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Abstract:

Introduction and objectives: Type 2 diabetes mellitus (T2DM) is associated with a great
risk of developing neurological comorbidities, which are, at least partly, responsible for
the elevated mortality and low life quality of these patients. Therefore, these conditions
require monitoring and, ideally, an early diagnosis through biochemical and imaging
markers. However, in regard to cerebral complications, the monitoring procedures are
limited, mostly focusing on structural alterations which are usually present only at later
stages and are irreversible. For several years, it has been showcased that both
hyperglycaemia and insulin resistance induce an excitatory synaptic remodelling.
However, only recently an equivalent effect was observed in the GABAergic synapse.
Furthermore, these alterations have also been related with the onset of oxidative stress.
A recent H-magnetic resonance spectroscopy (MRS) sequence has been developed
entitled Hadamard Encoding and Reconstruction of MEGA-Edited Spectroscopy
(HERMES) which enables the simultaneous cerebral assessment of gamma-aminobutyric
acid (GABA) and glutathione (GSH), thus inhibitory synapse and oxidative stress,
respectively. This project aims to optimize the use of the HERMES sequence on animal
models of obesity and type 2 diabetes, while identifying early neurometabolic

alterations in the hippocampus and visual cortex that could be clinically applied.

Materials and methods: Three experimental groups were designed: (1) Control group
of male Wistar rats only fed standard diet (SD, 10 weeks) (SD group); (2) high-fat diet
(HFD) induced obese rats for 10 weeks (HFD group); and (3) Obese rats induced to T2DM
by an intraperitoneally injected low dose (35 mg/kg) of streptozotocin on week 4
(HFD+STZ group). Upon a 10-week period, all rats were subjected to MRS recurring to
the HERMES sequence. This was followed by their sacrifice, moment in which the
hippocampus and visual cortex were collected and frozen for later use in biochemical

experiments.

Results: Resorting to the HERMES sequence, GABA levels were obtained with a

coefficient of variance (CV) of 20.91% and 39.89% in the hippocampus and visual cortex,
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respectively. Likewise, GSH levels presented in the hippocampus a CV of 23.82%; while,
in the visual cortex, it equalled 23.61%. Glutamine (GIn), but not glutamate (Glu), levels
were elevated in the visual cortex of the HFD+STZ group (p = 0.0252), as well as in the
hippocampus of the HFD+STZ group (p = 0.0088). Moreover, unlike what is observed in
the visual cortex, HFD potentiated the N-acetylaspartylglutamate (NAAG) formation in
the hippocampus (p = 0.0365), which are not observed in HFD+STZ rats. Similarly, in the
hippocampus only, an increment of GSH levels was observed in the HFD group (p =
0.0494). Altogether, both these molecules shared a similar variation pattern, suggesting
a compensatory mechanism mediated between the two (r = 0.4652, p = 0.0336). The
latter was, however, absent in the visual cortex (r = - 0.2111, p = 0.3857). Moreover,
GABA levels and GABA type A receptor (GABAaR) were not altered. No changes were
observed for other antioxidant defences, including catalase, nor for the marker for

cellular viability, N-acetylaspartate (NAA).

Conclusion: Through the apparent accurate measurements obtained by the HERMES
sequence, we concluded that, in the hippocampus of the HFD model, Glu synthesis was
not affected. Through the inhibitory effect of NAAG, Glu release into the synaptic cleft
is apparently prevented in order to promote the formation of GSH as a compensatory
mechanism. However, this effect is lost in the HFD+STZ model, showing the noxious
effects of T2DM in the brain occur even before a compromised cellular viability. The
metabolite NAAG and GSH may be valuable early markers of neurometabolic

alterations.

Keywords: HERMES sequence, N-acetylaspartylglutamate, glutathione, obesity,

hippocampus
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Resumo:

Introducdo e objetivos: Diabetes mellitus tipo 2 (T2DM) é associada a um risco
aumentado para o desenvolvimento de complicagdes neuroldgicas, as quais sao, pelo
menos em parte, responsaveis pela elevada mortalidade e baixa qualidade de vida
destes pacientes. Desse modo, estas necessitam monitorizagdo e, idealmente, um
diagndéstico numa fase inicial através de marcadores bioquimicos e de imagem.
Contudo, no que diz respeito a estas complicagdes, os procedimentos de monitorizagao
sdo limitados, focando-se maioritariamente em alteracdes estruturais, as quais estdo
comumente presentes em fases tardias exclusivamente e sdo irreversiveis. Ha diversos
anos que é sabido que a hiperglicemia e a resisténcia a insulina induzem remodelacao
sindptica excitatéria. No entanto, sé recentemente foram também observadas
modificacGes ao nivel da sinapse GABAérgica. Consequentemente, estas alteracoes
culminam no desenvolvimento de stress oxidativo. Uma sequéncia de espetroscopia de
ressondncia magnética (*H-MRS) foi recentemente desenvolvida denominada
“Hadamard Encoding and Reconstruction of MEGA-Edited Spectroscopy” (HERMES), a
qual possibilita a detecdo cerebral simultanea do acido gama-aminobutirico (GABA) e
glutationa (GSH), medindo, por conseguinte, a sinapse inibitéria e stress oxidativo,
respetivamente. Este projeto tem como objetivo otimizar o uso da sequéncia HERMES
em modelos animais de obesidade e T2DM, enquanto sdo identificadas alteracdes
neurometabdlicas em fases iniciais destas doeng¢as metabdlicas no hipocampo e cértex

visual que possam ser futuramente aplicadas na clinica.

Materiais e métodos: Trés grupos experimentais foram desenhados: (1) grupo controlo
composto por ratos Wistar machos exclusivamente alimentados com dieta standard
(SD, 10 semanas) (grupo SD); (2) obesidade foi induzida em ratos através da limitacao
da sua alimentacdo a dieta gorda (HFD) por 10 semanas (grupo HFD); e (3) ratos obesos
foram injetados com uma dose baixa (35 mg/kg, intraperitoneal) de estreptozotocina
(STZ) na quarta semana (grupo HFD+STZ). Apdés as 10 semanas, todos os ratos foram
sujeitos a MRS com recurso a sequéncia HERMES. Este procedimento foi seguido pelo
sacrificio destes, momento no qual o hipocampo e cértex visual foram recolhidos e
congelados para uso futuro em experiéncias bioquimicas.
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Resultados: Recorrendo a sequéncia HERMES, os niveis de GABA foram obtidos com um
coeficiente de variagdao (CV) de 20.91% e 39.89% no hipocampo e cortex visual,
respetivamente. Do mesmo modo, os niveis de GSH apresentaram no hipocampo um
CV de 23.82%, enquanto que, no cortex visual, este parametro igualou 23.61%. Os niveis
de glutamina (GlIn), ao contrario do glutamato (Glu), estavam aumentados no cortex
visual do grupo HFD+STZ (p = 0.0252), assim como no hipocampo do mesmo grupo
(p =0.0088). Além disso, em contraste ao que é observado no cértex visual, a dieta gorda
potenciou a formacdo de N-acetilaspartilglutamato (NAAG) no hipocampo (p = 0.0365),
0 que ndo é observado na mesma regido em ratos do grupo HFD+STZ. Similarmente,
apenas no hipocampo, um aumento dos niveis de GSH foi observado no grupo HFD
(p =0.0494). Ambas as moléculas partilharam um padrao de variagao similar, sugerindo
a presenca de um mecanismo de compensacdo mediado pelas duas (r = 0.4652,
p = 0.0336). Em contrapartida, este esta ausente no cortex visual (r = - 0.2111,
p = 0.3857). J4 no que diz respeito aos niveis de GABA e do recetor de GABA do tipo A
(GABAAxR), alteragGes nao foram verificadas. Adicionalmente, nenhuma modificagao foi
observada noutras defesas antioxidantes, nomeadamente na catalase, nem no

marcador de viabilidade celular, N-acetilaspartato (NAA).

Conclusdo: Através das medidas aparentemente exatas obtidas pela sequéncia
HERMES, é possivel concluir que, no hipocampo do modelo HFD, a sintese de Glu ndo
foi afetada. Por intermédio do efeito inibitério de NAAG, a libertagdo de Glu para a fenda
sindptica é presumivelmente impedida para a inducdo da formacdo de GSH num
mecanismo compensatorio. Porém, este efeito é perdido no grupo HFD+STZ,
evidenciando que os efeitos danosos da T2DM no cérebro se ddo previamente ao
comprometimento da viabilidade celular. Os metabolitos NAAG e GSH poderao
constituir Uteis marcadores de alteragcdes neurometabdlicas em fases iniciais destas

comorbidades.

Palavras-chave: sequéncia HERMES, N-acetilaspartilglutamato, glutationa, obesidade,

hipocampo
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Introduction

1. Obesity and type 2 diabetes: the new pandemic of the 21 century?

Although genetic factors contribute to the development of both obesity and type 2
diabetes mellitus (T2DM), the pronounced sedentary lifestyle of worldwide population
in the 21 century is a greater factor for the development of these metabolic diseases.
Among the convenience of fat and sugar-enriched fast food and diminished physical
activity, the poorer lifestyle of today’s population has compromised their quality of life,
while also being reported as a death risk factor!. The latter incidence is supported by
the exponentially increasing incidence over the years, which has tripled since 1975,
according to the World Health Organization (WHO). In fact, in 2016, 1.9 billion (39%)
adults were considered overweight, among which 650 million were obese. Such
corresponds to 13% of the entire world population, which is an alarming number. The
obesity phenotype enhances the risk for the onset of T2DM, given that a dysfunctional
adipose tissue (AT), meaning a exacerbated lipid accumulation is present, promotes
insulin resistance (IR) through inflammatory responses and lipotoxicity?. Thus, the latter
has similarly and dramatically worsened. In fact, in 2021, 537 million patients lived with
this diagnosis.

While obesity is associated with cellular leptin resistance3, T2DM is characterized by
IR*. Hence, although there are some overlapping hallmarks, these metabolic phenotypes
result in and from different physiological and cellular outcomes. Leptin, an AT-produced
protein, is related to inflammation, lipolysis, angiogenesis and brain-related appetite
control. Therefore, once leptin resistance occurs, food intake and energy expenditure
are unregulated>, leading to a greater lipid accumulation namely in organs with a higher
expression of leptin receptor, which includes the AT, liver and heart3. Hence, most of
obesity-related diseases reflect this increased steatosis, including non-alcoholic fatty
liver disease and muscular/ cardiac steatosis, being all a risk factor for insulin resistance
and T2DM. The IR-characterized pathology compromises the glucose metabolism and
homeostasis. Given that insulin is involved in cellular anabolism and storage
mechanisms, glucose’s entrance into the cells is compromised, thus culminating in

hyperglycemia®. The latter induces, among others, mitochondrial dysfunction and
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energy deficit, oxidative stress, advanced glycation end products (AGE) production and
inflammation*. All of which promote the onset of various diabetic complications,
including nephropathy, cardiovascular diseases and atherosclerosis and neurological

comorbidities, both at vascular and metabolic levels.
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Figure 1. The progression from obesity to T2DM.

The excessive food intake and minimal physical exercise typically observed in the population of
the 21 century potentiates leptin resistance. In turn, given its role appetite control and lipidic
homeostasis, the latter promotes an intensified lipid accumulation (hypertrophy) in organs with
a greater expression of the leptin receptor which includes the adipose tissue. Ultimately, it
culminates in lipotoxicity and inflammation, which are known to induce insulin resistance. This
main T2DM hallmark promotes others, including hyperglycemia, altered glucose metabolism,

oxidative stress and inflammation. Image created with Biorender.com.

2. The glutamatergic synapse: synthesis and activity

The blood-brain barrier (BBB) is a vast capillary network surrounding the entire
brain, which allows for a selective entrance of molecules into this organ and is, in turn,
surrounded by a layer of astrocytes. This primary resistance is achieved by the
endothelial cells of the capillaries which are composed of the luminal (blood facing) and
abluminal (brain facing) membranes. However, they provide different permeability to
distinct molecules. Glutamate (Glu) is the main excitatory neurotransmitter in the
mammalian central nervous system (CNS). Regarding Glu and glutamine (Gln), the
luminal membrane allows an overall bidirectional facilitative transport (sodium-

independent mechanism) from the bloodstream into the endothelial cell. While Glu is
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transported by the system X¢ at the expense of cysteine (Cys), the uptake of GIn is
promoted by the system n and system L. Given the non-energy-potentiated transport
mechanisms, a large concentration of these amino acids passes from the bloodstream
to the endothelial cells. However, to a lower extent, GIn can also be transported through
the luminal membrane by the sodium-coupled neutral amino acid transporter 3
(SNAT3), unidirectionally. Likewise, through the abluminal membrane, 80% of Gin
transport is accomplished by the system L, while 20% is promoted by SNAT3. The
preferentially facilitative transport is enabled since Gln has been shown to be present in
the extracellular space in concentrations equivalent to the ones in the bloodstream. This
effect is highly valuable given it not only (1) allows a constant substrate pool for the
synthesis of Glu, but it also (2) supresses the neurotoxic ammonium accumulation which
could arise from the constant conversion of GIn into Glu which involves a deamination
process. However, Glu passage through the abluminal membrane is, exclusively, an
energy-consuming process accomplished by sodium-dependent glutamate
transporters: 1, 2 and 3 (excitatory amino acid transporters, EAAT). This mechanism
enables the tight control of the Glu levels in the extracellular space in comparison to the
bloodstream, thus avoiding excitotoxicity, a highly deleterious event. Considering the
compensatory mechanisms mentioned above, it is perceptible the differential
concentrations of Glu and GIn in the extracellular space. It is also worth considering the
speed of action potential propagation. Therefore, the greater GIn levels allow these to
be readily taken up and used by neurons upon an excitatory stimulus, while supressing
potentially toxic events (Reviewed by Zaragoza et al. 2020 and Hawkins et al. 2009)2.

Such is further supported by the inability to uptake Glu present in neurons.
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Figure 2. Glutamate and glutamine transport through the BBB.

Differential transport is observed for GIn and Glu. GIn, being the only amino acid present in a
similar concentration in the brain and blood, presents an overall (80%) facilitative transport
(represented in green) in both the luminal and abluminal membrane, including the system L and
system n. Nevertheless, 20% of GIn transport is potentiated by an active form of transport
(represented in blue), ie sodium-dependent, enabled by the SNAT3 in both membranes.
Regarding Glu, the transport is more tightly regulated. In the luminal membrane, the excitatory
neurotransmitter is transported by the system Xc at the expense of Cys uptake into the blood.
In contrast, in the abluminal membrane, only active transport is observed through 3 different

isoforms of EAAT: 1, 2 and 3. Image created with Biorender.com.

Glu is predominantly formed through the deamination of GlIn, in a process catalysed
by the enzyme glutaminase C (Glut. C)°. Nevertheless, Glu can also be formed through
several other metabolic pathways. Firstly, the glucose-derived a-ketoglutarate (a-KG) is
transformed into Glu, resorting to Glu dehydrogenase (GDH), while simultaneously
converting glucose-generated oxaloacetate into aspartate (Asp) through a process
mediated by aspartate aminotransferase (AST). Conversely, instead of its conversion
into Asp, the enzyme GDH may function with the transformation of alanine (Ala) into

pyruvate, which is mediated by alanine aminotransferase (ALT). Biochemically, both
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metabolic reactions occur concomitantly, given their low thermodynamic equilibrium
constant®. It is, therefore, easy to comprehend how the glutamatergic synapse is
estimated to consume 80% of the entire brain energy expenditure.

Once the excitatory neurotransmitter is formed, it is stored in vesicles which is
facilitated by vesicular glutamate transporters (vGLUT) through an adenosine
triphosphate (ATP)-mediated process, which assures its neurotransmitter activity over
the metabolic function'!. Then, these get accumulated in the presynaptic terminal ready
for their release. Once a given excitatory stimulus occurs, Glu is induced to be released
from the presynaptic terminal. Simultaneously, the excitatory N-methyl-D-aspartate
(NMDAR) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPAR) are translocated to the postsynaptic membrane, where these are anchored
by several scaffolding proteins, including postsynaptic density protein 95 (PSD-95)%2.
Consequently, an excitatory response and action potential is propagated. Given the lack
of Glu transporters in neurons, upon the end of the stimulus, Glu is taken up by
astrocytes, namely through EEAT1/2. Once in the astrocytes, Glu is transformed into GIn
as mentioned previously. The latter amino acid can now be released through SNAT3/5.
In turn, Gln is actively transported into the astrocytes transported into neurons through
SNAT1/2, where it is converted into Glu by the enzyme GIn synthetase (GS)*3, which can
be taken up by neuron afterwards and the cycle restarts (Reviewed by Andersen et al.

2021)%.
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Figure 3. Glutamate synthesis and synaptic activity

Glu is mainly formed by the conversion of GIn through a reaction catalysed by Glut. C. Moreover,
glucose, through the Krebs cycle, promotes the formation of a-KG. In turn, through a reaction
mediated by GDH, the latter is converted into glutamate. However, this reaction can only occur
in case one of these reactions occurs simultaneously: (1) Ala transformed into pyruvate by ALT;
or (2) Asp converted into oxaloacetate which is mediated by AST. Following, Glu is incorporated
in vesicles through vGLUTs. Once a stimulus occurs, the vesicle-located Glu is released into the
synaptic cleft, where it activates glutamatergic receptors (NMDAR and AMPAR) anchored by
PSD-95. Upon the stimulus ceasing, Glu is taken up by astrocytes through SNAT3/5. In this cells,
Glu is transformed into GIn by the enzyme Gln synthetase, which is followed by the release of
the latter metabolite through EAAT1/2. Finally, GiIn is taken up by SNAT 1/2 into neurons, where

the cycle is repeated. Image created with Biorender.com.

3. The GABAergic synapse: synthesis and activity

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter of the
mammalian CNS. This molecule is mainly formed by a metabolic pathway named the

“GABA shunt”. Firstly, in the mitochondria, a-KG undergoes a transamination process



MBCM Dissertation 2022, Beatriz Caramelo

catalysed by the enzyme GABA transaminase (GABA-T), which produces Glu. However,
the previous reaction occurs at the expense of a GABA molecule, which transfers an
amino group to a-KG. As a result of the deamination, the GABA molecule gives rise to
succinic semialdehyde, which is, in turn, metabolized by succinic semialdehyde
dehydrogenase (SSADH), forms succinic acid, an intermediary of the Krebs cycle. Then,
Glu is released into the cytosol, where it forms GABA through the enzyme glutamic acid
decarboxylase (GAD) (Reviewed by Roth and Draguhn)®®. These enzymes, especially the
isoform GADG65 in comparison to GAD67, are usually bound to small vesicles, to
guarantee their rapid uptake through ATP-dependent vesicular GABA transporters
(VGAT). These vesicles, similar to the glutamatergic ones, are concentrated in the
active zone present near the plasma membrane, thereby enabling their prompt fusion
and content release upon a stimulus. Meanwhile, in the postsynaptic neuron, the GABA
receptors are translocated into the membrane, namely the most expressed isoform
GABA type A receptor (GABAaR). At the synapse, these tend to cluster and interact with
intracellular proteins, namely gephyrin, which anchors these receptors, while stabilizing
these by binding to the cytoskeleton?’.

In contrast to the excitatory neurotransmitter, once the stimulus ceases, GABA can
undergo two different pathways: (1) it can be taken up by the presynaptic terminal
through the GABA transporter (GAT) 1, where it is accumulated in vesicles and hence
recycled for novel usage'8; or (2) it can be taken up by astrocytes-located GAT-3 *°. The
latter cells lack GAD, which hampers GABA formation in these. It has, however, GABA
transaminase. Thereby, the captured inhibitory neurotransmitters are metabolized into
succinic semialdehyde through the transfer of an amino group to a-KG. Simultaneously,
this Krebs cycle’s intermediary is converted into Glu by the same enzyme, which, in turn,
is converted into Gln by the action of glutamine synthetase. This amino acid can now be
taken up by the nerve terminal, in which Glu is produced and converted into GABA again

(Reviewed by Schousboe et al. 2013)°,
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Figure 4. GABA synthesis and synaptic activity.

In the mitochondria, a-KG is converted into Glu through the action of GABA-T, at the expense of
a GABA molecule which is, in turn, transformed into succinic semialdehyde. The latter is then
converted into succinic acid in a reaction catalysed by SSADH. Following, the formed Glu is
translocated into the cytosol where it is transformed in GABA through the small vesicle-located
GADG65/67. Such facilitates its transport into these vesicles through vGAT. Upon a stimulus,
GABA is released into the synaptic cleft where it will activate GABA receptor, namely type A
which is anchored to the cytoskeleton by gephyrin. Once the stimulus ceases, GABA enters the
astrocytes through GAT-3, where, through the same mechanisms observed in the neuronal
mitochondria, GABA is transformed into a-KG, succinic semialdehyde and Glu. Later, Glu is
converted into GIn by the GIn synthetase. The latter amino acid is then released into the synaptic
cleft and taken up by neurons, where it is transformed into Glu and the cycle restarts. Image

created with Biorender.com.

4. Let’s take a look: Early Diagnosis of Neurological Complications Through
State-of-the-art Imaging

Little are the biochemical biomarkers assessed in blood samples that predict or
diagnose neurological alterations. Therefore, in the clinic, imaging markers are resorted

routinely to identify these comorbidities. According to the National Institutes of Health
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(NIH), the most common imaging techniques used to detect neurological complications
are: computed tomography (CT), magnetic resonance imaging (MRI), positron emission
tomography (PET) and single photon emission computed tomography (SPECT). While CT
and MRI enable the indirect observation of blood vessels and brain tissue, SPECT and
PET allow the in vivo assessment of the brain function in real time. However, the latter
are extremely expensive and are not present in every hospital, hence not being in the
first line of diagnosis. On the other hand, MRI and CT only allow structural alterations,
which are often already in an irreversible status. There is, therefore, an urgency to

identify novel early imaging and functional biomarkers for neurological comorbidities.

Magnetic resonance imaging (MRI)

| Computed tomography (CT)

Positron emission tomography (PET)

Single photon emission computed
tomography (SPECT)

Figure 5. Neurological complications and the clinically-used imaging techniques.
The monitoring and diagnosis of neurological complications is accomplished through 2 main
factors: (1) structural observation enabled though MRI and CT; and (2) assessment of cerebral

function evaluated by PET and SPECT. Image created with Biorender.com.
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a. Imaging of obesity’s impact in the brain

i. Relation of obesity with brain’s morphological and structural
modifications

Leptin is mainly produced by visceral adipose tissue (VAT) in rodents and by
subcutaneous adipose tissue (SAT) in humans?®. Hyperleptinemia promotes the
activation of the suppressor of cytokine signalling 3 (SOCS3), which, in turn, induces
leptin resistance, which also causes, among others, insulin resistance (Review by Li et al.
2020)?* and hinder Akt function, a protein involved in cellular apoptosis?2. Accordingly,
in obese subjects, Karlsson et al. demonstrated that an augmented SAT, possibly due to
leptin resistance, is associated with grey matter (GM) atrophy, but not white matter
(WM)Z23, In contrast, in the same population, hypertrophy was observed in the thalamus
and amygdala??, which are both believed to be involved in anxiety?>, as well as in the left
putamen, an area involved in reward and addiction?®. Also, the right orbitofrontal and
prefrontal cortex areas, both of which are decision-making regions, were diminished,
which, when damaged, promotes impulsivity?®?’. Taken together, these alterations
might culminate in an excessive food intake, which, given the anxiety-like feelings, might
become an event commonly named “emotional binge eating” , in which an individual
uses food as a copying mechanism instead of satiety fulfilling. As a consequence of
overeating, a greater lipidic accumulation in the AT, namely in VAT, is induced and,
consequently, systemic inflammation is promoted, creating a vicious circle between
obesity, impulsivity, binge eating and systemic and brain inflammation?.

WM is mainly composed of axons which enable signal transmission between
distinct brain regions, spinal cord and peripheral nervous system. In order to facilitate
the propagation of the action potential, axons are enriched in capillaries-veined lipidic
myelin. AT-induced neuroinflammation?” and hyperglycemia?®?° induce endothelial
dysfunction. In fact, dysfunctional cerebral blood flow has been associated with a
hindered myelin content3%3!, Concurrently, through diffusion tensor imaging (DTI)
experiments have shown a reduced myelin content and consequent diminished WM
integrity in the fornix, internal capsule, corona radiata and corpus callosum in

overweight subjects332. Since these connect limbic regions, the reward system and

10



MBCM Dissertation 2022, Beatriz Caramelo

appetite are hindered, which promote a greater food intake and further worsening the

obesity phenotype
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Figure 6. Obesity and its cerebral structural alterations.

J Myelin

In the early stage of obesity, an hypertrophic SAT and leptin resistance is developed which have

been shown to be related with GM modifications, but not with the WM. The alterations in these

brain regions are predominantly located in the thalamus, amygdala and left putamen, all of

which are hypertrophic (signalled by 1) in these conditions, while the right orbitofrontal and

prefrontal cortices suffered atrophy (identified with { ). Altogether, these variations in volumes

culminate in “emotional binge eating”, which ultimately leads to overeating. In turn, a greater

lipidic accumulation in the VAT is noted and inflammation is potentiated, which affects both GM

and WM. The inflammatory reaction reduces myelin content, compromising the cellular viability

of limbic regions, leading to an hampered reward and appetite control system. Consequently,

food intake is potentiated, further aggravating the previous comorbidities in a cycle. Image

created with Biorender.com.
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ii. Obesity and neurometabolic alterations

Obesity and the associated visceral adiposity are postulated to promote cerebral
inflammation343°, which might compromise brain areas involved in reward and appetite.
Among the affected areas, the hypothalamus compromises satiety; the orbitofrontal
cortex, a decision-making region, may impact food selection; and the amygdalaZ®®. In the
hypothalamus of obese subjects, the inflammation and associated activated glial cells
promote neuronal damage as assessed though DTI3738,

Leptin has been shown to negatively regulate food intake through hypothalamic
endocannabinoids’ modulation in cannabinoid receptor type 1 (CB1R)-knockout mice3?.
Given that obesity presents an impaired sensitivity to this hormone, a decreased
expression of p-opioid receptors and CBiR expression occurs, as identified with
[*1C]-carfentanil and [*®F]-FMPEP-d, in PET*°. Consequently, these patients tended to
overeat and further worsen their obese status, suggesting a loss of sensitivity of
nutrient-sensing mechanisms*!. Accordingly, a diminished activation of this food reward
system in chronically obese men occurs in response to the consumption of a given meal,
which is partially recovered in patients undergoing a weight-loss program. These
differences were mostly observed in the temporal and frontal cortices, brain areas that
are involved in emotional and decision-making responses, respectively*2. Such suggests
this mechanism may also contribute to “emotional eating”, further contributing to an
obese phenotype. The greater difficulty to satisfy their satiety is further worsened by
the leptin-induced diminished dopamine type 2 receptor (D2R) in the ventral tegmental
area of obese women, as assessed through PET scans with the radioligand
[*8F]-fallypride®. In fact, the dopaminergic and opioid systems have been postulated to
interact*. In non-obese patients, GABAergic neurons inhibit dopamine release and
synaptic activity, inducing hunger. Normally, upon a meal, p-opioid receptors, which are
localized in GABAergic neurons, hamper this inhibitory activity. In turn, dopaminergic
synaptic activity is ameliorated, promoting satiety. However, the opioid receptors inhibit
this signal, which culminates in dopamine release in the nucleus accumbens, a brain
region involved in the reward system*. Taken this together, we can hypothesize that, in

an obese phenotype, the lower endocannabinoids’ expression hinders dopamine
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release and consequently impairs the reward system. Such might further compromise
satiety.

Likewise, through the resorting of PET and the radioligand [*'C]DASB, impaired
cerebral serotonin transporter (SERT) binding observed in an obese cohort and
consequent feelings of anxiety and depression may aggravate this phenomenon of
“emotional eating” %¢. However, studies concerning obesity and serotoninergic system
provide contradictory data. Through PET scans using the tracer [*!C]SB207145, obese
patients presented high levels of serotonin (5-HT4) receptor in reward-involving brain
areas, including the nucleus accumbens and left hippocampus. On the left hippocampus,
the higher serotoninergic activity might not only be involved in the pleasurable
sensation of food*’, but also, given this is a brain region involved in memory and learning
functions, the enhanced activity might evoke appetite responses when exposed to given
environmental stimuli. In contrast, the enhanced activity in the nucleus accumbens

would suggest an impairment of food intake, which goes against clinical observations?®.
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Figure 7. Obesity and its cerebral neurometabolic alterations.

The lost sensitivity to leptin observed in obesity potentiates a decreased p-opioid receptor-
mediated synaptic activity (identified with {,). The hampered effect intensifies the inhibitory
activity of the GABAergic synapse (represented with ), which, in turn, weakens dopamine
release in the hypothalamus (reward system), temporal (emotion regulation) and frontal
(decision-making) cortices. Taken together, these alterations culminate in overeating. The latter
is further potentiated by increased levels of 5-HT, in the hippocampus (memory) and nucleus

ameliorated activities are symbolized by continuous arrows. Image created with Biorender.com.

iii. Obesity, vascular modifications and dementia

Metabolically, in obesogenic phenotypes, the brain encodes eating as an
addiction, in comparison to an energy gain event. In concordance, in patients with
obesity, insulin-induced hemodynamic response in the hypothalamus is reduced, as

measured by fMRI-obtained blood oxygen level-dependent (BOLD) measurements. It is
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inversely correlated with visceral adiposity, suggesting that cerebral insulin resistance
and metabolically unfavourable adiposity are linked®.

Physiological shift from normoglycaemia to hyperglycaemia seems to modulate
the brain response to food stimulus. Prior to a highly desirable meal during a fasting
state, high blood glucose promoted an hyperresponsivity between the ventral anterior
insula and putamen in obese subjects®®>! and experienced an adiposity-induced greater
neural response to the sensory stimulation in the insular cortex>2. Given that the insula
is primarily involved in sensorial processing and the putamen constitutes part of the
reward system, these might contribute to the predisposition and desire for foods with a
given odour and flavour, namely high-caloric food*°. Likewise, the medial hypothalamus
network activity (ventral striatum, orbitofrontal cortex and occipital gyrus) is increased
in obese individuals>3=>°. While the orbitofrontal cortex is involved in decision making in
reward-related behaviours, the occipital cortex is involved in visual processing. Thus,
other than smell and flavour, food-potentiated vision stimulation can activate the
reward system, which has been associated with a lower D2R availability and consequent
hyperstimulated eating. Altogether, this effect is alluded to be an independent response
to hunger and peripheral signals regarding the energy storage of the body>¢-2,

Similarly, an augmented cerebral blood flow (CBF) between the ventral striatum
(ie nucleus accumbens), prefrontal and parietal cortices as a result of a decreased
peripheral insulin sensitivity. Given that this network connects the reward system
(ventral striatum), impulsivity control-related region (prefrontal cortex) and sensorial
system (parietal cortex), it is suggested that food satiety relies more in sensorial stimulus
and hedonic feeding in obese patients, in comparison to normal weight patients*®°, In
fact, Avery et al., 2019 have demonstrated that patients with obesity experienced an
enhanced connectivity between the insula and the dorsal striatum, a hedonism-related
brain area, between fasted and fed scans, in contrast to healthy weight individuals in
proportion to the meal pleasantness®. The D2R shift from the ventral to the dorsal
striatum occurs with the hedonic response to food in obesity, similarly to what occurs
with the development of substance addiction. It is, hence, suggestive that overeating
may result from an addiction to high-caloric food®. An increased desire for high-caloric

food has also been correlated with a reduced connectivity of anterior cingular cortex
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and an enhanced insula connectivity in obese patients. Such alludes that these subjects
require more caloric food to satisfy their food desires and feel satiated®l. Taken
together, it seems that, in healthy subjects, the feeding process is an energy gain-
potentiated event; in obese patients, hunger might be perceived as a reward-absent
feeling. In contrast, in a postprandial state, under food stimuli, an enhanced connectivity
between the caudate (reward) and amygdala (emotional salience) is observed in obese
subjects. This alludes to a heightened reward response only after a meal consumption

and not during, which may induce overeating®.
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Figure 8. Obesity and its cerebral vascular alterations.

Upon a high-caloric meal-mediated stimulus, during a fasting state, visual stimulation (occipital
gyrus, parietal cortex and insula) induced hyperactivity of the interconnected reward-involving
(putamen, ventral and dorsal striatum) and decision-making brain regions (orbitofrontal,
anterior cingular and prefrontal cortex), suggesting a stronger reward response (identified with
) with high-caloric food. Meanwhile, after meal consumption, an enhanced cerebral activity
between caudate (reward) and amygdala (emotional salience) was observed in obesity,

proposing that a reward response only occurs in a fed state. Image created with Biorender.com.
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b. Imaging of T2DM impact in the brain

i. Relation of T2DM with brain’s morphological and structural
modifications

The process of adipose tissue dysfunction in obesity is associated with the
development of central and peripheral insulin resistance and prediabetes. Thus, it
indirectly contributes to the changes in brain morphology and function driven by
hyperglycaemia and insulin resistance. However, the deleterious effect of adipose tissue
on the brain seems to be mainly exerted through AT-potentiated inflammation and
impaired secretion of adipokine, ie AT-produced cytokines®¥*. While the latter event
compromises predominantly more superficial brain regions in obesity, the deleterious
effect reaches more centrally located regions in T2DM. However, similar to what is
observed in obesogenic conditions, the grey and white matters of the brain are
differently conditioned by T2DM, not to mention at different rates.

Although some adipokines can cross the BBB, its majority promote the pro-
inflammatory function through the modulation of BBB-present endothelial cells,
compromising their function and integrity®. It is, therefore, likely BBB is the primary
cerebral defence to be compromised in prediabetes, priorly to GM or WM integrity loss.
Since insulinis transported through the BBB by a saturable transport system, endothelial
impairment may promote its inadequate transport, diminishing insulin bioavailability in
the brain®. Therefore, simultaneous to the already diminished peripheral insulin
sensitivity present in prediabetes, central insulin insensitivity and impaired activity may
be observed in these same conditions. Consequently, given the role of insulin on
neuronal viability®®, it comes as no surprise that GM abnormalities are present in in
prediabetes, while the WM impairment is absent as assessed through MRI-involving

67-70_ Inhibition of the insulin receptor substrate (IRS)-Akt pathway upregulates

studies
cell cycle inhibitors (p21Cip1/WAF1 and p27Kipl) and pro-apoptotic proteins and
mediators involved in the intrinsic pathway of apoptosis (BAX, BAD and caspase 9)
(reviewed by Boucher et al.)’t. Moreover, impairment of insulin receptor pathway yet
promotes the activation of glycogen synthase kinase beta 3 (GSK3B), which induces the

formation of neurofibrillary tangles’?. Moreover, inflammation promotes an
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overactivation of microglia and astrocytes, which produce and release pro-inflammatory
cytokines and reactive oxygen (ROS) and nitrogen (RNS) species. As a consequence,
protein degradation, mitochondrial dysfunction, defects on axonal transport and
apoptosis are potentiated*’. These mechanistic events are further worsened once IR is
fully developed, which occurs in T2DM. Hence, it is understandable why the mainly
affected brain regions observed, in T2DM individuals, present the higher concentrations
of the insulin receptor in the brain**, which include the hippocampus, amygdala’? and
cerebral cortex’®.

Although insulin is not required for glucose metabolism in the brain, the overall
systemic glucose metabolism depends on this hormone’. Therefore, cerebral
hyperglycemia is only expected in T2DM in which chronic hyperglycemia is present. The
latter promotes oxidative stress and increases AGE levels, both of which contribute to
inflammation and endothelial dysfunction. Moreover, the high blood glucose also
promotes the loss of neuronal integrity, potentiating apoptosis, as observed through
MRI’®78, Such aggravates GM lesions®®’? and BBB integrity through vascular
impairment® in T2DM subjects. Hyperglycemia®!, VAT-promoted inflammation and IR
promote an enhancement of the total hippocampal area®, which is then replaced by its
atrophy, primarily in the left tail region®!, the dentate gyrus and CA2/3 subregions’®83,
The hippocampus is highly sensitive to interleukin-6-based neuroinflammation, which
promotes cellular death. Consequently, executive dysfunction, namely working
memory, may be hampered?®8>, Similarly, cortical regions are prone to diabetic-induced
damage. In retinopathy-free diabetic subjects, reduced GM was observed in the left
occipital cortex, an early visual-processing brain area. In turn, the visual performance
was compromised in the absence of retinal abnormalities®. Similarly, in obese T2DM
patients, hyperglycaemia-induced atrophy in GM can already be observed in the insular,
temporal, occipital and superior parietal cortexes, all of which are involved in sensorial
responses?®. Altogether, GM constitutes the primary cerebral area affected by diabetic
environment, although primarily unilaterally. Nevertheless, given the long duration of
the disease and the poorer control of the pathology, the atrophic effect gets further

worse and reaches both hemispheres®, suggesting a cumulative effect of T2DM¥’.
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Mild cognitive impairment (MCIl), an advanced stage of neurological
complications, is only observed in T2DM subjects with WM atrophy, namely in the left
posterior cingulate, precuneus, insula and right rostral middle frontal gyrus®, all of
which are involved in executive functions (memory and decision-making) and emotion
regulation. Furthermore, in T2DM patients, a reduced and compromised WM integrity
is observed in: (1) the splenium of the corpus callosum which connect temporal,
posterior parietal and occipital cortices, all of which are involved in the processing of
sensorial input; (2) the external capsule that connects the outer segment of the
lentiform nucleus (putamen) and the claustrum, which are involved in salience and
reward system; and (3) the pons that enables the connection between the forebrain to
the cerebellum, a network involved in the regulation of involuntary processes (including
breathing)>*°%8%%0, Through diffusion kurtosis imaging (DKI) experiments, the loss of
WM integrity in T2DM subjects was attributed to the axon fibers’ degeneration which
seemed to be related with the formation of neurofibrillary tangles®!; demyelination and
subsequent increased interstitial space between myelin-covered axons®”:°%°2, Due to the
previously mentioned dependence of myelin maintenance and the axon-surrounding
capillaries, the alterations on myelin sheath were attributed to an hypoperfusion®?
associated with VAT-potentiated inflammation®°9! endothelial dysfunction, and
|R94’95.

The relation between morphological alterations and cognitive impairments
supports the urgency of novel imaging biomarkers to detect early cerebral abnormalities
before massive neuronal loss, since the earlier symptoms are mostly “silent”.
Unfortunately, most diabetic subjects only resort to medical aid when the metabolic

dysregulation is already established.
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Figure 9. Prediabetes, T2DM and its cerebral structural alterations.

As a consequence of systemic inflammation promoted by AT, endothelial dysfunction hinders
insulin transport (identified with /) through the BBB. The latter is further worsened in
prediabetes, moment in which GM abnormalities are already observed due to the weakened
sensitivity to the previous hormone. However, IR is only fully established in T2DM, in which
hyperglycemia is verified as well. In this metabolic disease, in an earlier stage, the volumes of
the occipital, temporal, insular and superior parietal cortices are diminished unilaterally, while
an enhanced hippocampal volume (represented with ") is observed. Nonetheless, the latter is
lost with the progression of the disease, compromising primarily the tail region, dentate gyrus
and CA2/3 areas, bilaterally. Furthermore, IR and hyperglycemia further compromises BBB
integrity and promotes a diminished hypoperfusion. Such reduces the myelin pool and promotes
the degeneration of axon fibers, promoting axonal death. Therefore, a reduction of WM volume
can be observed in the splenium of the corpus callosum, external capsule and pons, all which

ameliorated activities are symbolized by continuous arrows. Image created with Biorender.com.
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ii. T2DM and neurometabolic alterations

In animal models and subjects with T2DM, studies resorting to magnetic
resonance spectroscopy (MRS) showed lower levels of N-acetylaspartate (NAA), a
neuronal viability marker, in the caudate-putamen, prefrontal cortex, left lenticular
nucleus®8 and parietal white matter®®. Therefore, it has been postulated that
neurometabolic alterations may precede structural changes and even the establishment
of chronic hyperglycaemia. Although they are still difficult to evaluate in clinical studies,
their assessment would enable an early detection of cerebral alterations, prior to
structural modifications, and have a preventive action over these diabetic outcomes.

During a prediabetic stage, although the impaired glucose metabolism is
observed in both female and male subjects, its effect in cognitive impairment seems to
be specific for women in the frontal cortex-involved tasks, ie, executive function and
language performance. Such was postulated to be associated with a more severe effect
of IR on female individuals, when compared to men?’. Likewise, it has been suggested a
possible effect of the SAT-potentiated inflammation, which is usually augmented
prominently in women.

In a diabetic environment, it is widely accepted that IR is associated with an
altered cerebral glucose metabolism, namely in frontal, temporal-parietal and cingulate
regions, as observed by ®F-fluorodeoxyglucose (*¥F-FDG)-involving PET and
[$3C]-MRS%%%, Specifically, IR seems to reduce the Krebs cycle’s activity'® and hamper
glycogen metabolism'%! in neurons. Simultaneously, the latter is enhanced in astrocytes
and glial cells, a nervous system-specificimmune cells, as observed in Goto-Kakizaki (GK)
rats®®. This glucose metabolism deviation supports a synaptic imbalance, given that
glucose is the main energy substrate of the brain and is involved in the synthesis of
neurotransmitters. Furthermore, since astrocytes transform glucose into lactate and

102 3 lactate-focused metabolism is potentiated

neurons are unable to process glucose
as a secondary form of energy source>®'%3, The latter is further supported by increased
myo-inositol levels, a putative marker of glial cells, ie inflammation, in the frontal

cortex®s.
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In an earlier state of the metabolic disease, the enhanced glutamatergic pool, ie
the main excitatory neurotransmitter, in the hippocampus, was observed by proton
(*H)-MRS in both animal models and patients with diabetes'®1%* Consequently, it
induces an augmented synaptic activity, possibly as a compensatory mechanism, that is
later lost. With the progression of the disease and poor glycaemic control, Glu levels are
decreased, while Gln are increased in the occipital cortex'4, due to a reduced rate of
Glu-GIn cycle in GK rats®®. Individuals with diabetes and severe depression present low
levels of both Glu and GIn in WM regions, possibly due to an aberrant activation of glial
cells'®, The latter is corroborated by the enhanced levels of the proton MRS-assessed
myo-inositol, a putative marker of neuroinflammation, which was suggested to be
potentiated by VAT hypertrophy and consequent systemic inflammation®’. Glial cells
might yet promote demyelination and membrane turnover®®, as given by increased
choline (Cho) levels in T2DM patients, known to be involved in the metabolism of myelin
and other phospholipids of the cell membranel®. Given the role of myelin on
propagation of action potential, its decrease further contributes to an impaired synaptic
activity and a weakened intercommunication between different brain areas.
Additionally, Cho is a precursor for acetylcholine, which constitutes an excitatory
neurotransmitter. Therefore, it is postulated that T2DM impairs the conversion of Cho
into acetylcholine®®. Hence, the excitatory activity is further hampered, along with the
decreased Glu levels. While the lenticular nucleus® and frontal cortical region®® undergo
enhanced levels of Cho in T2DM subjects; the thalamus®®, right frontal, right parieto-
temporal and right parieto-occipital regions are unaltered'®. Nevertheless,
simultaneous to a modified glutamatergic pool, depression-free diabetic subjects
undergo enhanced cerebral GABA levels in the hippocampus®®19 and medial prefrontal
cortex, potentiating neuronal inhibitory activity, hence compromising episodic
memory!%. In patients with prediabetes and T2DM, IR potentiates the formation of
neurofibrillary amyloid-beta plaques, as assessed through 2F-Florbetaben or
[*1C]- Pittsburgh compound-involving PET imaging'°>11°,

Interestingly, similarly to neuronal structural changes, metabolic alterations in
the brain occur predominantly in the left hemisphere in right-handed individuals,

probably due to higher energy requirements of the dominant hemisphere®®,
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Figure 10. Prediabetes, T2DM and its cerebral neurometabolic alterations.

Little is known regarding the impairment of neurometabolism in prediabetes. Nonetheless, only
in female patients, the altered glucose metabolism affected the activity of the frontal cortex.
Meanwhile, in the earlier stages of T2DM, only GM alterations are observed. IR promotes
hyperglycemia and a metabolic shift, hindering the activity of the Krebs cycle (identified with J )
and glycogen formation in neurons (numbered with 1) in the frontal, temporal, parietal and
cingulate cortices. In contrast, in glial cells and astrocytes (numbered with 2) in the frontal
cortex, an ameliorated glycogenic metabolism (represented by 1) takes place, which promotes
lactate formation as a substitute energy font. Ultimately, such potentiates an higher activity of
these brain-specific immune cells (as assessed through the higher myo-inositol levels.
Simultaneously, hyperglycemia induces the Glu formation, strengthening the excitatory activity
in the hippocampus. Nonetheless, this same hallmark impairs its formation and activity in the
hippocampus, medial frontal and occipital cortices, while also promoting the synthesis of GABA.
The previously mentioned cerebral inflammatory event also participates in the restraint of the
glutamatergic synapse in the lenticular nucleus and frontal cortex. Furthermore, inflammation
provokes demyelination and consequent diminished Cho levels, suppressing the propagation of

the action potential and the excitatory synaptic activity. Image created with Biorender.com.
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iii. T2DM, vascular modifications and dementia

Dementia and MCI are promoted by several factors, including metabolic and
vascular ones. Despite the strong evidences of a neurometabolic-cognitive decline in a
diabetic environment, little is still known, since the majority of the studies take
advantage of functional magnetic resonance imaging (fMRI) which only evaluates blood
flow alterations and requires specific stimuli, hence limiting these studies. The brain
requires exacerbated levels of nutrients, oxygen and ions to exert its functions, when
compared to other organs and tissues. However, the hyperglycaemia not only changes
brain metabolism, but also potentiates a diminished brain activity through reduction of
hemodynamic response!=13 namely in the hippocampus'*. Under healthy conditions,
an enhancement of CBF takes place upon a stimulus in order to provide the oxygen and
metabolites required for synaptic firing and activation of the task-involved brain region,
through a process named neurovascular coupling!*>*16, However, in T2DM, this process
is impaired due to a reduction of CBF!7119 since the consequent oxidative stress
hinders the bioavailability of vasodilators'??, Interestingly, the synaptic imbalance
between Glu and GABA is also here involved*?**?2, Upon a stimulus, Glu is released and
induces nitric oxide (NO) production, through the activation of the NMDAR present in
neurons. Moreover, it also promotes the production of prostaglandins through the
binding to astrocyte-located metabotropic receptors. However, given the lower Glu
levels and GABA overactivation observed in diabetic individuals, such pathways are
compromised??3. Also, AGE production affects the biomechanical properties of the
vessels, contributing to an enhanced stiffness and reduced compliance!’~1°, not to
mention that the superoxide anion reacts with NO to form peroxynitrite, interfering with
its bioavailability'?4. Although both GM and WM are sensitive to hypoperfusion, the
latter is highly composed of capillaries, when compared to GM. Therefore, WM is more
sensitive to vascular factors'?. In fact, studies involving DTI showed the presence of WM
hyperintensities in prediabetes, as a consequence of cerebral microvascular changes,
including cerebral microbleeds''>1%6, Such lesions were suggested to potentiate
cognitive dysfunction in early stages of the metabolic syndrome®9112126.127 Gjyen that

WM interprets sensory information from various regions and transmits neuronal inputs
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between several GM areas'?®, vascular impairment promotes fewer and weaker WM
network connections and compromise synaptic transmission'?°>. Among others, and
given the vulnerability of the hippocampus to T2DM, the default mode network (DMN)
activity is considered the most affected network by this disease’4. Studies involving fMRI
demonstrated that the latter network’s connectivity is enhanced between the left
hippocampus and left inferior frontal gyrus’#'3? in young diabetic individuals, which is
related to a better executive function’4. The enhanced activity, which might constitute
an adaptative compensatory mechanism, is then replaced by a loss of function in older
T2DM patients, including those with MCI. This is reflected in an impaired deactivation
and hypoactivation of task-relevant regions in the DMN, even in the presence of a
normal cognitive performance’311%4129,

In early stages of T2DM, hyperconnectivity between posterior cingulate cortex
and left inferior parietal lobule takes place, while there is a weaker network connectivity
in visual and insula areas'?®. Furthermore, prior to the onset of dementia, the
connectivity between left frontal-parietal network and sensorimotor network, which
includes the precentral and postcentral gyrus, ie, motor and somatosensory regions,
respectively, is also increased, possibly as an adaptive mechanism to compensate
memory and executive function declines!3:.

Taken together, available data suggest the presence of a differential functional
organization and activation pattern depending on prediabetes and T2DM
severity’499130.132,133 ' nossibly due to an initial increased excitatory activity'®. Upon
disease progression and onset of MCI, the weaker DMN functional connectivity in the
left calcarine and bilateral posterior cerebellum culminates in a weaker episodic
memory. Such further aggravates the cognitive performance, including visual-spatial
ability, memory, and attention executive function®32, Also, apart from the
hippocampus, the fMRI-evaluated CBF is compromised in other specific brain regions of
subjects with diabetes, including the inferior parietal cortex, inferior temporal cortex
and middle frontal regions. These ultimately culminate in an impaired executive

function and processing speed!!>116:132,
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Osborne et al. showed that chronic noise exposure and the associated psychological
disturbances, including poor sleep, were related with a greater CT-assessed visceral
adiposity and an enhanced risk for the development of T2DM. Such associations seem
to be mediated by the augmented metabolic activity of the noise stress responsive-brain
area, i.e., the amygdala, as assessed by 8F-FDG-PET. Such might be, at least partly,

explained by the sympathetic nervous system’s activation which induces systemic

inflammation, endothelial dysfunction, as well as oxidative stress'34,
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Figure 11. Prediabetes, T2DM and its cerebral vascular alterations.

Concurrent to the firstly enhanced Glu levels and excitatory synaptic activity (represented
with 1), in an earlier stage of T2DM, possibly due to an enhanced production of vasodilators,
an higher hemodynamic response is observed in various areas of the brain, including the DMN
network. Simultaneously, however, a decreased connectivity (identified with { ) is present in
the network responsible for the connection of the visual and insular cortices. In later stages,

cerebral hyperglycemia not only induces an overall stronger inhibitory activity and oxidative

26



MBCM Dissertation 2022, Beatriz Caramelo

stress, both of which reduce the bioavailability of the vasodilators, but also promotes the
formation of AGE which reduces the compliance of the endothelial cells (hyperglycemic
consequences represented in red). Altogether, the previously enhanced hemodynamic

while the ameliorated activities are symbolized by continuous arrows. Image created with

Biorender.com.
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Scientific Framework

Obesity has been shown to promote systemic inflammation, which, in turn,
induces the onset of oxidative stress in the hippocampus!®* and the cerebral cortex!3e.
This deleterious event is further worsened in T2DM due to hyperglycemia and insulin
resistance in the hippocampus*3’ and cerebral cortex'38. Simultaneously, in high-fat diet
(HFD)-fed rats, decreased GABA levels were found in the hippocampus*3® and the visual
cortex!®. Such is, then, replaced by, possibly as a protective effect against oxidative
stress'*1, an amelioration of these levels, accompanied by a greater inhibitory activity in

142 and the visual cortex!*3. d’Almeida et al. demonstrated that these

the hippocampus
neurometabolic alterations preceded structural abnormalities®. However, all
diagnostic protocols adopted clinically are only standardized for the assessment of
morphological alterations, most of which are usually in an irreversible status.
Meanwhile, an MRS sequence has been developed named “Hadamard Encoding and
Reconstruction of MEGA-Edited Spectroscopy” (HERMES) which enables the

simultaneous detection of GABA and glutathione (GSH).

Main objective

This project aimed to investigate the early neurometabolic alterations observed
in obesity and T2DM, namely the simultaneous measure of GABAergic synapse and

oxidative stress.

Specific objectives

To address the previous objective, this project was divided on 2 specific ones:

1. Evaluate what neurometabolic alterations occurring as a result of obesity and
T2DM, and how early these take place;

2. Assess alterations regarding oxidative stress and synapse as early predictors of

neuronal metabolic changes in obese or type 2 diabetic animal models.
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Materials and Methods

Reagents

Salts and organic solvents used in this study were all purchased from Sigma-
Aldrich/Merck Portugal (Oeiras, Portugal) and Fischer Scientific (Pittsburgh, PA, USA),

unless stated elsewhere.

Antibodies and ELISA (Enzyme-linked immunosorbent assay) kits

For the Western blot protocol, primary antibodies were used to target calnexin
(Sicgen, Cantanhede, Portugal); catalase, glyoxalase-1 (Glo-1), heme oxygenase-1
(HO-1), nitrotyrosine (Nitrotyr), phosphorylated insulin receptor (Y972) (p-IR), Glut. C,
GABAAR, VGAT, vGLUT, glucose transporter 3 (GLUT3) (Abcam, Cambridge, UK);
argpyrimidine (ArgPyr) (Nordic-MUbio, Susteren, Netherlands); N°-(5-hydro-5-methyl-
4-imidazolon-2-yl)ornithine (MG-H1) (Hycult Biotech, Uden, Netherlands); amyloid
precursor protein (APP), total insulin receptor (IR-T), phosphorylated GSK3-B (S9)
(p-GSK3B), Akt, PSD-95 (Cell Signaling Technology, Danvers, MA, USA); and synapsin
(Synaptic Systems, Gottingen, Germany). The previous were then probed with
secondary antibodies, namely anti-mouse (GE Healthcare, Chicago, IL, USA), anti-rabbit
and anti-goat (Bio-rad, Hercules, CA, USA).

Plasma insulin concentrations were determined with the Rat Insulin ELISA Kit

(Mercodia AB, Uppsala, Sweden).
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Secondary
Antibody Molecular weight Manufacturer Dilution
Antibody
Anti-Calnexin 90 kDa Sicgen Anti-Goat 1:2000
Anti-Catalase 60 kDa Abcam Anti-Rabbit 1:1000
Anti-Glo-1 21 kDa Abcam Anti-Rabbit 1:1000
Anti-HO-1 33 kDa Abcam Anti-Rabbit 1:1000
Anti-Nitrotyr - Abcam Anti-Mouse 1:750
Anti-p-IR (Y972) 95 kDa Abcam Anti-Rabbit 1:1000
Anti-GABAAR 52 kDa Abcam Anti-Rabbit 1:1000
Anti-Glut. C 65 kDa Abcam Anti-Rabbit 1:1000
Anti-vGAT 57 kDa Abcam Anti-Mouse 1:1000
Anti-vGLUT 62 kDa Abcam Anti-Rabbit 1:1000
Anti-GLUT3 49-52kDa Abcam Anti-Rabbit 1:1000
Anti-APP 100-140 kDa Cell Signaling Anti-Rabbit 1:1000
Anti-IR-T 95 kDa Cell Signaling Anti-Rabbit 1:1000
Anti-p-GSK3pB (S9) 47 kDa Cell Signaling Anti-Rabbit 1:1000
Anti-Akt 60 kDa Cell Signaling Anti-Rabbit 1:1000
Anti-PSD-95 95 kDa Cell Signaling Anti-Mouse 1:1000
Anti-ArgPyr - Nordic-Mubio Anti-Mouse 1:750
Anti-MG-H1 - Hycult Biotech Anti-Mouse 1:750
Synaptic
Anti-Synapsin 77 kDa Anti-Mouse 1:1000
Systems
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Animal Treatment and Maintenance

Twelve-week old Wistar rats were randomly divided into 3 groups (n =8/ group)
which were differently treated during a ten-week period. Then, within a given group,
these were kept in pairs (2 rats/cage). These animals had free access to food and water,
while being kept under standard conditions, including temperature at 22-24 °C, 50-60%
humidity and standard light cycle (12 hours of light and 12 hours of darkness). The first
group (1 - control) was fed with a standard diet (SD) (3% triglyceride and 50%
carbohydrates, AO4, SAFE, France) during the entire in vivo experiments. Moreover, the
second group (2 - HFD) was fed with HFD (40% triglycerides and 10% carbohydrates, 231
HF, SAFE, France), which culminated in the onset of the obesity. Finally, the last group
(3 — HFD+STZ) was also fed with HFD for ten weeks, although, on the fourth week, the
rats were injected with a low dose (35 mg/kg) of streptozotocin (STZ) (S0130-500MG,
Sigma-Aldrich/Merck Portugal, Oeiras, Portugal), in order to potentiate the
development of T2DM phenotype. Taken together, 3 groups were designed: (1) a
control group (SD), (2) an obesity group (HFD) and (3) a T2DM group (HFD+STZ) (Figure
12).

On the day prior to the completion of the ten-weeks period, insulin tolerance
test (ITT) was performed. 0.25U/kg insulin (Humulin, 1000 Ul/mL Lilly, Lisboa, Portugal)
was intraperitoneally administrated, which was promptly followed by glycemia
measurement at several time points, namely 0, 15, 30, 60 and 120 minutes, through the
tail vein, resorting to a glucometer (Contour Next, Bayer, Leverkusen, Germany) and test
strips. The insulin response was expressed by the area under the curve (AUC).
Meanwhile, in the same day, *H-MRS protocols were performed on the 3 groups (later
discussed).

In the following day, 6-hour fasting glycemia, body weight, serum triglycerides,
food and water intake were measured. Rats were then anesthetized with an
intraperitoneal 2:1 (v/v) 50 mg/kg ketamine (100 mg/mL) / 2.5% chlorpromazine (5
mg/mL) injection, blood samples were collected by cardiac puncture, and were
sacrificed through cervical dislocation, moment in which the brain was collected. It is

noteworthy that 50% of the brains were preserved as a whole (later discussed
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procedure), while in the remaining 50%, the hippocampus and visual cortex were
individually collected and stored at — 80 2C. Finally, the blood samples were centrifuged
(2200xg, 4 °C), from which serum and plasma were aliquoted and stored at -80 2C for

further biochemical analysis.

SD Group .
(Control) | Standard Diet !SD! !
; Biochemical experiments

HFD Group 5

(Obesity) : High Fat Diet (HFD)
I : » Biochemical experiments
'
HFD + STZ - :
Group High Fat Diet (HFD) :
(T2DM) I » Biochemical experiments
Week 0 l (L
Week 4 ""_‘_3\3} Week 10
Low dose (35 mg/kg) 4 - Magnetic resonance spectroscopy
of streptozotocin (STZ) (MRS)
- Sacrifice

- Collection of hippocampus and
visual cortex

Figure 12. Timeline of the animal in vivo experiments.
For 10 weeks, Wistar rats were fed with either SD or HFD. On the 4" week, the latter group was
injected with a low dose of STZ in order to partially promoting cellular death of the B-pancreatic

cells. Image created with Biorender.com.

1 H-Magnetic resonance spectroscopy

Through the non-invasive and high-resolution *H-MRS, brain metabolites of the
hippocampus and visual cortex were calculated using the HERMES sequence, which
enables the specific measurement of GABA and GSH!%4. Data was acquired with the
BioSpec 9.4 T MRI scanner (Bruker BioSpin, Ettlingen, Germany). Wistar rats were kept
anesthetized with isoflurane (2-3%), 100% O and a stable body temperature of 37 °C.
During the procedure, the rats’ respiration was monitored (SA Instruments SA, Stony

Brook, USA). Spectral data quantification was performed with LC model.
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Preparation of samples’ extracts

For the preparation of the samples’ extracts of the individual hippocampus and
visual cortices, a homogenization buffer was previously prepared: firstly 25 mM Tris-
hydrochloride (Tris-HCl) and 100 mM sodium chloride (NaCl) were measured, which,
once both compounds were dissolved, was followed by the adjusting of pH to 7.4. Then,
5 mM ethylenediaminetetraacetic acid (EDTA), 5 mM ethylene glycol-bis(2-
aminoethylether)-N, N, N', N'-tetraacetic acid (EGTA), 20 mM sodium fluoride (NaF), 10
mM B- glycerophosphate, 2.5 mM sodium pyrophosphate and sodium metavanadate
(NaVOs) were added to the previous solution, which, once dissolved, was followed by
the volume correction with ultrapure water (MiliQ water). NaVOs requires anticipated
activation. Therefore, 200 mM NaVOs solution was prepared with the pH adjustment to
10, which provides a yellowish colour to the solution. Then, the latter is boiled until it
becomes colourless. Upon its cooling, the pH is readjusted, and the solution is boiled
once again until it becomes colourless. Such is then followed by its cooling and this
protocol has to be repeated until the moment the solution remains at a pH equivalent
to 10 for up to 2-3 cycles. Once such succeeds, the solution is kept at -20 °C.

On the day of the extracts’ preparation, 1% Triton X-100, 10 mM
phenylmethylsulfonyl fluoride (PMSF) and 5% protease inhibitor were added to the
previously prepared homogenization buffer, in order to prepare the lysis buffer. While
keeping, through the entire procedure, the samples in ice or cooled structures to avoid
thawing and denaturation, the hippocampus and cortex visual were promptly dissolved
in lysis buffer in order to produce extracts with a concentration of 100 mg/mL each. The
tissues were, then, disrupted using Tissue Lyser Il (Qiagen, Germany), which was
followed by the samples’ centrifugation at 14 000 rotations per minute (rpm), for 20
minutes at 4 2C. As a result, a lipidic top-layer, a pellet composed of cellular membranes
and nucleic acids, and a protein-enriched supernatant were obtained, from which only
the latter was collected. The supernatant was centrifugated, once again, at 14 000 rpm
at 4 oC, for 15 minutes, which resulted in the same 3 phases. The supernatant was

collected and kept at —80 2 C.
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Western blot

To quantify the protein concentration in the extracts, BCA Protein Assay kit
(Novagen, Fisher scientific, Massachusetts, USA) was carried out. A calibration curve
was designed for 0.0125, 0.025, 0.05, 0.125, 0.25, 0.5, 1, 2 mg/ mL of bovine serum
albumin (BSA) solution. In a 96-well plate, 25 uL of each calibration curve points and
aliquots of the samples (1:8 diluted in water) was pipetted, to which 200 pL of a solution
composed with 98% of BCA solution and 2% of a 4% cupric sulphate solution. Enrolled
in an aluminium sheet to protect the photosensitive solution, the multi-well plate was
incubated at 37 oC for 30 minutes. Once the incubation time was completed, the
absorbance at 562 nm was measured in a plate reader. Considering the Beer-Lambert
equation, the previous dilution (1:8) of the samples and the calibration curve, the total
protein concentration of each sample was calculated. Then, the samples were
denatured and diluted in 2x Laemmli buffer pH 6.8. The latter was prepared with 62.5
mM Tris-HCl, 10% glycerol, 2% Sodium dodecyl sulphate (SDS), 5% B-mercaptoethanol
and 0.01% bromophenol blue. Meanwhile, the pH was adjusted to 6.8, taking into
consideration to only add the detergent SDS only after the electrode use, thus avoiding
its damage.

The Laemmli buffer-diluted brain samples were sonicated and boiled at
90-95 °C for 3 minutes. Vertical electrophoresis was performed with 10%
polyacrylamide gels composed with either resolving (0.75 M Tris-HCI, 0.2% SDS, pH 8.8)
or stacking buffer (0.25 M Tris-HCI, 0.2% SDS, pH 6.8), both of which are supplemented
with acrylamide, MiliQ  water, ammonium persulfate (APS) and
N-tetramethylethylenediamine (TEMED). Samples’ volume corresponding to 10 ug of
total protein, as well as a molecular weight ladder (GRiSP, Research Solutions, Portugal),
were loaded into the SDS-PAGE gels. The latter were translocated to an electrophoresis
system (Bio-Rad, USA), which was filled with running buffer composed of 25 mM Tris-
base, 480 mM glycine, 1% SDS and a pH 8.8. The protein migration was primarily
executed at 80 V, which was augmented until a maximum of 120 V once the proteins
passed through the stacking gel. Following, in a sandwich-like protocol, the gels were
electrophoretically transferred onto polyvinylidene difluoride (PVDF) membranes
(Advansta, San Jose, CA, USA), which were previously activated in methanol, rinsed in
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MiliQ water and washed in transfer buffer (50 mM 3-(Cyclohexylamino)-1-
propanesulfonic acid (CAPS), 2% sodium hydroxide (NaOH), 10% methanol, pH 11). The
transfer procedure was performed for 2 hours at 750 mA, guaranteeing a voltage
inferior to 130, while keeping the entire system below 4 2C. The resulting membranes
were, then, blocked with a 5% BSA solution for 2 hours at room temperature or
overnight at 4 oC, following their incubation with a primary antibody (listed above in
table 1) for the same time periods as the blockage step. The antibodies are diluted in a
tris-buffered saline (TBS) solution (250 mM Tris, 1.5 mM NaCl, pH=7.6) supplemented
with 0.01% Tween 20 detergent and 1% BSA. The obtained membranes are rinsed with
a wash buffer (TBS plus 0.1% Tween 20 detergent) for 1 hour under constant agitation,
followed by their probing in the corresponding secondary antibody for 2 hours at room
temperature or overnight at 4 C. These are washed once again, which is followed by
their revelation through a chemiluminescent method using an enhanced
chemiluminescence (ECL) substrate 1:1 (Advansta, San Jose, USA) and the luminescence
detection system ImageQuant LAS500 (GE Healthcare, Chicago, IL, USA). The
concentration of the specific immunodetected protein was calculated using Quantity
One software (Bio-Rad, Hercules, CA, USA) and ImageQuant software (Cytiva Life
Sciences, USA). Calnexin was used as a loading control to guarantee each well carried an

equal protein quantity.

Brain samples’ processing

The samples preserved as a whole brain were used for the assessment of the
oxidative stress and associated ROS in both the hippocampus and the visual cortex. In
the moment the rats were sacrificed, the brain was collected and submerged in a formol
solution for 5 days at room temperature. Upon this period, the organs were put in a 30%
sucrose solution for 5 more days at room temperature. Then, the brain was properly

dried, wrapped in parafilm and stored at -80 2C until their usage.
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Immunohistochemistry (IHC) of brain sections

Horizontal sections of the visual cortex (n = 4) with a thickness of 30 um were cut
in the cryostat (Leica, Wetzlar, Germany) and directly transferred to glass slides. These
were promptly used once these dried, shortly after being cut.

Once the glass slides were dry, the brain slices were fixed with cooled (-20 2C)
acetone for 10 minutes at room temperature. Then, the slides were washed with a
phosphate-buffer saline (PBS) solution for 5 minutes, which step was repeated 3 times.
After a total of 15 minutes, the brain slices were permeabilized with a 0,25% Triton
X-100 solution diluted in PBS for 15 minutes. Once the time period ceased, these were
washed one more time in PBS for 5 minutes, which was followed by the blockage of the
slices with 1% BSA diluted in PBS, forming a PBA solution, for 30 minutes in a moist
chamber in order to avoid their drying. Then, the slices were incubated in 10 uM
dihydroethidium (DHE) (D23107, Invitrogen, Waltham, MA, USA) diluted in PBA solution
for evaluation of superoxide anion levels. Concurrently, 4’,6-diamidino-2-phenylindole
(DAPI) was used to counter-stain the nuclei for 30 minutes at 37 2C, taking into account
the photosensitivity of the probes. The glass slides were washed with PBS 3 times, which
were 5 minutes each. Then, these were mounted in an aqueous mounting medium
(Fischer Scientific, Pittsburgh, PA, USA). Finally, the images of the hippocampus and
visual cortex were captured in a fluorescence Zeiss microscope (Zeiss Axio Observer Z1)
with the incorporated camera (Zeiss, Jena, Germany), detected with 587 nm of
excitation and 610 nm of emission for DHE, while DAPI was detected with 353 nm of
excitation and 465 nm of emission. The same settings were kept constant for all analysis.

Fluorescence of the acquired images was then measured through the Imagel software

(Fiji).
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Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.0 (GraphPad, San
Diego, SA, USA) and IBM SPSS Statistics Software (IBM, Armonk, NY, USA Data is
expressed as the mean * standard error of the mean (SEM) and compared by the
parametric method one-way analysis of variance (ANOVA), if our samples followed a
normal distribution, or the non-parametric Kruskal-Wallis test in case of a non-normal

distribution. During the analysis, p value inferior to 0.05 was considered significant.
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Results

Characterization of the animal models

As previously stated in the “Material and Methods” section, Wistar rats were divided
into 3 groups: (1) the SD group, which was composed the control group and is
represented in all graphics of this manuscript in a black colour; (2) the HFD group, also
denominated as the obesity model and is represented in orange to be easily identified
in the following figures; and (3) a HFD+STZ group which constituted the T2DM model
and is represented in a blue colour.

In regard to body weight, the SD group (n = 8) presented a 18.61 + 1,5% weight gain,
while the HFD group (n = 8) had a 26.12 + 3.3 % of weight gain (Figure 13A) during the
10-week time period the in vivo experiments took place. Although the weight gain of
the latter group was not significant, they experienced a significant increment in weight
on week 9 (p = 0.0460) and 10 (p = 0.0426), in comparison to the SD group. In contrast,
HFD+STZ (n = 8) group showed a weaker overall weight variation in comparison to HFD
group (p = 0.0013). However, on week 3, the T2DM group presented a significantly
greater weight than the control group (p = 0.0386). After this timepoint, which matched
with the STZ injection, this group began to lose weight, which culminated in a body
weight of 453.25 + 17.3 g (Figure 13B) on week 10. In concern to triglycerides, all groups
presented similar levels: the SD group presented 195.50 + 24.9 mg/dL; while the HFD
and HFD+STZ group showed 252.75 +44.9 and 241.12 + 26.1 mg/dL, respectively
(Figure 13C).
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Figure 13. The effect of HFD and STZ on body weight.

In contrast to the HFD group, HFD+STZ group showed an increase of weight gain in the 3™ group
(HFD+STZ group) that was lost after STZ injection (A, B). Furthermore, neither of the treatments
promoted the loss of triglycerides’ homeostasis (C). Statistical analysis obtained through one-
way ANOVA test (parametric) and/or Kruskal-Wallis test (non-parametric), mean . SEM; n = §;

* vs SD; # vs HFD. * p < 0.05; ** p < 0.01; *** p < 0.001.

Next, we assessed insulin sensitivity. While SD and HFD group presented similar
plasma insulin levels of 3.27 + 0.3 and 2.35 + 0.4 pg/L, the HFD+STZ group had
0.97 +£0.2 pg/L, a statistically significant decrease in comparison to SD group (p = 0.0003)
(Figure 14A). Such was to be expected given the genotoxic effects of STZ, potentiated
by DNA alkylating activity which ultimately culminates in the apoptosis of pancreatic
beta-cells. However, since a low dose of the drug was injected, these cells are only
partially killed**>147. As a result, in the last ITT performed, it was observed a weaker
effect of this hormone in the HFD+STZ group, compared to SD (p < 0.0001) and HFD
group (p = 0.0005) (Figure 14B). Specifically, while on week 0 (Figure 14C), and week 4
(Figure 14D), no differences were observed during either the performed ITT; on week
10, a statistical increment of blood glucose was detected in all time points of the ITT
when compared to the other 2 groups: 0 (SD: p < 0.0001; HFD: p < 0.0001), 15
(SD: p < 0.0001; HFD: p = 0.0001), 30 (SD: p < 0.0001; HFD: p = 0.0002), 60
(SD: p = 0.0006; HFD: p = 0.0016) and 120 minutes (SD: p = 0.0002; HFD: p = 0.0003)
(Figure 14E).
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Figure 14. The effect of HFD and STZ on insulin levels and tolerance.

The STZ injection successfully reduced the production of insulin (A). As a result, following week
4, ie the administration of this drug, insulin activity is hindered in the HFD+STZ group on week
10 (B, C, D; E). Statistical analysis obtained through one-way ANOVA test (parametric) and/or
Kruskal-Wallis test (non-parametric), mean +. SEM. n = 8; * vs SD; # vs HFD. * p < 0.05;
** 5 <0.01; *** p < 0.001.
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Meanwhile, although blood glycemia remained similar throughout the 10-week

period in the SD and HFD group (Figure 15A), the same did not occur for the HFD+STZ

group. Upon the administration of the drug, blood glucose levels peaked from

107.13 £2.2t0314.00 £ 12.5 mg/dL, which constituted a significant enhancement when

compared to SD (p = 0.0008) and HFD group (p = 0.0109). From then forward, week 6

(SD: p < 0.0001; HFD: p < 0.0001), 7 (SD: p < 0.0001; HFD: p < 0.0001), 8 (SD: p = 0.0002;

HFD: p = 0.0003), 9 (SD: p < 0.0001; HFD: p < 0.0001) and 10 (SD: p < 0.0001;

HFD: p < 0.0001) showed statistically significant increases in the HFD+STZ group

(Figure 15B).
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Figure 15. The effect of HFD and STZ on fasting glycaemia.

In contrast to SD and HFD group in which significantly statistical differences were not observed

on blood glycaemia (A), in the HFD+STZ group, blood glucose levels reach deleterious

concentrations from week 5 to week 10 (B). Statistical analysis obtained through one-way

ANOVA test (parametric) and/or Kruskal-Wallis test (non-parametric), mean *. SEM. n=8;

* vs SD; # vs HFD. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Obesogenic and type 2 diabetic conditions compromised hippocampal
glycaemic homeostasis and metabolism

Concurrent to the blood hyperglycaemia, hippocampal glucose levels were only
elevated in the HFD+STZ group, in comparison to the SD group (p = 0.0072) (Figure 16A).
This was supported by Spearman correlation analysis, which exhibited a positive relation
between fasting systemic hyperglycaemia and hippocampal glucose levels, both of
which were acquired on week 10 (r = 0.5385; p = 0.0383) (Figure 16E). It is, however,
noteworthy that *H-MRS was not sensitive enough to detect several concentrations of
glucose in the SD (n = 3) and the HFD group (n = 4). Nonetheless, the neuronal glucose
transport did not seem to be hampered, given the absence of statistically significant
levels” modifications of the insulin-independent GLUT3, which is the most expressed
isoform of these transporters in neurons'*® (Figure 16B).

Due to the unmodified protein levels of IR-T (Figure 16C) and p-IR, the active form
of this receptor (Figure 16D), and considering the characteristic non-dependence of
GLUT3 on insulin'®8, it would be expected that insulin activity did not affect glucose
levels in the hippocampus. Spearman correlation analysis showed otherwise. While
insulin activity evaluated by ITT performed on week 10 was positively influencing
glucose levels (r = 0.5360; p = 0.0394) (Figure 16F), plasma insulin was negatively
correlated with the monosaccharide levels (r = - 0.7669; p = 0.0008) (Figure 16G).
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Figure 16. Insulin sensitivity and glucose metabolism in the hippocampus.

Hippocampal glycaemia peaked in the HFD+STZ group (A), despite the non-affected neuronal
glucose transport mediated by GLUT3 (B). Meanwhile, insulin seemed not significantly
conditioned as assessed through the total (C) and phosphorylated form (active) of the IT (D).
Glucose levels, in this brain area did not only correlate with fasting glycemia on week 10 (E), but
also with insulin activity (ITT) (F) and levels (G). Statistical analysis obtained through one-way
ANOVA test (parametric) and/or Kruskal-Wallis test (non-parametric), mean +. SEM. n=8 for
magnetic resonance spectroscopy, n=4 for Western blot; * vs SD; # vs HFD. * p < 0.05;

** p<0.01; *** p < 0.001. Correlations were calculated through Pearson correlation analysis.
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Simultaneously, in the obese model group, Ala levels were lower than the control
group (p = 0.0449). These were, then, tendentially restored in HFD+STZ group
(p = 0.0637) (Figure 17A). Similar to the latter metabolite, Asp is involved in Glu
formation in a Glu dehydrogenase-mediated reaction. Nonetheless, despite Ala levels
being affected, Asp concentration in the hippocampus was not altered in none of the

groups (Figure 17B).
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Figure 17. Effect of HFD and STZ on the substrates of Glu synthesis.

While Ala levels were diminished in the HFD group which is followed by a tendency to
restoration (A), Asp levels were not affected (B). Statistical analysis obtained through one-way
ANOVA test (parametric) and/or Kruskal-Wallis test (non-parametric), mean +. SEM. n=8 for
magnetic resonance spectroscopy, n=4 for Western blot; * vs SD; # vs HFD. * p < 0.05;

** p<0.01; *** p < 0.001. Correlations were calculated through Pearson correlation analysis.

Obese and T2DM models did not promote the formation of AGE nor the
establishment of oxidative stress in the hippocampus

Hyperglycaemia commonly induces (1) the formation of AGE'*? and (2) the onset
of oxidative stress potentiated by a higher mitochondrial respiration rate (not evaluated
in this manuscript) and AGE-activated mechanisms. Since both are involved in diabetic

150

complications!-?, we firstly aimed to investigate whether the hyperglycaemic conditions

instigated these hallmarks. We started by evaluating protein adducts formed by
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methylglyoxal (MG), a cytotoxic subproduct of glycolysis, which included ArgPyr (Figure
18A) and MG-H1 (Figure 18B) that were not statistically different among the groups.
Accordingly, Glo-1, an ubiquitous cellular enzyme involved in the MG detoxification®°?,

and its levels did not alter significantly (Figure 18C).
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Figure 18. Hippocampal glycation on the obese and T2DM animal models.

Despite the elevated hyperglycemia in 3™ designed groups, ArgPyr (A) and MG-H1 (B), both of
which are AGE, were not overly synthesized. Accordingly, Glo-1, an enzyme involved in the MG
detoxification and consequently MG-induces AGE, levels did not alter significantly between the
3 groups (C). Statistical analysis obtained through one-way ANOVA test (parametric) and/or
Kruskal-Wallis test (non-parametric), mean +. SEM. n=4 for Western blot; * vs SD; # vs HFD.

* p < 0.05; ** p < 0.01; *** p < 0.001.

In turn, among others, AGE promote ROS formation'#°. As a response to the
latter generation and consequent deleterious event, antioxidant defences are recruited.

These included GSH, an antioxidant defence that prevents ROS-induced cellular
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death®?; catalase, an enzyme that catalyses hydrogen peroxide into non-toxic
molecules (water and oxygen)'®3; and HO-1, an enzyme that catalyses heme
breakdown®?*, While the latter two molecules were found to not be significantly altered
(Figure 19B and 19C, respectively), GSH was increased in the HFD group in comparison
to the SD group (p = 0.0449). Likewise, through the evaluation of Nitrotyr, which results
from the reaction of RNS and tyrosine!*, it was indirectly concluded that RNS were not

altered in any group. However, a tendency to its increment was observed in the HFD

group (p =0.0930, vs SD) (Figure 19D).
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Figure 19. Hippocampal oxidative stress on the obese and T2DM animal models.

While GSH (A) showed to be enhanced in the HFD group, different antioxidant defences,
including catalase (B) and HO-1 (C), were not modified. Likewise, Nitrotyr levels (D) show that
RNS levels did not reach statistical significance. Statistical analysis obtained through one-way
ANOVA test (parametric) and/or Kruskal-Wallis test (non-parametric), mean +. SEM. n=8 for
magnetic resonance spectroscopy, n=4 for Western blot; * vs SD; # vs HFD. * p < 0.05;

** p < 0.01; *** p < 0.001.
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In the hippocampus, obesity promoted a possible compensatory
mechanism, involving N-acetylasptartylglutamic acid (NAAG) and GSH

Given the metabolic alterations previously observed, we hypothesized whether the
glutamatergic and/or GABAergic synapses were compromised. The levels of the
excitatory neurotransmitter were unaltered in the 3 groups designed for this project
(Figure 20A), However, hippocampal glucose levels in the designed models were not
correlated with Glu (r =-0.08938, p =0.7514) (Figure 20G). In contrast, GIn levels, ie
the primary substrate in Glu synthesis, tended to increase in HFD group (p = 0.0769, vs
SD group), while, in the HFD+STZ group, an increment was indeed observed, when
compared to the control model (p = 0.0088) (Figure 20B). Although the evaluation of
Glut. C and its unchanged expression (Figure 20F) would suggest that GIn was not being
converted into Glu, a Spearman correlation analysis demonstrated otherwise
(r =0.4945, p = 0.0140) (Figure 20I). Interestingly, GIn levels in the hippocampus were
negatively correlated with plasma insulin (r = - 0.4056, p = 00493) (Figure 20H).
Altogether, Glx pool, which composes the total concentration of GIn and Glu, were
enhanced in the HFD+STZ group, in comparison to SD (p = 0.0073) and HFD group
(p = 0.0368) (Figure 20C). Furthermore, the expression of vGLUT, a protein involved in
the vesicular Glu transport, remained unaltered (Figure 20E), revealing a sustained pre-
synaptic activity®®*>7, Accordingly, a consequent unmodified excitatory activity was

corroborated by the evaluation of the Glu/GABA ratio®>® (Figure 20D).
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Figure 20. Glutamatergic pool increased in the hippocampus of diabetic rats and
related to plasma insulin levels.

Although Glu was not altered (A), its main substrate GIn (B) and GIx pool (C) were augmented in
T2DM conditions. Such resulted in a sustained Glu/GABA ratio (D) and vesicular glutamate
transport as given by vGLUT (E). This data is usually translated in a stable excitatory activity.
However, Glut. C showed similar levels (F). Furthermore, while Glu was not with hippocampal
glucose levels (G), GIn was shown to be negatively correlated with Glu (H) and with plasma
insulin (I). Statistical analysis obtained through one-way ANOVA test (parametric) and/or
Kruskal-Wallis test (non-parametric), mean . SEM. n=8 for magnetic resonance spectroscopy,
n=4 for Western blot; * vs SD; # vs HFD. * p < 0.05; ** p <0.01; *** p <0.001. Correlations were
calculated through Pearson correlation analysis.
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In agreement with the apparently sustained excitatory synaptic activity, GABA
levels, the main inhibitory neurotransmitter, were unaltered among the 3 groups
(Figure 21A). Furthermore, the levels of GABAAR, which constitutes the most expressed
isoform of this receptor (Figure 21B), and vGAT, a protein involved in vesicular GABA
transport (Figure 21C) were also unmodified. These results suggest revealing a sustained
pre-synaptic inhibitory activity. In contrast, NAAG levels, an abundant dipeptide that
negatively modulates the glutamatergic synapse®>®, was augmented in the HFD group
(p = 0.0037, vs SD group). In turn, the latter levels were downregulated in the T2DM
model group (p = 0.0365) (Figure 21D). Interestingly, a similar levels’ variation pattern
of NAAG (Figure 21D) and GSH (Figure 21A) suggested a correlation, which led to their
evaluation and confirmation through a Spearman correlation analysis (r = 0.4652,

p = 0.0336) (Figure 21E).
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Figure 21. A possible compensatory mechanism involving NAAG and GSH in the
hippocampus of obese but not diabetic rats.

GABA levels were not modified significantly (A). Likewise, the inhibitory activity potentiated by
GABAAR (B), and the vesicular transport mediated by vGAT (C) were not compromised. In
contrast, a secondary inhibitory neurotransmitter, NAAG, was increased in an obesogenic
environment (F). The latter showed a positive correlation with GSH (E). Statistical analysis
obtained through one-way ANOVA test (parametric) and/or Kruskal-Wallis test (non-
parametric), mean . SEM. n=8 for magnetic resonance spectroscopy, n=4 for Western blot;
* vs SD; # vs HFD. * p < 0.05; ** p < 0.01; *** p < 0.001. Correlations were calculated through

Pearson correlation analysis.
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The NAAG-GSH-involving mechanism preceded structural alterations in the
hippocampus

Once this neurometabolic pattern was observed in obesogenic conditions and
given that the main objective of this project was to detect early biomarkers of
neurological conditions, we proceeded to investigate in which stage of the neurological
condition these variations take place. Through the evaluation of N-acetylaspartate
(NAA) levels, a marker of neuronal viability!®® and a substrate of NAAG formation®?, it
was observed an overall sustained structural integrity (Figure 22A). Possibly neurotoxic
proteins were not significantly formed, preserving hippocampal viability. Such include
not only tau protein which, once excessively or abnormally phosphorylated, form
neurofibrillary tangles, disrupting neuron’s transport system and consequent hampered
synaptic activity (Figure 22B)*!; but also APP, which, once cleaved into beta-amyloid
and consequently forming amyloid oligomers channels, disrupts calcium homeostasis
and promotes synaptic degeneration (Figure 22C)%2. The production of both protein
clusters has been shown to be potentiated by p-GSK3B activity which, in turn, is
phosphorylated by Akt. Accordingly, both enzymes did not reach significant variation
levels between the groups (Figure 22E and 22D, respectively). Although tau protein was
not correlated with plasma insulin (r = - 0.3277, p = 0.1180) (Figure 22G), correlation
analysis revealed the protein levels were correlated with ITT i.e., insulin sensitivity
(week 10) (r = 0.5454, p = 00058) (Figure 22H). Taking this into consideration, it is
understandable the non-variable levels of these proteins given the apparently preserved
insulin sensitivity in the hippocampus, as previously mentioned. On a similar note,
fasting glycemia on week 10 was also shown to be correlated with tau protein

(r = 0.5223; p = 0.0088) (Figure 22F).
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Figure 22. The hippocampal cellular viability was not hindered.

The seemingly identical NAA levels (A) encode an intact cellular viability, possibly due to the
non-significant alterations of total tau protein (B) and APP (C). Such might rise from an
unaffected insulin sensitivity, which resulted in equivalent levels of Akt (D) and p-GSK3pB (E).
Interestingly, although tau protein levels were not related with plasma insulin (G), these were
with fasting glycemia on week 10 (F) and ITT on week 10 (H). Statistical analysis obtained through
one-way ANOVA test (parametric) and/or Kruskal-Wallis test (non-parametric), mean +. SEM.
n=8 for magnetic resonance spectroscopy, n=4 for Western blot; * vs SD; # vs HFD. * p < 0.05;

** p <0.01; *** p<0.001. Correlations were calculated through Pearson correlation analysis.
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Accordingly, synaptic markers were not significantly altered, including synapsin
levels (Figure 23A), a membrane protein located on synaptic vesicles with a role in the
release of neurotransmitters and cytoskeletal organization given it binds all vesicle types
to the actin filaments'®3. We also studied another synaptic marker named PSD-95 which
anchors NMDAR in the postsynaptic neuronal membrane, meaning it is specific for
excitatory synapsesi®. Similar to synapsin, PSD-95 levels did not reach statistical
significance. However, there was a tendency for its increment in the HFD (p = 0.0887)
and HFD+STZ group (p = 0.0940), in comparison to the SD group (Figure 23B). Altogether,

it was shown a maintained synaptic integrity.
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Figure 23. The hippocampal synaptic integrity was not impaired.

Synapsin (A) and PSD-95 (B) levels did not reach statistical significance, showing a sustained
synaptic integrity. Statistical analysis obtained through one-way ANOVA test (parametric)
and/or Kruskal-Wallis test (non-parametric), mean *. SEM. n=4 for Western blot; * vs SD;
#vs HFD. * p < 0.05; ** p < 0.01; *** p < 0.001. Correlations were calculated through Pearson

correlation analysis.
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Hyperglycaemia was developed in the visual cortex of T2DM-induced rats

Following the analysis of the hippocampus, we proceeded to evaluate the
treatment effects on cerebral metabolism in the visual cortex. Similar to what was
observed in the hippocampus, elevated brain glucose levels were only observed in the
HFD+STZ group in comparison to the HFD (p = 0.0005) and HFD+STZ group (p = 0.0271)
(Figure 24A). The latter was shown to be correlated with fasting glycemia on week 10
(r =0.7857, p < 0.0001) (Figure 24C). Furthermore, although the correlation between
the visual cortex’s glucose and plasma insulin did not reach statistical significance
(r =0.7522, p = 0.0511) (Figure 24E), its levels were positively correlated with insulin
activity on week 10 (r = 0.7437, p = 0.0003) (Figure 24D). However, through the
evaluation of IR-T and its unaltered expression, insulin sensitivity in the visual cortex

seemed to be maintained (Figure 24B, representative WB on the left side of the figure).
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Figure 24. Hyperglycemia was promoted in the visual cortex of STZ-injected rats.

Glucose levels (A) were only augmented in the visual cortex of the T2DM group. In contrast, the
expression of IR-T (B) did not reach statistically significant variations. In this brain region,
cerebral glucose levels were correlated with the fasting glycemia on week 10 (C), the ITT
performed on week 10 (D), and, lastly, a correlative tendency with plasma insulin (E). Statistical
analysis obtained through one-way ANOVA test (parametric) and/or Kruskal-Wallis test (non-
parametric), mean +. SEM. n=8 for magnetic resonance spectroscopy, n=4 for Western blot;
* vs SD; # vs HFD. * p < 0.05; ** p < 0.01; *** p < 0.001. Correlations were calculated through

Pearson correlation analysis.
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Meanwhile, the levels of substrates involved in glutamate synthesis, including

Ala (Figure 25A) and Asp (Figure 25B), remained unaltered.
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Figure 25. Glu synthesis’ substrates were not altered in the visual cortex.

In the visual cortex, amino acids involved in Glu synthesis, namely Ala (A) and Asp (B) were
unaltered. Statistical analysis obtained through one-way ANOVA test (parametric) and/or
Kruskal-Wallis test (non-parametric), mean +. SEM. n=8 for magnetic resonance spectroscopy;

* vs SD; #vs HFD. * p < 0.05; ** p <0.01; *** p < 0.001.

Glycation and oxidative stress were not promoted in the visual cortex

Similar to the hippocampus, protein adducts resulting of glucose reactivity,
which contribute to a possible oxidative stress, remained unaltered through the
different groups, including ArgPyr (Figure 26A) and MG-H1 (Figure 26B). In concordance,
the enzyme involved in their detoxification, Glo-1, was also found to not be altered

(Figure 26C).
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Figure 26. Deleterious events involving glycation were not observed in the visual
cortex.

Despite hyperglycemia in the visual cortex being observed in the HFD+STZ group, no variation
regarding the glycation products was verified, including in ArgPyr (A) and MG-H1 (B). In
concordance with the lack of significant AGE’ variance, Glo-1 levels (C) were not altered either.
Statistical analysis obtained through one-way ANOVA test (parametric) and/or Kruskal-Wallis
test (non-parametric), mean *. SEM. n=4 for Western blot; * vs SD; # vs HFD. * p < 0.05;
** p<0.01; *** p < 0.001.

Resorting to the DHE probe, we were able to indirectly assess the levels of
superoxide anion and hydrogen peroxide. DHE is an uncharged compound, which, due
to its hydrophobicity, crosses extracellular and intracellular cells i.e., plasmatic
membrane and nuclear membrane, respectively. Upon its exposure to the previous ROS,

DHE is oxidized and converted into a positively-charged and fluorescent molecule
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named ethidium. The latter intercalates with the DNA through electrostatic interactions
with the phosphate groups and hydrophobic interactions. Consequently, it is
accumulated in the cell, enabling its measurement'%>1%¢, Nonetheless, despite of the
unfavourable hallmarks of obesity and T2DM, HFD and HFD+STZ group did not show

variable levels of these specific ROS (Figure 27).
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Figure 27. The HFD feeding and/or STZ administration did not generate superoxide
anion or hydrogen peroxide.

Through the probing the visual cortex with DHE, we indirectly quantified superoxide anion and
hydrogen peroxide. A difference on their levels was not observed in any of the groups. Statistical
analysis obtained through one-way ANOVA test (parametric) and/or Kruskal-Wallis test (non-
parametric), mean *. SEM. n=4 for immunohistochemistry; * vs SD; # vs HFD. * p < 0.05;

** p < 0.01; *** p < 0.001.

In concordance, antioxidant defences, including catalase (Figure 28B) and HO-1
(Figure 28C), did not reach statistically significance. However, GSH tended to be
decreased in HFD+STZ group in comparison to the HFD group (p = 0.0577) (Figure 28A),
possibly as an initial indicator of antioxidant defences imbalance and consequent
oxidative stress’ onset. Likewise, through the assessment of Nitrotyr expression, we

indirectly exhibited a non-statistically significant variability of RNS (Figure 28D). It is
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noteworthy that the results regarding the visual cortex are more variable, since it is a
brain area with a particularly small volume in the Wistar rats’ brain. Such interfered with
the success of the visual cortex extraction, which led to the collection of other

surrounding brain areas.
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Figure 28. Detrimental events involving oxidative stress were not detected in the

visual cortex.

In contrast to the GSH imbalance (A), other antioxidant defences, such as catalase (B) and
HO-1 (C) were not altered. Likewise, Nitrotyr (D) levels also remained unchanged between
groups. Statistical analysis obtained through one-way ANOVA test (parametric) and/or Kruskal-
Wallis test (non-parametric), mean +. SEM. n=8 for magnetic resonance spectroscopy, n=4 for

Western blot; * vs SD; #vs HFD. * p < 0.05; ** p <0.01; *** p < 0.001.
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The NAAG-GSH paradigm was not observed in the visual cortex of obese rats

In agreement with the unchanged levels of Ala and Asp, Glu levels were not
significantly changed (Figure 29A). The synthetic mechanism involving both these
metabolites is coupled with the conversion of oxaloacetate, which results from glucose
conversion. Given so and in concordance with the unchanged levels of the substrates,
Glu levels were not correlated with brain glucose levels (r = 0.1644, p = 0.5013)
(Figure 29F). Meanwhile, the major substrate involved in the formation of this excitatory
neurotransmitter was overconcentrated in the HFD+STZ group, when compared to the
SD group (p =0.0252) (Figure 29B), which resulted in an augmented Glx pool in the same
group (p = 0.0494) (Figure 29C). Through Pearson correlation analysis, this GIn variation
was shown to be negatively correlated with plasma insulin (r = - 0.4715, p = 0.0200)
(Figure 291). Interestingly, although the expression of Glut. C was increased or tending
to in the HFD (p = 0.0246) and the HFD+STZ group (p = 0.0613), respectively, in relation
to the SD one (Figure 29E), the Glu levels were not correlated with the GIln ones
(r=-0.02117, p = 0.9218) (Figure 29G). Altogether, a seemingly sustained excitatory
activity was observed, given the evaluated by the Glu/GABA ratio (Figure 29D).
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Figure 29. A excitatory synaptic imbalance was not observed in the visual cortex

despite some insulin-related neurometabolic changes.

Although Glu (A) levels were shown to not be significantly changed between the groups, Gin (B)
and consequently the Glx pool (C) exhibited increments in the HFD+STZ group. In agreement
with the maintained excitatory neurotransmitter’s concentration, the Glu/GABA ratio (D), a
measure representative of synaptic strength, was not modified. However, despite there not
being Glu variations, Glut. C (E) levels were elevated or tending to be in obese and T2DM rats,
respectively. Pearson correlations showed that Glu levels were not with cerebral glucose in the
visual cortex (F), nor was Glu and GIn concentrations (G). In contrast, this analytic method

exhibited a correlation between GIn levels located in the visual cortex and plasma insulin (H).
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Statistical analysis obtained through one-way ANOVA test (parametric) and/or Kruskal-Wallis
test (non-parametric), mean +. SEM. n=8 for magnetic resonance spectroscopy, n=4 for Western
blot; * vs SD; # vs HFD. * p < 0.05; ** p < 0.01; *** p < 0.001. Correlations were calculated

through Pearson correlation analysis.

The latter synaptic activity’s maintenance was further contributed by the non-
significantly variation of GABA levels (Figure 30A) and GABAAR expression (Figure 30C).
Likewise, other inhibitory neurotransmitters, such as NAAG, were not significantly
altered (Figure 30B). Consequently, and in contrast to what was observed in the
hippocampus, a correlation between NAAG and GSH in the visual cortex was not found

(r=-0.2111, p = 0.3857) (Figure 30D).
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Figure 30. An inhibitory synaptic imbalance was not detected in the visual cortex.

GABA (A) levels were not statistically affected. Likewise, and in contrast to the hippocampus, a
secondary inhibitory neurotransmitter, NAAG (B), did not present altered levels either.
Accordingly, in regards of the GABAAR (C), its levels were not altered. Pearson analysis showed

no significant correlation between NAAG and GSH. Statistical analysis obtained through one-
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way ANOVA test (parametric) and/or Kruskal-Wallis test (non-parametric), mean +. SEM. n=8 for
magnetic resonance spectroscopy, n=4 for Western blot; * vs SD; # vs HFD. * p < 0.05;

** p <0.01; *** p<0.001. Correlations were calculated through Pearson correlation analysis.

Cellular viability of the visual cortex was not compromised in the obese nor
the T2DM models

Through the assessment of NAA levels, it was concluded that the overall integrity
of the visual cortex was preserved throughout the designed groups (Figure 31A).
Although APP levels were not altered (Figure 31C), total tau protein levels were elevated
or tending to in the HFD+STZ group, when comparison to the HFD (p = 0.0326) and the
SD group (p = 0.0863), respectively (Figure 31B). These potentially neurotoxic levels
were correlated with blood glycemia on week 10 (r = 0.6396, p = 0.0014) (Figure 31F).
Furthermore, these were yet negatively related to plasma insulin levels (r = - 0.4751,
p = 0.0254) (Figure 20G) and positively to insulin sensitivity (r = 0.6264, p = 0.0018)
(Figure 31H). However, no changes were observed in proteins downstream in the insulin

receptor pathway, including Akt (Figure 31D) and p-GSK3p (Figure 31E).
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Figure 31. The overall visual cortex integrity was maintained although an insulin-

related Tau increase in diabetic rats.

The NAA (A) levels were not significantly altered, suggesting a preservation of cellular integrity.

However, total tau protein (B) levels were observed in the HFD+STZ group, in contrast to the

APP (C) levels which remained with equivalent concentrations. Although the enzymes

modulated by insulin did not exhibit a statistically relevant alteration, including Akt (D) and p-

GSK3p (E), tau protein levels were shown to be related with fasting glycemia (F), plasma insulin

(G), and ITT performed on week 10 (H). Statistical analysis obtained through one-way ANOVA

test (parametric) and/or Kruskal-Wallis test (non-parametric), mean +. SEM. n=8 for magnetic
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resonance spectroscopy, n=4 for Western blot; * vs SD; # vs HFD. * p < 0.05; ** p < 0.01;

*** p < 0.001. Correlations were calculated through Pearson correlation analysis.

The HERMES sequence successfully measured GSH levels in the
hippocampus and visual cortex, while GABA levels were only valid in the
hippocampus

This project used a novel MRS sequence specific for the measurement of both
GABA and GSH entitled HERMES sequence. The quality of the obtained MRS data was
evaluated by an estimated standard deviation (% SD), which value should be under 30%
in order to be considered reliable data'®’. Recurring to this method, we concluded the
metabolites’ concentrations obtained from both brain regions were valid, in exception

for GABA in the visual cortex (Table 2).

Table 2. Estimated standard deviation of GABA and GSH measurement in the
hippocampus and visual cortex

% SD SD Group HFD Group HFD+STZ Group

GABA (Hippocampus) 22.67 £2.51% 23.63+1.78% 21.63 £1.29%

GABA (Visual Cortex) 88.50+7.97% 92.71+10.12% 108.71 £ 19.39%
GSH (Hippocampus) 2414 +2.21% 19.50+ 1.77% 19.71 £ 1.82%
GSH (Visual Cortex) 26.86 £ 2.62% 22.00 £ 0.97% 33.71£4.70%

In concordance, the coherence of the values within the population given by inter-
subject coefficient of variance (CV) aligned with the intra-subject signal quality (% SD).
Regarding GABA levels, although relatively homogeneous in the hippocampus, the
levels’” measurement on the visual cortex was hampered. Interestingly, despite the SD
group presenting a similar CV value to the ones obtained in the hippocampus (22.91%),
the metabolic dysfunctional models prevent a greater CV (HFD: 33.29%;
HFD+STZ: 57.33%), even though this neurotransmitter levels do not alter.

Simultaneously, the measurement of GSH, which was the innovative tool of this
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sequence, showed fairly homogenous CV among groups and brain regions

(hippocampus: CV = 23.83%,; visual cortex: CV 23.61%) (Table 3).

Table 3. Inter-subject coefficient of variance of GABA and GSH measurement in the

hippocampus and visual cortex

CV (%) SD Group HFD Group HFD+STZ Group All groups
GABA (Hippocampus) 26.70 15.67 21.93 20.91
GABA (Visual Cortex) 22.91 33.29 57.33 39.89
GSH (Hippocampus) 16.81 24.66 19.06 23.82
GSH (Visual Cortex) 24.59 14.26 25.05 23.61

However, the accuracy for GABA assessment between the hippocampus and
visual cortex was statistically significant (r = 0.5135, p = 0.0245) (Figure 32A). While, in
contrast, the same was not observed for GSH (r = 03379, p = 0.1570) (Figure 32B).
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Figure 32. The measurements’ accuracy between the hippocampus and the visual
cortex.

While GABA levels from the hippocampus showed a positive relation with the levels measured
in the visual cortex (A), the opposite occurs for the levels of GSH between the same brain areas
(B). Correlations were calculated through Pearson correlation analysis. These were considered

statistically relevant when p < 0.05.

66



MBCM Dissertation 2022, Beatriz Caramelo

Discussion

This project aimed to firstly identify early neurometabolic alterations in the
hippocampus and the visual cortex of Wistar rats, resorting to a novel *H-MRS sequence:
the HERMES sequence. Following, we proposed to analyse whether the observed
alterations could be used as biomarkers for early neurological conditioning in the same
model. Although only performed once in the T2DM patients, specifically in the visual

cortex!43

, other previous studies have quantified GABA levels in different brain regions
using Mescher—-Garwood Point Resolved Spectroscopy (MEGA-PRESS) during a
standardized and relatively prolonged procedure. However, other existing metabolites
share the same chemical shift as this inhibitory neurotransmitter, which hinders its
quantification!®®, The coexistence of molecules and their assessment is further
worsened when measuring metabolites in low concentrations of which GSH is example,
which limits the reliably quantified metabolites. These measurements are usually
corrected by J-difference editing in which overlying, more concentrated molecules are
removed from the spectrum?®. However, for the later procedure to be successfully
performed, only one metabolite can be measured, or at maximum molecules in the
vicinity of the chemical shift of the molecule of interest, during the *H-MRS scan.
Meanwhile, the HERMES sequence allows the same editing method used with the
MEGA-PRESS sequencing, but for two molecules (or more) simultaneously**. As far as
our knowledge goes, the HERMES sequence has been used for the simultaneous
quantification of GABA and GSH in only two other comparative projects (MEGA-PRESS
vs HERMES), both of which in healthy human subjects: (1) in the dorsal anterior cingulate
cortex (n = 12)17° and (2) in the whole brain (n = 8)"1. Our project was the first one to
attempt an optimization of the HERMES sequence in only rats (animal model), aiming to
translate its use to individuals with obesity and T2DM. Furthermore, we also pioneered
by analysing the hippocampus and visual cortex with this same sequence. In regard to
GABA assessment, the hippocampus presented a lower CV and hence more
homogenous results than the visual cortex which presented a CV nearly 2 times higher
than the memory-involving brain region. Prisciandaro et al. measured the same

metabolite with a CV equivalent to 16.7%, a coinciding value to the one obtained using
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the standardized MEGA-PRESS sequence!’?. Our obtained results in the hippocampus
were comparable to the previous project, in contrast to the visual cortex. Meanwhile,
another recent study presented a more accurate evaluation. The latter group acquired
an improved population variability (CV = 3%) with the HERMES sequence, when
compared to the MEGA-PRESS one (CV = 7%)*"1. However, the main obstacle with the
HERMES sequence is the not yet optimized GSH quantification. Nonetheless, our results
showed similar CV values in the hippocampus (CV = 23.82%) and the visual cortex (CV =
23.61%) between brain areas, and in comparison to the hippocampal GABA
determination (CV = 20.91%). While the first paper showed a worsened CV (19%) with
the HERMES sequence compared to the MEGA-PRESS (CV = 7.3%)7°, Saleh et al.
displayed congruent concentration levels in both sequences (CV = 16%)’1. The obtained
difference between our and these projects may arise, among other reasons, from
(1) the small volume presented by the distinct rat brain areas than the human ones;
(2) greater difficulty to maintain a continuous immobility in rats, which is required for a
more precise estimation of the metabolites’ concentration; and (3) the use of MRI
scanners with different magnetic flux density.

It has been reported that insulin is not necessary for cerebral glucose transport.
However, it may facilitate the process'’?. Although higher glucose levels were found in
the diabetic group, the process was not compromised by a deficiency of GLUT3, the most
expressed isoform of this transporter in the neurons!#®, Instead, the glucose transport
may be hampered through other mechanisms, namely the insulin-independent!”3
GLUT1 which is expressed in endothelial cells of the BBB, enabling glucose entry into
astrocytes!’#17> Although, considering a correlation between glucose levels in the
hippocampus and insulin activity was identified, it is plausible the expression difference
may be attributed to GLUT4, an insulin-dependent isoform shown to be present in the
hippocampus, among other brain regions!’®. Although no isoform was analysed in the
visual cortex, it is likely that a similar scenario is observed in this brain area due to the
presence of a relation between insulin activity (assessed by ITT) and glucose levels.

Given the proximity of chemical shifts to GABA and GSH, other metabolites were
guantified simultaneously, of which was example the peptide NAAG, a neuromodulator

of the glutamatergic synapse composed of NAA and glutamate®®. The levels of NAAG
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were upregulated in the hippocampus of HFD-fed rats, similarly to what was observed
by Raider et al.1’’. NAAG has been described in the literature as a postsynaptic neuron-
produced peptide which release is potentiated by the active ionotropic glutamate
receptors (NMDAR). Once in the synaptic cleft, NAAG binds to the presynaptic
metabotropic glutamate receptor 3 (mGIuR3), an isoform moderately expressed in
hippocampus which, in a negative feedback, constrains Glu release and hence the
excitatory activity'®. Such enables a protective effect over excitotoxicity, which, among
others, promotes oxidative stress and apoptosis'’®. Although it has been associated with
various brain disorders including epilepsy, its effect on obesity has yet to be determined.
In a similar increment pattern, GSH, an anti-oxidant constituted of glycine, cysteine and
Glu, was shown to be positively correlated with the previous excitatory
neuromodulator. Despite not shown yet in obese animal or human models, this paradox
has been shown in perinatal hypoxic-ischemic injury’>89 and traumatic brain injury
models!®. These present oxidative stress and cell apoptotic conditions, respectively. In
a co-culture of neurons and Schwann cells treated with elevated glucose concentrations
and an agonist of mGIuR3 (2R,4R-4-aminopyrrolidine-2,4-dicarboxylate), GSH synthesis
was promptly increased as a protective response to a neuronal glucose-induced
oxidative stress!®7184  |ikewise, in a neonatal cerebral hypoxia-ischemia injury, a
pathology characterized by a great glutamate release and accumulation in the synaptic
cleft, GSH production was ameliorated upon NAAG treatment. Conversely, despite there
being reduced ROS levels, the activity of other antioxidant enzymes, such as catalase,
did not differ between controls and the treated groups, concurrent to our observations.
The latter suggests NAAG might primarily inhibit ROS production rather than its
removall’®. Therefore, it is plausible that, in the obesogenic environment, the increased
substrates (GIn and Ala) of Glu synthesis may be, in fact, producing the excitatory
neurotransmitter. However, the latter might be promptly being used to produce both
NAAG and GSH, hence the unmodified levels of Glu at the moment of the MRS scan. In
the hippocampus, the concentration of Glu and Glut. C were not modified significantly,
despite there being enhanced levels of GlIn, the major substrate of Glu synthesis. This
enzyme converts GIn, which was increased in the T2DM group, into Glu that is primarily

used for excitatory synaptic activity'4. Similarly, Ala presented augmented levels and a
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tendency in an obesogenic and type 2 diabetic environment, respectively; and it is also
involved in the Glu synthesis. While Ala is converted into pyruvate through a alanine
aminotransferase, a coupled reaction transforms the oxaloacetate (a product of glucose
metabolism) into Glu'®>, Such would suggest that GIn was not being greatly transformed
into Glu and that Ala-involving mechanisms would be preferentially recurred to the Glu
synthesis. However, it is noteworthy that we did not measure the activity of Glut. C, only
its expression. In fact, the presence of a Pearson correlation between GIn and Glu and a
lack of one between Glu and cerebral glucose levels suggest that Glu may be
preferentially formed by GIn conversion. In a similar note, Asp, a secondary excitatory
neurotransmitter, can also participate in the synthesis of the previous excitatory
neurotransmitter. In fact, Asp can (1) act as a neurotransmitter itself; or (2) participate
in the conversion of oxaloacetate into Glu through a biochemically-coupled process.
However, its levels were not modified either. Furthermore, it is plausible that NAAG was
inhibiting Glu release and redirecting it into the formation of GSH. However, the
expected Glu pool resulting from this inhibition would hamper the synaptic activity,
which is refuted by the sustained excitatory activity strength and synaptic integrity.
Thus, since it does not seem to be a response to an overactivation of the glutamatergic
synapse, it is probable this NAAG-GSH paradox is a compensatory mechanism
preventive of oxidative stress potentiated by a high-fat diet. This compensatory
mechanism seemed to be later lost once T2DM is established. Furthermore, NAAG also
seemed to promote the expression of the transforming growth factor B (TGF-B), which
confers anti-apoptotic and neuroregenerative properties. It resulted in a higher number

179 and animal

of living cells in the hippocampal CA1 region of perinatal hypoxic rats
models with traumatic brain injury®®. Accordingly, although we are not capable of
guaranteeing a causality between the growth factor and neuronal viability, the obese
animal model did not show a compromised cellular and overall cerebral viability. The
NAAG-GSH paradox seems not only to be a preventive mechanism observed exclusively
in obesity, but also seems to be region-specific, since the augmented levels and
correlation between both molecules is absent in the visual cortex. Altogether, this

response seems to precede glycation, oxidative stress, neuronal compromise,

glutamatergic and GABAergic synaptic imbalance, hence precedes the onset on several
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hallmarks of the neurological complications observed in obesity and T2DM. Despite the
need of clinical trials, which comprehends the next task, this HERMES sequence-
measured paradox may constitute a novel biomarker capable of an early detection of

cerebral alterations, prior to nocuous events.
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Conclusion and future perspectives

In the animal models designed for this project, except for GABA levels on the
visual cortex, HERMES sequence provided seemingly reliable and accurate levels of
GABA and GSH in the hippocampus and visual cortex, given the comparability of
variances with other published studies. With this same sequence and resort to Pearson
analysis, a compensatory mechanism involving GSH and NAAG in obesogenic conditions.
The latter seems to be potentiating the formation of GSH, while plausibly redirecting
Glu prevenient of GIn conversion to the synthesis of this antioxidant. This paradox
precedes prejudicial hallmarks of diabetic neuronal complications, namely synaptic
imbalance, oxidative stress and loss of cellular viability. Therefore, the simultaneous
presence of ameliorated GSH and NAAG may constitute an innovative and valuable
imaging marker for the early detection of neurological comorbidities. Nonetheless, to
confirm the possibility of its use in the clinic, human studies have to be performed, which

compromises the following task of this project.

HERMES Sequence
GABA = X
(Glutamate mGIuR3
GSH l \
5
—
O
0908 J
Q
0% 00,0
Hippocampus

Synaptic balance v

Cellular viability v
Oxidative stress X

Figure 33. A HERMES sequence revealed a compensatory mechanism mediated by

NAAG and GSH in response to obesogenic conditions.

Prior to synaptic

compromised cellular viability and oxidative stress, an

enhancement of NAAG levels promotes the formation of GSH in obesity. Weakened activities

continuous arrows. Image created with Biorender.com.
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Annexes:

Figure 16. Insulin sensitivity and glucose metabolism in the
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Figure 18. Hippocampal glycation on the obese and T2DM animal
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Figure 19. Hippocampal oxidative stress on the obese and T2DM
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Figure 20. Glutamatergic pool increased in the hippocampus of diabetic
rats and related to plasma insulin levels.
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Figure 21. A possible compensatory mechanism involving NAAG and GSH
in the hippocampus of obese but not diabetic rats.
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Figure 22. The hippocampal cellular viability was not hindered.

SD STZ SD STZ SD STZ SD STZ
— e - Akt (60 kDa) B AP (100-140 kDa)
— - — S — — CaInexin(90kDa) | — — — — — —

R e e — D-GSK3B (47 kDa)

—— — — — w——_ Calnexin (90 kDa)

Figure 23. The hippocampal synaptic integrity was not impaired.
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Figure 24. Hyperglycemia was promoted in the visual cortex of STZ-injected rats.
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Figure 26. Deleterious events involving glycation were not observed in the visual
cortex.
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Figure 28. Detrimental events involving oxidative stress were not detected in the
visual cortex.
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Figure 29. A excitatory synaptic imbalance was not observed in the visual cortex
despite some insulin-related neurometabolic changes.
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Figure 30. An inhibitory synaptic imbalance was not detected in the visual
cortex.
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Figure 31. The overall visual cortex integrity was maintained although an insulin-
related Tau increase in diabetic rats.
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