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Aging Is RSKy Business

CELL SIGNALING

Matt Kaeberlein 1 and Pankaj Kapahi 2 

Progress in defi ning a signaling pathway

that controls mammalian life span raises

the possibility of discovering treatments for 

aging-related diseases.

          F
ollowing hot on the heels of recent 

studies showing that dietary restric-

tion slows aging in primates ( 1) and 

that inhibiting the enzyme mammalian tar-

get of rapamycin (mTOR) increases life 

span in mice ( 2), a report by Selman et al. on 

page 140 of this issue ( 3) uncovers an impor-

tant role for another enzyme, a ribosomal 

S6 protein kinase (RSK) called S6K1, as a 

determinant of mammalian aging. S6K1 is a 

target of mTOR, so the new fi nding further 

defi nes a conserved longevity pathway that 

links nutrient availability to aging in organ-

isms as diverse as yeast and mice. The study 

also has potentially important implications 

for future attempts to increase longevity and 

slow the progression of age-associated dis-

eases in humans.

RSKs phosphorylate the ribosomal 

protein Rps6 and consist of two subfami-

lies, p90rsk and p70rsk. S6K1 is one of two 

mammalian p70rsk proteins that modulate 

mRNA translation and protein synthesis 

in response to mTOR signaling. Studies in 

yeast, nematodes, and fruit fl ies have shown 

that decreased activity of mTOR and S6K1 

homologs increases life span in these spe-

cies ( 4). Recently, the importance of mTOR 

in mammalian aging was demonstrated by 

the life span–extending effect of feeding 

rapamycin—a small-molecule inhibitor of 

mTOR—to mice ( 2).

Selman et al. suggest that the effect of 

rapamycin on life span likely involves reduced 

S6K1 activity. Consistent with this idea, phos-

phorylation of Rps6 decreases in rapamycin-

fed mice ( 2). The effect of rapamycin is also 

greater in female than in male mice ( 2), which 

agrees with the fi nding of Selman et al. that 

only females lacking S6K1 (genetic “knock-

out” animals) are long-lived. It is possible that 

inhibition of mTOR and S6K1 activity may 

act on life span similarly in both sexes, but 

that the degree of inhibition that is optimal for 

longevity may differ. The use of animals with 

different genetic backgrounds ( 2,  3) further 

complicates interpretation of the sex-depen-

dent effects on life span, but also strengthens 

the idea that the mTOR-S6K1 signaling path-

way is a general longevity control mechanism 

rather than a strain-specifi c phenomenon.

A key finding of Selman et al. is the 

potential role for adenosine monophosphate 

(AMP)–activated protein kinase (AMPK) 

in the long life span of mice lacking S6K1. 

AMPK integrates energy balance with 

metabolism and stress resistance, and is 

implicated as a longevity factor in the nem-

atode Caenorhabditis elegans ( 5). Selman 

et al. carried out microarray analysis on the 

long-lived mice lacking S6K1 and observed 

gene expression changes similar to those in 

animals treated with an activator of AMPK, 

aminoimidazole carboxamide ribonucle-

otide. This fi nding, and evidence that AMPK 

is activated in S6K1 knockout animals ( 6), 

suggested that life-span extension from loss 

of S6K1 could be mediated through increased 

AMPK activity. In C. elegans, deletion of 

rsks-1 (the homolog of S6K1) extends life 

span ( 7). Selman et al. show that this effect 

depends on the AMPK subunit encoded by 

aak-2. Deletion of aak-2 also suppressed the 

reduced body size and fecundity of rsks-1 

mutants. The potential mechanisms by which 

AMPK modulates the effects of rsks-1 on 

both growth and longevity in C. elegans, and 

whether this function extends to mammals, 

have yet to be determined.

How might AMPK activation be achieved 

in long-lived S6K1 knockout mice? One 

possibility is that mRNA coding for AMPK 

is preferentially translated in response to 

reduced S6K1 activity. Reduced mTOR-

S6K1 signaling is associated with a global 

decrease in mRNA translation in nonmamma-

lian species, and several additional longevity-

enhancing mutations show a similar reduction 

in translation ( 8). Despite overall reduction 

in translation, certain mRNAs can be prefer-

entially translated. In yeast, for example, life 

span–extending mutations of ribosomal pro-

teins also result in increased translation of the 

mRNA coding for the Gcn4 transcription fac-

tor ( 9). Perhaps a similar mechanism of differ-

ential translation takes place with respect to 

AMPK, which could underlie subsequent acti-

vation of AMPK in animals lacking S6K1, and 

perhaps also in response to dietary restriction 

or inhibition of mTOR. The idea that AMPK 

activation contributes to life-span extension 

downstream of mTOR and S6K1 is appeal-

ing, as other studies have shown that treating 

mice with either of two AMPK activators, the 

antidiabetic drugs metformin or phenformin, 

modestly increases life span ( 10).

Although Selman et al. provide compel-

ling evidence that AMPK acts downstream 

of S6K1 in a conserved longevity pathway, 

S6K1 has additional targets that could con-

tribute to its effects on aging. For example, 

the hypoxia-inducible transcription fac-

tor is regulated by mTOR and is implicated 

in life-span extension from dietary restric-

tion or from reduced expression of rsks-1 in 

nematodes ( 11). Likewise, phosphorylation 

of Rps6 by S6K1 may be important, as mice 

expressing a nonphosphorylatable form of 

Rps6 show a decrease in cell and body size, 

similar to the effects of reducing the activity 

of S6K1 homologs in yeast, worms, and fl ies 

( 12). Just as S6K1 is probably not the only 

mTOR target that infl uences aging, the story 

downstream of S6K1 is likely to involve more 

than the simple activation of AMPK.

Dietary restriction reduces signaling 

through the mTOR-S6K1 pathway, and 

this appears to be a key component of how 

the condition slows aging in nonmamma-

lian organisms ( 4). Like dietary restriction, 

inhibition of mTOR or knockout of S6K1 

increases life span in mice, which suggests 

a conserved longevity pathway that modu-
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Longevity pathway. A conserved signaling cascade 

controls life span in yeast, worms, fl ies, and mice.
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Nitrous Oxide: No Laughing Matter

ATMOSPHERE

Donald J. Wuebbles 

Rising atmospheric concentrations of nitrous oxide are contributing to global warming and 

stratospheric ozone destruction.

          D
espite its long-recognized importance, 

nitrous oxide (N
2
O, also commonly 

referred to as laughing gas) sometimes 

seems like the forgotten atmospheric gas. Con-

cerns about the stratospheric ozone layer have 

largely focused on reactions of ozone with 

chlorine and bromine atoms released from 

the atmospheric dissociation of chlorofl uoro-

carbons and other anthropogenic halocarbons. 

Meanwhile, concerns about human-induced 

effects on Earth’s climate have concentrated 

on carbon dioxide (CO
2
) and methane (CH

4
) 

emissions from fossil fuels and other sources. 

However, future changes in climate and in the 

distribution of stratospheric ozone depend on 

the emissions and changing atmospheric con-

centration of N
2
O. The report by Ravishankara 

et al. on page 123 of this issue ( 1) not only adds 

to the scientifi c understanding of this impor-

tant gas, but is also a strong reminder that 

nitrous oxide deserves much more attention 

and consideration for policy action to control 

future human-related emissions.

Since 1800, the atmospheric mixing ratio 

(that is, the concentration of N
2
O relative to the 

concentration of air) has increased by almost 

20%, from about 270 ppb (parts per billion 

molecules of air) to more than 322 ppb ( 2,  3). 

In recent decades, its atmospheric concentra-

tion has been increasing at roughly 0.25% 

(range of 0.2 to 0.3%) per year, and this trend 

is set to continue. It is mainly removed from 

the atmosphere through photolysis and reac-

tion with excited oxygen atoms in the mid-

dle to upper stratosphere, resulting in a long 

atmospheric lifetime—roughly 120 years for 

an e-folding (i.e., removal of 63.2% of the ini-

tial emission).

The total emissions of nitrous oxide are 

about 17.7 teragrams of nitrogen (Tg N) annu-

ally, but there are large uncertainty ranges on 

each of the individual sources. About 70% of 

its atmospheric emission is natural, mostly 

from bacterial breakdown of nitrogen in soils 

and in the oceans. Globally, soils in areas 

of natural vegetation, especially in the trop-

ics, account for N
2
O emissions of about 6.6 

Tg N annually ( 2). Oceans account for about 

another 3.8 Tg N per year ( 2).

Human activities are responsible for the 

remaining 30% of N
2
O emissions, or about 

6.7 Tg N per year ( 2). The largest human-

related source comes from agricultural prac-

tices and activities, including the use of syn-
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lates aging in response to nutrient avail-

ability (see the fi gure). Given that dietary 

restriction slows aging in rhesus mon-

keys ( 1), this pathway may function simi-

larly in primates and raises the possibility 

that rapamycin could mimic the antiaging 

effects of dietary restriction in humans ( 13). 

There are concerns, however, about poten-

tial side effects of rapamycin (most notably 

immune suppression) that may preclude its 

widespread use as a treatment for diverse 

aging-related diseases ( 13). In this regard, 

the study by Selman et al. suggests poten-

tial downstream targets of mTOR involved 

in mammalian aging, such as S6K1 and 

AMPK, that could provide longevity and 

health benefits without detrimental side 

effects when targeted pharmacologically. 

Although successful intervention in human 

aging is still an unproven proposition, an 

increased understanding of the signaling 

pathways that modulate aging may bring us 

closer to this elusive goal. 
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thetic and organic fertilizers, production of 

nitrogen-fi xing crops, and application of live-

stock manure to croplands and pasture. These 

result in increased nitrogen in soils and water-

ways, causing N
2
O emissions of about 4.5 Tg 

N per year ( 2). Nitrous oxide can also be pro-

duced during fossil fuel combustion, but the 

amount varies with fuel type and technology 

(for example, catalytic converters can pro-

duce N
2
O). Fossil fuel combustion and indus-

trial processes are responsible for N
2
O emis-

sions of around 0.7 Tg N per year ( 2). Other 

important sources include human sewage and 

burning of biomass and biofuels.

The vast majority of the reactive nitrogen 

oxides in the stratosphere result from the dis-

sociation of nitrous oxide (through its reaction 

with electronically excited oxygen atoms). 

As a result of the high reactivity of nitrogen 

oxides with ozone, N
2
O levels in the prein-

dustrial atmosphere (before 1800) were suf-

fi cient to account for the majority of the natu-

ral destruction of ozone in the stratosphere. 

With increasing atmospheric concentration 

of nitrous oxide, the concentrations of nitro-

gen oxides in the stratosphere are also rising. 

Ravishankara et al. point out that nitrogen 

oxides—and, as a result, N
2
O—destroy more 

ozone in the current stratosphere than does 

any other reactive chemical family.

The execution of the Montreal Protocol 

effectively controls the emission of some 

major ozone-depletion gases, particularly 

chlorine- and bromine-containing gases. 

If one assumes that only halocarbons from 

human activities affect ozone and that there is 

full global compliance with the Montreal Pro-

tocol, then the ozone layer outside the polar 

regions is largely expected to recover from 

existing human effects on the stratosphere by 

the middle of the 21st century ( 3). The Ant-

arctic ozone “hole” is expected to take lon-

ger, until roughly 2065 ( 4). However, this 

assumes that ozone is not affected by other 

factors, including other human-related emis-

sions. This assumption is false.

The increasing concentration of CO
2
 in 

Earth’s atmosphere not only warms the tro-

posphere but also cools the stratosphere, with 

a tendency to increase the amount of strato-

spheric ozone. As a result, there is the possi-

bility of a “super”-recovery, where the total 

amount of atmospheric ozone exceeds that 

found before 1980, before the major ozone 

losses due to halocarbons occurred. Further-

more, changes in climate are changing the 

strength of circulation patterns in the strato-

sphere ( 5), thus affecting the distribution of 

ozone. Potentially even more important is the 

continuing increase in atmospheric concen-

trations of nitrous oxide and methane. Meth-
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