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In 1935, McCay et al. [1] published a landmark study

describing the unexpected finding that dietary restriction

(DR) increases the maximum lifespan of the white rat. Fifty

years later, Weindruch et al. [2] modified and refined the

experimental method to show that as little as 25% DR

significantly extended the mean and maximum lifespan of

mice and that more severe DR extended lifespan even

further. A retrospective analysis of multiple DR studies per-

formed in rodents showed that decreased caloric intake and

increased duration of DR are each directly proportional to

increased survival [3]. This tight correlation between DR

and longevity, along with the observation that senescence is

experienced by nearly all organisms with a distinction

between germline and somatic tissues, forms the basis for a

prevailing physiological theory of aging, the ‘disposable

soma’ theory [4].

The idea that senescence is the result of natural selection

rests on the following arguments. Despite the fact that

lifespan extension could result in additional offspring and

thus increased Darwinian fitness, extrinsic forces, such as

predation, are the most important factor affecting lifespan

in a natural environment. Thus, even though energetically

costly somatic maintenance could potentially increase the

intrinsic lifespan of an organism and therefore improve its

Darwinian fitness, because of extrinsic forces, this is not a

selected characteristic. Instead, increased investment in

reproduction, while also energetically costly, is of greater

benefit to Darwinian fitness, resulting in the side effect of

senescence for the ‘disposable soma’.

The disposable soma theory specifically predicts that there

are energetic trade-offs between reproduction and somatic

maintenance such that during times of famine, or DR,

energy is allocated away from reproduction towards somatic

maintenance [4-6]. This makes evolutionary sense for two

main reasons. First, if there is a food shortage, then it would

be advantageous for reproduction to be temporarily halted
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because this would result in conservation of food for existing

parents and offspring until the food resources have been

replenished. Second, gestation and lactation are energetically

costly, so if there is not enough food to support these

processes, then mother, child and future offspring would be

lost. In the controlled laboratory environment, increased

lifespan of food-restricted animals is possibly the result of a

defense mechanism that evolved because it increased

Darwinian fitness [6].

With the advent of microarray technology, investigators have

been able to test some of the predictions that the disposable

soma theory makes about aging and the changing physiology

of food-restricted animals. It has also permitted a survey of

gene-expression changes in an unbiased manner to determine

whether aging causes any universal changes that could be

directly opposed by DR [7]. A recent study by Sharov et al. in

BMC Biology [8] characterizes gene-expression changes in

aging gonads and the effect of DR on those changes. This

study is important not only to the field of reproductive

biology but also to aging research because, according to the

disposable soma theory [9], many of the beneficial effects of

DR are thought to be due to the reallocation of resources

away from reproduction towards somatic maintenance. The

results of Sharov and colleagues suggest that this model may

need revision.

DDiieettaarryy  rreessttrriiccttiioonn  aanndd  aaggiinngg  iinn  rreepprroodduuccttiioonn
Considering the importance placed on the distinction

between germline and somatic tissues in any theory of aging

describing the evolution of senescence, surprisingly little work

has been done to examine the changes in the reproductive

system with aging and/or DR. The disposable soma theory of

aging predicts that the maintenance needed to preserve the

immortality of the germline may be greater than the

maintenance used in somatic cells, suggesting that the

energetic needs of the gonads are large [9]. One hypothesis for

the mechanism of life extension in response to DR is that

organisms have evolved a dynamic resource-allocation system

in which energy is transferred from reproduction to somatic

maintenance [9], but there is little molecular evidence to

support this hypothesis.

Consider the molecular changes in both the ovary and the

testis in response to DR at the peak of the reproductive time

period in the mouse (6 months). Although long-term DR

suspends ovulation [10] and affects sperm quality and

counts [11], the microarray data of Sharov et al. [8] reveal

very few gene expression changes in the testis and modest

changes in gene expression in the ovary. Also, the genes with

lowered expression in the food-restricted ovary are not

involved in cellular maintenance or other energetically costly

functions. As the lifespan-extension benefits of DR are seen

in non-mating mice of both genders, it is unlikely that the

extra energy allocated to somatic maintenance is derived

directly from energy savings in the gonads.

Extension of the reproductive period in a food-restricted

female would also be a natural conclusion of the disposable

soma theory. This is supported by the finding that long-term

DR was partially protective against both lengthening of the

estrus cycle and depletion of primordial follicles, thus

extending the reproductive period of these female mice on

return to a normal diet [10]. Future efforts to profile the

ovarian, pituitary and hypothalamic molecular changes in a

similar study would provide further insight into the

mechanisms of the protective effects of DR that could be

compared and contrasted to other tissues.

EExxppaannssiioonn  ooff  tthhee  ddiissppoossaabbllee  ssoommaa  tthheeoorryy  ooff  aaggiinngg
Although it remains unclear if and how the processes of

reproductive and somatic maintenance are energetically or

molecularly connected, the neuroendocrine system is an

interesting area for future endeavors as it represents a possible

link between reproductive and somatic tissues. Surgical

removal of the pituitary gland at 1 and 9 months, but not at

11 months, has been shown to significantly improve the

mean and maximum lifespan of mice [12]. It should be

noted that the age of 11 months is near the end of female

fertility, so the fact that hypophysectomy does not result in

lifespan extension after this age suggests that the longevity

response to hypophysectomy is evolutionarily conserved. A

variety of mouse mutants involving the pituitary - including

growth hormone (GH) receptor knockout, Ames dwarf and

Snell dwarf mice - exhibit both increased longevity and

decreased fecundity. However, sterility in Ames and Snell

dwarf mice may be reversed by prolactin treatment, and GH

receptor knockout mice have fertility defects but are not

sterile. In addition, female mice with a deletion of a single

allele of the insulin-like growth factor (IGF)-1 receptor or

with an adipose-specific knockout of the insulin receptor,

both downstream targets of GH action, show significant life

extension with normal fertility [13].

It is clear from microarray studies over multiple tissues that

DR upregulates metabolic and biosynthetic genes [7], but

why does this happen in an energetically restricted state?

The disposable soma theory suggests that these molecular

mechanisms of somatic maintenance are upregulated to

prolong lifespan, thereby increasing Darwinian fitness, but

gives no insight into how this upregulation occurs. Microarray

studies also indicate that stress and immune/inflammatory

response pathways may be downregulated over multiple

tissues. Again, neuroendocrine signaling could possibly be
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involved, as mice with mutations in the GH/IGF-1/insulin

axis that increase longevity have increased insulin sensitivity,

improved stress response and decreased oxidative damage

[14]. Interestingly, GH receptor knockout mice do not

experience any further lifespan extension with DR, suggesting

that an intact somatotropic axis is critical to DR-mediated

longevity (Figure 1) [15]. We propose that diminished

cellular aging induced by DR is not a cell-autonomous

process induced by energy shortage as suggested by the

disposable soma theory, but instead is a neuroendocrine

process induced by DR-mediated changes to the hypothalamus.

There is much debate as to whether a magic potion can be

discovered to slow or reverse the signs of aging in humans. It is

also unclear whether the ‘elixir of life’ will come at the expense

of reproduction since most experimental manipulations that

extend lifespan also reduce fecundity. Perhaps, however, this is

a misperception. Maybe these processes can be separated, and

aging can be staved off without a concomitant loss in fertility -

one can hope.
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FFiigguurree  11
Alterations in somatotropic signaling caused by DR. Decreased food
intake is sensed by the hypothalamus leading to diminished release of
growth hormone releasing hormone (GHRH). This signals to the
pituitary to secrete less growth hormone (GH). GH-responsive cells in
the liver then synthesize lower amounts of insulin-like growth factor
(IGF)-1, which results in lower negative feedback to the hypothalamus
to regulate GHRH release. Perhaps in an indirect manner, GH causes
increased insulin sensitivity and decreased insulin production from
pancreatic islet cells. Although the direct and/or indirect effects on
reproduction remain unclear, the changes in somatotropic signaling
from DR leading to increased insulin sensitivity and reduced oxidative
stress might be the mechanism whereby DR delays senescence [14,16].
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