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1. Introduction - . .
addictive traits, abetted by seemingly controllable external cues,

the availability of calorie-rich food and the growing ease of life,
which now allows lessening linkage between voluntary move-
ment and survival. As such, these behavioral patterns are often
the target of moral judgment, which eventually contributes to
physician—patient mistrust, in the treatment of obesity and its

Overeating and sedentary behavior are typically viewed
as reflective of cultural, psychological or otherwise acquired
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matter less than expected from traditional rigid “cause and effect”
analysis.

2. Overnutrition is a biological trap, not simply a willful
choice

Animal studies may offer good insights into biologically
entrenched choices of diet, as they are uncomplicated by cultural
and social habituation or the complexity of human cognition. Ear-
lier beliefs that animals can select food with precision sufficient
to allow just normal growth and survival have been challenged
more than two decades ago (Galef, 1991). Even if such biological
precision is accepted, recent data suggest that early exposure of
rats to fatty foods during the growth period predisposes these ani-
mals to favor high fat diet in adult life (Nakashima and Yokokura,
2010). Long-term, fat- and sugar-rich cafeteria feeding can, in turn,
increase energy intake in rats by 25% (Vallerand et al., 1986). It is
therefore not surprising that in the setting of multiple choice cafe-
teria diet in rats, hyperphagia and obesity rapidly evolve (Naim
et al., 1985). Further, spontaneously hypertensive rats that were
offered a choice between cafeteria diet and regular chow diet not
only experienced increased body weight but also featured lep-
tin and insulin resistance and higher blood pressure than control
rats fed on regular chow (Miesel et al., 2010). These experiments
may have replicated the human metabolic syndrome (MetS) on the
genetic background of hypertension. Finally, obesity can be facil-
itated by ill-programming generated not only by self-feeding, but
also by prenatal and postnatal maternal exposure, as the feeding
of rats with cafeteria diet during gestation and lactation results in
offspring adiposity (Bayol et al., 2005, 2008). Such adipose accu-
mulation is already complicated by the presence of non-alcoholic
fatty liver, independent of actual diet of the pups themselves (Bayol
et al,, 2010; Hennige et al., 2009).

Both the caloric source and time of eating may be as impor-
tant as the high caloric value of the consumed food. In one study,
mice fed a diet supplemented with monounsaturated fatty acids
displayed more efficient insulin action in the brain and enhanced
brain cortical activity and locomotion than mice receiving a calor-
ically equal food containing saturated fatty acids only (Sartorius
et al., 2012). Restricting high fat diet to several hours a day leads
to lesser weight gain than a calorically equivalent diet given with
continued free access to food (Sherman et al., 2012). Conversely,
there is evidence that “out of phase” consumption of food (dur-
ing hours which are normally spent in the inactive, food-free state,
typical of the undisturbed circadian rhythm) can facilitate weight
gain without an overall increase in caloric intake (Salgado-Delgado
etal., 2010).

3. Early life overnutrition and exposure to maternal obesity
reprograms eating control in adult life

Brain structural maturation is not completed in-utero but
extends into the first phases of life. Hence, exposure to exces-
sive nutrition during this critically vulnerable pre- and postnatal
development periods can impair the brain in general and dis-
rupt the finely tuned normal brain-governed feeding behavior.
Such responses to over-nutrition are probably mediated through
the induction of structural and functional alterations which can
lead to obesity, dysmetabolism and/or cognitive disadvantage
later in life. For example, in one study high fat diet resulted in
increased body fatness when administered either in weaning or
adult mice, but only juvenile exposure to fatty food reduced hip-
pocampal neurogenesis and relational memory flexibility (Boitard
et al., 2012). Maternal high fat diet maintained from pre-mating
through lactation led to increased offspring hippocampal lipid

peroxidation and decreased neuogenesis (Tozuka et al., 2009).
Newborn rat pups raised on a high-carbohydrate (HC) milk for-
mula develop chronic peripheral hyperinsulinemia and adult-onset
obesity despite subsequent placement on regular rat chow. This
is associated with impaired hypothalamic energy control mani-
fested by increased mRNA expression of hypothalamic orexigenic
hormones such as neuropeptide Y (NPY), agouti-related polypep-
tide, and galanin and decreased mRNA expression of feeding down
regulators including proopiomelanocortin (POMC), melanocortin
receptor-4, cocaine- and amphetamine-regulated transcript, and
corticotrophin-releasing factor which persisted at least into young
adulthood (Srinivasan et al., 2008).

Although caloric restriction can later reduce body weight
gain, the earlier life-entrained hypothalamic predisposition to
hyperphagia appears irreversible (Srinivasan et al., 2013). Appar-
ently, early life exposure to unnecessarily enriched nutrition
imprints hypothalamic feeding related aberrations that may be
macronutrient-dependent rather than calorie-related: for exam-
ple, as compared to maternal high-fat diet, high carbohydrate
diet resulted in lower arcuate nucleus POMC expression (which
encodes at this site the appetite curbing hormone o melanocyte-
stimulating-hormone, o« MSH) and higher paraventricular nucleus
NPY and orexin peptide concentrations in their young adult rat off-
spring (Beck et al., 2012). Not only direct nutritional effects are
important but also maternal obesity status per se may be a domi-
nant factor: cross-fostering of offspring of lean rat dams by obese
dams resulted in an exaggerated dysmetabolic, insulin-resistant
phenotype compared to offspring lean dams nursed by their natural
mothers (Oben et al., 2010). In humans, where calorie-rich diet is
normally excessive in terms of both fat and carbohydrates, a mixed
deleterious hypothalamic derangement may therefore evolve.

This complex pattern may be, however, further modulated by
intestinal signals generated by colonic microbiota. Dietary fibers
such as inulin-type fructans, which are non-digestible by human
enzymes but are easily fermented by gut bacteria can modify the
gut microbioata profile in association with increases in circulating
gut hormones which tend to curb appetite such as Glucagon-Like-
Peptide 1 (GLP-1), peptide YY and decrease of the gastric-derived
orexigenic hormone ghrelin (Cani et al., 2005; So et al., 2007).
Accordingly, in mice, supplementation of a high fat diet with
oligofructose-enriched inulin was shown to reduce accrued fat
deposition and increase arcuate nucleus neuronal activity as cap-
tured by manganese-enhanced MRI (Anastasovska et al., 2012).

4. Overnutrition elicits brain disease: relation to obesity

Cafeteria diet reportedly disrupts the blood brain barrier in the
hippocampus in rats through down regulation of mRNA expres-
sion of tight junction proteins, particularly Claudin-5 and -12, in the
choroid plexus (Kanoski et al., 2010), thus exposing the brain tissue
to potentially damaging circulating factors which cannot nor-
mally interact with brain cells. Chronic high fat intake can lead to
inflammatory changes in the brain cortex as evidenced by the pres-
ence of increased nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase-generated reactive oxygen species and accel-
erated prostaglandin E2 production along with up-regulation of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) signaling in mice fed a fat-rich diet leading to obesity (Zhang
et al., 2005). This indicates that brain oxidative stress could poten-
tially mediate the pathogenesis of overnutrition-related metabolic
diseases. Obesity related inflammatory changes within the brain
have selective sequels affecting energy homeostasis and general
functional along with structural implications. For example, obe-
sity linked to mitochondrial dysfunction in hypothalamic POMC
neurons can cause impairment in central glucose sensing (Parton
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et al.,, 2007). Moroz et al. demonstrated that in mice developing
obesity in response to high fat diet (HFD), mild neuropathologi-
cal lesions were seen along with significant impairment in insulin
receptor binding in the temporal lobe region. HFD feeding caused
brain insulin resistance manifested by reduced maximum binding
capacity (Bmax) for insulin receptor and modestly increased brain
insulin gene expression. However, HFD-fed mice did not exhibit the
brain histopathology of Alzheimer’s disease (AD), such as increases
in Amyloid-f3 or phospho-tau, orimpairment in insulin-like growth
factor 1 (IGF) signaling or acetylcholine homeostasis. That obe-
sity and type 2 diabetes mellitus (T2DM) cause brain atrophy with
brain insulin resistance, oxidative stress, and neuronal cytoskele-
ton degradation, in the absence of many features that typify AD,
suggests that obesity and T2DM may contribute to, but are not suffi-
cient to cause, AD (Moroz et al., 2008). It has been recently observed
that some parallel increases in tumor necrosis factor-alpha (TNF-ot)
and macrophage/microglial activation can be induced in adipose
tissue and brain from HFD fed animals. Most interestingly, how-
ever, both the brain and adipose tissue had elevated amyloid
precursor protein (APP) in neurons and macrophages/adipocytes,
respectively. The presence of APP in itself may not only harbor sub-
sequent amyloid deposition, but also exert proinflammatory effects
since APP agonist antibody increased specific cytokine secretion
in macrophage cultures (Puig et al., 2012). It is noteworthy that
there is increased expression of APP in adipose tissue from obese
human subjects and that plasma Amyloid-f3 is positively related to
body fat, even in normal subjects (Lee et al., 2008). In one study
(Thirumangalakudi et al., 2008) unconfirmed by another (Moroz
et al., 2008), high fat/high cholesterol diet induced increased brain
expression of APP, Amyloid-f3 and several proinflammatory pro-
teins in association with memory impairment.

Insulin resistance is a hallmark of obesity and caloric excess
and can play an important role in brain dysfunction. Hyperin-
sulinemia and insulin resistance develop rapidly in response to
increased caloric intake (Danielsson et al., 2009; Lee et al., 2011)
and weight gain, even prior to the evolution of obesity and therefore
precedes the evolution of confounding conditions such as hyper-
tension, hyperglycemia, the metabolic syndrome and diabetes.
Peripheral insulin resistance has been linked to subtle cognitive
deficits and reduced spontaneous cortical activity in otherwise
cognitively healthy humans afflicted with obesity, prediabetes or
diabetes (Baker et al., 2011). Functional brain magnetic resonance
imaging (fMRI) studies showed that the homeostasis model of
assessment (HOMA-IR), a standard measure of insulin resistance
derived from fasting circulating glucose and insulin, was inversely
correlated with functional connectivity in the right inferior frontal
gyrus and precuneus in patients with T2DM. Such patients with
impaired peripheral insulin sensitivity also showed reduced func-
tional connectivity in the brain’s default mode network, which
was associated with insulin resistance in selected brain regions
(Musen et al., 2012). In elderly subjects, insulin sensitivity was
positively related to verbal fluency performance, brain size, and
temporal lobe gray matter volume in regions known to be involved
in speech production (Benedict et al., 2012). The mechanisms
underlying this association may be rapidly unfolding. Insulin can
cross the blood brain barrier and has a wide range of physiolog-
ical actions, which apparently depend on the signaling through
its receptors. Insulin receptors are expressed particularly in brain
areas related to cognitive processing such as the hippocampus, and
are involved in synaptic plasticity and behavior (Agrawal et al,,
2009). Cumulative evidence now supports an array of molecu-
lar and functional effects elicited through central nervous system
(CNS) insulin signaling such as enhancement of synaptic long-term
potentiation (Lee et al., 2009), attenuation of pathological bind-
ing of Amyloid-[3-derived diffusible ligands to synapses of neurons
(De Felice et al., 2009), reduction in food intake and improvement

in declarative memory (Hallschmid et al., 2008). Obesity is asso-
ciated with alterations in at least some of insulin’s CNS effects.
For example, intra-nasally administered insulin, presumably act-
ing through the CNS, lowers food intake in normal weight but not
in obese men (Hallschmid et al., 2008). Insulin enhances sponta-
neous cerebrocortical activity in the theta frequency band, which
is mainly controlled by the hippocampus and linked to locomo-
tor activity and voluntary movement, but this effect is blunted in
obese subjects proportional to visceral fat mass and circulating fatty
acid concentrations (Tschritter et al., 2009). Insulin administered
intra-cerebro-ventricularly (ICV) increased locomotor activity in
lean, but not in obese, mice (Hennige et al., 2009). Some of these
associations not only reflect the loss of cerebral sensitivity to
insulin’s action in obesity, but can by themselves sustain or aggra-
vate obesity: reduced locomotor activity and lack of suppression of
eating by insulin can obviously foster weight gain and obesity.

5. What is the actual culprit: high caloric intake, increased
dietary fat, excessive carbohydrate consumption or the
presence of obesity per se?

Identification of the critical instigator(s) of brain anomalies in
the obese state is highly desirable, but unfortunately not necessarily
practical. Presently, this cannot be viewed as a simple “Chicken and
Egg” question, but is most likely a highly complex series of impair-
ments, encompassing inherited defects predisposing to obesity
(e.g., leptin deficiency as an extreme example), the stress imposed
on the brain by increased overall caloric load, selective deleterious
brain effects of fat-rich diet or excessive intake of simple carbohy-
drates and, eventually, an ongoing insult to the brain secondary to
the obese state. Western type diet, which is most commonly asso-
ciated with obesity in humans, is both fat- and carbohydrate rich
and their separate effects are hard to discern except for artificially
generated and time-limited conditions. As reflected thus far in the
present review, high fat diet/“cafeteria diet” protocols comprise the
single largest source of information on the impact of nutritional
and weight gain related effects on the brain, even in experimental
models in animals (Table 1).

Still, emerging evidence indicates that excessive carbohydrate
intake or the ensuing alteration in circulating insulin and insulin
signaling may have distinct negative effects in the brain (Table 2).
High fructose diet alone was found sufficient to impair memory in
rats (Agrawal and Gomez-Pinilla, 2012). Both hypertriglyceridemia,
a frequent sequel of insulin resistance, and insulin resistance per se
may play a role in this setting as a positive correlation was noted
between fructose induced memory deficits and triglyceride levels
as well as with insulin resistance index. In human adolescents, post-
breakfast cognitive performance is better following a low-glycemic
index meal than with an eucaloric high-glycemic index breakfast
(Cooper et al., 2012).

High fructose diet was also associated with regional brain
increased lipid peroxidation and insulin resistance as reflected
by reduced insulin signaling in the hippocampus: lower insulin
receptor tyrosine- and Akt phosphorylation. Chronic fructose
consumption can induce leptin resistance in terms of deficient
appetite suppression prior to the increase in body weight, adi-
posity, serum leptin, insulin, or glucose and this fructose-induced
leptin resistance accelerates high-fat induced obesity (Shapiro
et al, 2008). In rats, high-sucrose diet resulted in increased
brain phosphorylated-phospholipase A, (cPLA;) protein, cPLA,
activity and 12-lipoxygenase mRNA, but decreased brain-derived
nuclear-factor (BDNF) mRNA and protein, all of which can collec-
tively contribute to the reduced synaptic plasticity and cognitive
impairment seen in rats and humans with the MetS (Taha et al.,
2012).
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Effects of high fat (HF) diets with and without the induction of obesity on the brain.

Source Species Diet period Weight Body fat Detected signal Special feature(s)/effects
gain
Lee et al. (2013a,b) Mice 21 weeks +[— ++ Gliosis: (1) T2 on brain MRI; (2) MRI confirms gliosis in
histology mediobasal hypothalamus
Pepping et al. (2013) Mice ++ ++ Western blots of frontal cortex Less blood brain barrier
injury proteins; more
metalloproteinase 2
Scherer et al. (2012) Rats 3 days - ND Blunted hypothalamic Resulted in increased
response to insulin peripheral lipolysis and hepatic
glucose output
Jeon et al. (2012) Mice +++ ND Brain volume declined, Hippocampal
hippocampal inflammatory neurodegeneration, TNF-o and
markers increased microglial marker Ila-1
increased
Thaler et al. (2012) Mice; ——in1 +++ Hypothalamic inflammation Gliosis in mediobasal
humans day; +++ within 1 day hypothalamus preceded by
later acute inflammation prior to
weight gain
Zhang et al. (2005) Rats ++ ND Cerebral cortex: high ROS, Evidence for high NADPH
expression of gp91(phox), oxidase-induced oxidative
p22(phox), p47(phox), and stress in cortex
p67(phox) NADPH oxidase
subunits
Cintra et al. (2012) Rats and 16 weeks ++ + Induction of inflammatory Hypothalamic inflammation
mice gene expression in the upon HF diet was reversed by
hypothalamus 2w after HF diet ICV administration of w3 and
introduction. Increased w9 pure fatty acids, which also
expressions of the orexigenic, leads to reduction in
anti-thermogenic NPY and spontaneous food intake and
MCH and reduced expressions body mass gain
of the anorexigenic,
pro-thermogenic POMC and
CART
De Souza et al. (2005) Rats 16 weeks + ++ Proinflammatory cytokines, as HF diet induced a local
TNF-a and interleukin-1 beta proinflammatory status in the
(IL-1B) were released in the hypothalamus, which results in
hypothalamus and activated impaired anorexigenic insulin
apoptotic signaling in the signaling
hypothalamus
Jeon et al. (2012) Mice 20 weeks ++ND Not reported, Memory deficits and elevated HF diet resulted in increased
but likely expression of protein levels of hippocampal TNF-a expression
increased TNF-a and Iba-1 expression, as and activated microglia
well as phosphorylation of tau
in the hippocampus
Milanski et al. (2012) Rats and 8 weeks + + Intracerebroventricularl Hypothalamic inflammation,
mice immunoneutralizing presumably acting through
antibodies against TLR4 or activation of the sympathetic
TNF-a reduced hypothalamic nervous system, can also blunt
inflammation and attenuated the hepatic response to insulin
hypothalamic resistance to
leptin, improved insulin signal
transduction in the liver and
improved liver steatosis
Moroz et al. (2008) Mice 16 weeks ++ Marginal reduction in brain HF diet seemed to be dissimilar
weight together with increased to typical Alzheimer’s disease
tau, IGF-I receptor, IRS-1, IRS-4,
ubiquitin, glial fibrillary acidic
protein, and 4-hydroxynonenol
(marker of lipid peroxidation)
Park et al. (2010) Mice 7 weeks ++ ++ HF diet impaired hippocampal
neurogenesis and neuronal
progenitor cell proliferation
through increased lipid
peroxidation and decreased
BDNF
Parton et al. (2007) Mice 20 weeks ++ Mitochondrial dysfunction in Loss of glucose sensing by
hypothalamic POMC neurons has a role in the
proopiomelanocortin (POMC) development of type 2 diabetes
neurons was associated with
impaired central glucose
sensing
Pistell et al. (2010) Mice 21 weeks ++ Very high fat (60% fat; HFL) and During high fat diet, brain

41% fat (western diet)
increased weight, but only HFL
impaired cognition, reduced
brain BDNF and induced brain
inflammation.

inflammatory damage and the
associated cognitive decline
may depend on the dietary
formulation, not only on
weight gain.
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Source

Species

Diet period

Weight
gain

Body fat

Detected signal

Special feature(s)/effects

Puig et al. (2012)

Sartorius et al. (2012)

Scherer et al. (2012)

Mice

Mice

Rats

22 weeks

8 weeks

3 days

++

+++in ++
saturated

fatty acids

(SFA) vs.
monoun-
saturated

fatty acids
(MUFA)

Elevated proinflammatory,
neurodegenerative phenotype
of HF diet fed brains correlated
with similar increase in APP
and TNF-a levels in adipose
tissue

Mice fed on MUFA displayed
efficient insulin action in the
brain and enhanced brain
cortical activity and
locomotion than mice
receiving a calorically equal
food containing SFA only

Insulin delivered to the
mediobasal hypothalamus did
not inhibit lipolysis through

APP protein levels increased in
primarily neurons in the brain
and macrophage and
adipocytes in adipose tissue

In humans, SFA-enriched diet
led to a decrease in
hippocampal and cortical
activity determined by fMRI

Short-term HF intake
interfered with hypothalamic
insulin signaling, an effect seen

Thirumangalakudi et al. (2008)  Mice 8 weeks NO

Tozuka et al. (2010) Mice Eembryo to
end of

lactation

Caloric
restriction

Witte et al. (2009) Healthy 3 months
humans;
normal,
over-
weight

Tozuka et al. (2009) Mice 6 weeks ++

pre-mating (offsprings)

No change

Larger
adipocytes

even before the evolution of
peripheral insulin resistance in
white adipose tissue

central pathways

(1) Deficient handling of
increasing working memory
load; (2) activated microglia
and astrocytes in the
hippocampi; (3) increased
expression of the key amyloid
precursor protein (APP)
processing enzyme i.e.
beta-site APP cleaving enzyme
1; (4) enhanced hippocampal
mRNA expression of IL-1(3,
IL-6, and TNF-« as well as
proinflammatory enzymes:
COX2,iNOS

HF diet offspring (1) increased
hippocampal lipid
peroxidation during early
postnatal development; (2)
less hippocampal BDNF; (3)
impaired spatial learning in the
young but not adult period
Exercise raises plasma BDNF
while caloric restriction
improved memory in old
subjects without affecting
circulating BDNF

Maternal obesity impaired
neurogenesis during offspring

Maternal HF diet led to
increased offspring

most of
lactation

17 weeks

++

postnatal development. In this
condition, oxidative stress was
promoted in the dentate gyrus
of HFD offsprings

Same duration of HF diet

hippocampal lipid
peroxidation and decreased
neuogenesis

Boitard et al. (2012) Mice

consumption in early life, but
not in adulthood, results in loss
of relational memory flexibility
and decreased hippocampal
neurogenesis

ND, not determined.

Attempted reversal of the overweight/obese state through pref-
erential dietary deprivation of carbohydrates or fat can also shed
light on the role of these nutrients on brain function, but these
studies are thus far inconclusive. Brinkworth et al. assessed cogni-
tive function in 106 adult overweight and obese subjects assigned
either to an isocaloric very low-carbohydrate, high-fat diet or to
a high-carbohydrate, low-fat diet, for 1 year. Both diets achieved
similar weight loss and improvement in working memory but nei-
ther affected the speed of processing (Brinkworth et al., 2009).
However in another study, low-carbohydrate high-fat diet resulted
in smaller improvement in speed of processing relative to low-
fat, high-carbohydrate diet, despite a higher achieved weight loss
(Halyburton et al., 2007).

6. Structural changes

Multiple structural alterations have been reported in the brain
of obese subjects, some of which may be difficult to conclusively
discern from the effects of aging or the concomitant presence
of hypertension, atherosclerosis, dyslipidemia or abnormal glu-
cose metabolism. Still, cross-sectional regression studies associate
increased body mass index (BMI) with decreased brain volume
(Ward etal.,2005) and obese humans were found to have decreased
brain volumes independent of age or disease (Gunstad et al., 2008).
A recent report indicates that increased BMI is linked to reduction
in white matter integrity throughout the brain (Verstynen et al.,
2012). Clinical obesity is also reportedly linked to reduction in focal
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Table 2
Effects of carbohydrate-modified diets on the induction of obesity or weight loss.
Source Species Diet Diet period Weight Detected signal/effect Special
gain feature(s)/effects
Agrawal and Rats High-fructose 6 weeks Impaired cognitive abilities The presence of
Gomez-Pinilla and disrupted insulin docosahexaenoic acid,
(2012) signaling an n — 3 fatty acid,
restored metabolic
homeostasis
Brinkworth et al. Humans; Very low 1year Weight loss Similar weight loss and Favorable effect of LF
(2009) overweight and carbohydrate (LC) improvement in working vs. isocaloric LC diet on
obese and low-fat (LF) memory, neither diet mood and affect in
affected speed of overweight and obese
processing
Halyburton et al. Humans; Low-carbohydrate, 8 weeks +++ in LCHF LCHF diet resulted in Higher achieved
(2007) overweight or high-fat (LCHF) and smaller improvement in weight loss in LCHF vs.
obese high-carbohydrate, speed of processing HCLF diet
low-fat (HCLF) relative to HCLF diet
Kanoski et al. Rats High saturated fat 90 days ++ Impairment in Some learning and
(2010) (lard) and glucose hippocampal-dependent memory processes,
discrimination problems particularly those that
and no effect on tasks that rely on the integrity of
do not rely on the the hippocampus are
hippocampus. due to disruption by
Compromised BBB diets containing
integrity saturated fat and
refined carbohydrates
Taha et al. (2012) Rats High sucrose 8 weeks NO Lower synaptic plasticity Reduced whole brain
and cognitive impairment, BDNF mRNA and
along with increased brain protein levels were not
phosphorylated- mediated by
phospholipase A; (cPLA;) pro-inflammatory
protein, cPLA; activity and eicosanoids
12-lipoxygenase mRNA,
but decreased
brain-derived
nuclear-factor mRNA and
protein
Srinivasan et al. Rat pups High-carbohydrate 12/24 days ++ Hyperphagia and increased Newborn pups raised
(2008) (HC) milk formula then weaning (postnatal weight gain in the on HC milk formula
onto days 40, post-weaning period with develop chronic
standard 100) hypothalamic: (1) increase peripheral
chow for 76 in mRNA levels of hyperinsulinemia and
days neuropeptide Y, adult-onset obesity
agouti-related polypeptide, despite subsequent
and galanin and decreased placement on regular
levels of POMC, chow, associated with
melanocortin receptor-4, impaired hypothalamic
cocaine- and energy control
amphetamine-regulated
transcript, and (2) decrease
in corticotrophin-releasing
factor mRNA, insulin
receptor 3 (IR-B) and
leptin receptor protein;
changes persisted into
adult life (100 days).
Srinivasan et al. Rat pups High-carbohydrate 12 and 24 ++ Pair-feeding implemented Earlier life-entrained
(2013) (HC) milk formula days then from postnatal days hypothalamic
weaning onto 24-140 did not reverse the predisposition to
standard or programmed effects in hyperphagia appears
HC chow islets and hypothalamus, irreversible
until day 140 which supported chronic
hyperinsulinemia and
hyperphagia
Beck et al. (2012) Rat dams Gestating dams Day 12 of + HF; —HC Compared to maternal HF Early life exposure to
were fed a gestation diet, HC diet induced lower unnecessarily enriched
restricted normal until delivery arcuate nucleus POMC nutrition imprints
diet with the expression and higher hypothalamic feeding
opportunity to paraventricular nucleus related aberrations
complete energy NPY and orexin peptide (supporting
requirements with concentrations in young hyperphagia) that may

either high-fat (HF)
ora
high-carbohydrate
(HC) food

adult rat offspring

be macronutrient-
dependent rather than
calorie-related
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Table 2 (Continued )
Source Species Diet Diet period Weight Detected signal/effect Special
gain feature(s)/effects
So et al. (2007) Mice 60% resistant 4 weeks No change Mice on both diets had Adipocytes isolated
starch (HRS), or similar weights, yet total from LRS mice were
readily digestible body adiposity, larger and had lower
starch (LRS) subcutaneous and visceral insulin-stimulated
fat, plasma: leptin, glucose uptake
adiponectin and
insulin/glucose ratios were
greater in LRS. MRI data
from the ventromedial and
paraventricular
hypothalamic nuclei show
a satiating effect of the HRS
diet despite a lower energy
intake
Anastasovska et al. Mice High fat (HF) diet 9 weeks — on In diet HF diet with Supplementation of a
(2012) supplemented with oligofructose-enriched HF diet with

oligofructose-
insulin enriched
(In) or corn starch
(Cs)

inulin (In diet) reduced
accrued fat deposition and
increase arcuate nucleus
neuronal activity

oligofructose-enriched
insulin induced
beneficial metabolic
and hypothalamic
neuronal activity
effects

Table 2 Effect of carbohydrate-modified diets on the induction of obesity or weight loss.

gray matter volume and enlarged orbitofrontal white matter, par-
ticularly in the frontal lobe (Pannacciulli et al., 2006). Functional
alterations may accompany these structural and morphological
changes in the obese brain. For example, in healthy subjects
increased BMI was associated with decreased regional blood flow
in the prefrontal cerebral cortex (Willeumier et al., 2011).

7. Differing functional brain MRI (fMRI) responses between
obese and lean individuals

Imaging studies conducted in the postprandial state (i.e., after
a meal) argue that the excess energy intake in obesity is at least
partly due to eating in the absence of hunger (nonhomeostatic eat-
ing) presenting evidence that overweight/obese participants have
greater brain activity in response to the presence of food (cues
or taste) and enhancement of anticipated reward compared with
normal-weight participants. For example, in the fasted state pre-
ceding a breakfast that provided 20% of subject-specific calculated
daily energy requirements to achieve satiety, food reward-related
brain signaling (FRS) was higher in overweight subjects, but when
sufficiently satiated, FRS was lower compared to normal weight
subjects. Inhibitory control, represented by prefrontal cortex
signaling, however, was lower in the satiated overweight individ-
uals; this may result in eating in the absence of hunger or, perhaps
more precisely stated, lack of a true biological need to provide
just adequate caloric supply (Martens et al., 2013) (see Table 3 for
additional information about brain reward circuits). Interestingly,
increased responsiveness to food cues in some reward-related
brain regions not only persists in “formerly obese” individuals
that lost weight and maintained normal BMI, but is also associ-
ated with weight gain. For example, 8 obese or overweight women
who experienced >2.5% increase in BMI over a 6-month follow-up
period, showed reduced striatal response to chocolate milkshake
consumption vs. a tasteless control solution compared with 12
women who showed <2% change in BMI. Six women that lost weight
did not show significant changes in caudate activation upon milk-
shake intake compared to the weight gain or weight stable groups.
These results suggested that weight gain may be associated with
reduced sensitivity of reward circuitry which may be a fundamental
mechanism responsible for overeating (DelParigi et al., 2004; Stice
et al., 2010) (see Table 3 for additional studies regarding reward
circuits). DelParigi et al. showed that in response to a liquid meal

(Ensure Plus) there was a significant difference in the activity of the
posterior cingulate and amygdala between obese and the lean indi-
viduals, but not between lean and post-obese subjects. However,
increased neural activity in the middle insula and decreased activity
in the posterior hippocampus was found in obese and post-obese
compared with lean individuals. Collectively, then, some function-
ally demonstrable alterations in the “obese brain” may be reversible
with weight loss, whereas the persistence of other anomalous pat-
terns is compatible with the concept that they may be involved in
the pathophysiology of obesity (DelParigi et al., 2004). fMRI studies
also showed that there are differences in brain activity between
successful dieters (past-obese individuals that lost weight and
achieved and maintained normal BMI) to non- successful dieters
that remain obese. The dorsal prefrontal cortex (DPFC), involved
in controlling inappropriate behavioral responses, was activated
in successful-compared to non-successful dieters upon meal con-
sumption, and there was an association between the degree of
dietary restraint (assessed by questionnaires) and the coordinated
neural changes in the DPFC and orbitofrontal cortex (DelParigi
et al, 2007). Compared to normal weight and obese individ-
uals, sustained weight losers (past obese individuals that achieved
normal BMI and maintained it for at least 3 years) that were
shown images of food items had enhanced activation of primary
and secondary visual cortices, i.e., enhanced visual attention to
food cues, together with greater engagement of inhibitory control
regions (frontal regions) in response to food cues. These differences
could comprise a possible contributory mechanism to improved
control of food intake in successful weight-losers (McCaffery
et al., 2009).

8. Overnutrition, hypothalamic inflammation and
hypothalamic dysfunction

Proinflammatory cytokines, such as TNF-a and interleukin-1
beta (IL-13) were shown to be released in the hypothalamus and
activate apoptotic signaling in the hypothalamus of rodents placed
on a high fat diet (De Souza et al., 2005). This process may be par-
ticularly prominent in the mediobasal hypothalamus. Short-term
high-fat intake interferes with insulin signaling in the hypothal-
amus as measured by the inability of insulin delivered to the
mediobasal hypothalamus to inhibit lipolysis through central path-
ways, an effect seen even before the evolution of peripheral insulin
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Table 3
Effects of food-related measures/measurements on human brains.
Source Type of Type of Duration of Change in weight Detected signal Special
patients interven- assessed and/or fat feature(s)/effects
tion/study intervention
Gunstad et al. (2011) Obese Bariatric 12 weeks - Several cognitive tests Obesity-related
surgery post-operative improved in bariatric cognitive dysfunction
surgery patients relative to was at least partly
obese controls, including reversible
multiple memory indices
and a test of psychomotor
speed
Martens et al. (2013) Normal weight, 10h fast Overweight subjects had a
overweight followed by more pronounced
alarge food-reward anticipating
breakfast brain signaling in the
fasted state in the anterior
cingulate cortex (ACC) vs.
normal-weight subjects
When sufficiently satiated,
food reward-related brain
signaling was less
pronounced in overweight
vs. normal-weight subjects
in the ACC and the
prefrontal cortex.
Stice et al. (2010) Obese/lean Observation 6 months Weight increase Weaker activation of the Findings suggest that
teenagers seen in frontal operculum, lateral low responsivity of
association with orbitofrontal cortex, and dopamine-based
brain reward striatum in response to reward circuitry to
activity and imagined consumption food intake predicts
genetic variation palatable vs. unpalatable future weight gain and
in dopamine foods or water, predicted that this difference is
receptors’ future increases in body likely determined by
polymorphisms mass for those with the genetic variation
DRD2 TaqlA A1 allele or the (polymorphisms) in
DRD4-7R allele dopamine receptors 2
and 4
Witte et al. (2009) Healthy, Caloric 3 months Increase in verbal memory
normal, restriction which correlated with
over-weight decreases in fasting insulin

and C-reactive protein. Best
results in subjects with
best adherence to the diet

resistance in white adipose tissue (Scherer et al., 2012). Activation
of hypothalamic inhibitor of kappaB kinase beta (IKK[3)/NF-kB, at
least in part through elevated endoplasmic reticulum stress in the
hypothalamus, is another important link between overnutrition
and hypothalamic inflammation. In fact, direct forced activation
of hypothalamic IKK@3/NF-kB can interrupt central insulin/leptin
signaling and actions (Zhang et al., 2008). Notably, direct acti-
vation of IKKbeta/NF-kB in the pro-opiomelanocortin (POMC)
neurons in the mediobasal hypothalamus accounts for obesity-
induced hypertension, operating downstream via activation of
the sympathetic nervous system (Purkayastha et al., 2011). Con-
versely, site- or cell-specific suppression of IKK{ either across
the brain in general or targeting the mediobasal hypothalamus,
or even more specifically, the hypothalamic agouti-related pro-
tein (AGRP) neurons, provides significant protection from high
fat diet-induced obesity and glucose intolerance (Zhang et al.,
2008). Hence, mediobasal hypothalamic inflammation may be a
mediator of obesity and obesity-related hypertension depending
on the involvement of specific cell types within this area. It has
been recently clarified that unlike inflammation in peripheral tis-
sues, which develops as a consequence of obesity, hypothalamic
inflammatory signaling can be detected in both rats and mice
as early as 1-3 days from the onset of high fat intake, prior to
weight gain. Ensuing reactive gliosis and markers suggestive of
neuron injury were found in the hypothalamic arcuate nucleus

within the first week of fat-rich diet. Whereas these changes
were initially entirely reversible, with continued consumption
of fat excess, they re-emerged permanently at the mediobasal
hypothalamus. Examination of human brain MRI studies likewise
showed increased gliosis in the mediobasal hypothalamus of obese
subjects (Thaler et al., 2012). Apparently, potential local neuropro-
tective repair mechanisms may be overpowered under the chronic
insult of overnutrition and/or obesity. This is suggested by the
observation that long term HFD feeding leads to both depletion
and functional impairment in the neurogenic capacity of adult
hypothalamic neural stem cells (htNSCs; a multipotent cell pop-
ulation residing predominantly in the mediobasal hypothalamus
of adult mice), associated with local IKK[3/NF-«B activation. Hence,
IKK[3/NF-kB-mediated impairment of adult htNSCs may be a crit-
ical neurodegenerative mechanism in obesity (Li et al,, 2012).
Acutely inflamed hypothalamus due to short term overnutrition
or structurally modified hypothalamus secondary to chronic obe-
sity and/or inflammation can become dysfunctional. This might
disrupt the normally precise coupling between caloric intake and
energy expenditure, fostering overeating and further weight gain.
An example to this effect is the observation that short-term HFD
feeding led to a 37% increase in caloric intake, hyperinsuline-
mia, and, even prior to impairment in insulin signaling in white
adipose tissue (WAT), loss of the ability of the mediobasal hypo-
thalamus to suppress WAT lipolysis and hepatic glucose production
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as assessed by glycerol and glucose flux. This was associated
with increased hypothalamic levels of the endocannabinoid 2-
arachidonoylglycerol (2-AG) after only 3 days (Scherer et al,
2012).

The hypothalamic inflammation seen in mice with diet-induced
obesity can be reversed by direct ICV administration of w3 and
9 pure fatty acids, which also leads to reduction in spontaneous
food intake and body mass gain (Cintra et al., 2012). Finally, speci-
ficity of the inflammatory profile, site and affected cell population
appear critical to the induction of overeating and hypothalamic
dysfunction: for example, hypothalamic TNF-a can also produce
anorexigenic and negative energy balance effects (Arruda et al.,
2010).

9. Hypothalamic inflammation affects insulin release and
action

Recent evidence indicates that hypothalamic inflammation
results not only in impaired central regulation of energy balance but
also in disruption of normal insulin secretion and reduced periph-
eral insulin sensitivity. ICV injection of a low dose of TNF-a leads
to a dysfunctional increase in insulin secretion and activates the
expression of a number of markers of apoptosis in pancreatic islets.
Experimentally induced hypothalamic inflammation induced by
the ICV injection of stearic acid produced an impairment of insulin
secretion, accompanied by increased expression of pancreatic
islet markers of apoptosis. Thus, the signals generated in concert
with or secondary to hypothalamic inflammation can be a nega-
tive modulator of pancreatic islet function (Calegari et al., 2011).
Hypothalamic inflammation, presumably acting through activa-
tion of the sympathetic nervous system, can also blunt the hepatic
response to insulin. In fact, when obese rodents received ICV injec-
tions of immunoneutralizing antibodies against Toll-like receptor
(TLR) 4 or TNF-a, hypothalamic inflammation was reduced, result-
ing in attenuation of hypothalamic resistance to leptin, improved
insulin signal transduction in the liver and lessening of liver steato-
sis (Milanski et al., 2012).

10. Hippocampal inflammation and atrophy

The hippocampus is a vital structure for cognition, processing
of short to long term memory, learning, spatial navigation and
emotions, whose function may be preserved through continued
neurogenesis in adult life. As recently reviewed by Fotuhi et al.
(2012), obesity and obesity-related conditions such as diabetes,
hypertension, cardiovascular disease, obstructive sleep apnea,
vitamin B12 deficiency, atrial fibrillation, mood disorders are
known to adversely influence hippocampal size (Fotuhi et al.,
2012). However, direct studies with careful matching of controls
and hypertensive subjects failed to identify a role for hypertension
hippocampal volume (Gold et al., 2005; Raz et al., 2003). Some
insight into the effect of obesity on the hippocampus is offered by
a recent study, in which HFD resulted in increased hippocampal
TNF-a expression and activated microglia (Jeon et al., 2012). HFD
in mice also increased lipid peroxidation as indicated by high
4-hydroxynonenol levels in the hippocampus (Moroz et al., 2008).
High fat diet can induce local pro-apoptotic signaling such as
increased expression of caspase-3 and gliosis in the hippocampus,
particularly in the dentate gyrus (Rivera et al., 2013). Such local
incitement of inflammation and cell damage may eventually
lead to loss of hippocampal tissue. There is evidence for reduced
hippocampal size in obesity, which could harbor accelerated
cognitive impairment in late life (Ho et al., 2011; Jagust et al., 2005;
Raji et al., 2009; Whitmer et al., 2008). Furthermore, a high BMI
in midlife is a marker of increased rate of hippocampal atrophy

in late life (Jagust et al., 2005; Knopman, 2008; Raji et al., 2010;
Taki et al., 2007). In one analysis, an increase in one standard
deviation (SD) in the waist-to-hip ratio was reportedly linked to
a 0.2 SD decrease in hippocampal volume (Jagust et al., 2005).
While obesity per se and or high fat intake can contribute to the
hippocampal atrophy, very recent evidence indicates that glucose,
even at the high normal range, may be an additional important
player in hippocampal volume shrinkage (Cherbuin et al., 2012).
In a 4 year MRI-based follow up study of non-diabetic subjects,
blood glucose was linked to hippocampal and amygdalar atrophy,
explaining 6-10% in volume change after controlling for age, sex,
body mass index, hypertension, alcohol, and smoking.

Novel insights into how self-perpetuating this association may
be is offered by emerging evidence that hippocampal injury may,
in itself, adversely affect feeding behavior, thus potentially fur-
ther perpetuating obesity by uncontrolled feeding. Not only are
receptors for negative regulators of feeding such as GLP-1, leptin
and insulin expressed in the hippocampus, but also the direct hip-
pocampal exposure to leptin reduces food intake (Kanoski et al.,
2011). Brain leptin resistance, a well-studied aspect of the obese
state, as well as hippocampal injury that is secondary to obesity
could, thus, play a role in disrupted feeding behavior. In vivo stud-
ies show that low adiponectin levels, typical of obesity and the
metabolic syndrome, are inversely related to hippocampal vol-
ume in T2DM (Masaki et al., 2012). In vitro studies showed that
adiponectin protects cultured hippocampal neurons from excito-
toxicity (Qiu et al., 2011).

11. Obesity and cognitive decline

Experimental evidence links very HFD-induced obesity to cogni-
tive decline. For example, in one study, very HFD but not moderate
fat diet elicited impaired cognition, increased brain inflammation,
and decreased brain-derived neurotrophic factor (BDNF), along
with increased body weight. Hence some, but not all, diet formu-
lations which increase body weight can induce brain inflammation
and disrupt cognition in mice (Pistell et al., 2010). While this
appears to suggest that some types of excessive nutrition per se
impair cognition independent of obesity, a wealth of studies nev-
ertheless links the obese state, either alone or in association with
its comorbidities/sequels, to cognitive disadvantage.

The linkage between obesity and/or the MetS and cognitive
impairment is strongly supported not only by epidemiological
cross-sectional and prospective studies (Case et al., 2002; Yaffe
et al, 2004) but even more so by improvement of cognitive
measures following effective intervention addressing individual
components of the MetS (Siervo et al., 2011). First, obesity is associ-
ated with cognitive impairment across the human life span (Smith
et al., 2011), beginning with some deficits seen as early as during
childhood or adolescence (Maayan et al., 2011). These early deficits
include reduction in executive functioning and attention, decreased
global functioning or lesser intelligence quotient (IQ) (Yates et al.,
2012). Of interest is the possibility that deficient executive func-
tion may actually play a role in the development or persistence of
obesity, particularly if weak inhibitory control performance leads
to overeating (Pauli-Pott et al., 2010). Second, even healthy obese
subjects have some deficits in learning, memory, and executive
function relative to nonobese individuals (Elias et al., 2003, 2005;
Waldstein and Katzel, 2006), which appears to reflect the effect
of obesity per se (Gunstad et al., 2006, 2007; Jeong et al., 2005).
Third, cognitive performance also declines with decreased physical
activity and aerobic fitness, which often accompany, if not simply
underlie or contribute to, increased fatness and high energy con-
sumption. These factors likely adversely affect cognition not only on
a rudimentary level but also at the level of scholastic performance
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(Donnelly et al., 2009). Fourth, obesity, particularly in the setting of
the MetS, may be a marker of future cognitive decline (Yaffe et al.,
2004). Cognitive deficits have been recently reported to be more
likely associated with MetS in the presence of markers of peripheral
inflammation such as elevated circulating levels of c-reactive pro-
tein (CRP) or Interleukin 6 (IL-6) (Roberts et al., 2010). Fifth, as
recently reviewed by Siervo et al., weight loss improves cogni-
tive function (Siervo et al., 2011) affecting some of the very same
cognitive parameters impaired in the obese state: memory and
attention/executive functioning (see Table 3 for additional exam-
ples). In fact, weight loss may result in rapid improvement of some
cognitive functions. For example, in one study, improved memory
was noted as early as 12 weeks following bariatric surgery (Gunstad
etal.,2011)(see Table 3 for another example for the effect of caloric
restriction and cognitive function). At the present time, potential
effects of weight loss cannot be fully separated from those elicited
by the associated improvement in the metabolic control secondary
to weight loss (Ryan et al,, 2006). Likewise, weight loss associ-
ated improvement in hemodynamic factors such as blood pressure,
arterial flow and endothelial function, sleep quality and nutrient
composition and load could also contribute to the beneficial cogni-
tive effects of weight loss. Sixth, midlife obesity per seis an apparent
risk factor for Alzheimer’s disease (AD), independent of other con-
ditions (Beydoun et al., 2008; Fitzpatrick et al., 2009; Kivipelto et al.,
2005; Profenno and Faraone, 2008; Profenno et al., 2010; Whitmer
et al., 2007). Somewhat reminiscent of the differential effects of
various dietary fat types on the brain in mice, the ingestion of sat-
urated, but not unsaturated fat, at midlife appears to increase the
risk of developing AD (Eskelinen et al., 2008; Laitinen et al., 2006).

Brain function is sensitive to inflammatory pathways and medi-
ators, the expression of which is enhanced in the peripheral tissues
in the obese state, and possibly, at least under some conditions, in
the brain. Hence, both peripheral inflammation and central inflam-
matory processes may affect the brain in the obese state. It is now
well accepted that the expression of inflammatory cytokine can
be induced in brain cells, which then leads to neuronal apoptosis
and impaired cognition (Gemma and Bickford, 2007). Direct injec-
tion of IL-13 to the dorsal hippocampus impairs context memory in
mice (Barrientos et al., 2002). However, even peripheral exposure
to lipopolysaccharide can disrupt working memory, an effect which
cannot be exerted in IL-6 knockout mice and involves increased hip-
pocampal expression of IL-6 (Sparkman et al., 2006). Notably, the
highest levels of cytokine binding during experimentally induced
acute sickness or inflammation have been demonstrated particu-
larly in specific brain areas associated with learning and memory,
including regions of the cortex and hippocampus (Parnet et al.,
2002). The contribution of inflammatory mechanisms to cognitive
impairment is further suggested by its association with elevated
increased circulating levels of CRP in the MetS. Cognitive function
is strongly affected by mood and elevated circulating levels of IL-
6 were also found to correlate with mood symptoms (Soczynska
etal,2011).

12. Hormonal alterations and cognitive function in obesity

Leptin replacement was shown to improve cognitive function
in a boy with leptin deficiency, but the interpretation of this effect
is complex, since the effects of the induced weight loss are difficult
to discern from the effect of leptin per se (Paz-Filho et al., 2008).
There is growing interest in the possibility that leptin and leptin
analogs have neuroprotective effects (Frolich etal.,2011)and in this
respect, the brain leptin resistance seen in obesity might adversely
affect naturally existing neuroprotective mechanisms.

GLP-1, a hormone that increases food induced insulin release
has modulatory effects on both fat tissue homeostasis and learning

capacity which appear to be blunted in the obese state. The
injection of GLP-1 ICV in mice potently decreases lipid storage
in white adipose tissue, an effect which is blunted in obese mice
(Nogueiras et al., 2009). Such decreased central GLP-1 effects in
obesity could likewise affect cognitive ability as GLP-1 receptor
knockout mice display memory impairment which can be overrid-
den by viral-borne GLP-1 gene therapy (During et al., 2003). There
is now experimental evidence that GLP-1 treatment can improve
neurodegenerative processes in animal models of Alzheimer’s
(Gengler et al., 2012) and Parkinson’s disease (Li et al., 2009) and
also can preserve cognitive functions in HFD-fed mice, a model
which is highly relevant to human diet-induced obesity.

BDNF is widely recognized as a key regulator of neuronal devel-
opment, survival, and differentiation and is functionally implicated
in memory and cognitive ability. BDNF also suppresses food intake
and is activated via the monocyte chemoattractant proteins 4
(MCP-4) receptor pathway and leptin such that when it is adminis-
tered to mice, it leads to weight loss (Liao et al., 2012; Xu et al,,
2003). Intact hippocampal BDNF signaling restrains anxiety-like
behavior patterns (Bergami et al., 2008). Moreover, hippocampal
BDNF mRNA expression and signal transduction are negatively reg-
ulated by proinflammatory cytokines (Barrientos et al., 2004).

Given this background on BDNF and in light of the inflamma-
tion and volume atrophy noted in the hippocampus in obesity,
the observation that HFD impairs hippocampal neurogenesis
and retards the proliferation of neural progenitor cells through
increased lipid peroxidation and decrease in BDNF expression is
of interest (Park et al., 2010). Such effects can be prenatally pro-
grammed since high fat diet-induced maternal obesity impairs
hippocampal BDNF production and spatial learning performance
in young mouse offsprings (Tozuka et al., 2010). Genetic obesity,
such as seen in the leptin receptor deficient db—/db~ mouse model
is also linked to reduced hippocampal BDNF expression, in associ-
ation with hippocampal inflammation and increased expression of
the cytokines interleukin-1@3, TNF-« and IL-6. Concomitant behav-
ioral alterations consistent with hippocampal impairment were
noted, mainly increased anxiety-reflecting movement patterns in
the open-field, and impaired spatial recognition memory, the lat-
ter being an established hippocampus-dependent task (Dinel et al.,
2011). Increased brain levels of TNF-a and IL-6 induced by con-
sumption of HFD in mice are associated with reduced BDNF levels
and cognitive performances (Pistell et al., 2010).

Obesity and obesity-related phenotypes are associated with
variations in the BDNF gene (Hotta et al., 2011) but do not necessar-
ily translate into simple effects on circulating BDNF. The potential
importance of alteration in BDNF expression with respect to both
weight regulation and cognitive function is exemplified by a rare
human genetic disease in which BDNF haplotype insufficiency
results in obesity along with significant cognitive impairment (Gray
et al., 2006).

While plasma BDNF is positively related to body mass index
(BMI) in human females but not in males, and declines with age
(Golden et al., 2010) there is insufficient information on the source
and regulation of circulating BDNF. Physical exercise raises plasma
BDNF but caloric restriction improves memory in older subjects
without an effect on circulating BDNF (Witte et al., 2009).

13. Sleep deprivation

Sleep deprivation and circadian disruption in the urban, west-
ern style, “24/7 Society” have been long suspected as facilitators
of the spread of obesity and the MetS. On functional MRI stud-
ies, sleep restriction in normal weight adults reportedly leads
to increased overall neuronal activation in response to food,
particularly of brain areas involved in reward, including the puta-
men, nucleus accumbens, thalamus, insula, and prefrontal cortex
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(St-Onge et al., 2012). Obesity, in turn, interferes with normal sleep,
most commonly by eliciting night-time sleep apnea and daytime
sleepiness, in association with memory and spatial orientation
deficits (Telakivi et al., 1988). Experimentally induced circadian
disruption in mice results in increased weight gain which is accom-
panied by remodeling of neocortical neuronal structure, reduction
in some applied learning capacities and increased emotionality
(Karatsoreos et al., 2011). In mice, disruption of the clock gene that
codes for a transcription factor known to regulate circadian rhythm,
brain and muscle Arnt-like 1 (Bmal1), led to adipocyte hypertrophy
and obesity (Barclay et al., 2012). Sleep abnormalities may also turn
on inflammatory mechanisms, a potential link to mood changes
and cognitive derangement. For example, in one study increases in
habitual sleep duration was associated with elevations in CRP and
IL-6 levels whereas reduced sleep duration was linked to increase
in circulating TNF-a, thus suggesting that extreme sleep habits
can differentially activate pro-inflammatory pathways (Patel et al.,
2009). Interference with sleep, then, impairs cognition and fosters
weight gain, whereas obesity itselfis a sleep disruptor, thus forming
avicious self amplifying path which facilitates obesity and hampers
cognitive performance through obesity-related abnormal sleep.

14. Brain disease in obesity: dissecting the role of obesity
from its confounders, hypertension, diabetes and the
metabolic syndrome

Although obesity facilitates the evolution of dysglycemia, dia-
betes, hypertension and the metabolic syndrome, fat accumulation
usually precedes the emergence of these sequels. Further, although
concomitant realization of the presence of these conditions in
cluster is not uncommon in humans, there is an actual lag time
ranging between a few years to several decades between obesity
and its sequels. A primary role for obesity can be therefore assumed
on the basis of this chronological sequence alone, yet the relative
role of each of these conditions vis-a-vis brain function in obesity
merits reconsideration. The two key fields for such scrutiny are the
(a) potential a priori brain anomalies in obesity and or the primacy
of abnormal control mechanisms in food-related brain centers
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leading to appetite deregulation, overeating and obesity; and (b)
the chronic brain damage which evolves secondary to obesity.

The phenomenon that preceding exposure to excessive nutri-
tion is linked to subsequent dysfunction of brain food control
centers, resulting in hyperphagia and weight gain comprises per-
haps the best example of clear separation between obesity and
its confounders. In man, maternal pre-pregnancy BMI is a risk
factor for childhood overweight (Weng et al., 2013), but this link-
age is obviously complicated by genetic factors. A more visible
proof for a primary insult induced by improper excessive feeding
is the experimental data (reviewed in Section 3) that overfeeding
in early life imprints hypothalamic anomalies which intensify eat-
ing drive into adulthood and result in weight gain. In brief, early
hyper-nutritional cues generate long terms hypothalamic dysfunc-
tion, hyperphagia and obesity. Further, hypothalamicinflammatory
response can be induced within 24 h of exposure to high fat diet
(Thaler et al., 2012). Collectively then, impairment in feeding con-
trol centers can be triggered by improper excessive caloric or fatty
food flux, even before any weight gain, let alone the evolution of
obesity, hypertension or diabetes.

The potential contributory role of obesity sequels or of aging
per se to obesity-linked brain functional and structural aberrations
is far more difficult to exclude in adult life. Changes detected in
neuroimaging studies in obese, hypertensive diabetic and elderly
subjects overlap to some extent, but some important differences
are depicted in Table 4. In this context, studies in healthy children
provide the best opportunity to assess the brain effects of obe-
sity independent of its metabolic or elder age-related confounders,
particularly diabetes and hypertension. An inherent caveat in this
setting is that children’s “health” in such studies is often assumed
based on the absence of known diseases rather than on careful
direct testing. Even when examined however, subtle effects of
shifts in indices of metabolic and vascular factors, namely, rises
in blood glucose or blood pressure within the normal range cannot
be entirely excluded. Nevertheless, emerging evidence is consis-
tent with obesity-associated brain changes in otherwise healthy
children. In a recent study of 120 children and adolescents obe-
sity was associated with decreased volume of frontal and limbic
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Fig. 1. Effects of overnutrition and obesity on the brain and cognitive function. Dashed lines represent hypothetical interactions.
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Table 4
Effects of obesity as compared to hypertension, diabetes and aging on human brain structural changes as detected by neuroimaging, particularly MRI studies.
Obesity Hypertension Diabetes Aging
White matter intensities on +in older subjects (Jagust et al., ++(Valdes Hernandez et al., ++ (Reijmer et al., 2011; van ++
MRI 2005) 2013) Harten et al., 2007)
— in children and adolescents
(Alosco et al., 2013)
Reduced brain volume in +in obese children/adolescents NR +in comparison with obese NA
children/adolescents-frontal ~ (Alosco et al., 2013) adolescents (Bruehl et al.,
and limbic cerebral gray 2011)

matter regions
Temporal lobe atrophy ++, but not linked to FTO risk
allele (Ho et al., 2010)
++ Even in adolescents (Alosco,
2013)
(+)(+) (Whitmer et al., 2008;
Ho et al.,, 2011; Raji et al., 2009;
Jagust et al., 2005)

Frontal/prefrontal lobe atrophy
2003)
Hippocampal atrophy
2003)

— (Korf et al., 2007)
+(Gold et al., 2005; Raz et al.,

— (Gold et al., 2005; Raz et al.,

++ (Korf et al., 2007) +(Yao et al., 2012)

+(Lee et al., 2013b) +(Mander et al., 2013)

+ even with rising normal
glucose (Cherbuin et al., 2012)

In proportion to total brain
volume reduction with age
(Knoops et al., 2012)

NR, not reported; NA, not applicable.

cerebral gray matter regions (Alosco et al., 2013). These findings
are dissimilar to studies in obese and overweight adults, in that
they do not reveal any linkage between BMI and microstructural,
MRI-detected, white matter changes, which are more typically
observed in association with hypertension, diabetes or aging. Such
early brain changes in children may interact with rather preva-
lent genetic factors. Defined variations (rs9930333) in the fat mass-
and obesity (FTO)-associated gene, which affect more than 15%
of the population and are known to exert a small incremental
effect on human body weight, in the vicinity of 3 kg (Frayling et al.,
2007), have been linked to reduced brain volume in elderly sub-
jects (Ho et al., 2010). Notably, this reduction was not related
to common confounders of obesity, including hypertension, and
hypercholesterolemia and was also independent of white-matter
hyperintensities. More impressive, perhaps, is the finding of a
shared inverse variance between the brain volume and total body fat
in a population-based cohort of 598 adolescents recruited from the
French Canadian founder population which was subsequently ver-
ified in two additional population samples of adolescents (Melka
et al.,, 2013). In fact, in this report, analysis of co-expression
networks supported the possibility that the underlying FTO effects
may occur as early as during embryogenesis. Rather than a cause
and effect relationship of obesity to lower brain volume, then, this
finding highlights the formerly unpredicted possibility that FTO,
and perhaps other genes as well, exert inverse effects on adipose
and brain tissues. Finally, in the ARIC prospective cohort study of the
development of atherosclerosis in 15,792 individuals aged 45-64
years at baseline, the FTO allele linked to weight gain and smaller
brain volume was strongly associated decline in verbal memory
independent of age, gender, education, diabetes, hypertension and
BMI (Bressler et al., 2013).

15. Conclusion

In conclusion, the evidence reviewed here suggests that exces-
sive nutrition elicits early hypothalamic inflammatory effects,
which likely disrupt the normal homeostasis of energy intake and
expenditure as well as insulin secretion and sensitivity.

Structural changes in the hypothalamus, hippocampus and
cortex may perpetuate these initially reversibly anomalies.
Additionally, these structural changes may reflect genetic back-
ground as well as the added burden of the accrued fat mass with
the associated sequels of systemic anomalies in carbohydrate
and lipid metabolism as well as in the vasculature. The “obese
brain” is also functionally modified over time, which translates
into a vicious cycle of poor control of eating and increasing
harmful peripheral signaling, eventually culminating in cognitive

impairment. Defining which of these putative steps, if any, can
be therapeutically targeted, might offer much needed additional
tools in the search for brain protection in obesity (see Fig. 1).
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