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Intermittent Bioenergetic Challenges
Improve Brain Health

“Challenges prolong life, while complacency hastens
death.”

Mark P. Mattson, Ph.D.

Chief, Laboratory of Neurosciences, NIA IRP, NIH
Professor, Department of Neuroscience, Johns Hopkins University

'The sands of time' by Kirsten Lee, inspired by the perspective on
healthy brain aging in Nature Reviews Neuroscience (Stranahan and
Mattson. 2012; 13:209-216).
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Age and Sex Structure of the US Population in 2010, 2030 and 2050

B 2010
E 2030
= 2050

Males

Dementia
Parkinson’s disease &
Stroke

CV disease
Cancers
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Mechanisms by Which Aging, Together with Genetic and Lifestyle Factors Promote
Neurodegeneration

AGING/genes/lifestyle

|

Impaired Bioenergetics
Impaired Calcium Handling
s PROTEIN AGGREGATION/TOXICITY

Oxidative Stress ‘ AB
DNA Damage {

. Tau
Impaired Autophagy
Inflammation 3 TDP-43

! ’ a-Synuclein
' Synapse dysfunction
Synapse degeneration =3 DEMENTIAS

=> Impaired Adaptive Neuronal death

Stress Responses Parkinsonism

Mattson MP. 2004. Pathways towards and away from Alzheimer's disease. Nature 430:631-9.
Mattson MP, Magnus T. 2006. Ageing and neuronal vulnerability. Nature Rev Neurosci. 7(4):278-94.

Lee EB, Mattson MP. 2014. The neuropathology of obesity. Acta Neuropathol. 127:3-28.



As time passes, the ‘obesity/diabetes belt’ will likely become the ‘dementia belt’

Life expectancy (males)

Cardiovascular disease mortality rate
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High School Graduates

Childhood Obesity

Pereent attaining at least
a high school graduate
education or equivalent
by county
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3 H-glucose uptake (cortical cells)
(cpm/mg/min)

Mark et al. « B-Amyloid, Peroxidation, and Glucose Transport

FDG PET

Regional glucose uptake is reduced in Alzheimer’s disease

Alzheimer's brain

Normal brain

Amyloid B-peptide impairs neuronal glucose uptake in hippocampal and cortical neurons
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There is an inverse correlation between the regional change in cerebral metabolic rate (CMR) of acetoacetate
and CMR of glucose pre- to post-ketogenic diet (4 days of KD including MCT).
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There is a direct, linear relation between plasma ketone concentration and
brain ketone uptake in healthy older subjects and AD patients
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EXERCISE
ENERGY RESTRICTION

INTELLECTUAL ENDEAVORS

CHEMICALS in FRUITS and VEGETABLES ?

V

Adaptive Responses
3-hydroxybutyrate (ketone)

Neurotrophic factors (BDNF)

Sirtuins

Mitochondrial biogenesis
GABAergic tone

DNA repair proteins
Protein chaperones
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Slowmg
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Thwartmg r Clock

>

‘ REDUCED PRODUCTION AND ENHANCED
CLEARANCE OF PATHOGENIC PROTEINS

Bolstered Bioenergetics
Improved Calcium Handling
Reduced Oxidative Damage
Enhanced Autophagy
Reduced inflammation

7

;V"apticlp""‘s“.c"‘l’ —> OPTIMAL BRAIN FUNCTION
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Neurogenesis AND RESISTANCE TO INJURY
AND DISEASE

Mattson MP. 2012. Cell Metab. 16:706-722.
Stranahan AM, Mattson, MP. Nat. Rev. Neurosci. 13:209-216.
Raefsky S, Mattson MP. 2016. Free Rad Biol. Med. 102:203-216.






The need to acquire food has been a primary ‘driver’ of brain evolution,
including the superior imagination and creativity of humans
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Mice that overeat and are diabetic (db/db mice) exhibit reduced synapse numbers and BDNF levels in the
hippocampus, whereas dietary energy restriction and running increase synapse numbers and BDNF levels

Dendritic spines (postsynaptic structures)
on hippocampal neurons
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Stranahan et al. (2008) Nature Neurosci. 11: 309-317.
Stranahan et al. (2009) Hippocampus 19: 951-961.
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Higher body mass index is associated with episodic
memory deficits in young adults
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Adjusted Predicted 1Q Score

Adjusted Predicted Executive Function
(time to complete Part B)

Children (10 years old) of overweight and obese mothers have reduced 1Q and poorer executive brain function
compared to children of normal or low body weight mothers

851
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TABLE 3 Multivariable linear and negative binomial regression estimates of the association between
prepregnancy BMI and offspring intelligence and executive function’

Executive function Executive function time to
Prepregnancy BMI,% kg/m? I perseverative errors® complete TMT-B s
18 -0.3(-26, 1.9) 0.93[09,1.0] 3.3(-60, 13)
20 -02(-13,09) 0.97 (09, 1.0] 17(-31,64)
2 0.0 10 0.0
24 -05(-09, —-0.1) 1.0[1.0,1.4] 2.0(04,386)
26 -1.1(-18, -03) 1.0[08,1.1] 4.1(09,73)
28 —15(-286, —04) 1.0(09,1.1] 6.0 (1.3, 11)
30 —2.1(-386, —05) 0909, 1.1] 8.1(18, 15)
32 —25(—45, —086) 0909, 1.1] 10.1 (2.2, 18)
34 —3.2(-586, —08) 091[08,1.1] 12.7 (28, 3)

530 children tested

Pugh SJ et al. Journal of Nutrition 2015; 145:2562-9.



Individuals with abdominal obesity and type 2 diabetes have significantly smaller sizes of brain regions critically involved
in learning and memory (hippocampus and cerebral cortex)

o o
@ ’ P Los | ONE Abdominal Obesity, Type 2 Diabetes and Brain Atrophy

Table 2. Assoclations of type 2 diabetes mellitus (T2D), waist-hip ratio (WHR), body mass index (BMI), mean steps/day and cortical volumes
(n = 560). B is unstandardized coefficient. Cl-confidence interval. All regressions adjusted for age, sexand total intracranial volume.

T2D B P WHR B P BMI B (95% CI) P Mean steps/day B P
(95% Cl) value (95% CI) value value (95% CI) value

Total gray matter volume -10.04 0.001 -107.77 <0.001 -0.82 0.01 0.001 0.02
(ml)

(-15.89,-4.19) (-146.81, (-1.47,0.18) (0.0001, 0.002)

-68.73)

Left hippocampal volume -0.39 <0.001 -1.48 <0.001 -0.01 0.03 0.00002 0.005
(ml)

(-0.47, -0.32) (-2.03, -0.93) (-0.01, -0.001) (5.39°%, 0.00003)
Right hippocampal volume -0.45 <0.001 -1.18 <0.001 -0.009 0.05 0.00002 0.002
(ml)

(-0.53, -0.37) (-1.77, -0.59) (-0.02, (7.93°%, 00003)

-0.00002)

Total hippocampal volume -0.85 <0.001 270 <0.001 -0.02 0.02 0.00004 0.001
(ml)

(-0.99, -0.70) (-3.76, -1.64) (-0.04, -0.003) (0.00002, 0.00007)

doi:10.137 1/journal.pone 0142589.t002
258 T2D patients 302 healthy controls



Caloric restriction results in increased sizes of brain regions critical for learning and memory, as well as increased
communication (functional connectivity between these and other brain regions)
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Alternate Day Fasting During Training Enhances Performance in an Endurance Running Challenge

Ad libitum feeding (AL) sedentary AL - exercise
Alternate day fasting (ADF) ADF - exercise

Training Protocol
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Neurons




Running wheel exercise increases plasma 30HB levels, and hippocampal BDNF levels are correlated with plasma
30HB levels in mice
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Marosi, K., S. W. Kim, K. Moehl, M. Scheibye-Knudsen, A. Cheng, R. Cutler, S. Camandola and M. P. Mattson (2016)
3-hydroxybutyrate regulates energy metabolism and induces BDNF expression in cerebral cortical neurons. J.
Neurochem. In press.



The ketone 3-hydroxybutyrate (30OHB) induces expression of BDNF in cerebral cortical neurons
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Neuron, Vol. 39, 1-20, July 31, 2003, Copyright ©2003 by Cell Press

Triple-Transgenic Model of Alzheimer’s
Disease with Plaques and Tangles:
Intracellular A3 and Synaptic Dysfunction

Salvatore Oddo,' Antonella Caccamo,'?
Jason D. Shepherd,'® M. Paul Murphy,?
Todd E. Golde,’ Rakez Kayed,?

Raju Metherate,! Mark P. Mattson,*
Yama Akbari,! and Frank M. LaFerla'*

harvest single-cell embryos

—»  Genotypic analysis




Alternate day intermittent fasting and daily CR (time-restricted feeding) prevent cognitive deficits
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17 month old females

AL — ad libitum
IF- intermittent (alternate day) fasting
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A ketone ester diet exhibits anxiolytic and cognition-sparing properties, and lessens amyloid and tau pathologies
in a mouse model of Alzheimer's disease. Kashiwaya Y, Bergman C, Lee JH, Wan R, King MT, Mughal MR, Okun E,
Clarke K, Mattson MP, Veech RL. Neurobiol Aging. 2013 Jun; 34:1530-9.
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Astrocyte

Microglia

Interneuron

ROS
Cytokines
Trophic factors
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Cell Metabolism

Mitochondrial SIRT3 Mediates Adaptive Responses
of Neurons to Exercise and Metabolic and Excitatory
Challenges

Graphical Abstract Authors

Aiwu Cheng, Ying Yang, Ye Zhou, ...,
Magdalena Misiak, Vilhelm A. Bohr,
Mark P. Mattson

Highlights
e Exercise and glutamatergic signaling induce SIRT3
expression in cortical neurons

¢ SIRT3 deacetylates SOD2 and cyclophilin D in neuronal
mitochondria

e SIRT3 prevents neuronal death in mouse models of epilepsy
and Huntington’s disease

metabolic stress ¢ SIRT3mediates adaptive responses of neurons to excitotoxic
excitotoxicity and metabolic stress

: neurodegeneration




Sirt3 deficiency results in hyperacetylation of mitochondrial proteins including SOD2 and cyclophilin D
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Glutamate receptor activation and running wheel exercise increase Sirt3 expression in brain cells
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Sirt3 protects neurons against excitotoxicity
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Sirt3 protects neurons against excitotoxicity
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Intermittent Fasting and Health | Mark P. Mattson,

EFFECTS OF INTERMITTENT
FASTING ON THE BODY AND BRAIN
THAT MAY THWART OBESITY AND
CHRONIC DISEASES

BLOOD -

Decreased insulin, IGF-1
and leptin. Increased ketones,
adiponectin and ghrelin.

LIVER®

Increased insulin sensitivity
Ketone body production
Decreased IGF-1 levels

INTESTINES

Reduced energy uptake
Reduced inflammation
Reduces cell proliferation

IF Promotes Fat ‘Burning’ and

BRAIN

Improved cognitive function
Increased neurotrophic factors
Increased stress resistance
Reduced inflammation

Ve HEART
Reduced resting heart rate
Reduced blood pressure

Increased stress resistance

——FAT CELLS
Lipolysis

Reduced leptin
Increased adiponectin
\ Reduced inflammation

| | muscLe

Increased insulin sensitivity
Increased efficiency
Reduced inflammation

the Production of Beneficial Ketones



INTERMITTENT FASTING AND HEALTH: HUMAN STUDIES

Johnson, J. B., W. Summer, R. G. Cutler, B. Martin, D. H. Hyun, V. D. Dixit, M. Pearson, M.
Nassar, S. Maudsley, O. Carlson, S. John, D. R. Laub and M. P. Mattson (2007) Alternate
day calorie restriction improves clinical findings and reduces markers of oxidative stress
and inflammation in overweight adults with moderate asthma. Free Rad. Biol. Med.
42: 665-674.

Harvie, M. N., M. Pegington, M. P. Mattson, J. Frystyk, B. Dillon, G. Evans, J. Cuzick, S.
Jebb, B. Martin, R. G. Cutler, T. G. Son, S. Maudsley, O. D. Carlson, J. M. Egan, A.
Flyvbjerg and A. Howell (2010) The effects of intermittent and continuous energy
restriction on weight loss, and metabolic disease risk markers: a randomized trial in
young overweight women. Int. J. Obesity. 35: 714-727.

A TRIAL OF INTERMITTENT FASTING SUBIJECTS AT RISK FOR COGNITIVE IMPAIRMENT
(active). Dimitrios Kapogianis et al.

Ages 55 —70. Overweight and insulin resistant.

Cognitive testing — executive function

Structural and functional MRI (regional volumes, DMN, executive function circuits)
MRS spectroscopy — GABA, glutamate, energy metabolism markers

Cerebrospinal fluid — BDNF, AB, pTau, markers of oxidative stress and inflammation
Plasma energy-regulating hormones and various markers of interest

ANS function — heart rate variability



Johnson, J. B.,, W. Summer, R. G. Cutler, B. Martin, D. H. Hyun, V. D. Dixit, M. Pearson, M. Nassar, S.
Maudsley, O. Carlson, S. John, D. R. Laub and M. P. Mattson (2007) Alternate day calorie restriction
improves clinical findings and reduces markers of oxidative stress and inflammation in overweight adults
with moderate asthma. Free Rad. Biol. Med. 42: 665-674.
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Discover natuse's
ultimate secret
for burning fut,
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Typical American Eating Pattern (3 meals plus a late evening snack every day)
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Mattson MP. (2012) Energy intake and exercise as determinants of brain health and vulnerability to injury and
disease. Cell Metab. 16:706-722.
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Alternate day fasting extends average and maximum lifespan in Wistar rats, whereas exercise is only modestly beneficial
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When on a 40% caloric restriction diet, rats and mice eat all food within a 4 — 6 hour time window
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When initiated at 10 months of age, intermittent fasting extends lifespan by 30% in rats
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Historical Perspective "I fast for greater physical and mental efficiency.” Plato

c.428-c.348 BC

The theory of forms

Philosophy begins in wonder.

"Fasting is the greatest remedy-- the physician within."
Philippus Paracelsus, one of the three fathers of Western medicine

"A little starvation can really do more for the average sick man than can the best medicines and
the best doctors.” Mark Twain

"Humans live on one-quarter of what they eat; on the other three-quarters lives their doctor."

Egyptian pyramid inscription, 3800 B.C.
“A full belly makes a bad brain” Ben Franklin



The Fasting Cure
by

UPTON SINCLAIR

COPYRIGNT, 1911, BY
MITCHELL KENNERLEY

N the Cosmopolitan Magazine for May, 1910,
and in the Contemporary Review (London)
for April, 1910, I published an article dealing
with my experiences in fasting. I have written a
great many magazine articles, but never one
which attracted so much attention as this. The



My object in publishing this book is two-fold:
first, to have something to which I can refer
people, so that I will not have to answer half a
dozen “ fasting letters ”’ every day for the rest of
my life; and second, in the hope of attracting
sufficient attention to the subject to interest some
scientific men in making a real investigation of
it. To-day we know certain facts about what
is called * autointoxication”; we know them be-
cause Metchnikoft, Pawlow and others have made
a thorough-going inquiry into the subject. I be-
lieve that the subject of fasting is one of just as
great importance. I have stated facts in this
book about myself; and I have quoted many let-
ters which are genuine and beyond dispute. The

cures which they record are altogether without
precedent, I think.| The reader will find in the

course of the book (page 63) a tabulation of
the results of 277 cases of fasting. In this num-
ber of desperate cases, there were only about half
a dozen definite and unexplained failures reported.
Surely it cannot be that medical men and scien-
tists will continue for much longer to close their
eyes to facts of such vital significance as this.

Upton Sinclair



_ _ _ Bruce-Keller, A. J., G. Umberger, R. McFall and M. P. Mattson
DISPELLING THE DEMONS (epileptic seizures) (1999) Food restriction reduces brain damage and improves

_ behavioral outcome following excitotoxic and metabolic
Romans: Fasting insults. Ann. Neurol. 45: 8-15.
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IF prevents obesity and protects the heart and brain against damage and disease in animal models

Anson RM, Guo Z, de Cabo R, lyun T, Rios M, Hagepanos A, Ingram DK, Lane MA, Mattson MP. (2003)
Intermittent fasting dissociates beneficial effects of dietary restriction on glucose metabolism and neuronal
resistance to injury from calorie intake. Proc Natl Acad Sci U S A. 100:6216-6220.

Hatori M, Vollmers C, Zarrinpar A, DiTacchio L, Bushong EA, Gill S, Leblanc M, Chaix A, Joens M, Fitzpatrick
JA, Ellisman MH, Panda S. (2012) Time-restricted feeding without reducing caloric intake prevents metabolic
diseases in mice fed a high-fat diet.

Cell Metab. 15:848-860.

Mager DE, Wan R, Brown M, Cheng A, Wareski P, Abernethy DR, Mattson MP. (2006) Caloric restriction and

intermittent fasting alter spectral measures of heart rate and blood pressure variability in rats. FASEB J.
20:631-637.

Ahmet |, Wan R, Mattson MP, Lakatta EG, Talan M. (2005) Cardioprotection by intermittent fasting in rats.
Circulation 112:3115-3121.

Bruce-Keller AJ, Umberger G, McFall R, Mattson MP. (1999) Food restriction reduces brain damage and
improves behavioral outcome following excitotoxic and metabolic insults. Ann Neurol. 45:8-15.

Duan W, Guo Z, Jiang H, Ware M, Li XJ, Mattson MP. (2003b) Dietary restriction normalizes glucose

metabolism and BDNF levels, slows disease progression, and increases survival in huntingtin mutant mice.
Proc Natl Acad Sci U S A. 100:2911-2916.

Griffioen KJ, Rothman SM, Ladenheim B, Wan R, Vranis N, Hutchison E, Okun E, Cadet JL,Mattson MP. (2013)

Dietary energy intake modifies brainstem autonomic dysfunction caused by mutant a-synuclein. Neurobiol
Aging. 34:928-935.
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Raefsky S, Mattson MP. 2016. Free Rad Biol. Med. 102:203-216.
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Running wheel exercise increases plasma 30HB levels, and hippocampal BDNF levels are correlated with plasma
30HB levels in mice
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Marosi, K., S. W. Kim, K. Moehl, M. Scheibye-Knudsen, A. Cheng, R. Cutler, S. Camandola and M. P. Mattson (2016)
3-hydroxybutyrate regulates energy metabolism and induces BDNF expression in cerebral cortical neurons. J.
Neurochem. Epub online Oct 14.



The ketone 3-hydroxybutyrate (30OHB) induces expression of BDNF in cerebral cortical neurons
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Rel. Quantification

The ketone 3-hydroxybutyrate induces expression of BDNF in the hippocampus vivo,
and increases excitatory synaptic transmission in hippocampal slices
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3-hydroxybutyrate regulates energy metabolism and induces BDNF expression in cerebral cortical neurons. J.
Neurochem. Epub online Oct 14.
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Obesity Rates
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Functional Connectivity Between Brain Regions is Reduced in Patients with Diabetes
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Loss of SIRT3, SIRT4, and SIRTS Can Cause Age-Related Pathologies.
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Involvement of PGC-1lo in the formation and
maintenance of neuronal dendritic spines

Aiwu Cheng1, Ruigian Wanl, Jeng-Lin Yang1'2, Naomi Kamimura1'3, Tae Gen Son!, Xin Ouyang1,
Yongquan Luo!, Eitan Okun' & Mark P. Mattson4

dentate granule neurons in vive. We further show that brain-derived neurotrophic factor
stimulates prolferator-activated receptor y co-activator-To-dependent mitochondrial bio-
genesis by activating extracellular signal-regulated kinases and cyclic AMP response ele-
ment-binding protein. Proliferator-activated receptor y co-activator-To knockdown inhibits
brain-derived neurotrophic factor-induced dendritic spine formation without affecting
expression and activation of the brain-derived neurotrophic factor receptor tyrosing receptor
kinase B. Qur findings suggest that proliferator-activated receptor y co-activator-la and
mitochondrial biogenesis have important roles in the formation and maintenance of hippo-
campal dendrtic spines and synapses.




Obesity impairs academic attainment in adolescence: findings
from ALSPAC, a UK cohort

JN Booth', PD Tomporowski?, JME Boyle?, AR Ness*, C Joinson®, SD Leary® and JJ Reilly®

International Journal of Obesity (2014) 38, 1335-1342

Obesity and stature in adolescence and earnings in young adulthood. Analysis of a British birth cohort.

Arch Pediatr Adolesc Med 1994; 148:681-687.

Sargent JD, Blanchflower DG.

Men and women who had been obese at age 16 years had significantly fewer years of schooling than did their nonobese
peers. Obese women performed poorly on math and reading tests at ages 7, 11, and 16 years when compared with their
nonobese peers. Regression analyses indicated no relationship between obesity at any age and earnings at age 23 years
in males. In contrast, there was a statistically significant inverse relation between obesity and earnings in females,
independent of parental social class and ability test scores of the child. Female adolescents who were in the top 10% of
the body mass index at age 16 years earned 7.4% less (95% confidence interval, -11% to -3.8%) than their nonobese
peers; those in the top 1% earned 11.4% less (-21% to -1.5%).
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SCIENTIFIC
AMERICAN

ScientificAmerican.com

Plants do not have the option of fleeing predators. As
a consequence, they have developed an elaborate set
of chemical defenses to ward off insects and other
creatures that want to make them into a meal.

Toxins that plants use against predators are con-
sumed by us at low levels in fruits and vegetables. Ex-
posure to these chemicals causes a mild stress reac-
tion that lends resilience to cells in our bodies.

Adaptation to these stresses, a process called hor-
mesis, accounts for a number of health benefits, in-
cluding protection against brain disorders, that we
receive from eating broccoli and blueberries.
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How do Cycles of Challenges and Recovery Periods Bolster Brain Health and Disease Resistance?
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SIRT3 deficiency renders hippocampal neurons vulnerable to epileptic seizure-induced damage
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Exercise-induced SIRT3 expression is mediated by NMDA receptor activation
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BDNF haploinsufficiency results in reduced cognitive functioning and increased
autism-like behaviors in adolescent and young adult humans
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Han JC et al. Association of brain-derived neurotrophic factor (BDNF) haploinsufficiency with
lower adaptive behaviour and reduced cognitive functioning in WAGR/11p13 deletion syndrome.
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Child Obesity Statistics & Teenage Obesity Statistics by Age
and Gender
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Autism Prevalence
On The Rise*

There has been a 600% increase in prevalence
over the last two decades.

o

AUTISM SPEAKS™

It's time to listen.

Spaaks e Al Tights

www.AutismSpeaks.org
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