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Abstract The association between nutritional status and cognitive function has its own history and
has been studied from the philosophical, physiological and clinical points of view. Eating
disorders, in addition to qualitative changes, can have two extremes — inadequate food
intake with resulting malnutrition and conditions associated with excessive food intake
and subsequent obesity. Obesity is a complex disorder associated with genetic disposi-
tion and factors of lifestyle. Obese people were found to have structural alterations of the
specific brain systems, namely in the hippocampus. It can manifest in disturbances of
long-term memory, attention, executive functions deficits (worse cognitive performance)
and represents a risk factor for the development of dementia and Alzheimer disease. The
endocrine role of adipose tissue, effects of metabolic hormones, cytokines, and fatty acids
is discussed as well as epigenetic mechanisms that may modulate cognitive functions of
the brain. Cognitive deficits induced by obesity are theoretically reversible. By elimination
of those factors that lead to obesity, particularly by increase physical activity, exercise,
walking, caloric restriction, the cognitive deficit can be reduced. Further discussion might
deserve the generally accepted fact that most obese people have a positive assessment of
their life. The relationship of obesity and cognitive function cannot be probably simplified
in a relationship: slim thin = clever and stout fat = stupid (but happy?). On the other hand,
it is almost futile to seek an overweight genius.

INTRODUCTION

The association between nutritional status and cogni-
tive function has its own history and its justification.
That history is linked to the teachings of Hippocrates
and his four human fluids, that influence behavior
and temperament of man. Such idea has not remained
alone and in the form of Flechner’s teaching (1801-
1887) and the philosophy of psychophysical paral-
lelism returned at the beginning of the 20th century
in the form of categorization of humans into picnics
and asthenias, with cyclothymic or schizothymic
temperament.

.....................

Relation between the state and the quality of nutri-
tion and the brain structure and function are studied
and scientific investigated since time immemorial.
Eating disorders, in addition to qualitative changes,
can have two extremes — inadequate food intake with
resulting malnutrition and conditions associated with
excessive food intake and subsequent obesity. Starva-
tion, along with other types of food deprivation and its
effects on the developing brain and subsequent cog-
nitive functions were discussed in the previous com-
munication (Mourek at al 2010; Mourek & Pokorny
2016). Here we want to analyse the link between exces-
sive food intake, activity of the adipose tissue and the

.............................................................................
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elementary and complex functions of neuronal circuits
that have their parallels in the level of cognitive func-
tion and subsequent behavioural manifestations.

Reasons why to deal with the effects of excessive
food intake result from the fact that in the northern
hemisphere the number and percentage of population
with higher overweight and obesity amounts to sev-
eral tens of percent. Manifestation of obesity is called a
pandemia and an idea was suggested that it is not only
a complex socio-economic trend, but also a biological
phenomenon which in affected individuals leads to the
activation of immune, endocrine, and neuronal homeo-
static systems, with the signs of stress reaction.

MECHANISMS LINKING OBESITY AND
COGNITIVE DYSFUNCTION

Obesity is a complex disorder associated with genetic
disposition and factors of lifestyle. Obese people have
significantly less brain tissue than people of normal
weight (Raji et al 2010). Specifically, changes in the
size of the hippocampus, the anterior cingulate gyrus,
the frontal and temporal lobes and basal ganglia were
described. At the same time, obesity is accompanied
with disturbances of long-term memory, attention,
executive functions deficits (worse cognitive perfor-
mance) (Khan et al 2015; Kirton & Dotson 2016) and
represents a risk factor for the development of demen-
tia and Alzheimer disease (Jason et al 2014). Obesity
in puberty, especially its central form, brings memory
impairment and an earlier development of cognitive
loss in old age (Bauer et al 2015).

Mechanisms that are responsible for the modulation
of the structure and function of the brain by nutritional
factors are multiple. With considerable simplification,
we can categorize:

a. Mechanisms based on the control at cellular level,
with visceral adipocytes playing the central role
by producing a large number of information mol-
ecules that induce a state of non-specific inflamma-
tion. Cytokine released are responsible for vascular
changes in the brain (associated with blood-brain
barrier permeability alteration) and the activation of
glial elements. Higher triglycerides and some fatty
acids (unsaturated) might have similar effect (Miller
& Spencer 2014; Enging 2017).

b. Activation of metabolic hormones (insulin, leptin,
ghrelin, insulin-like growth factor-I, glucagon-like
peptide-1 and others) modulates cell uptake of
glucose (energy flows), and ultimately controls the
expression of insulin and other receptors, and thus
the capacity of specific neuronal circuits.

c. Direct effect of glucocorticoids, whose elevated levels
are associated with the activation of defence mecha-
nisms (stress reaction) that accompanies eating dis-
orders, can lead to the loss of neurons, particularly in
the hippocampus (Woolley et al 1990).

d. Epigenetic mechanisms involve relation of certain
food components and signalling molecules released
during the food intake and processing with the sub-
sequent metabolic activation of the transcription of
genetic information into functional proteins.

The role of cytokines and fatty acids

The shift in the evaluation of the relation between obe-
sity and cellular regulations in the brain occurred a few
years ago with the finding indicating that visceral adi-
pocytes produce a large number of information mol-
ecules. Adipose tissue has been declared an endocrine
organ (Hainer et al 2004; Haluzik et al 2004). This fact,
however, also has its genesis: “ordinary” adipocyte,
which until recently was mentioned in textbooks only
in connection with energy reserve and thermoregula-
tion, undergoes after the proliferation phase a complex
differentiation process. This differentiation involves a
number of steps, which are controlled by a variety of
regulatory molecules. However, if the differentiation
is modulated by proinflammatory cytokine (tumor
necrosis factor alpha — TNF alpha) (there are two sen-
sitive loci for this action), the process is defective and
adipocytes become “non-physiological”. These adipo-
cytes (especially visceral fat) have then significantly
larger volume with overproduction of proinflammatory
cytokines (Hongyi et al 2013; Jason et al 2014; Pirola &
Ferraz 2017).

In our report, only a few (specifically two) cytokines
can be mentioned: Platelet Activating Factor (PAF) and
Prostaglandin E-2 (PGE-2). Their production (together
with other modulatory molecules) can be significantly
potentiated. The oversized adipocytes can produce
also Macrophage-Chemoatractive Protein (MCP), that
attracts macrophages into the adipose tissue. Macro-
phages then can produce many other cytokines (includ-
ing the proinflammatory ones) within the adipose tissue.

Another potentiation of this process represents the
very activity of the above-mentioned PAF. Among
others it activates phospholipase-A2 (PLA-2), which
degrades phospholipids of the cell membrane (lipid
bilayer) at the ester bond of the second position and
releases arachidonic acid (AA). AA can immediately
become a target of the enzyme cyclooxygenase, with
consequent development of PGE-2. If AA undergoes
lippoperoxidation process, leukotriene B4 (LTB4) is
formed. It also exhibits a pronounced proinflammatory
effects (Miller & Spencer 2014).

PAF belongs to the group of phospholipids (auta-
coids). It is recognised by NMDA receptors and it can
significantly increase excitatory postsynaptic activity
(long-term-potentiation). Resulting increase of intra-
cellular calcium brings increased excitability, which
manifests by increased number of spikes accompanied
with the rise of excitatory neurotransmitter glutamate
in the hippocampus (Wieraszko et al 1993). Activity
of inhibitory processes (GABA) is not changed. The
question arises whether such imbalance (between the
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increased excitability and unchanged level of inhibitory
processes) has functional manifestation in the complex
neuronal circuit (e.g in the hippocampus). PGE2 has
similar effects. Its presence significantly facilitates the
transmission at the synapses; number of action poten-
tials increases (without changing their amplitude).
Similar results come from in in vitro experiments on
isolated hippocampal pyramidal cell. Stimulation in
the presence of PGE2 brings about higher frequency
of action potentials (Chu & Bazan 2005; Tatsurou et al
2016). Adequate interpretation of those the findings is
not simple. Prostaglandin molecule either alone or as
the released arachidonic acid, can inhibit the Na*-K+
ATPase activity (Mourek 1988) and thus contribute to
the depolarisation. Resulting “small depolarization”
might constitute a basis for the elevated state of excit-
ability. Another possibility (Yagami et al 2015) results
from the increased production of PGE2 (both by neu-
rons and glia cells), increased activity of PAK (protein
kinase A) and through the cascade of cAMP the gluta-
matergic excitatory transmission is facilitated.

Another - and in our opinion a very serious expla-
nations of the effects of information flows on the CNS
obesity — is the fact that present Europeans (with few
exceptions) suffer from a significant disproportion
between the intake of Omega-6 and Omega-3 and
always to the detriment of Omega-3. This deficit con-
cerns mainly the long chain acid - Docosahexaenoic
acid (DHA: 22: 6 n-3). The acid represents up to 20%
portion in the membranes of nerve elements. This
imbalance, reaching values of 15:1 (!) can lead to changes
in the function of synaptic membranes: Aging, which is
accompanied with the loss of DHA in the lipid bilayer,
leads to a significant decrease of a response to a standard
stimulus. Administration of DHA in the diet can restore
the situation and return the response back to “normal”
(McGahon et al 1999). Disturbances in the composition
of neuronal membranes (i.e. proportions and relations
between different groups or even individual fatty acids
as well as the representation of individual phospho-
lipid heads and their location in the membrane) bring
about alteration of the optimal niche (environment) for
“implantation” functional proteins. Specific and there-
fore physiological (optimal) set of individual components
of the membrane thus constitutes condition “sine qua
non” for the functional capacity of membrane proteins.

We suggested three factors (PAF, PG2 and imbalance
between unsaturated fatty acids with the long chain -
omega-6 and omega-3) that in different extent could
affect synaptic excitability. So far it certainly applies to
the pyramidal cells of the hippocampus.

It can be therefore hypothesized that obesity
becomes a modulator of its own neural activity. Addi-
tionally, we remember that both proinflammatory
cytokines as well as DHA can affect gene expression. In
the case of DHA, it is known that it inhibits production
of proinflammatory cytokines (TNF-alpha, IL-6, IL I)
(reviewed Mourek et al 2007; Das 2004).
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It is logical that the data presented here have still
many vacant spots. The first and fundamental question
is whether the described changes in excitability have
for the obese people any ,,biological significance® They
can of course represent a non-physiological state. We
do not know whether the described phenomena can
be induced in all structures and circuits of the brain or
whether it is only a selective factor (in terms of space
but also the time) (Shefer et al 2013).

The role of metabolic hormones

Obesity, insulin-resistant form of diabetes and meta-
bolic syndrome have common characteristics and also
have specific shared pathogenetic mechanisms. Some
obese people develop insulin-resistant form of diabetes,
and even in the absence of metabolic and cardiovascular
co-morbidity the risk of dementia and Alzheimer’s dis-
ease is in obese higher (Rotterdam study Ott et al 1996).
Alzheimer’s disease is therefore sometimes referred to
as “ type I1I. diabetes “ The association between obesity
and diabetes brought the concept of Diabesity (Sims et
al 1973).

Metabolic hormones (insulin-like peptides) exhibit
effects of growth factors. They can be formed at the
place of action (paracrine action) or they are released
into the blood stream and transmitted even across the
blood brain barrier. Besides peripheral growth effects
(e.g. angiogenesis) they can affect neurogenesis, dif-
ferentiation and neuronal death, angiogenesis in the
brain, modulation of neurotransmitter release and
modulation of receptors sensitivity. This way, neuro-
peptides control the function of neuronal circuits (rela-
tions between excitation and inhibition, formation and
retrieval of memory traces) and also the complex brain
functions such as cognitive processes or food intake
(Bennet at al 1997).

The role of insulin in the development

of cognitive disorders

mRNA for synthesis of insulin has been demonstrated
in many areas of the brain (olfactory area, amygdala,
hippocampus, pyriform cortex, thalamus) (Michael et
al 1992). Furthermore, insulin from peripheral sources
is transmitted across the blood brain barrier propor-
tionally to its plasma level.

Insulin receptors can be found in neurons and glial
cells and they are notably expressed in areas related
to cognition (hippocampus, frontal cortex). They are
present at the synapses, especially in their postsynaptic
element (Schulingkamp et al 2000; Wang et al 2015).

Chronic hyperinsulinemia and insulin resistance
decrease the expression of insulin receptors (down-
regulation) and induce insulin deficiency in the brain.
Insulin resistance is considered as one of the pathoge-
netic mechanisms of dementia in Alzheimer’s disease
(AD is called ‘diabetes type III”) (de la Monte 2009).

Experimental high caloric diet in rats, brings
memory impairment and structural changes in the hip-
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pocampus and frontotemporal cortex. High-fat diet in
rats causes disturbances of insulin signalling and mito-
chondrial homeostasis.

Classical pathway of action of insulin leads through
binding to insulin receptor, to the activation of the
phosphatidylinositide 3-kinase (PI3K) and mitogen-
activated protein kinase (MAPK) and to increased glu-
cose transport into cells (e.g. adipocytes). In the brain,
this mechanism contributes only very little to glucose
uptake, because transport of glucose does not require
presence of insulin.

So called “Non-canonical” action of insulin involves
activation of protein kinase-C, which affects trophic
functions, i.e. survival and neuronal death by means of
expression inhibition of pro-apoptotic factors. Insulin
also acts on expression and recycling of AMPA and
NMDA receptors, and thus enters into the control
mechanisms of neuroplasticity (the growth of dendrites
and axons, synapses formation and elimination. (Ver-
dile et al 2015; Stranahan 2015).

The role of leptin

Obesity can be associated also with leptin resistance.
Leptin is released primarily from adipocyte, its plasma
levels are proportional to the amount of adipose tissue
in the body and it has an anorexigenic effect. Leptin is
transported into the brain through the blood-brain bar-
rier in an amount proportional to its plasma concen-
tration. Leptin receptors are expressed in most regions
of the CNS, particularly high density they reach in
hippocampus.

In the experiment, leptin enhances NMDA efficiency
of synaptic transmission by induction of the long-term
potenciation (LTP) at synapses of the CA1 hippocampal
region. Leptin also promotes the growth of dendrites and
synapses (neuroplastic action). Mice with defective leptin
signalling, therefore have a lower density of synapses
in the hippocampus, which is combined with spatial
memory disorders (Farr et al 2006; McGregor et al 2015).

Epigenetic regulation
Some components of food can interfere with the expres-
sion of genetic information without getting involved
with DNA sequences. Similar effects have also some
wide-ranging factors such as the long-term shortage of
food, especially in the period of development (Mourek
& Pokorny 2016), intense physical activity, stress, etc.
In the processes of DNA methylation, or nuclear his-
tones modification, can be directly influenced by many
substances present in the food (folate, vitamin B6 and
B12, choline, methionine).

REVERSIBILITY OF COGNITIVE DEFICITS
INDUCED BY OBESITY (treatment and prevention)

Means of enhancing cognitive functions are generally
very inefficient. Significant therapeutic and preventive
effect should be therefore elimination of those factors

that lead to obesity, particularly to increase physical
activity, exercise, walking, caloric restriction, which
increase sensitivity to insulin. It is also the way haw to
reduce the developing cognitive deficit. In the experi-
ment such simple interventions were effective (Davis et
al 2011; Ho et al 2011).

Pharmacotherapeutic modification of inflammatory
cytokines levels and activation of anti-inflammatory
cytokines could be the treatment for extreme cases
(Khorassani et al 2015; Mazur-Biaty et al 2017).

Beneficial appears administration of anti-diabetic
drugs (e.g., metformin) for the reduction in insulin
resistance. Similar effects can have also and GLP-1
mimetic substances (e.g. Liraglutide). These substances
can cross the blood-brain barrier and have neuropro-
tective effects together with positive effect on cognitive
function. Also intranasal insulin administration in AD
patients with mild memory disorders, and in patients
with moderate cognitive deficiencies had positive effect
(Kullmann et al 2017; Chen et al 2017; Kakkar & Dahiya
2015). In experiments, beside insulin, also leptin, Vas-
cular endothelial growth factor (VEGF), and Brain-
derived neurotrophic factor (BDNF) had promising
effect.

CONCLUSIONS

Even very fine alteration of cognitive function accom-
panying obesity, may bring changes in behavior, espe-
cially in the spectrum of executive functions. This could
explain the preference for obesogenic food in already
obese and a thus further deterioration in their state (cir-
culus viciosus).

However, further discussion might deserve the gen-
erally accepted fact that most obese people have a posi-
tive assessment of their life. The relationship of obesity
and cognitive function cannot be probably simplified in
a relationship: slim thin = clever and stout fat = stupid
(but happy?). On the other hand, it is almost futile to
seek an overweight genius.
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