rich diets
provided in a protected laboratory environment under conditions of
minimal physical exercise.

What we have learned from these experiments may well be that
excess cal oric intake shortens maximal lifespan, not that caloric restric-
tion extends it. From that point of view, the data on true maximum
human lifespan is probably already there, in developing countries
where caloric intake is considerably below that in more industrialized
societies. Unfortunately, other factors affecting human survival are
often less than optimal in these countries, limiting the number of peo-
ple who would approach the theoretical limit of human life. Together
with a lack of reliable records, and the fact that very likely caloric
intake will go up in these countries as their economic situation
improves, there seems little likelihood of deriving the needed infor-
mation from this source.

While the caloric restriction experiments do not convince us that
they can contribute much to increasing the actual human maximum
lifespan, they nevertheless leave open the possibility that we may not
currently be realizing the full potential maximum lifespan for humans,
and that this may well be within our reach. Although meaningful data
on larger animals have not yet been gathered, the limited amount of
evidence we do have at present suggests that the results of caloric
restriction seen in experiments with rats and micewould likely be true
for the higher primates, including humans. Some of the rigors of
caloric restriction in humans could possibly be reduced with the aid of
appetite suppressants such as the natural protein product leptin, which
has proved incredibly effective in animal studies. There are of course
problems in extrapolating both the methodology and the anticipated
results from caloric restriction experiments in rodents to humans:
What caloric baseline should we devise for humans? How far below
this baseline should we go? When in life should caloric restriction be
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started in humans? How will individuals balance caloric restriction
with perceived quality of life? These questions are not easy to answer.
But we can hazard the guess that if adult humans in most Western
countries on average restricted their caloric intake by 20 to 25 percent,
in the context of present-day standards of life-style and health care, we
could reasonably expect to see an increase in average lifespan, and we
might possibly see an increase in apparent maximum lifespan as well.

But to the extent that true maximum lifespan is a genetically con-
trolled characteristic, it follows that it will change only on an evolu-
tionary time scale, which under normal circumstances is so far beyond
the lifespan of individuals and even societies that it becomes an essen-
tially immutable number. Of course, circumstances are not always nor-
mal. Cataclysmic events can greatly accelerate evolution; the apparent
impact of amajor meteorite on the earth sixty million years ago caused
arapid, highly compressed burst of evolutionary change. In a sense, the
experiments we discussed in Chapter 3 involved a form of evolution-
ary cataclysm. In one experiment, the researchers selected eggs only
from the oldest females for propagation; from an evolutionary per-
spective, they were "killing off" flies from eggs laid early in a female's
lifespan. The result was afairly rapid shift in average and maximal life-
spans. The same effect was achieved by exposing guppies to predators
targeting pre-versus post-reproductive guppies. And it seems safe to
say that overfeeding can very quickly reduce maximum lifespan. So al-
though genetically controlled, maximum lifespan is not immutable, it
can change in response to changes in the environment; the speed at
which it changes will depend on the rate and extent of environmental
change.

But clearly there is a genetic element in maximum lifespan, and as
far as we understand at present this is largely a reflection of genetic
control of the timing of reproduction, for it is only with the onset of
reproduction that the pace of senescence sets in with full force. The
present reproductive pattern in humans is something we neither know
how to change nor would want to change even if we could. Thisis a
pattern that evolved over, at a minimum, hundreds of thousands of
years, in response to the forces of natural selection, in individuals liv-
ing in thewild. It is not obvious that these conditions are even relevant
to further human development; human reproductive patterns may well
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now be governed as much or more by cultural factors as by environ-
mental conditions.

The bottom line is that everything we know about maximum pos-
sible lifespan in animals generally, and about evolution, suggests that
true human maximal lifespan will not likely change in the absence of
some sort of natural or man-made disaster. Aside from changing our
dietary habits to avoid an unnatural foreshortening of our natural life-
span, the kinds of changes that would be required to perturb true
human maximal lifespan are probably unacceptable. This leads us to
the speculation that as some of the current major causes of senescence
and death in humans, such as cardiovascular disease and cancer, are
brought under control, other manifestations of senescence will move
forward to take their place. Alzheimer's disease isjust one such exam-
ple; there may be many more that we are barely aware of at the present
time. The most likely projection is that as senescence-related disease
causes of death are gradually eliminated, we will see nature's backup
plan in its final form; average lifespan will increase at the population
level, but as individuals, our major organ systems will gradually grow
weaker until we simply expire. More and more death certificates will
read "died of natural causes." Thisis not abad goal in itself.

Average Human  Lifespan

Unlike the situation with maximum lifespan, the outlook for
average human lifespan—what demographers often refer to as life
expectancy—is much more hopeful. There is no question that average
lifespan is presently on the rise throughout most of the world; the rate
of increase in industrialized countries has been nothing less than spec-
tacular in this century (Fig. 11.1), and is slowly but steadily increasing
in other parts of the world as well. The most important factors in this
increase have been improved public health measures and personal
hygiene, lifestyle changes affecting health, and improved medical care,
probably in that order. Widespread immunization, reductions in the
incidence and severity of physical trauma, improvements in diet, the
development of antibiotics, decreased mortality for women and infants
at childbirth and for post-menopausal women—the impact of all of
these on human survival are well known to epidemiologists and
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Figure 11.1. Changesin average lifespan in the United States over the past 100 years.

demographers. All of these changes affect the shape of the curve
shown in Figure 1.1C, leading to its "rectangularization" and pulling
the average human lifespan ever higher. The only serious countervail-
ing trend during this period stems from the effects of widespread
smoking, particularly among men, but that may at last be diminishing
somewhat in afew Western countries. There have been periodic coun-
tervailing trends in some populations associated with catastrophic
events such as wars and, even into this century, major plagues caused
by infectious disease. But the overall direction of average lifespan in
this century has been one of steady increase.

Average human lifespan is clearly determined by both genetics and
the environment. The environmental impact on average lifespan
involves various forms of accidental death: infectious diseases, acci-
dents, and lifestyle choices—smoking, for example. Thegainsin life-
span shown in Figure 11.1 are due almost entirely to controlling
accidental causes of death. A genetic influence on average lifespan is
revealed by things such as the identical twins study, which showed that
identical twins have average lifespans much closer to one another than
do fraternal twins. It has also been observed that individuals who live
to very old ages tend to have offspring that also survive to older ages
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than the population as awhole. Average lifespan will reflect variations
among individuals in the genetic control of the basic processes of
senescence itself and the resulting occurrence of idiopathic diseases
such as cancer, diabetes, and heart disease. Control of senescence-
related causes of death has made very little contribution to the gains
shown in Figure 11.1. However, as accidental causes of death are
increasingly brought under control, additional gains in average life-
span will be increasingly dependent on our ability to affect senescence-
induced diseases. Of course, we will never be able to control true
physical accidents—falling off a cliff, drowning, being hit by a car. But
as the average lifespan of persons not dying by these means pulls ever
closer to the limit of true maximal lifespan, additional gains will come
almost entirely from our ability to influence the fundamental mecha-
nisms of senescence.

Before we launch into a discussion of the possibilities of further
increases in average human lifespan, let's reflect for a moment on just
what we would hope to accomplish by such an increase. At a popula-
tion level, any increase in the average lifespan value will ook good on
demographic charts. But how do we want to move the average value
upward? If it is simply a matter of adding years to the ends of our lives,
would this necessarily be a good thing? The end years of our lives are
not always the best years, characterized by increasing failure of most
of our physical and mental faculties. As we look at many of the oldest
old in our own families and in our communities, we must ask ourselves
whether simply adding another five years or so to the end of their lives
would be in anyone's best interest. In many cases we could probably
say yes, but for those suffering from senescence-related diseases and
disabilities, for those already exhausted by the ravages of old age, we—
and the aged individuals themselves—might well say no. Almost
everyone would agree that what we would really like to do is extend
the middle years of life, when we are still vigorous and able to experi-
ence life at its fullest. We will of course want to continue exploring
ways of easing the travails of the end years of our lives, but where
we might profit most from adding more years is somewhere in the
middle.

Tracking increases in average human lifespan is arelatively straight-
forward task that, at least in some parts of the world, can be carried out
with considerable precision. For human populations, the first require-
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merit for good demographic studies relating to lifespan (especially as
it affects the oldest old) is unimpeachable, government-maintained
birth and death records going back a minimum of a hundred years.
Only a handful of countries have such records. The United States is
not one of them; birth and death records have traditionally been the
responsibility of individual states, and the information gathered and
its method of reporting and verification have varied widely. Only with
the advent of the Social Security system in the 1930s, and the
Medicare system in the 1960s, did the United States begin to have a
national, standardized system for birth, death, and age verification
comparable to most European countries. Thus one of the populations
that many demographers would like to know the most about is often
excluded from larger studies of aging because of the unreliability of all
but the most recent data. However, the twenty or so countries with a
longer tradition of accurate national birth and death statistics have a
combined population approximating that of the United States—over
300 million people—which provides a reasonable data base for longer-
range demographic analysis.

One of the more remarkable facts to emerge from detailed analyses
of maximum lifespan is that the mortality rate—the number of indi-
viduals dying per year at any given age per 1000 persons of that age in
the population—has been dropping dramatically over the past fifty
years for the oldest old and for centenarians. The data shown in Fig.
11.2 were compiled from the registries of those European countries
(plus Japan) that have the longest and most accurate birth/death
record-keeping systems. All indications are that exactly the same trend
is under way in the United States. The rate at which both men and
women are dying in these two age categories has been dropping at a
rate of 5 percent or more per decade since 1950, and there is no sign
that it is leveling off. One obvious result of this trend is that the per-
centage of elderly people in all industrialized countries has just about
doubled in the past thirty years (Table 11.2). In the eighty- to ninety-
nine-year-old age group, the trend toward lower mortality is more pro-
nounced in women than in men. This is not a statistical fluke; it is true
of every single country for which reliable data can be gathered, includ-
ing the United States. (The apparently similar gender differential in
the decline among centenarians is not considered statistically signifi-
cant, due to the small humbers involved.)
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Figure 11.2. Changing mortality among the oldest old and centenarians.
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The reasons for the decline in mortality rates among the oldest peo-
ple in society over the past fifty years are not particularly mysterious.
The same factors that have acted to increase average longevity have in
this century also produced increasing numbers of people surviving to
the ages that are the starting point for surveys of the oldest old. Peo-
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Table 11.2. Persons over 80 as a percentage of the total population in
countries with the best birth/death registries

Country 1960 1980
Austria 17 3.6
England/Wales 19 3.7
France 2.0 37
Italy 16 30
Holland 13 2.9
Japan 0.7 23
Sweden 18 4.2
Switzerland 15 3.6
Average 16 34

pie in general are taking better care of themselves and are being better
cared for by society, and this is played out in terms of longer life.
Assuming that age at death reflects a stochastic process, simply
increasing the number of old people in itself is bound to generate
points farther out along the age axis at which some people will die.
Individuals surviving beyond ninety years or so are also likely to be
more genetically "fit," in the sense that they were less susceptible to
conditions such as cancer or heart disease that are responsible for death
at an earlier age in the majority of humans. As more people survive
into their hundreds, we can expect to pick up more "outliers" along the
age axis, but as stated earlier, thiswould not in itself necessarily signal
a change in true human maximum lifespan.

But what about the rest of us, who may not have inherited a set of
genes propelling us into the heady ranks of the very oldest old? Can
we expect that the average survival age will continue to increase, and
the mortality rate decrease, in the years ahead? Insurance companies
and the Social Security Administration are betting on it. Predictions
are always risky; we do not yet know, for example, just what effect the
AI1DS epidemic will have on average human lifespan long-term, par-
ticularly if the virus causing it should mutate to a more infectious form.
If not turned aside in the relatively near future, we may see an infec-
tious organism's impact on human survival for the first time in nearly
a hundred years.
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Nevertheless, average lifespans for the U.S. population as awhole
are expected to continue increasing at a rate of between 0.8 and 1 per-
cent per decade between the years 2000 and 2050. These projections
are based largely on assumptions about the generation of new knowl-
edge relating to human genetics and physiology, about the rapid trans-
lation of this knowledge into useful medical procedures by the private
sector and by physicians, and finally, and perhaps most important,
about the dissemination of this knowledge to the general public, espe-
cially where this knowledge can be used to guide personal choices con-
cerning health care and lifestyle. The rate of increase in longevity
projected for the first part of the twenty-first century is considerably
lower than that experienced in the first half of the twentieth century
(Fig. 11.1). Between 1900 and 1950, average lifespan in the United
States increased at a rate of about 7 percent per decade; in the second
half of the century, this rate fell to about 3 percent per decade. We can
expect that the overall rate of increase in longevity will continue to
decline as we continue to control the causes of accidental death and as
the more difficult to control senescence-related causes of death con-
tinue to move to the fore.

But at What Cost?

We have more than enough information in hand, and it is
sufficiently underutilized at present, that we may be confident that
average human lifespan will continue to increase for some time to
come. The increases will not continue at the pace seen in the twenti-
eth century, because most accidental disease causes of death have been
brought under control. As average lifespan moves ever closer to the
theoretical maximum, the rate of gain will be inexorably slow. Butitis
abundantly clear that all of the things touted in recent years by health
experts for increasing the quality of human life—a moderate diet, rich
in fresh fruits and vegetables; reasonable levels of exercise; avoidance
of excessive chemical toxins, including those in cigarette smoke, al co-
hol, and recreational drugs—will also increase the quantity of human
life. And they will do so by adding years to the middle of our lives,
when we are most active and productive, and notjust to the end of our
lives, when we are often feeble and suffering. Together with continued
research into means for controlling senescence-related diseases and
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disabilities in these end years or, at the very least, lessening the physi-
cal discomfort and the mental anguish that accompany them, there
is enormous potential for increasing both the quality and the quantity
of human life. Just as we may well not be reaching our maximal life-
span as individuals at present, we are almost certainly not realizing
as a species our potential average lifespan, and for largely overlapping
reasons.

As we race toward the new millennium, and increasingly avail our-
selves of the information and technologies to achieve longer and more
productive lives, we must never forget that if we succeed there will be
underlying costs, and that these are potentially heavy costs. Aswe con-
tinue to improve the health of persons in what we might call the
"youngest-old" category—fifty to sixty-five years—we will unques-
tionably increase the number of people surviving into the old, oldest-
old, and centenarian age groups. For many of our elderly, these are
"high maintenance" years. Theincidence of chronic, debilitating idio-
pathic diseases such as Alzheimer's disease, stroke, Parkinson's disease,
and many others increases almost exponentially past age eighty-five or
so. The care of human beings with these disorders is enormously
expensive. Most such individuals are completely unable to sustain
themselves, either on a personal level or financially, in terms of monies
they may have set aside to provide for their later years. Ideally, we
should wait until these diseases are under control before producing
more people who are almost certain to get them, but that is unlikely
to happen.

The problem does not go away simply by finding cures for these dis-
eases. T he cost/benefit ratios of eliminating diseases are usually cal cu-
lated in terms of the investment necessary to cure a disease versus the
resulting savings in the cost of having to treat the disease, a reduction
in the number of work days lost, the cost of supporting families dur-
ing the illness of wage earners, and other economic factors, somehow
all merged together with perceived increases in the quality of life. In
other words, these considerations are usually focussed on individuals
in the early and middle years of their lives. However, when elimina-
tion of a disease primarily increases the quantity of life in the years
after an individual stops working, an additional economic factor is cre-
ated: the cost of maintaining that now-healthy individual through
Social Security or private pension funds. Fairly simple cal culations can
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show that elimination of either heart disease or cancer would result in
an enormous burden on the Social Security system as it is presently
structured, in terms of the additional person-years of financial support
required to maintain the survivors.

Y et we can be almost certain that the toll taken on our population
by these two diseases alone will continue to diminish as a result of cur-
rent investments in biomedical research. No one would want to reverse
the trend toward conquering these diseases, but neither private nor
public retirement systems are presently equipped to handle the added
years of retirement their elimination would generate. Social Security,
Medicare, and Medicaid benefits already account for more than one-
third of all federal spending in the United States. By some estimates,
Social Security will be paying out more than it takes in by the year
2012, and the Medicare Hospital Insurance trust fund will be depleted
by the year 2001. How much more can the system absorb?

Currently, about 15 percent of persons over seventy years of age
require some sort of assistance in their daily lives. Thisfigureis likely
to increase, perhaps substantially, before biomedical research into the
diseases of the elderly is able to bring it down. Families of these peo-
ple, in addition to having to deal with the emotional stress of caring
for their loved ones, will be increasingly hard-pressed financially to
bear the costs of supporting them. In the coming decades we will likely
see more in the United States of what is currently happening in
Japan—children of the oldest-old will themselves be retired and unable
to assume even a modest portion of the costs of maintaining their par-
ents. Increasingly, we can expect that these costswill be borne by soci-
ety at large through Medicare and other social support programs. That
is perhaps as it should be, but the money to do so will have to come
from somewhere. It will come from those in society still able to work.

This could not have come at aworse time, because the proportion
of the population that works in all countries throughout the world is
dropping precipitously. Until very recently, demographers were con-
cerned about a rapidly increasing human population crowding itself
and everything else off the planet. No longer. The latest United
Nations report on population shows that birth rates have fallen off dra-
matically all over theworld in recent years. A birth rate of 2.1 children
per woman per lifetime is currently required in Western countries to
maintain the population at a steady |evel—the so-called "replacement
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level" of fertility. (The extra 0.1 child is necessary to make up for the
children lost through accidental death prior to their own reproductive
period.) The birth rate in the United States has been below 2.0 per
woman for the past quarter-century. The birth rate in the industrial-
ized countries as awhole is currently about 1.6 per woman per lifetime.
In underdeveloped countries, the rate has fallen from six just thirty
years ago to less than three today. Somewhere around 2040, if this
trend continues, the birth rate in the world as awhole will bejust about
at the population replacement level, which means no additional pop-
ulation growth. World population would likely peak at about nine bil-
lion persons, and then possibly begin to fall.

Thus it is clear that as we increase the health and physical well-
being of persons in the youngest-old age range, we will have to ask
them—we will have to ask ourselves—to work longer, to direct more
income into either public or private health care maintenance and
retirement pension systems, and to think of retirement from work at
age seventy or seventy-five, rather than sixty-five. This in itselfis not
unreasonable; if we are strong and healthy during these years, then
remaining active, contributing to our communities and society at large,
will enrich and very likely prolong our lives even further. But we must
begin planning for this now. The current efforts by the U.S. Congress
to restructure the Social Security and M edicare systems are founded
on precisely the concernsjust described. If we do not change them,
these systems will simply become bankrupt. All of us need to become
involved in discussions of these issues, both at work and in our com-
munities. We must understand that if we are to live longer, there will
have to be changes in the way our working and retirement years are
structured.

Unfortunately, discussion of these issues will be complicated by the
fact that precise predictions of key factors, such as the actual rate of
increase in longevity over the coming decades, the timing of the avail-
ability of cures for age-related diseases, and the cost of maintaining the
oldest-old versus old patients (the former may well be less expensive)
are simply not available at present. Thiswill allow some political |ead-
ers to downplay the seriousness of these issues, and their potential
costs, on the assumption that that is what we want to hear. We must
not let them do that; if we begin planning now on the basis of worst-
case, or at least average-case assumptions, it will always be possible to
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back away later and redirect any monies over-committed to caring for
the elderly in other directions. On the other hand, if we underestimate
the seriousness of the problem now and fail to take the necessary steps
soon, it may be extremely painful to play catch-up at alater date.

T he resulting shift in the balance of age groups in our society caused
by a combination of increased longevity and reduced birth rates will
certainly have profound political aswell as demographic implications.
We have seen in recent years the increasing political power of well-
organized collectives of senior citizenswho, after all, have alifetime of
experience in dealing with the world at every level, including the polit-
ical. This trend will only continue for the foreseeable future, and their
newfound power may well come to be resented by other segments of
society. Younger age groups are not likely to enjoy hearing that they
will have to work beyond the age in life when their parents and grand-
parents retired. They will doubtless not be happy to hear that their
Social Security taxes will be raised to support the increasing numbers
of elderly, even though they will themselves one day benefit from this
same support structure. But someone will have to deliver this message,
and soon.

Finally, of course, we must bear in mind that all of these changes
will not occur in a geopolitical vacuum, and that longevity will not
increase throughout the world at the same pace. We can be sure that
an underdevel oped country, barely able to feed itself and with an aver-
age lifespan of fifty years or so, will view the problem of caring for cen-
tenarians with little sense of urgency. Perhaps even more critical may
be events already unfolding in developing countries. With increasingly
effective public health and vaccination programs, and effective distri-
bution systems for antibiotics and other medicines, these countries are
starting to experience the rapid increases in longevity seen in the West
in the early and middle parts of the twentieth century. Life expectancy
in these so-called "second-world" countries has risen from about forty
yearsin 1950 to about sixty-threeyearstoday. Whil e the economies of
these countries, with international help, have been able to support the
public health programs that have led to these changes, they do not
have the means—and there is no international agency to help them—
to deal with the burgeoning numbers of older citizens that have
resulted. The health care systems of these countries are caught in a
dilemma: They must continue fighting to eradicate the infectious dis-

213



A MEANS TO AN END

eases that still ravage some of the younger members of their societies,
while at the same time they struggle to deal with the chronic idiopathic
diseases afflicting their new elderly members. M ost have not yet devel -
oped social security programs to deal with simple maintenance of
elderly populations, let alone come to grips with their highly special-
ized medical needs. M eanwhil e, these countries, too, are beginning to
experience significant declines in birthrate, which means the economic
base for supporting social programsis eroding just at thetime it is most
critically needed.

So what seems like a rather simple and uncomplicated aim—the
desire to live alonger, healthier, fuller life—turns out to have enormous
ramifications, because it entails far-reaching demographic, social, and
political changes. Butwewill rise to the occasion, aswe always havein
the past. As we continue to unravel the genetic basis of senescence and
aging, we will continue to rectangularize the human survival curve; we
may even move the entire curve slightly to the right, closer to its the-
oretical "true" value. Average human lifespan will continue to increase,
and this will force changes upon us as a society. But these changes
could hardly be more momentous than those we have passed through
in the century that is about to end. A major part of the impetus for cre-
ating social security systems in the first place, in this and other coun-
tries, was the revolution in public health and medical care that resulted
in increasing numbers of people surviving into old age. So we did it—
we created the systems and institutions we needed, in spite of the
hand-wringers of the time. If we need to restructure them, we will do
that, too, and create new ones if we have to.

What Lies Ahead?

We have made an enormous investment in aging research
over the past several decades, and the payoff has been an unprece-
dented insight into the basic mechanisms of aging. Such knowledgeis
absolutely essential if we are to lessen the burden of aging to us asindi-
viduals, as families, and as a society. We need to know the limits of
what we can do, but we also want to know the full range of possibili-
ties for extending and improving human life. So what are some of the
insights yet to be gained, and where will they come from?

We have discussed the notion that the aging of cells, which under-
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lies the aging of individuals, reflects an increasing burden of unrepaired
damage to our DNA. If that is true, what will we see in Dolly, the
sheep that gained fame in 1997 as the first truly cloned mammal?
Dolly was cloned by removing the nucleus from a mammary gland cell
taken from a six-year-old sheep. That nucleus was implanted into an
unfertilized egg from another sheep, and proceeded to direct success-
fully the construction of an entire new sheep—Dolly. If we believe that
the age of an animal is areflection of the aging of its DNA, what age
is Dolly? The nuclear DN A that directed her complete development
was six years old. Does Dolly begin life at age six, in terms of cumula-
tive DN A damage? Will she die prematurely from aform of artificially
created progeria?

The story is even slightly more complex. There are two kinds of
DNA in cells—nuclear and mitochondrial DNA. Damage to mito-
chondrial DN A is thought to be very important in the aging of cells.
But inheritance of mitochondrial DN A is different from the inheri-
tance of nuclear DNA. Mitochondrial DNA comes only from the
mother, as part of her egg; sperm contribute no mitochondria to the
newly formed individual. So Dolly has old nuclear DN A and fresh,
new mitochondrial DN A from the egg into which the old nucleus was
implanted. Which DN A will determine her age? Or will the nuclear
DNA be somehow "rejuvenated" by the fresh egg, making her birth
age and age in terms of cellular senescence the same? These are
intriguing questions, the answers to which will have important impli-
cations for both ends of life: embryonic development and old age.

We will also want to follow the telomerase story closely asit unfolds
in the next few years. There will doubtless be advantages to the ability
to reactivate telomerase in cells that ordinarily do not divide. A com-
monly cited example is in the case of burn victims. The best skin for
transplanting onto burns is the victim's own skin, and in the case of
small burnsthisis entirely feasible and works well. In the case of mas-
sive burns, the victim simply doesn't have enough skin, and is too frag-
ile to compromise by further skin removal. There have been attempts
to grow some of an individual's skin cells in vitro for reimplantation to
aburn site, but this has not been terribly successful because of the slow
and ultimately limited growth potential of normal skin cells in culture.
If telomerase were reactivated in some of these cells, we could well see
the very rapid growth of sufficient cells to provide clinically useful
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amounts of a patient's own skin. The problem, of course, is how to stop
the cells from continuing to grow once the burn site has been com-
pletely filledin. Thisis not beyond technical possibility, but great care
would have to be taken to assure that skin cancer did not develop.

Whether the ability to control the expression of telomerase will ever
have an impact on human aging is much more problematic. The
danger in removing one of the body's major barriers to cancer is self-
evident. But beyond that, we must remember that the majority of cells
in the body do not divide, and for those cells replicative senescence is
not alikely cause of aging. It is not at all obvious at present that reac-
tivating telomerase in those cells would have any impact on aging of
the tissues they make up. But this must be explored, nevertheless; cur-
rent views could be wrong, in ways we cannot yet perceive. Could we
rejuvenate those cells in our bodies that do divide by reactivating
telomerase? It may be possible, through some form of gene therapy,
which we will describein amoment. But even if we could achieve that,
aging in our other tissues—if it proves not to involve telomerase—
would proceed on schedule, and it is not clear that our overall rate of
aging would be seriously altered. Nevertheless, the importance of the
ability to manipulate a major component of cellular senescence cannot
be overstated, and we will all want to follow this story closely.

One of the largest sources of new information about human biol-
ogy generally in the coming yearswill be the Human Genome Project.
Scheduled for completion early in the twenty-first century, the
Genome Project will provide us for the first time with a complete cat-
alogs—the precise DN A sequences—of all of the estimated 100,000
genes in the human genome. Of most immediate interest to the new
breed of "molecular physicians" will be the genes responsible for the
approximately 4000 heritable genetic diseases—a number of which
have already been isolated and cloned. But we can also expect to find
and ultimately identify the genes involved with the fundamental
processes of cellular senescence. Some of these, too, have already been
identified, including those disposing toward certain forms of senes-
cence-related diseases such as cancer, Alzheimer's disease, and cardio-
vascular disease, aswell as genes like p53, Rb, and telomerase.

One potential application of this new information is in gene ther-
apy, wherein inherited defective copies of genes can be supplemented
with good gene copies produced in the laboratory, using the blueprint
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provided by the Genome Project. The end products of all genes are the
myriad proteins used by cells to carry on their daily functions. In some
cases, particularly where the protein is used primarily outside of the
cell producing it (hormones, for example), good copies of the defective
protein can be administered to the body directly. But for most proteins
made and utilized within the cell itself, this approach usually will not
work. In gene therapy as it is currently being practiced, a good copy of
agene isincorporated into an appropriate "vector," usually some form
of altered virus, for delivery to those cells most critically affected by the
genetic defect. Once inside the targeted cell, the new genes make their
way into the nucleus, where they are read by the cell's machinery just
as if they were part of the cell'sown DNA, and the cell is then able to
make functional copies of the needed protein. Clinical trials for this
form of "restorative" gene therapy are currently under way for nearly a
dozen inherited human diseases, with many more in advanced plan-
ning stages.

In one sense, the immediate impact on aging of gene therapy may
seem likely to be relatively minor, since of the genetic disorders cur-
rently targeted for treatment (certain cancers and cardiovascular dis-
orders aside) few are directly involved with senescence and aging.
Moreover, one of the major differences between aging and the genetic
diseases currently being treated by gene therapy is that the latter are all
caused by single genes, whereas it is abundantly clear that the genetic
component of aging involves many different genes. Which ones would
we select as targets for gene therapy? Obviously we would want to
focus on genes whose actions could potentially affect the process of
senescence itselfin all cells—the housekeeping genes. First and fore-
most among these genes will likely be those involved in the generation
and repair of oxidative cellular damage, such asthe DN A helicase dis-
cussed earlier. We have already seen a form of this kind of gene ther-
apy, involving the genes for the antioxidant enzymes superoxide
dismutase and catalase, applied to fruit flies. By introducing extra
copies of these genes, both average and maximal lifespans were signi-
ficantly increased. Telomerase may eventually be atarget for some lim-
ited forms of gene therapy, with the caveats already noted. We may also
want to think of gene therapy using genes for natural proteins such as
leptin, which suppress appetite, as an adjunct to some sort of caloric
restriction regimen.
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Will we want to go this far in our search for the fountain of youth?
Itis unlikely even to be proposed in the lifetime of anyone reading this
book, but itisnot at all beyond the realm of possibility. All of the el e-
ments of the technology for doing it are already in place. But in the
meantime, there are other avenues to explore that could well have the
same effect. As mentioned in the last section, we may not currently be
experiencing the true maximal human lifespan for human beings
because of excessive caloric intake. The general health benefits of a
calorically restricted diet cannot be denied. Animals on calorically
leaner diets have less disease, and by several measures age more slowly,
than fully fed animals. The same results in larger animals could rea-
sonably be expected.

But caloric restriction is only one approach. If we accept that aging
of the organism is a reflection of the cumulative effects of cellular
senescence, then the overall rate of decline after the breeding period
will reflect a balance between the rates of cellular damage and cellular
repair during that period. T he evidence that this damage is to a great
extent oxidative in nature has already been presented, and we have seen
that the corresponding cellular repair mechanisms decline with age.
We have also seen the evidence that caloric restriction reduces oxida-
tive damage within the cell, and we also have good epidemiological
and experimental evidence in hand that natural antioxidants taken in
through diet can be effective in mitigating oxidative damage. The evi-
dence that supplemental antioxidant vitamins taken alone are effective
is less compelling at present, but that may be for lack of appropriately
designed trials. Beyond doubt, cigarette smoke contains potent oxi-
dants that can work their way into cells through the bloodstream and
wreak oxidative damage; the overall health benefits of not smoking are
by now self-evident, and could be a major factor in increasing human
average lifespan worldwide.

The study of aging is one of the most exciting areas of contempo-
rary biomedical research. More than any other human science, aging
impinges on virtually every aspect of our biological existence, from our
earliest beginnings as an embryo, through the intriguing interplay
between senescence and reproduction in our middle years, and on into
our never-ending battle to lessen the burden of growing old. The
understanding of aging we have gained from the study of individuals
and populations has been enormously advanced by our newfound abil-
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ity to dissect aging at its most fundamental cellular and molecular lev-
els. Like other technological advances, the new molecular approaches
to human aging will generate problems as well as solutions. There are
nay-sayers who would like to turn back the clock, or at least slow it
down until we catch up with ourselves. But that is not, for better or
worse, the way human beings go about their business. Mol ecular med-
icine will be an important part of our lives in the twenty-first century.
Beyond doubt, it will enable us to continue learning more about how
and why we age, and we will continue our efforts to increase both the
quantity and the quality of human lifespan in the years ahead. This
may require that we make adjustments in our thinking, and even in our
social and political institutions. But we will do it. We will do it.
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