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My goal is to study and implement strategies

for the promotion of HEALTHY LONGEVITY
_

HEALTHY LONGEVITY defined as

the ability of human beings to AVOID DISEASE
and DISABILITY and remain:

physically and cognitively healthy
happy and creative
enpowered

contributing to social and productive activities
active & independent

..... for as long as possible
....... iIdeally for the entire life.



Calorie restriction without malnutrition increases
maximal lifespan up to 50% in rodents
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Calorie restriction protects against

spontaneous, radiation- and
—

chemical- induced tumors

| Tumor
Caloric restriction (%) reduction
%
Number of (%)

experiments Range Mean (SE) Mean (SE)
9 0 0(1.5) -=9.5(10.2)

18 7-20 15.3(1.2) 20.2 (8.1)

22 21-30 25.9(1.1) 49.6 (6.4)

17 31-40 37.0(1.2) 52.5(7.8)

16 41-58 52.9 (1.1) 62.2(7.6)

Site- and fat-adjusted means + SE, weighted by number of animals per
experimental group.

Data from 82 published experiments involving several tumor sites in mice
Albanes D. Cancer Research 1987



~309% of the CR rodents dies

. without any gross pathological lesion

No pathological lesions

at necropsy
in 22 of 79 CR rats
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~20% of centenarians are escapers

In a longitudinal study of the 424 centenarians:

19% were ESCAPERS (= without common age-
associated disease before 100 years of age)

43% were delayers (= age-associated disease
after the age of 80 years)

38% were survivors (= age-associated disease
before the age of 80 years)

Evert et al., J. Gerontol. A Biol. Sci. Med. Sci 2003



CR reduces cardiovascular and cancer mortality
by 50% in non-human primates (WNPRC study)
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Proportion without age-related disease
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CR prevents cancer and diabetes, but does not

extend lifespan in non-human primates
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NIA CR monkey study

No cancer in 30% CR, but 6 cases in control monkeys
50% reduction in diabetes in 30% CR

37% of the control monkeys had died from age-
related causes vs only 13% in the CR group.

In both the NIA control and CR male monkeys
average lifespan for was ~45% longer than in
Rhesus monkeys kept in captivity (35.4 yrs vs 27 yrs)

4 CR and 1 control monkeys have lived more than 40
years, which is an extremely long life (> 120 yrs for
a human being)

Mattison et al. Nature 2012



Diet
composition

& nutrients

Natural ingredients

3.77 kcal/gr

17,3% protein (fish, soybean, wheat, corn)

5% fat (fish, soy oil, wheat, corn, alfalfa)

56.9% CHO (ground wheat and corn)
3.9% from sucrose

Vitamin supplementation +40% of RDA for
both CON and CR; all had same diet

Pesco-vegetarian diet

Semipurified pellets

3.9kg/gr

15% protein (lactalbumin)

10% fat (corn oil)

65% CHO (cornstarch, sucrose)
28.5% from Sucrose

Vitamin supplementation beyond
RDA only for CR monkeys

Semipurified diet rich in
refined foods



Effects of long-term CR in humans

Subjects: 35-82 vy, healthy volunteers

Cross-sectional study

CR (n=32) EX((=32) WD (n=32)

Age 52.2+1.8 53.0+£1.8 52.5£1.6
Sex (M/F) 27/5 27/5 27/5
Kcal/d 1781+75 2768t144 2581+99
Years (range) 8 (3-15) 21 (5-38) 52.5

EX: average miles/wk — 48.4 (range 26-90)



CR practitioner before starting CR

and after 7 years of CR
-—

Body weight 180 Ib or 81.6 kg (BMI 26.0 kg/m?) 134 |b, or 60.8 kg (BMI 19.4 kg/m?)
T-chol and LDL-c 244 mg/dl and 176 mg/dlI 165 mg/dl and 97 mg/dlI
Fasting glucose 87 mg/dl 74 mg/dl

Blood pressure 145/85 mmHg 95/60 mmHg

Fontana L et al. Science 2010
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Cardiometabolic risk factors

Value
CR Controls
Parameter (n = 18) (n = 18) Pvalue
Tchol, mg/dl 158 + 39 205 = 40 0.001
LDL-C, mg/dI 86 + 28 127 = 35 0.0001
HDL-C, mg/dI 63 + 19 48 = 11 0.006
Tchol /HDL-C ratio 2.6 +05 45+1.3 0.0001
TG, mg/dI 48 + 15 147 = 89 0.0001
TG/HDL-C ratio 0.8 +0.3 35+28 0.0001
Systolic BP, mmHg 99 + 10 129 = 13 0.0001
Diastolic BP, mmHg 61 =6 19 =7 0.0001
Fasting glucose, mg/dl 81 =7 95 + 8 0.0001
Fasting insulin, miU/ml 1.4 + 0.8 5.1+ 2 0.0001
Hs-CRP, ng/ml 0.2 0.2 16 2.2 0.001

Values are means + SD. IU, international unit; Hs-CRP, high-sensitivity CRP;

1 mmHg = 133 Pa.

Fontana et al., PNAS 2004



Absence of established risk factors at 50 yrs of age
is associated with very low lifetime risk for CVD

and markedly longer survival
-h

Men

Lifetime Risk for CVD (95% Cl), %

Risk Stratum* To75y To 95y Median Survival (IQR), y
Overall 15.0(32.9-37.2)  51.7 (49.3-54.2) 30 (22-37)

All optimal risk factors 5.2 (0-12.2) 5.2 (0-12.2) =30 (32—=45)

=1 Not optimal risk factor  17.6 (10.9-24.4)  36.4 (23.1-49.6) 36 (20-42)

=1 Elevated risk factor 26.0 (21.0-31.0)  45.5 (38.0-53.1) 35 (26-42)

1 Major risk factor 7.6 (33.8-41.5)  50.4 (46.2-54.5) 30 (23-36)

=2 Major risk factors 53.2 (47.1-59.3)  68.9 (61.7-73.2) 28 (18-35)

Framingham Heart Study

Lloyd-Jones et al., Circulation 2006



Long-term CR reduces metabolic factors
associated with cancer in humans

Reduces adiposity (Fontana et al. PNAS 2004)

Reduces insulin (Fontana et al. Age 2010)

Increases adiponectin (Fontana et al. Age 2010)
Reduces sex hormones (Cangemi et al. Aging Cell 2010)
Reduces inflammation (Meyer et al. JACC 2006)

Reduces oxidative siress (Hofer et al. Rejuv Res 2008)
(Omodei et al. Aging 201 3)

Longo and Fontana. Trends Pharmacol Sci 2010



Long-term CR reduces plasma IGF-1

concentration bx 20-40% in rats
—
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Long-term CR does NOT reduce

- serum IGF-1 concentration
.
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Moderate protein restriction
reduces serum IGF-1 concentration
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Diet composition: protein restricted

vegan diet versus CR diet

Age(yrs)

Body fat (%)
men
women

Calorie intake (kcal/d)

Protein intake
(%)
(g/Kg/day)

Fatintake (%)

PR vegan

(n=28)

53.4+11

15.2+£5.4%1
25.8£7.7*

1980=5357

9 6+3 3%
0.76+02*"

413+10%

CR diet
(n=28)

52.2+12

7.1+4.6*
20.5£9.9*

1772+3517

23.5£5.7F
1.73£0.4*

28.1£9*

Fontana et al., Aging Cell 2008

WD
(n=28)

53.7£8.2

23.6£6.5
36.9£3.9

2505+522

15.9£3.0
1.24+0.3

33.6x6



Protein requirements for healthy adults

EAR (50t percentile) = 0.65 g/kg/d
RDA (97.5% percentile) = 0.83 g/kg/d

—
2

m ONL
O Requirement

n = 224 individual subjects
from 32 studies

% of the distribution

Risk of deficiency (%)

020304 0506070809 1 1.1

Rand WM et al. AJCN 2003



Traditional dietary intake of Okinawans and Japanese in 1950
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Okinawa, 1949¢ Japan, 1950°

Total calories | 785¢ 2068
Total weight (grams) 1262 1057
Caloric density (calories/gram) 1.4 2.0
Total protein in grams (% total calories) 39 (9) 68 (13)
Total carbohydrate in grams (% total calories) 382 (RS) 409 (79)
Total fat in grams (% total calories) 12 (6) 18 (8)

Coronary Heart Disease
(ICD 410-414)

B Okinawa

OJapan
NU.S.

Colon Cancer
(ICD 153)

Prostate
Cancer
{IcD 185)

Breast

Cancer
(IcD 174)

A\

Life expectancy at birth:

Okinawa: 86yF;77.6yM
USA: 80y F;, 75y M
Life expectancy at age 65:
Okinawa: 24.1y F; 185y M
Japan: 225y F;17.6 y M

USA: 19.3yF; 162y M

Lymphoma
(ICD 200, 201, 202)

Willcox BJ et al. Ann NY Acad Sci 2007



Median lifespan (day)

i R=-0.33, P=0.01
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Plasma IGF-1 levels are negatively
correlated with median lifespan in mice
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(median lifespan: 251-964 days)

For the longer-lived strains (>600 days), the negative
correlation between lifespan and IGF-1 is stronger:

6 mos R=-0.53, P<0.01; 12 mos R=-0.39, P<0.01; 18
mos R=-0.3, P<0.05.

Yuan et al., Aging Cell 2009



Serum IGF-1 is associated with increased
risk of breast and prostate cancer

_
Plasma IGF RR RAR
Breast cancer (premenopausal, <50 years)
<158 ng/mL 10 1-0
158-206 ng/mL 2-64 312
=207 ng/mL 4-58 728
Prostate cancer
99-184 ng/mL 1-0 1-0
185-236 ng/mL 1-32 1-04
237-293 ng/mL 1-81 2-83
294-500 ng/mL 2-41 4-32

RR, relative risk; RAR, rnisk adjusted for IGFBFP3.

Hankinson SE, Lancet 1998 & Chan JM, Science 1998



Diet drives convergence in gut microbiome functions
across mammalian phylogeny and within humans
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In 18 CR individuals:

» Protein intake associated with KO data (R=0.307; adjusted p=0.030)
» Insoluble fiber associated with bacterial OTU (R=0.371; adjusted p=0.013

OTU = operational taxonomic units
KO = KEGG orthology groups Muegge et al. Science 2011




biomarkers of aging



CR ameliorates the decline in diastolic function

Western Diet CR

Parameter Mean+SD Mean+SD p value

Diastolic Function
E e (CM/sec) 64.3 £ 12.6 70.8+13.4 ns

Apeax (CmM/sec) 53.0+10.2 45.7+9.0 0.011
E/A 1.24 +0.28 1.61 +0.44 0.001
Atrial filling 0.35+0.05 0.29 £ 0.06 0.0001
fraction

Tissue Doppler Imaging

E’ sera (CM/sec) 102 +2.8 14.3 +3.0 0.001
Model Derived Parameters

c (g/sec) 19.6 £ 3.6 149+5.0 0.001

k (g/sec?) 2189+446 180.1+41.6 0.003

Meyer T et al. JACC 2006



Long-term CR opposes the age-associated
iImpairment of heart rate variability
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CR induces dramatic changes of the
skeletal muscle transcriptional profile

-that resemble those of younger individuals

PC3 (2.3 %)

009 o

PC1 (58.3 %)

Mercken et al., Aging Cell 2013
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Long-term CR decreases AKT phosphorylation

at both serine and threonine residues in muscle
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Conserved Nutrient Signaling Pathways Regulating Longevity

edton i catre nake Yeast Worms Flies ETHTELES
by restriction of nutrients
(glucose, fat, proteins,

amino acids) Dietary restriction Dietary restriction Dietary restriction Dietary restriction

Nutrients promote growth or
growth factors either directly

S Glucose, amino acids Ins/IGF-1-like | Life expectancy is Ins/IGF-1-like
(yeast) or by activating a cell 3 e e s e P
membrane receptor in a S S E———— * . 50% when the insulin- % + =
variety of cells. TOR is a protein kinase &rr | like receptor (INR) or N
that is part of the TOR EAF"?' . its receptor substrate / |
embrane. B8 signaling pathway. i . \ ] (CHICO) are mutated. E

Inhibition of nutrient-sensing [

pathways (colored dashed lines): @ G’?” EEER @
- TOR signaling pathway (green) I / \ (,Fﬂg'ﬂ/‘ X
- RAS-AC-PKA (purple) : / . )
- Insulin/igf-like signaling (blue) Y // \ In yeast and \

mice, mutations
. that cause AC or
In the presence of nutrients, T PKA deficiency

these conserved biochemical {, ;" extend longevity.

1 3
signaling pathways are activated. ! 7 nice such | = : _
g g p Y e _= RIM15 :..- — deficiencies : S6K deficiency
also reduce | in all rlnodel
age-related ..., organisms reduces

pathologies

| trapslation and
extends longevity.

GIS1, MSN2/4, HIF-1, DAF-16,
and FOXO are anti-aging

transcription factors that are
activated by dietary restriction
and regulate the expression of
enzymes and proteins involved

e —————————

FOXQ and its homolog |

Gl lati fii o | I | ati | i lati DAF-16 activate protective
in protective and metabolic yc?gerl accumulation (except flies an mamma s), glycerol accumulation (only yeast), fat accumulation (except yeas't’), systems and are required
activities that increase life span antioxidant enzyme SOD, catalase (except flies), HSPs (except mammals), autophagy, translation, ER stress, other? . L?;:;r;g?;ifgg ea);:gr'\i;gg in

r 2 ) ) .
(solid red arrows). ‘ g Similar transcription factors

extend life span in yeast.

In the presence of nutrients,
anti-aging transcription factors
are kept in the cytoplasm in an
inactive form.

Yeast is a simple and unicellular In worms, the role of genes in Studies of flies have begun to Reduced activity of the pro-aging
organism with a short life span, different cell types in aging and reveal how different genes, cell genes identified in yeast, worms,
facilitating the study of aging mecha- age-dependent loss of function can types, and factors affect life span. and flies seems to mediate some

nisms. Several pro-aging genes be investigated. The pro-aging Mutants help to determine the of the anti-aging effects of dietary
identified in yeast promote aging insulin/IGF-1-like genes were first tissue-specific effects of particular restriction in mammals. Incidence

in mammals (S6K, AC, PKA). identified in worms. genes on aging. of chronic diseases is lowered.

Fontana L et al. Science 2010
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Mammalian animal models of longevity

Calorie restriction and intermittent fasting\

Methionine restriction

Ames and Snell dwarf mice
Growth hormone receptor KO mice
IGF-1 receptor deficient mice

Klotho overexpressing mice

Fat Insulin Receptor KO (FIRKO) mice
Insulin Receptor Substrate 1 KO mice
Brain IRS-2 KO mice

PAPP-A KO mice

Ribosomal S6 protein kinase-1 KO mice
Transgenic overexpression of FGF-21
Rapamycin supplementation

SIRT6 overexpressing mice .
p66shc KO mice

Type 5 Adenylyl Cyclase KO mice

Angiotensin Il type 1 receptor KO mice

Down regulation
Insulin/IGF-1/mTOR
pathway
Nutrient —sensing
sighaling pathways

Mice overexpressing catalase targeted to mitochondria



GH receptor KO mice live 40-50%
- Ionaer than WT mice
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Body weight (g) 36.7T = 1.6 29.5 = 0.5° 158 = 1.1° 13 = 0.3°
Glucose (mg/dl) 189.4 = 9.6 139.7 = 14.1° 155 = 14.1*% 748 = 11.5°
Insulin (ng/ml) 42 0.7 1.4 = 0.2° 0.9 =0.1° 04 =0.1°
IGF-I (ng/ml) 315 + 29¢ 194 = 33° ND ND
Corticosterone (ng/ml) 29.0 = 8.17 443 = 11.2° 83.6 + 18.6° 86.3 + 11.6°
Glucagon (ng/ml) 62.8 + 8.4 66.4 = 11.6 75.8 £ 5.6 78.5 9.8
Leptin (ng/ml) 59 x1.0° 2.3 = 0.4° 99 =18 4.7 = 0.6%°
Adiponectin (pg/ml) 55+ 04" 51 =+03° 7.7 +=0.3° 8.6 +0.8°

Bonkowski et al., PNAS 2006

COSCHIGANO et al., Endocr 2000
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Life expectancy almost doubled
- between 1840 and 2007
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Years

Age distribution (%)

0-14 15-64 65+ 80+
2001 14.4 67.4 18.2 4.1
2010 14.1 65.3 20.6 9.9
2030 11.6 60.4 28.0 9.4
2050 11.4 o94.2 34 .4 14.2



Prevalence of chronic disease in
individuals older than 65 years

U.S. Older Adults, %

100% -

OO0OmM1 0203 M4+ diseases

0 re]
80% 19 — o
60% 20.4
30.2

40% A 29.7

0% 13.1 8.8 7.8

1998 2004 2008
Year

Hung et al. BMC Geriatrics 2011 11:47



Epidemic of overweight & obesity
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Solving the “Healthy
Longevity” Puzzle

| &
Genetics

Calorie intake Vitamin D

Protein mtake Social relationships

Exercise
Training

Vitamins
&

Smoking

Phytochemicals Pollution
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Potential lifespan/
Life expectancy

Poor health
Decreased survival

Good health
Increased survival

Poor health
Decreased survival

Metabolic dysfunction:
Insulin resistance
Amenorrhea
Infertility

Immune dysfunction

Cardiac dysfunction
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