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"FASTING-MIMICKING DIET"

If your food looks 
like this, there is 
no ketosis unless 
you haven’t eaten 

for days.

Ergo, ketosis is like 
fasting.

*Photo by Silar - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=15821455



oxidative stress99,100. IGF1 and FGF2 are produced by 
neurons and astrocytes but are also myokines produced 
in response to fasting and exercise101,102. Although 
the effects of circulating FGF2 on neuroplasticity are 
unclear, studies in which circulating IGF1 is selectively 
neutralized suggest an important role for peripheral- 
organ-derived IGF1 in the beneficial effects of IMS on 
brain neuroplasticity. Running stimulates IGF1 trans-
port from the blood into neurons in the brain, and this 
uptake is associated with running-induced increases 

of neuronal network activity and BDNF expression103. 
Neutralization of circulating IGF1 blocks the abili-
ties of exercise to modulate hippocampal neuronal 
network activity and protect neurons against excito-
toxicity104. Nevertheless, the involvement of peripheral-   
organ-derived IGF1 in the beneficial effects of metabolic 
switching on the brain is complex because although exer-
cise increases circulating IGF1 levels, fasting reduces cir-
culating IGF1 levels by reducing production of IGF1 in  
the liver. However, similar to the prominent decrease  
in circulating insulin levels and the associated increase in 
sensitivity of insulin receptors to insulin in response to 
IMS, it is possible that fasting increases the sensitivity of 
the IGF1 receptor signalling pathway to IGF1.

Originally touted for its ability to ‘brown’ white fat, 
thereby increasing its thermogenic potential, the pro-
tein irisin is released from muscle cells in response to 
exercise and has been reported to enter the brain and 
upregulate BDNF expression66. However, it remains to 
be determined whether irisin is particularly important in 
the enhancement of neuroplasticity and stress resistance 
conferred by IMS. A recent study provided evidence that 
the enzyme cathepsin B is an exercise- induced periph-
eral signal that contributes to the cognitive benefits 
of exercise105. Best known for its role as a lyso somal 
protease, plasma cathepsin B levels are increased in 
response to exercise in mice, monkeys and humans, and 
circulating cathepsin B levels are positively correlated 
with aerobic fitness and recall memory in humans105. 
Hippocampus-dependent spatial memory is impaired in 
cathepsin-B-deficient mice, and these mice also lack the 
normal exercise-induced enhancement of hippocampal 
neurogenesis and spatial memory105. The mechanism by 
which exercise induces cathepsin B release from mus-
cle cells is unknown, but it might involve stimulation of 
autophagic flux.

Emerging findings are revealing that BHB regulates 
neuronal gene transcription in ways that promote synap-
tic plasticity and cellular stress resistance. BHB induces 
the expression of BDNF in cultured cerebral cortical 
neurons, an effect that occurs only when glucose levels 
are fairly low62. Running-wheel exercise increases circu-
lating BHB levels in mice, and intraventricular infusion 
of BHB induces Bdnf gene transcription in hippo campal 
cells55. BHB may induce Bdnf gene transcription by 
inhibiting histone deacetylases (HDACs) that normally 
repress Bdnf expression55,106. Given that CR, fasting and 
exogenous ketone supplementation increase histone 
acetylation in peripheral mouse tissue and that exercise 
decreases histone deacetylation in the hippocampus, it 
is likely that the inhibitory effects of ketones on HDACs 
are amplified when exercise occurs in the fasted state107. 
In addition, via actions in the mitochondria, BHB trig-
gers the activation of the cytoplasmic transcription fac-
tor NF-κB in neurons, which then translocates to the 
nucleus and induces Bdnf expression54. Such findings 
suggest that BHB is not only a biomarker of the met-
abolic switch and an energy source for neurons but is 
also a peripheral signal that activates neuronal signal-
ling pathways that enhance synaptic plasticity, cog-
nition and neuronal stress resistance. Indeed, it was 

Fasting and exercise Eating, resting and sleeping

Glucose-to-ketone switch 
(bioenergetic challenge)

Cellular stress resistance
(molecular recycling and repair
pathways)

Cell growth and plasticity pathways
(mitochondrial biogenesis,
synaptogenesis and neurogenesis)

• Enhanced synaptic plasticity and neurogenesis
• Enhanced performance (cognition, mood, motor and ANS function)
• Resistance to neuronal degeneration and enhanced recovery from injury

Ketone-to-glucose switch 
(recovery period)

IMS

↑�Ketones
↑�Ghrelin
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↓ �SIRT1, SIRT3
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Figure 3 | Model for how intermittent metabolic switching may optimize brain 
performance and increase resistance to injury and disease. Intermittent metabolic 
switching (IMS) involves repeating time periods of a bioenergetic challenge (fasting  
and/or exercise) when the metabolic switch is on (that is, liver glycogen stores are 
depleted and ketones are produced) and recovery periods (eating, resting and sleeping) 
when the metabolic switch is off. When the metabolic switch is on, levels of circulating 
ketones, ghrelin and myokines are elevated, whereas levels of glucose, leptin, insulin and 
pro-inflammatory cytokines are maintained at low levels. Adaptive responses of neurons 
to fasting and exercise include utilization of ketones as an energy substrate; increased 
expression of brain-derived neurotrophic factor (BDNF) and fibroblast growth factor 2 
(FGF2); activation of the transcription factors cAMP-responsive element-binding protein 
(CREB) and peroxisome proliferator-activated receptor γ coactivator 1α (PGC1α), which 
induce the expression of genes involved in synaptic plasticity, neurogenesis and 
mitochondrial biogenesis; and upregulation of autophagy and DNA repair pathways. 
During the bioenergetic challenge, activity of the mammalian target of rapamycin (mTOR; 
also known as serine/threonine-protein kinase mTOR (MTOR) and mechanistic target  
of rapamycin) pathway and global protein synthesis are reduced in neurons, and levels of 
pro-inflammatory cytokines in the brain are reduced. Collectively, the pathways activated 
when the metabolic switch is on enhance neuronal stress resistance and bolster repair and 
recycling of damaged molecules. When the metabolic switch is off, circulating levels of 
glucose, leptin, insulin and pro-inflammatory cytokines increase, whereas levels of 
ketones, ghrelin and myokines decrease. In brain cells, the mTOR pathway is active, 
protein synthesis increases and mitochondrial biogenesis occurs during the recovery 
period. The activation state of neurotrophic signalling and adaptive cellular 
stress-response pathways may decrease when the metabolic switch is off. Cycles of IMS 
may optimize brain health by promoting synaptic plasticity and neurogenesis, improving 
cognition, mood, motor performance and autonomic nervous system (ANS) function and 
bolstering resistance of neurons to injury and neurodegenerative disease. SIRT, 
NAD-dependent protein deacetylase sirtuin.
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SIGNALS: FASTING VS FED

Mattson, Mark P., Keelin Moehl, Nathaniel Ghena, Maggie Schmaedick, and Aiwu Cheng. “Intermittent Metabolic Switching, Neuroplasticity and Brain Health.” 
Nature Reviews Neuroscience 19, no. 2 (January 11, 2018): 63–80.  



SIGNALS: FASTING VS FED

https://rosemarycottageclinic.wordpress.com/2017/07/28/how-can-bitter-foods-be-good-for-us-when-they-taste-so-bad-tackling-the-paradox/



STARVATION COMPROMISES REPRODUCTION

Insulin Signaling in the Central Nervous System. Daniel Porte, Denis G. Baskin, Michael W. Schwartz. Diabetes May 2005, 54 (5)



FED STATE KETOSIS?
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Figure 6 Levels of β-hydroxybutyrate in starving subjects of different ages (5, 13, 30, 54,
59, 66). Not shown is the accelerated ketosis in fasting pregnant or lactating women or in
any subject with marked renal glucosuria requiring increased gluconeogenesis, e.g., when
the renal threshold is surpassed, as in type 1 diabetes (40), or with genetic renal glucosuria
or chemical inhibition of tubular reabsorption of glucose (phlorizin administration).

for optimal mobility. Speed necessitates limbs close together, whereas limbs far
apart result in waddling, i.e., greyhounds versus bulldogs, deer versus turtles,
pheasants versus ducks. We are the only primate born facing backward and, more
importantly, born obese. Obstetric problems in primates other than humans are
essentially unknown (60).

Not well known, however, is the metabolism of the human newborn, which is
essentially ketotic. Blood glucose levels fall strikingly in the neonate, and con-
centrations of βOHB may rise to 2–3 mM. The newborn human brain consumes
60%–70% of total metabolism at birth, nearly half via β-hydroxybutyrate. Fitting
in with this pattern is maternal colostrum. It contains much triglyceride and protein,
but little lactose, starting man’s entry into society on an Atkins diet (Figure 6)!
Lactose gradually increases during the first two to three days of lactation (46),
during which time ketosis disappears. Also, humans are born a few months pre-
mature compared with our primate cousins. And, again, we are the only pri-
mate born fat, probably to furnish the caloric bank for our big brains. We are
also the only primate with significant neonatal brain injury (20) due to extreme
sensitivity to hypoxia/ischemia (78). Again, this is a penalty for having a big
brain!
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“MODIFIED ATKINS DIET” IS KETOGENIC 

There have beenmany other studies examining theMAD, which are
listed in Table 3 [10–37]. Several of these publications in particular have
demonstrated some findings of particular note. Two studies in 2007 and
2012 from Korea confirmed the benefit of the MAD, with the first study
suggesting that stable blood ketones over time (beta-hydroxybutyrate
of N3mmol/L) may be important [10,11]. Dr. Sharma and her team in
India have studied the MAD twice, initially for children with refractory
infantile spasms, using the MAD in children as young as 6 months of
age [12]. Most recently, in the only randomized controlled study of the
MAD for the treatment of childhood epilepsy, published this year in
Epilepsia, it was found that the MAD arm (n=50) was more likely to
have N50% seizure reduction than the control arm of standard medical
management (n=52) (52% vs. 11.5%, pb0.001) [13]. Similarly, the like-
lihood of N90% seizure reduction was higher (30% vs. 7.7%, p=0.005).
This trial followed the general study design of a previous trial by Neal
et al. of the classic KD, published in 2008 [38].

Other recent pediatric studies include a pilot series of the MAD for
Sturge–Weber syndrome and a case series treating childhood absence
epilepsy [31,32]. An attempt at a direct comparison was performed in
France in 2009 and found retrospectively that the KD led to better sei-
zure reduction than theMAD but only after 3months (not at 6months)
[21]. In a series comprised of patients from 5 countries, retrospective
data suggested that switching from the MAD to the KD led to a 30%
chance of additional improvement, in many ways similar to raising the
dose of an anticonvulsant [39]. Interestingly, the only children in this se-
ries who became seizure-free after changing to the KD had myoclonic-
astatic epilepsy (Doose syndrome), indicating that patients with that
syndromemay respond preferentially to either higher fat, greater keto-
sis, or, possibly, calorie limitation.

Lastly, as the MAD has been used for 10years, we are starting to ob-
tain long-term outcomes from patients who have received it for longer
than the 6months typically reported in clinical trials to date. At a mean
of 20 months, 30 of 54 (55%) children with long-term MAD duration
maintained N50% seizure reduction [40]. Side effects continued to
be mild and predominantly consisted of gastrointestinal discomfort,
fatigue, and constipation [40].

3.3. Which patients should receive the modified Atkins diet instead of the
ketogenic diet?

In our opinion, the classic KD is more appropriate than the MAD for
infants under age 2years and for those receiving formula-only nutrition
(e.g., gastrostomy tube-fed). However, the decision becomes difficult
when determining which diet is best to begin in most children ages
2–12 years. As several of the MAD studies suggest that a strict first
month improves efficacy, a reasonable strategy would be to start with
the KD and then switch to the MAD later [8,9]. Some families truly re-
quire the supervision and detailed meal plans provided with the KD
by dietitians, and the MAD is deemed too variable. In this age range,
children whom we consider for the MAD before the KD include the
following: 1) children in busy, large families in which sharing food is
highly important; 2) children with limited tolerance for extremely
high-fat foods; 3) children with a need for more protein than allowed
on the KD; 4) children in families in which hospital admission or a
fasting period would be problematic because of cost, location, or other
factors; 5) children with idiopathic generalized epilepsies (e.g., absence
epilepsy, juvenile myoclonic epilepsy); and 6) children who must be
started on treatment urgently (e.g., same day), which can be done in
the outpatient clinic.

Even as far back as 2003 in the original case series on the MAD, 4 of
6 patients were over the age of 12 years, suggesting that the “ideal”
population for this alternative diet may be adolescents and adults [3].
Historically, these patients were not typically offered dietary therapy,
although this is changing with the MAD. The first formal prospective
study was published in 2008 using the same study design and criteria
as the first pediatric study except that the patients enrolled were
18 years of age or older [15]. Thirty adults, ages 18–53 years, were
started on a 15-g/day net carbohydrate MAD. Most who responded
did so within 2weeks, including 47% by 1 and 3months and 33% after
6 months [15]. Surprisingly, weight loss correlated with efficacy at
3months, although we are not aware of any other study reporting this
observation. The MAD was very well-tolerated in adults, with only a
slight increase in mean total cholesterol (187 to 201 mg/dL) and an
associated increase in HDL cholesterol, although the latter was not sta-
tistically significant.

Other studies on adults have followed, generally with equivalent
outcomes [18,26,33–35]. We now recommend a net carbohydrate
limit of 20 g/day, which is well-tolerated and leads to similar levels

Legend

Fat
Protein
Carbohydrates

Ketogenic Diet Modified Atkins Diet Standard Diet

90%

8% 2%

64%

30%

6%

35%

15%

50%

Fig. 1. Differences between the macronutrient compositions among the diets.

Table 2
Differences between the ketogenic and the modified Atkins diet.

Ketogenic diet Modified Atkins diet

Calories (% recommended
daily allowance)

Restricted (75%)
or matched

Unrestricted

Fluids (“) Measured to RDA Unrestricted
Fat 85%–90% ~60%
Protein 15% ~30%
Carbohydrates 5% ~10%
Fasting period Occasionally done Not used
Admission to hospital Typically done No
Meal plans computer-created Yes No
Foods weighed and measured Yes No (carbs monitored)
Sharing of food at family meals No Yes
Ability to eat foods made in restaurants No Yes
“Low carbohydrate” store-bought
products

Not used Allowed sparingly

Intensive education provided Yes No
Dietitian involvement Yes Typically yes
Multiple studies over many years
showing benefits

Yes Yes, recently

439E.H. Kossoff et al. / Epilepsy & Behavior 29 (2013) 437–442



ADULTS: KETOGENIC WITH ADEQUATE PROTEIN
WHAT’S ADEQUATE?

RDA

0.8 g/kg body weight 

Not enough: By their own admission!  
In Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (Macronutrients) 
Institute of Medicine)

Protein Sparing Modified Fast:  
Reported in Multidisciplinary approach to obesity utilizing fasting modified by protein-sparing therapy.PG Lindner, GL 
Blackburn.Obesity/Bariatric Med, 1976, pp. 198–216)

1.2 g/kg ideal weight in females / 1.4 g/kg ideal weight in males

Ketogenic!  But not full calorie

Virta Health 

1.5 - 1.75 g/kg ideal weight  
Reported in https://blog.virtahealth.com/how-much-protein-on-keto/



EVEN ADULTS: 1.5-2 X MINIMUM PROTEIN?

Adam Tzur http://sci-fit.net/2017/carbs-protein-ketosis-research/



OTHER SPECIES: DOGS?

Humans get into ketosis faster and deeper
 and with more protein



OTHER SPECIES: RODENTS?

For rodents, the line between 
adequate protein and too much for ketosis is 

vanishingly small



OTHER SPECIES: OBLIGATE CARNIVORES?

Obligate carnivores 
may not use ketosis at all  
gluconeogenesis covers it



5FOSTER: THE CARNITINE/CPT SYSTEM IN INTERMEDIARY METABOLISM

and fatty acid oxidation moves to the “on” mode. In the anabolic phase, malonyl
CoA not only inhibits fatty acid oxidation, but stimulates fatty acid synthesis as the
substrate for fatty acid synthase; that is, fatty acid synthesis is enhanced by malonyl
CoA functioning as substrate and not through allosteric regulation. It follows that
fatty acid oxidation and fatty acid synthesis fluctuate reciprocally with changes in
malonyl CoA levels. It was originally thought that control was on the synthesis side,
but it quickly became clear that regulatory control was on the oxidative side. If
oxidation is “on”, synthesis is “off” and vice versa (FIG. 3). Inhibition of fatty acid
oxidation is followed by immediate resumption of fatty acid synthesis.13

Despite the fact that CPT IA and CPT IB are structurally similar, CPT IA is much
less sensitive to malonyl CoA inhibition than CPT IB. Conversely, the Km for
carnitine is much higher for CPT IB than for CPT IA.14 The precise mechanisms for
malonyl CoA inhibition are not known. Glutamic acid 3 and histidine 5 in CPT IA
are necessary for high-affinity binding and malonyl CoA inhibition. In CPT IB, in

FIGURE 2. Fatty acid synthesis and oxidation in the liver. Solid arrows represent the
anabolic (fed) state. Dashed arrows represent the catabolic (fasted) state. In the fed state,
glucose traverses the glycolytic pathway to pyruvate, which in turn passes through the
mitochondrion, emerging as citrate, which is then converted to acetyl CoA, the substrate for
malonyl CoA formation by acetyl CoA carboxylase (ACC). Malonyl CoA levels are high,
inhibiting CPT I and blocking fatty acid oxidation. In the catabolic phase, glycolysis is
blocked by glucagon, citrate levels fall, ACC is inhibited, and malonyl CoA levels decrease,
activating CPT I and “braking” fatty acid synthesis. In the liver, the major products of
increased fatty acid oxidation are acetoacetic and β-hydroxybutyric acids. See text for details.

MECHANISM???



WHAT EVOLUTIONARY 
ENVIRONMENT 

Significant, frequent time with little carbohydrate and ample 
protein? 

Abundant access to exogenous or endogenous fat?



?Why do we use ketosis
when we have  
enough protein 
to make glucose 
without compromising 
lean mass?

Other animals 
continue to  

burn lean mass 
until they can  

fuel everything  
with glucose

SELECTIVE ADVANTAGE



HUMAN BRAIN EVOLUTION



HUMAN GUT EVOLUTION



KETOSIS AND THE BRAIN: ENERGY

Photo: Johan Swanepoel/Shutterstock

• Adult brain uses ~20%  
of all energy  

• 40g glucose even fasting 

• Takes up as ketones 
proportional to availability



http://vertpaleo.org/Society-News/Blog/Old-Bones-SVP-s-Blog/December-2013/Growing-up-(and-out,-and-sidways,-and-around).aspx

KETOSIS AND THE BRAIN: ENERGY

Brain/body proportion
over the lifespan



ca tabolic hormones are eleva ted dur ing a
fast and st imula te breakdown of adipose
t issue t r iglycer ides (lipolysis) to free fa t ty
acids (FFAs) and glycerol, the la t ter en ter-
ing the liver as a gluconeogenic precursor.
Free fa t ty acids enter direct ly in to oxida t ive
met abolism in t issues such a s skelet a l
muscle and the hear t bu t must be conver ted
in the liver to the ketone bodies acetoaceta te
and b-hydroxydbutyra te for use in obliga te
glucose-using organs, such as the t issues of
the cent ra l nervous system.
The body’s capacity to use FFAs, glycerol,

and ketone bodies to susta in metabolic needs
spares lean t issue, and th is is recognized as
increasing the dura t ion of survivable fast
(Cahill, 1982). However, some species known
to rely upon subcutaneous fa t stores for
insu la t ion , such as gray and elephant sea ls,
protect subcutaneous depots after prolonged
sta rva t ion by increasing mobiliza t ion and
use of amino acids from lean t issue, suggest -
ing tha t the dist r ibu t ion of body fa t per se is
an adapta t ion to conserve hea t in such spe-
cies (Or it sland et a l., 1985; Castellin i and
Costa , 1990). In human infan ts, the propor-
t ion of body fa t loca ted in subcutaneous
depots is reduced dur ing malnut r it ion (St in i,
1981), demonst ra t ing tha t depots likely most
cr it ica l for conserving body hea t a re the first
to be mobilized when energet ic reserves are
required. This suggests but cer ta in ly does
not prove tha t the t issue’s proper ty as an
insu la t ive layer is not a pr imary explana-
t ion for the evolu t ion of it s abundance in
human neonates (e.g., Pond, 1978, 1997).
Although the impor tance of stored fa t s as an
energy reserve is implicit in the use of
skinfolds as measures of nut r it iona l sta tus
dur ing infancy and childhood (Fr isancho,
1974; Mar torell et a l., 1976), whether hu-
man neonata l adiposity might be expla ined
in ligh t of it s role as an energy buffer has not
been assessed.

Evolutionary perspectives on the
energetics of human encephalization
Any considera t ion of the energet ics of

human infancy is well-served to begin with a
discussion of the bra in , as the infan t ’s mas-
sive bra in is est imated to consume 50–60%
of tota l metabolic expenditu re (Holliday,
1986). Bra in size is one t ra it—in addit ion to

the lack of an insu la t ing fur coa t—tha t set s
human neonates apar t from most mammals
and thus might help expla in fea tures of
human neonata l and infan t adipose t issue
(Fig. 3; Table 2). In terest was perked in the
energet ics of mammalian bra in size by Mar-
t in ’s (1981) observa t ion tha t neona ta l bra in
size sca les to materna l body size with the
same exponen t a s basa l metabolic r a t e
(BMR). Mar t in in terpreted th is isomet r ic
rela t ionsh ip between bra in size and BMR
(i.e., they are direct ly propor t iona l) as evi-
dence tha t materna l metabolic turnover is a
limit ing factor in encepha liza t ion , as bra in
growth requires energy tha t must be sup-
plied by the mother ’s body and metabolism
during gesta t ion and lacta t ion (Mart in , 1981,
1996). Although focusing on adult mam-
mals, Armst rong (1983:1302) a t tempts to
expla in bra in /body sca ling by reference to
the costs associa ted with meet ing the bra in’s
energy metabolism ra ther than growth and
has proposed tha t ‘‘the size of the bra in will

Fig. 3. Cerebra l O2 uptake as a percentage of tota l
body metabolism in mammals. Humans have the la rgest
bra in size rela t ive to body size on record and conse-
quent ly devote a la rge propor t ion of tota l metabolism to
meet ing the bra in’s energy needs. It is hypothesized tha t
the grea ter energy needs of the human bra in—which
must be supplied from t issue stores dur ing nut r it iona l
disrupt ion—may help expla in why human infan ts in-
vest extensively in body fa t stores, including the a typi-
ca l prena ta l investment in the t issue (see Table 3 for
da ta and sources).

185ADIPOSE TIS SUE IN INFANCY AND CHILDHOODKuzawa]

best -fit t ing t rend (95% C.I. 5 36.8–400.7 g).
The two other species with grea ter fa t mass
than predict ed for their bir t h weigh t—
guinea pigs (4.2 t imes expected fa t mass,
P , .05) and harp sea ls (2.2 t imes expected
fa t mass, P . .05)—are highligh ted, as
explana t ions for their prena ta l fa t deposi-
t ion are considered la ter in the review.

What requires explanation in humans?
Brown vs. white fat

Available da ta on neona ta l body composi-
t ion are thus consisten t with the common
view tha t humans are fa t ter than other
mammals a t bir th (Garn , 1956; Schulz, 1969;
Pond, 1978; Tanner, 1990). However, adi-
pose t issue comes in two physiologica lly and

funct iona lly dist inct forms in the newborn—
brown fa t and white fa t—and examina t ion
of the rela t ive abundance of each revea ls
more precisely how human neonata l adipos-
ity differs from tha t of most mammals. New-
born mammals are unable to ra ise body
tempera ture through shiver ing but instead
are endowed with specia lized depots of brown
adipose t issue (BAT), which is dist inct from
white adipose t issue (WAT) by vir tue of a
r ich supply of blood vessels and hea t -
producing mitochondr ia (Aherne and Hull,
1966; Symonds and Lomax, 1992). Brown
fa t cells genera te hea t by uncoupling the
elect ron gradien t in oxida t ive phosphoryla -
t ion , a process st imula ted by the sympa-
thet ic nervous system and thyroid hormones

Fig. 1. Percentage fa t a t bir th in mammals (see Table 1 for references).

182 YEARBOOK OF PHYS ICAL ANTHROPOLOGY [Vol. 41, 1998

FATNESS AND 
BRAIN ENERGY USE

Kuzawa C. W. (1998). Adipose tissue in human infancy and childhood: An evolutionary perspective. Yearbook of Physical Anthropology, 41, 177–209. 



KETONES AND THE BRAIN: STRUCTURE

AACS, acetoacetyl-CoA synthetase; a cytoplasmic enzyme
that catalyzes the ATP-dependent covalent activation of ace-
toacetate (AcAc) by CoA to generate AcAc-CoA.

Anaplerosis, essential replenishment of TCA cycle interme-
diates that is required to preserve terminal oxidation of acetyl-
CoA. The primary anaplerotic reaction is catalyzed by pyru-
vate carboxylase, which generates oxaloacetate from pyruvate,
but oxidation of odd-chain fatty acids and amino acid catabo-
lism also yield anaplerotic substrates.

BDH1, mitochondrial !-hydroxybutyrate (!OHB) dehydro-
genase; an enzyme that catalyzes the NAD" /NADH coupled
interconversion of AcAc and D-!OHB. The Keq of this reaction
favors D-!OHB formation.

!-Oxidation, sequential derivation of two carbon units, in
the form of acetyl-CoA, from fatty acyl chains that primarily
occurs within the mitochondrial matrix. Some !-oxidation also
occurs within peroxisomes.

DNL, de novo lipogenesis. The synthesis of new lipid from
acetyl-CoA, dependent on the enzymes acetyl-CoA carboxy-
lase and fatty acid synthase (FAS).

Fluxomics, analysis of metabolic fates of labeled substrates
using sophisticated chemical profiling platforms including,
nuclear magnetic resonance spectroscopy and mass spectrom-
etry, coupled to statistical computing platforms.

Gnotobiotic, Greek roots: gnosis, knowledge; bios, life; a tech-
nology that allows cultivation of experimental animal models in
the presence of defined microbial communities.

GPCR, G protein-coupled receptor; a plasma membrane recep-
tor with seven transmembrane domains that mediates an intracel-
lular signaling cascade via an interaction with a G protein.

HMGCL, HMG-CoA lyase; a mitochondrial enzyme that cleaves
HMG-CoA to liberate AcAc and acetyl-CoA during ketogenesis.
This enzyme mediates ketone body production from !-oxidation-
derived acetyl-CoA and leucine catabolism.

HMGCS2, HMG-CoA synthase 2; a mitochondrial enzyme
that condenses !-oxidation-derived AcAc-CoA and acetyl-
CoA to generate HMG-CoA and liberate a CoA moiety.

Ketogenesis, production of ketone bodies. AcAc and !OHB
are the predominant circulating ketone bodies.

Ketolysis, breakdown of ketone bodies either within the mito-
chondria for terminal oxidation or in the cytoplasm for lipo-
genesis.

Ketone body oxidation, contribution of acetyl-CoA derived
from ketone bodies to the TCA cycle.

Micriobiota, ecosystem of # 100 trillion prokaryotic cells
that comprise a # 1-kg organ that harbors a massive aggregate
of genomes (the microbiome).

NAFLD, nonalcoholic fatty liver disease.
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Fig. 1. Ketone body metabolism pathways. A: ketogenesis within hepatic mitochondria is the primary source of circulating ketone bodies. B: primary metabolic
fate of ketone bodies is terminal oxidation within mitochondria of extrahepatic tissues via CoA transferase [succinyl-CoA:3-oxoacid-CoA transferase (SCOT)].
Substrate competition with pyruvate-derived and fatty acyl-CoA-derived (the corkscrew arrows represent the activities of the !-oxidation spiral) acetyl-CoA are
shown. C: cytoplasmic de novo lipogenesis (DNL) and cholesterol synthesis are nonoxidative metabolic fates of ketone bodies. For simplicity of C, only
acetoacetate (AcAc) is depicted, although !-hydroxybutyrate (!OHB) is also a substrate for lipogenesis after it has been oxidized to AcAc via mitochondrial
!OHB dehydrogenase (BDH1). AACS, acetoacetyl-CoA synthetase; ACC, acetyl-CoA carboxylase; AcAc-CoA, acetoacetyl-CoA; ATP, adenosine triphosphate;
CoA-SH, free coenzyme A; FAS, fatty acid synthase; HMG-CoA, 3-hydroxymethylglutaryl-CoA; HMGCL, HMG-CoA lyase; HMGCS1, cytoplasmic
HMG-CoA synthase; HMGCS2, mitochondrial HMG-CoA synthase; HMGCR, HMG-CoA reductase; NAD" (H), nicotinamide adenine dinucleotide oxidized
(reduced); PDH, pyruvate dehydrogenase; TCA, tricarboxylic acid; mThiolase, mitochondrial thiolase; cThiolase, cytoplasmic thiolase. Thiolase activity is
encoded by at least 6 genes: ACAA1, ACAA2 (encoding an enzyme known as T1 or CT), ACAT1 (encoding T2), ACAT2, HADHA, and HADHB.
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HUMAN BRAIN GROWTH 



YOUR BRAIN ON KETONES

Higher ketone bodies

Reduced glucose

Increased uncoupling proteins

Increased mitochondrial biogenesis

Decreased ROS

Increased glutathione

Neurotransmitter changes: norepinephrine, GABA, glutamate, adenosine

Increased plasma availability of FFA: DHA, AA



BRAIN ENHANCEMENT FROM
KETOGENIC DIETS

Varying levels of evidence in brain health

Epilepsy

Alzheimer’s, Parkinson’s, ALS

Stroke / Trauma

Brain Cancer

Bipolar, Schizophrenia, Mood Disorders



BRAIN-GROWTH MIMICKING DIET?

Humans continue to generate ketones even when they have more 
than enough protein to supply all the brain’s needs with glucose.  
Why?

We only seem to halt ketosis when we take in so much glucose we 
have to store it.

Maybe because ketosis is the “natural” state for a large brain, 
providing superior fuel, protection against hypoxia from trauma and 
oxidative stress, and it’s a source of structural components.

Even adult human brains have plasticity



FED VS. FASTING: BETWEEN THE LINES
4 Jul 2006 17:32 AR ANRV282-NU26-01.tex XMLPublishSM(2004/02/24) P1: IKH

FUEL METABOLISM IN STARVATION 7

Figure 1 The five metabolic stages between the postabsorptive state and the near-steady
state of prolonged starvation (62).

glutamine is mainly metabolized by kidney to produce ammonium ions and the
remaining carbon goes to glucose via the gluconeogenic pathway (27, 35) (Fig-
ure 5). The kidneys in starvation produce about two fifths of new glucose. The
remaining three fifths is made by liver from (a) alanine coming from muscle and
the nonhepatic splanchnic bed; (b) recycled lactate and pyruvate (the Cori cycle),
e.g., from red blood cells and renal medulla; (c) glycerol from adipose lipolysis;
and finally, as mentioned above, (d) a small amount from β-hydroxybutyrate to
acetoacetate to acetone to propanediol to pyruvate to glucose, as in Figure 5. The
urinary ammonium ion is excreted with β-hydroxybutyrate and acetoacetate to
maintain acid-base homeostasis and cations, mainly sodium, to maintain extracel-
lular volume. It should also be pointed out that ammonia excretion saves calories
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• 4 hours to clear out 
exogenous glucose

• Only then start depleting 
stored glycogen = 
postabsorptive phase

In SAD, fed = absorptive phase

When ketogenic, 
absorptive phase will be short

• Glycogen stores not as full
• “Fasting” state should happen  

daily, even when regularly “fed”



≠

SUSTAINED FED KETOSIS ≠ STARVATION


