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'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).		

Intermittent	Bioenergetic Challenges	
Improve	Brain	Health

“Challenges	prolong	life,	while	complacency	hastens	
death.”
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Age	and	Sex	Structure	of	the	US	Population in	2010,	2030	and	2050



Impaired	Bioenergetics
Impaired	Calcium	Handling
Oxidative	Stress
DNA	Damage
Impaired	Autophagy
Inflammation

Impaired	Adaptive		
Stress	Responses

AGING/genes/lifestyle

PROTEIN	AGGREGATION/TOXICITY
Ab
Tau
TDP-43
a-Synuclein

Synapse	dysfunction
Synapse	degeneration
Neuronal	death

DEMENTIAS
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.

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



JAMA

Cardiovascular	disease	mortality	rateLife	expectancy	(males) Cancer	mortality	rate

Vehicle	accident	mortality	rate Neurological	disease	mortality	rate

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



%	with	B.S.	degree



THIS	DOES	NOT	BODE	WELL	FOR	THE	BRAIN	HEALTH	OF	OUR	CHILDREN!



FDG		PET

Regional	glucose	uptake	is	reduced	in	Alzheimer’s	disease

Amyloid	b-peptide	impairs	neuronal	glucose	uptake	in	hippocampal	and	cortical	neurons



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).

Cunnane et	al.
JCBFM	and	NYAS

There	is	a	direct,	linear	relation	between	plasma	ketone	concentration	and	
brain	ketone	uptake	in	healthy	older	subjects	and	AD	patients

Elderly	
controls

AD

postprandial

AD

60-day	fast

40-day	fast

3OHB	infusion

Elderly	
controls



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

Adaptive		Responses
3-hydroxybutyrate	(ketone)
Neurotrophic factors	(BDNF)
Sirtuins
Mitochondrial	biogenesis
GABAergic	tone
DNA	repair	proteins
Protein	chaperones

EXERCISE
ENERGY	RESTRICTION
INTELLECTUAL	ENDEAVORS
CHEMICALS	in	FRUITS	and	VEGETABLES

REDUCED	PRODUCTION	AND	ENHANCED
CLEARANCE	OF	PATHOGENIC	PROTEINS
Ab
Tau
TDP-43
a-Synuclein

Synaptic	plasticity
Neuronal	survival
Neurogenesis

OPTIMAL	BRAIN	FUNCTION	
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.



Evolution	favors	individuals	whose	brains	and	bodies	function	very	well	when	
they	are	in	the	fasted	state



The	need	to	acquire	food	has	been	a	primary	‘driver’	of	brain	evolution,	
including	the	superior	imagination	and	creativity	of	humans



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

Stranahan et al. (2008) Nature Neurosci. 11: 309-317.
Stranahan et al. (2009) Hippocampus 19: 951-961.

Dendritic	spines	(postsynaptic	structures)
on	hippocampal	neurons

3	months	of	running	and/or	CR



18	– 35	years	old



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

530	children	tested

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



258	T2D	patients								302	healthy	controls

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)				



hippocampus

Inf.	frontal	gyrus
resting	state	functional	connectivity	increases

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)



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

Keelin Moehl and	Krisztina Marosi

Alternate	Day	Fasting	During	Training	Enhances	Performance	in	an	Endurance	Running	Challenge
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Running	wheel	exercise	increases	plasma	3OHB	levels,	and	hippocampal	BDNF	levels	are	correlated	with	plasma	
3OHB	levels	in	mice

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

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.	





Effect of 14 months dietary regimens on Escape latency in 
Triple-Transgenic Alzheimer's mice in MWM (Females)
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Effect of 14 months dietary regimens on Path length in 
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Halagappa VK et al (2007) 
Neurobiol Dis. 26:212-20. 

AL – ad libitum
IF- intermittent (alternate day) fasting
CR – 30% daily calorie restriction

Alternate	day	intermittent	fasting	and	daily	CR	(time-restricted	feeding)	prevent	cognitive	deficits	
in	a	mouse	model	of	Alzheimer’s	disease	(3xTgAD	mice)



Open	Field

0.0

2.0

4.0

6.0

8.0

10.0

Phase	1 Phase	2

CHO KET *

0
20
40
60
80

100
120
140

Phase	1 Phase	2

CHO KET *

0
50

100
150
200
250
300
350

Phase	1 Phase	2

CHO KET *

0.0

10.0

20.0

30.0

40.0

50.0

Phase	1 Phase	2

CHO KET

*
*

0

100

200

300

400

500

Phase	1 Phase	2

CHO KET

*

*

0

500

1000

1500

2000

Phase	1 Phase	2

CHO KET

*
*

To
ta
l	D

ist
an
ce
	(c
m
)

CHO KET

Phase	2 Phase	2

To
ta
l	A

m
bu

la
to
ry
	T
im

e	
(s
)

To
ta
l	A

m
bu

la
to
ry
	C
ou

nt
s

Ce
nt
er
	D
ist
an
ce
	(c
m
)

Ce
nt
er
	A
m
bu

la
to
ry
	T
im

e	
(s
)

Ce
nt
er
	A
m
bu

la
to
ry
	C
ou

nt
s

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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Cheng	A	et	al.	Cell	Metabolism.		2016;	23:	128-142

Sirt3	deficiency	results	in	hyperacetylation of	mitochondrial	proteins	including	SOD2	and	cyclophilin D



Glutamate	receptor	activation	and	running	wheel	exercise	increase	Sirt3	expression	in	brain	cells

Cortex

Hippocampus

Cheng	A	et	al.	Cell	Metabolism.		2016;	23:	128-142



Control Glutamate KA NMDA

Sirt3+/+

Sirt3-/-

Sirt3	protects	neurons	against	excitotoxicity



Sirt3	protects	neurons	against	excitotoxicity

Cheng	A	et	al.	Cell	Metabolism.		2016;	23:	128-142
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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	SUBJECTS	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.	







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.

Contributors	to	Poor	Brain	Health





1983

Alternate	day	fasting	extends	average	and	maximum	lifespan	in	Wistar rats,	whereas	exercise	is	only	modestly	beneficial

Initiated	at	40	weeks

Initiated	at	72	weeks



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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"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.

Historical	Perspective "I	fast	for	greater	physical	and	mental	efficiency.”	Plato

“A	full	belly	makes	a	bad	brain”		Ben	Franklin





Upton	Sinclair



DISPELLING	THE	DEMONS	(epileptic	seizures)

Romans:			Fasting
U

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

Usual	Diet

Intermittent	Fasting
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IF	prevents	obesity	and	protects	the	heart	and	brain	against	damage	and	disease	in	animal	models



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

Adaptive		Responses
3-hydroxybutyrate	(ketone)
Neurotrophic factors	(BDNF)
Sirtuins
Mitochondrial	biogenesis
DNA	repair	proteins
Protein	chaperones
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REDUCED	PRODUCTION	AND	ENHANCED
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Synaptic	plasticity
Neuronal	survival
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OPTIMAL	BRAIN	FUNCTION	
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Running	wheel	exercise	increases	plasma	3OHB	levels,	and	hippocampal	BDNF	levels	are	correlated	with	plasma	
3OHB	levels	in	mice

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

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.	



Intraventricular

Sleiman	et	al.	(2016)	eLife

The	ketone	3-hydroxybutyrate	induces	expression	of	BDNF	in	the	hippocampus	vivo,
and	increases	excitatory	synaptic	transmission	in	hippocampal	slices
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Bolstered	Bioenergetics
Improved	Calcium	Handling
Reduced	Oxidative	Damage
Enhanced	Autophagy
Reduced	inflammation
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Obesity	Rates



USA:		the	leader	in	obesity,	health	care	spending,	and	drug	development
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Functional	Connectivity	Between	Brain	Regions	is	Reduced	in	Patients	with	Diabetes	
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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%).	

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









CHALLENGES
Fasting
Exercise
Intellectual
Phytochemicals

RECOVERY
Eating
Relaxation
Sleeping

mTOR
Protein	synthesis
ATP

Calcium
ROS
Ketones
AMPK,	CREB,	PGC-1a
Neurotrophic factors
Autophagy
Antioxidant	enzymes
DNA	repair	enzymes

Learning	and	Memory
‘Cognitive	Reserve’
Motor	Function
Stress	resistance

Enhancement	of:

mTOR
Protein	synthesis
Mitochondrial	biogenesis
ATP
Neurite outgrowth
Synaptic	plasticity
Neurogenesis

ROS
Oxidative	damage
DNA	damage
Protein	aggregation

Healthy	Brain	Aging
Resistance	to	Dementia

Run
Fast Eat Relax

Run
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day night day night

How	do	Cycles	of	Challenges	and	Recovery	Periods	Bolster	Brain	Health	and	Disease	Resistance?



SIRT3	deficiency	renders	hippocampal	neurons	vulnerable	to	epileptic	seizure-induced	damage



Exercise-induced	SIRT3	expression	is	mediated	by	NMDA	receptor	activation

Cheng	A	et	al.	Cell	Metabolism.		2016;	23:	128-142



BDNF	haploinsufficiency results	in	reduced	cognitive	functioning	and	increased	
autism-like	behaviors	in	adolescent	and	young	adult	humans

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.
Cortex.	2013	Nov-Dec;49(10):2700-10.	




