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Two messages

1. By thinking about how cells (and organisms) 
fall apart, we can understand some things 
about how they are put together.

2. Analysis of the building blocks (the 
metabolome) can help us accomplish this.



1. How (and why) do some species 
live longer than others?
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2. How (and why) do some individuals
age faster than others?



After Baker & Martin in Geriatric Medicine (ed. Cassel et al., 1997)

3. An unasked question: Why do some 
traits decline faster than others?
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The Human Mortality Database: http://www.mortality.org/
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Senescence: age-related decline in 
fitness components



Julia Bell (1879-1979)

Pearson, Fisher & Penrose

Haldane



Aging evolves due to maladaptation
(Mutation Accumulation)

“… If a genetic disaster happens late enough in individual life, its 

consequences may be completely unimportant”

-An Unsolved Problem of Biology 1952
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From K.A. Hughes 2010. Phil. Trans. Roy. Soc.



Aging evolves due to constraint 
(Antagonistic Pleiotropy)

Natural selection favors alleles that increase survival at early 

age at the expense of survival at late age
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Outline

Evolution of cellular aging

1. Single-cell models of aging

Metabolomics and aging

2. Phylogenetic variation

3. Genetic variation

4. Diet Restriction and Networks



Single-celled organisms won’t senesce



Bacteria senesce I

Life cycle of Caulobacter crescentus

Ackermann et al. 2003. Science



Stewart et al. 2005. PLoS Biology

Old pole—red
New pole--blue

Bacteria senesce II



Bacteria senesce—Theory

Ackermann et al. 2007. Aging Cell

No asymmetry
Asymmetry 
allowed to evolve



Retrograde flow and selection

Higuchi-Sanabria et al. 2014. FEMS Yeast Res.



Cellular mechanisms
of aging



L Fontana et al. Science 2010;328:321-326

Published by AAAS



Historical Conclusions

Based on evolutionary and molecular studies:

• Aging has a genetic basis

• Longevity influenced by genes with major effects

• Gene pathways and cellular targets of aging 
appear to be evolutionarily conserved

Challenge:

• Can we translate lab findings to the real world?



Snoke & Promislow, 2003

Natural genetic variation

Lifespan is variable, heritable and polygenic



Lab—genes of major effect
Nature—genes of minor effect



Kettunen et al. Nature Genetics 2012

Genome Metabolome
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Metabolomics and Aging

1. Phylogenetic variation

– evolution of the metabolome

2. Genetic variation

– Genetics, metabolomics, and aging

3. Environmental variation

– Diet restriction and metabolomic networks



Metabolomics and Aging

1. Evolution of the metabolome

2. Genetics, metabolomics, and biomarkers of 
aging

3. Diet restriction and metabolomic networks



Effect of aging on the metabolome in the 
Drosophila Genome Reference Panel?
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- Genotype (15 inbred lines)
- Biological and technical 
replicates (~600 samples)

Hoffman et al. 2014. Aging Cell



Effects of age
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The Drosophila metabolome
is age-specific
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S
The Drosophila metabolome is 

sexually dimorphic

• Metabolite intensity positively 
correlated across sexes

• Substantial numbers of 
metabolites significantly 
dimorphic

• Caveat: Whole fly analysis, 
includes germ cells
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Age-Sex interactions
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Fatty acid 
metabolism

http://www.kanazawa-u.ac.jp/research_bulletin/feature201309F003.html

Hoffman et al. 2014. Aging Cell
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Hoffman et al. 2014. Aging Cell
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• Fatty acid metabolism
• Neurotransmitters
• Amino acids
• Glycerophospholipids



Metabolomics and Aging

1. Evolution of the metabolome

2. Genetics, metabolomics, and biomarkers of 
aging

3. Diet restriction and metabolomic networks



Metabolomics and Diet Restriction



Metabolomics & Diet Restriction

1. Does DR work by slowing aging of the 
metabolome?

2. Can metabolome networks point to 
mechanism?



Metabolomics and Diet Restriction

High yeast (AL) diet
Collect age 10, 20, 40 d

Low yeast (DR) diet
Collect age 10, 20, 40 d

X 6 samples/tissue

Pankaj
Kapahi

Matt
Laye

Buck Institute



Axis 2

Axis 3

Thorax Abdomen Head

 d = 0.02 

Diet restriction

Ad libitum

Principle Component Analysis
DR and body part
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• Amino acids
ile/leu, val, pro, phe, met, asp

• TRP degradation
L-kynurenine, 
aminocarboxymuconate
semialdehyde

• S-adenosyl methionine

• Gluconeogenesis
AMP, Fructose-6P, Glucose-6P



DR and 
metabolome network structure



Correlations vs. Main Effects
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WGCNA analysis of DR in flies
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Some gain connections, 
some lose connections…



Thorax Red/Black, DR

mz1548

mz2235
mz2173

mz2351

mz2220

mz1388

mz1834

mz2191

mz2281

mz2051

mz2547

mz2921

mz3122

mz2661

mz3580

mz3807

mz2924

mz3013

mz3649

mz3826

mz6346

mz8814

mz7779 mz8038

mz8314

mz7547

mz4759

mz8588

mz4826

mz5050

mz8862

mz12

mz14

mz9086

mz8869

mz9149

mz73

mz1191

mz850

mz9437

mz1321
mz1319

mz1300

mz1438 mz1355
mz1510

mz1550

mz618

mz166

mz42

mz700

mz27

mz814

mz7011

mz6775

mz6496

mz6668

mz7650

mz1677

mz1579

mz1564

mz1232

mz1285

mz866

mz1808

mz3558

mz3395

mz2050

mz3303

mz3239

mz2981

mz3064

mz3029

mz2993

mz3594

mz5658

mz5491

mz5575 mz5616
mz5564

mz5807

mz6016

mz3843

mz6187

mz4024

mz4144
mz6178

mz4128

mz6323

mz8814

mz6346

mz7779

mz5050

mz8038

mz8588

mz8314
mz7547

mz4759

mz4826

mz8862

mz2235

mz1388

mz2281

mz2220

mz1834

mz2351

mz2191

mz2051
mz2173

mz1548

mz2547

mz3580

mz3807

mz3122

mz3013

mz2924

mz2921

mz2661

mz3649

mz3826 mz8869

mz9086

mz1191

mz9149

mz850

mz12

mz73

mz14

mz9437

mz1319

mz1438 mz1355 mz1321mz1510

mz1550

mz1232

mz1579

mz1285
mz1564

mz1300

mz866

mz1677

mz1808

mz5564
mz5575

mz5491

mz5658mz5616

mz5807

mz6016

mz814

mz618

mz700

mz166

mz42

mz6668

mz7011

mz6775

mz6496

mz27

mz7650

mz3064

mz3239

mz3029

mz3303

mz3395

mz2981

mz3558

mz2050

mz2993

mz3594

mz6187

mz3843

mz4144

mz4024

mz6178

mz4128

mz6323

Thorax Red/Black, AL

…and some stay the same.



After Baker & Martin in Geriatric Medicine (ed. Cassel et al., 1997)

Next step: Identify modules
that age at different rates
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