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We arenôt doing a good job



Are We Already at the Limit ?

Olshanksy and Carnes, J Gerontol A Biol 

Sci Med Sci , 2019, 74(S1): S7ðS12

Jay Olshanksy



Lifespan vs. Healthspan



Long -Lived People Age Well

Jeanne Calment
Longest human lifespan 

122 years, 164 days

ÅLived on her own until 110

ÅRode a bicycle at over 100

ÅTook up fencing at 85

òAlways keep your smile.  Thatõs 
how I explain my long life.ó



The Lessons Arenõt Always Clear

Jeanne Calment
- Smoked until the age of 117

ÅGeneral consensus is that lifespan is ~20 -25% heritable

Å But individual genes have small effect sizes in GWAS



Challenges Testing Human Longevity

üVery limited ability to genetically or 

pharmacologically manipulate the system

üHuge genetic, environmental, and 

behavioral diversity

üOne experiment per lifetime





Why Be Hopeful ?

Evolution doesnõt care about longevityé.only 
reproductive success.

The fact that we donõt live longer is not 
evidence that we canõt.

Germ cells have to be 
immortaléso they are.



We donôt know how to extend our 

maximum lifespans

But nature doesé



Negligible Senescence

Bristlecone Pine Max. lifespan over 

5000 years
Yelloweye Rockfish (Red Snapper) 

Max. lifespan over 115 years

Aldabra Tortoise Max. lifespan 

over 255 years



Selecting Longer Life in Drosophila

Michael R. Rose, Evolution, 1984

Base stocks

15 generations 

of selection for 

late -life fertility



ñIsland Effectò in Virginia Opossums

Steven N. Austad, J. Zool., 1993



Lifespan is Plastic in Model Organisms

Ayyadevara et al, Aging Cell, 2008

age -1 mutantsNormal 

controls

age -1 mutation in C. elegans



The Geroscience  Hypothesis

òTargeting fundamental aging processes might delay, 

prevent, alleviate, or reverse a wide range of diseases 

and conditions.ó
- Justice et al, J Gerontol  A Biol Sci Med Sci 71:1415, 2016

Aging is the biggest 

risk factor for 

(almost) everything

Source: GERO LLC



What causes aging ?

Can we slow it down ?

50 71

49 69
?



The Rate of Living Theory

òIn general , the duration of life 
varies inversely with the rate of 
energy expenditure " 

Raymond Pearl

Photo from Genetics . 162: 997-1001, 2002 

Pearl, R. (1928). The Rate of Living . 

London: University of London Press. 



KOTTKE.ORG



Free Radical Theory of Aging  - 1956

Denham Harman
von Zglinicki , T. Ageing at the molecular 
level. Kluwer  Academic: Boston, 2003

Mitochondrial  Free Radical Theory of 
Aging - 1972





McCay  et al. Journal of Nutrition, 1935
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McCay  et al. Journal of Nutrition, 1939



Just likes to be in pictures

calorie restricting

calorie restricting

calorie restricting



CALERIE: 2 Years of CR in Humans

Ravussin et al, J Gerontol A Biol Sci Med Sci, 70:1097 (2015)

òédecreases in cardiometabolic risk factors and in 

daily energy expenditure adjusted for weight change, 

without adverse effects on quality of lifeó

Cholesterol Triglycerides Insulin Resistance Blood Pressure

Longevity ?



Caloric Restriction in Rhesus Macaques

Colman  et al . Science . 325:201 (2009)

CRControl



2 Studies of Caloric Restriction in Primates

Colman  et al . Science . 2009, Mattison et al. Nature . 2012, Colman et al. Nat Comm . 2014, Mattison et al. Nat Comm . 2017

Disagreement on Mortality Delayed Disease

v

v v



Is Calorie Restriction Evidence for the 

ñRate of Livingò or Free Radical 

Theory of Aging?



Many Gene Deletions Blocks CR in Model 

Organisms ð Active Signaling ?

Bishop and Guarente, Nature, 447:545 (2007)

skn-1

Panowski et al, Nature (2007)

pha -4



Smelling Yeast Shortens Drosophila Lifespan

Libert et al, Science, 315:1133 (2007)



Correlation 

Between 
Metabolism 

and Lifespan 

in Female 
Outbred Mice

Speakman, JR 

et al . J. Nutr . 

132:1583S-

1597S, 2002 



Van Remmen  et al . Physiol. Genomics 16:29 (2003) 

Superoxide Dismutase Deficiency Does 

not Shorten Life



Bjelakovic  et al., Cochrane Database Syst Rev. 2012 Mar 14;3:CD007176 

Antioxidant Vitamins Do Not Extend Life

Authorsõ conclusions:

òWe found  no  evidence  to  support  antioxidant

supplements  for  primary  or secondary  prevention . 
Beta -carotene  and  vitamin  E seem  to  increase  

mortality,  and  so may  higher  doses of  vitamin  Aéó

 

Cochrane Database Systemic Review of 78 

randomized clinical trials comprising 296,707 

participant, assessing mortality:



There is No Widespread Agreement on the 

Fundamental Cause of Aging

ü DNA Mutations

ü DNA repair defects and radiation cause progeroid syndromes

Oshima et al, Ageing Res Rev, 33:105 (2016)

Werner Syndrome (DNA helicase mutation)



There is No Widespread Agreement on the 

Fundamental Cause of Aging

ü DNA Mutations

ü DNA repair defects and radiation cause progeroid syndromes

ü Serial cloning from adult cells does not shorten lifespan

Generation of serial clones Wakayama et al, Cell 

Stem Cell, 12:293 (2013)



There is No Widespread Agreement on the 

Fundamental Cause of Aging

ü DNA Mutations

ü DNA repair defects and radiation cause progeroid syndromes

ü Serial cloning from adult cells does not shorten lifespan

ü Mitochondrial DNA Mutations ( Heteroplasmy )

ü mtDNA  mutations accumulate with age and increasing them 
causes a progeroid syndrome in mice



POLG óMutatoró Mice

Error-prone copying of mtDNA

Trifunovic et al, Nature, 429:417 (2004)Kujoth et al, Science, 309:481 (2004)



There is No Widespread Agreement on the 

Fundamental Cause of Aging

ü DNA Mutations

ü DNA repair defects and radiation cause progeroid syndromes

ü Serial cloning from adult cells does not shorten lifespan

ü Mitochondrial DNA Mutations ( Heteroplasmy )

ü mtDNA  mutations accumulate with age and increasing them 
causes a progeroid syndrome in mice

ü mtDNA  deficient cells are rare in aged mice and mutator 
mice appear to have a much greater mutation burden



There is No Widespread Agreement on the 

Fundamental Cause of Aging

ü DNA Mutations

ü DNA repair defects and radiation cause progeroid syndromes

ü Serial cloning from adult cells does not shorten lifespan

ü Mitochondrial DNA Mutations ( Heteroplasmy )

ü mtDNA  mutations accumulate with age and increasing them 
causes a progeroid syndrome in mice

ü mtDNA  deficient cells are rare in aged mice and mutator 
mice appear to have a much greater mutation burden

ü Epigenetic Changes

ü DNA methylation measurably shifts with age -> òclocksó

ü Reprogramming factors can reset the methylation clock



Partial Reprogramming

Expression of 3 of the 4 Yamanaka factors required to 

generate induced pluripotent stem cells (OSK)

Macip et al, Cell Reprogram, 26:24 (2024)



There is No Widespread Agreement on the 

Fundamental Cause of Aging

ü DNA Mutations

ü DNA repair defects and radiation cause progeroid syndromes

ü Serial cloning from adult cells does not shorten lifespan

ü Mitochondrial DNA Mutations ( Heteroplasmy )

ü mtDNA  mutations accumulate with age and increasing them 
causes a progeroid syndrome in mice

ü mtDNA  deficient cells are rare in aged mice and mutator 
mice appear to have a much greater mutation burden

ü Epigenetic Changes

ü DNA methylation measurably shifts with age -> òclocksó

ü Reprogramming factors can reset the methylation clock

ü Whether clocks accurately predict health or longevity is 

unknown



How Do We Approach Aging Without 
Being Sure of the Cause ?

ü Explore existing drugs that seem to have positive 

effects

ü Intervene in age -related changes that are more 

accessible

ü Young blood ?



Heterochronic Parabiosis

Zhang et al, Nature Aging, 3:948 (2023)

Exposure to young blood extends mouse lifespan

OLD-ISO

OLD-HET



Metformin Lengthens Life in Diabetics

Bannister et al, Diabetes, Obesity, and Metabolism, 16:1165 (2014)



TAME (Targeting Aging with Metformin)

ü A placebo -controlled multi -center study of ~3000 

elderly people with a composite outcome 

evaluating multiple age -related diseases.

üòAn intended consequence of this effort is to create 

a paradigm for evaluation of pharmacologic 

approaches to delay aging.ó

Barzilai et al, Cell Metab  23:1060, 2016



GLP-1R Agonist ( Semaglutide /Ozempic)

All-cause deaths

Scirica et al, J Am Coll Cardiol (2024)



Restoring Lean (Muscle) on Ozempic

Nunn et. al, Mol Metab , 2024



Eliminating Senescent Cells

Baker et al, Nature (2016)

Genetic removal of 

p16 + senescent cells
ü Senescent cells

ü Growth arrested

ü Secrete inflammatory 
factors

ü Promote cancer

ü Accumulate with age

ü Genetic or 
pharmacological 
elimination in mice is 
beneficial 

p16 + cells 

removed



v

NAD+ Correlates With Age and Functional Status

Janssens et al., Nature Aging , 2022

v

ü NAD+ is critical > 500 
biochemical reactions

ü Levels fall with age in 
multiple tissues of mice 
and humans

ü Supplementation 

ü Has anti -inflammatory 
effects

ü Improves function in 
mitochondrial 
myopathy 

ü Improves peripheral 
artery disease



Nicotinamide Riboside (NAD + Booster) 

Rescues Lethal Arrhythmias

Cardiac NAD Depletion Leads to Left Ventricular Hypertrophy and Heart Failure

Khanh V. Doan1, Thato Ts'olo¹, James G. Davis¹, Gabriel Azdika¹, Sarmistha Mukherjee¹, David W Frederick¹, Ryan B Gaspar¹, Corey Holman¹, Won-Dong Lee², Joseph A. Baur¹*

¹ Department of Physiology and Institute for Diabetes, Obesity, and Metabolism, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA 19104, U.S.A.

² Lewis-Sigler Institute for Integrative Genomics, Department of Chemistry, Princeton University, Princeton NJ 08544, U.S.A.
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Tamoxifen-inducible knockout mouse model
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Transferrin receptor 1 (TfR1) staining
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Abstract

Nicotinamide adenine dinucleotide (NAD+) is an essential cofactor in metabolic reactions and co-substrate for cellular enzymes that become limiting under 

severe nutritional stress or pathological conditions. Heart failure (HF) might be one such condition because expression of the NAD+ biosynthetic enzyme 

nicotinamide phosphoribosyltransferase (Nampt) is decreased, and NAD+ levels are lower in failing hearts. Moreover, whole-body supplementation with NAD+ 

precursors is therapeutic in preclinical models of HF. We tested whether cardiomyocyte-specific depletion of NAD+, secondary to Nampt deletion, is sufficient 

to impair heart function in the absence of other pathological conditions. In both genders, loss of Nampt initially caused a left ventricular hypertrophy (LVH) 

without changes in myocardial contractility and cardiac function. After a compensated period approx. 2 months, cardiac function and exercise endurance 

of the cardiac-specific Nampt knockout (cNKO) mice started declining and significantly decreased at 12 weeks post-deletion. Gene expression and histological 

analyses of Nampt-null hearts showed typical features of HF development including hypertrophy, fibrosis, and oxidative stress. As NAD+ levels dropped drastically 

(70-80%), myocardial tissues of cNKO mice were hyperacetylated, hypo-ribosylated, and altered in normal fuel metabolism, characterized by marked increase 

in glycolysis, reduced fatty acid metabolism, and decreased cellular energetic capacity. Moreover, about 50-60% of the cNKO mice suffered from a sudden 

cardiac death when Nampt-null hearts progressed to a decompensated stage. Restoring cardiac NAD+ with nicotinamide riboside (NR), an NAD+ precursor, 

supplementation completely abolished cardiac abnormalities and sudden death in the cNKO mice, highlighting a direct causal relationship between cardiac 

NAD+ loss and hypertrophic remodeling and HF development. 

NAD+

pre-

cursors

Bioenergetics

Oxidative stress

Protein hyper-acetylation

Inflammation

Fatty acid oxidation Mitochondrial function

Experimental design & Techniques

Figure 2. Loss of cardiac NAD+ reprograms cellular metabolism, imparing myocardial energetics.

Figure 3. Sudden death and heart failure development induced by cardiac NAD+ depletion.
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*Correspondence: J.A.B (baur@pennmedicine.upenn.edu)

- Loss of cardiac NAD+ is sufficient to drive the development of ventricular hypertrophy and 

  heart failure in the absence of other pathological conditions.

- Boosting cardiac NAD+ with nicotinamide riboside (NR) prevents cardiac remodeling and 

  heart failure development.  

We thank all members of the Baur Lab and the Arany Lab for their helps and discussions, Pennôs Rodent Metabolic 

Phenotyping Core, and IDOM Small Animal Imaging Facility for their assistance in this study. 

This work is supported by grants from the National Institutes of Health (R01DK098656 to J.A.B).

Echocardiography

ultrasound scanner

Treadmills for small rodents

High-resolution 

respirometry

Metabolomics

LC-MS

A, NAD+, B, NADH, and C, NAD+/NADH ratio in heart ventricular tissues. D-F, Left ventricle (LV) M-mode images (D), posterior thickness (E), 

and mass (F) from echocardiography at 4-weeks post-deletion. G, Heart weight/ body weight ratio. H-J, Staining images (H) and quantification 

of fibrosis (I) and TfR1 (J) of heart tissues. K, Gene expression in the myocardial tissues.  

Figure 1. Cardiac NAD+ depletion leads to left ventricular hypertrophy.

A, B, C, Metabolomics analysis of myocardial tissues at 8-weeks post-deletion. D-F, Western blot (D, E) and QPCR (F) of myocardial tissues. 

G, H, Mitochondrial NAD+ levels (G) and cellular respiration capacity (H) of myocardial tissues at 12-weeks post-deletion.

A, Kaplan-Meier curve measuring survival of mice. B, Scheme of telemetry study for continously recording ECG and blood pressure and 

software for HRV analysis. C, D, Time-domain (C) and frequency-domain (D) parameters from HRV analysis of ECG. E, Changes in mean 

arterial blood pressure (MAP) 1-week post-TAM. F, mRNA expression of heart failure markers in the myocardial tissues. 

G-J, Echocardiography parameters at 12-weeks post-deletion including LV mass (G), LV internal diameter (H), fraction shortening (I), and 

ejection fraction (J). K, Running time until exhaustion on treadmills of mice at 12-weeks post-deletion.

Knockout

(Low NAD)

NR Rescue



Rapamycin

Dibble and Manning, Nature 15:555 (2013)

Inhibitor of mTORC1 (acute) and mTORC2 (chronic)

Rapamycin



Rapamycin  Extends Mouse Lifespan

Miller et al, Aging Cell (2013)

15% Lifespan extension in marmosets reported in abstract form 

(Salmon et al AGE 2024)



mTORC1 Inhibitors Improve Viral Immunity

Mannick et al, Lancet Healthy Longev 2:e250 (2021)

1676 Participants 

over age 65 

treated for 16 -24 

weeks

Data shown are 

òsevereó cases



Should We Try Everything That Comes Along ?

It is much easier to shorten life then to lengthen it!!!



Rapamycin risks emerging ?

Despite the immense potential from 
pre -clinical trials, my team and I 
came to the conclusion that the 
benefits of lifelong dosing of 
Rapamycin do not justify the hefty 
side -effects (intermittent skin/soft 
tissue infections, lipid abnormalities, 
glucose elevations, and increased 
resting heart rate).



Summary

Donõt smoke

Exercise

Eat Vegetables

There is hope for interventions in aging, but science takes time

- Letõs all start from the good end of the control curve
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