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Abstract

I ntroduction and Aims

Y oung age is often characterized by high consumption of processed foods, sodas, and fruit juicesrich
in high-fuctose corn syrup (HFCS), which is corn syrup. In recent years it has emerged that this
compound, widely used in industry as a sweetener, induces not onlyoverweight, dyslipidemia, liver
damage and metabolic syndrome in general, but can also cause aterations in brain function. The
objectives of this PhD project were to (@) clarify the cerebral effects deriving from the consumption
of fructose at ayoung age, acritical phase for brain development, and (b) study whether the cerebral
alterations induced by an excess of sugars are abolished or persist after the elimination of the sugar
and the switch to abalanced diet.

The study was conducted both on the hippocampus and frontal cortex, two areas of the brain involved
in learning and memory, particularly susceptible to nutritional insults, and on the hypothalamus, an

important district for the regulation of energy balance.

Results and Conclusions

In the first section of the thesis, the research data, obtained by feeding young rats with a short-term
fructose-enriched diet, showed that this sugar induces mitochondrial dysfunction and oxidative stress
in the hippocampus, associated with an increased concentration of inflammatory markers and
decreased markers of synaptic function. Most of these changes in the hippocampus, with the
exception of the increase in nitrotyrosine and the inflammatory marker haptoglobin, returned to
values comparable to physiological conditions when the animals were returned to a balanced control
diet. The results obtained were published in a scientific article (Mazzoli et al, Antioxidants 2021).

A further aim of this research project was to investigate the consequences induced by fructose-rich
diet inthe frontal cortex. In fact, since the maturation of this district continues until late adolescence,
it represents an interesting areato clarify the effects of added sugarsin acritical period of maturation
of the nervous system. The research data, obtained with the same experimental paradigm mentioned
above, showed that fructose intake induces inflammeation and oxidative stress in the frontal cortex, as
well as changes both in brain-derived neurotrophic factor (BDNF) and in downstream markers of its
signaling, such as CAMP response element binding protein (CREB) and in synaptic proteins. In
addition, fructose-induced changes in the levels of key neurotransmitters, namely acetylcholine,
dopamine and glutamate, as well as increased formation of glycation end products Ne-
carboxymethyllysine (CML) and Ne-carboxyetyllisine (CEL) were measured. Importantly, many of
these dterations (BDNF, CML, CEL, acetylcholinesterase activity, dysregulation of neurotransmitter



levels) persisted after switching to the control diet. The obtained results were very recently published
in ascientific article (Spagnuolo et al, Mol Neurobiol 2022).

Finally, a further step of the research project was to evaluate the effect of this dietary treatment on
the hypothalamus, a cerebra district involved in maintaining energy homeostasis. The results,
recently published in ascientific article (D'Ambrosio et a, Nutrients 2023), indicate that a short-term
fructose-rich diet strongly influences the mitochondrial and cytoskeletal compartments, aswell asthe
level of specific markers of brain function. These alterations were restored after the removal of
fructose from the diet. Collectively, these results indicate the harmful effects of excessive fructose
consumption at a young age, and highlight that adolescence represents a critical phase, in which
extreme care must be taken to limit excessive consumption of sweet foods that can affect brain
physiology not only during their intake but also in the long term.

Riassunto

I ntroduzione e Obiettivi

La giovane eta & spesso caratterizzata da un elevato consumo di alimenti processati, bibite gassate e
succhi di fruttaricchi di high-fuctose corn syrup (HFCS), ovvero lo sciroppo di mais. Negli ultimi
anni e emerso che questo composto, ampiamente utilizzato come dolcificante nell’industria, oltre a
indurre sovrappeso, disiipidemia, danni a fegato e sindrome metabolica in generale, pud anche
provocare aterazioni della funzionalita cerebrale. Gli obiettivi di questo progetto di dottorato sono
stati quelli di (a) chiarire gli effetti cerebrali derivanti dal consumo di fruttosio in eta giovanile, una
fase critica per lo sviluppo cerebrale, e (b) studiare se le alterazioni cerebrali indotte da un eccesso di
zuccheri sono abolite o permangono dopo I’eliminazione dello zucchero ed il ritorno ad una dieta
equilibrata.

Lo studio é stato condotto sia su ippocampo e corteccia frontale, due aree del cervello implicate
nell’apprendimento e nella memoria, particolarmente suscettibili agli insulti nutrizionali, sia su

ipotalamo, un distretto importante per la regolazione del bilancio energetico.

Risultati e conclusioni

Nella prima sezione della tesi, i dati della ricerca, ottenuti alimentando ratti giovani con una dieta
arricchitain fruttosio di breve durata, hanno evidenziato che questo zucchero induce nell'ippocampo,
disfunzione mitocondriale e stress ossidativo, associati a un‘aumentata concentrazione di marcatori
inflammatori e ala diminuzione di marcatori di funzionalita sinaptica. La gran parte di questi
cambiamenti trovati nell'ippocampo, ad eccezione dell’aumento di nitrotirosine e del marker di

infiammazione aptoglobina, ritorna a valori paragonabili alle condizioni fisiologiche riportando gli
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animali ad una dieta di controllo equilibrata. | risultati ottenuti sono stati pubblicati su un articolo
scientifico (Mazzoli et a, Antioxidants 2021).

Un obiettivo successivo di questo progetto di ricerca e stato quello di approfondire ulteriormente le
conseguenze indotte da una dieta ricca in fruttosio sulla corteccia frontale. Infatti, poiché la
maturazione di questo distretto continua fino alla tarda adolescenza, si tratta di un’area
particolarmente interessante per chiarire gli effetti degli zuccheri aggiunti in un periodo critico della
maturazione del sistema nervoso. | dati dellaricerca, ottenuti con lo stesso paradigma sperimentale
sopra menzionato, hanno mostrato che |'assunzione di fruttosio induce, nella corteccia frontale,
infiammazione e stress ossidativo, oltre che cambiamenti sia nel brain-derived neurotrophic factor
(BDNF) chein marcatori avalle del suo signaling ein proteine sinaptiche. Inoltre, sono stati misurati
cambiamenti indotti dal fruttosio nel livelli di neurotrasmettitori chiave, ovvero acetilcolina,
dopamina e glutammato, nonché aumento della formazione di prodotti finali di glicazione Ne-
carbossimetillisina (CML) e Ne-carbossietillisina (CEL). E importante sottolineare che molte di
queste alterazioni (BDNF, CML, CEL, attivita dell'acetilcolinesterasi, disregolazione dei livelli di
neurotrasmettitori) persistevano dopo il passaggio aladietadi controllo. | risultati ottenuti sono stati
recentemente pubblicati su un articolo scientifico (Spagnuolo et al, Mol Neurobiol 2022).

Infine, un ulteriore passo della sperimentazione ¢ stato quello di valutare 1’effetto di questo
trattamento dietetico a livello ipotalamico, un distretto cerebrale implicato nel mantenimento
dell’omeostasi energetica.l risultati, pubblicati di recente su un articolo scientifico (D’ Ambrosio et
al, Nutrients 2023), indicano che una dieta ricca in fruttosio di breve durata influenza
significativamente i compartimenti mitocondriali e citoscheletrici, nonché il livello di specifici
marcatori di funzionalita cerebrale; queste aterazioni vengono ripristinate dopo la rimozione del
fruttosio dalla dieta. Complessivamente, questi risultati indicano gli effetti dannosi del consumo
eccessivo di fruttosio in giovane eta, ed evidenziano che I'adol escenza rappresenta unafase critica, in
Cui occorre prestare estrema attenzione nel limitare un consumo eccessivo di cibi ricchi di zuccheri
aggiunti che possono avere non solo effetti deleteri sulla fisiologia cerebrale nel corso della loro
assunzione ma anche effetti prolungati nonostante il ritorno a diete bilanciate povere di zuccheri.



Chapter 1
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I ntroduction

Changes in dietary lifestyle, such as the dramatic abuse of processed foods (bakeries, snacks,
breakfast cereals) and bottled fruit juicesrich in HFCS, particularly among young people, might have
deleterious impacts on the body as well as on brain health by disrupting neuronal metabolism and
function (Spagnuolo et al.,2020). Since high doses of fructose (>1 g/kg) overwhelm intestinal fructose
absorption and clearance, resulting in fructose reaching in the systemic circulation (Jang et a.,2018),
acritical issue is determining how the intake of fructose can induce changes in brain structure and
function.This PhD work elucidates, for the first time, themes of primary importance that have not yet
been deeply investigated: (i) the effect of short-term fructose intake on hippocampus and frontal
cortex function in the juvenile phase, which are critical for brain development and function, and ii)
the putative reversibility of alterationsinduced by this sugar by switching to a control diet.
Furthermore, due to complexity and multiplicity of hypothalamic functions, afurther objective of this
PhD work was to highlight, in the hypothalamus, the early molecular alterations triggered by a sugar-
rich diet throughout adolescence, and to verify their persistence until young adulthood phase.

Fructose metabolism

Fructose is a sugar naturally-occurring in fruits and vegetables, so it might not be judged to be as
harmful as other types of sugars. The other common dietary sugars are glucose and sucrose, a
disaccharide made of one fructose and one glucose molecule. Fructose also appears in its free form
as high fructose corn syrup (HFCS), which has progressively replaced other addes sugars and became
increasingly prevaent inthediet sincetheearly 1970s (Smith et al., 1988). HFCSisused in sweetened
beverages and processed foods and now comprises 40% of all caloric sweeteners (Bray et a., 2004;
Fieldset a., 2004; Goran et al., 2013b; Stanhope et a., 2015) because it is cheaper to produce, tastes
sweeter, and increases the palatability of drinks, baked goods, or processed foods. The use of HFCS
has led to an increase in daily fructose intake, where fructose may comprise approximately 15-21%
of daily calories (Azais-Braesco et a., 2017). The World Heath Organization recommends that
added sugars should be limited to just 10% of our diet (World Health Organization, 2015) and yet
fructose intake in young people may exceed 15% of total caloric intake (Vos et al., 2008). Excessive
fructose intake can be problematic because unlike glucose, which is used by all cells as an energy
source, fructose is broken down primarily by the intestine and liver to stimulate lipogenesis (Jang et
al., 2018). At small amounts, fructose can be absorbed and broken down entirely by the small
intestine, and fructose absorption can lead to increases in plasmactriglycerides (Steenson et al., 2020;

Theytaz et al., 2014). However, large amounts of fructose can overload the intestine and spillover



into the liver where it is a substrate for fatty acid synthesis and contributes to the accumulation of
fatty liver and adiposity (Faeh et al., 2005; Schwarz et a., 2015; Stanhope et al., 2009; Taskinen et
al., 2019). Furthermore, while glucose is broken down to generate substrates for energy production
viaglycolysis, the entry of fructose-derived intermediates into the glycolytic pathway is not regulated
by negative feedback, so there is an increased availability of substrates for metabolic pathways like
lipogenesis (Samuel et al., 2011). The primary metabolites and by-products of fructolysisin liver are
glucose, lactate, free fatty acids, very low-density lipoproteins, uric acid and methylglyoxal, which
can impair the function of extrahepatic tissues and organs. In addition to rapid fructolysis in liver,
high fructose causes an ATP depletion that triggers inflammatory response and oxidative stress,
thereby disturbing functions of local tissues and organs. Subsequently, inflammatory cytokine,
adiponectin, leptin, and endotoxin are produced and become indirect dangerous factors (Zhang et al .,
2017). Both clinical investigations and animal studies have shown that fructose and its metabolites
directly and/or indirectly cause insulin resistance, chronic inflammation, onset of dydlipidemia,
autophagy, and appetite disturbances for food intake (Zhang et al., 2017; Schulze et al., 2004; Livesey
et al., 2008; Alwahsh et al., 2017). Evidence from epidemiol ogical studies has suggested that fructose
isapotential contributor to the worldwide increase in overweight and metabolic diseases (Bray et al.,
2004; Bray et al., 2010; Stenhope et a., 2012).

Fructose can enter the brain to regulate feeding neural circuitry and food intake

Emerging evidence in recent years strongly suggests that fructose can enter the brain compartment,
be metabolised there, and exert its direct action on CNS cells. In fact, fructose not eliminated from
the intestine and liver circulates in the blood and can reach the brain, even if in smaller quantities
compared to other organs, as recently demonstrated with mice subjected to a gavage of a mixture of
13C fructose: glucose, followed by mass spectrometry to trace the fate of glucose and fructose carbons
in vivo (Jang et a.,2018). In particul ar, fructose can be transported into the brain from the periphery
through fructose-specific (GLUTS) or non-selective glucose and fructose transporters (GLUT2,
GLUTS, GLUTY9). GLUTS5 is found on neurons (Kojo et a., 2016) and glia (Horikoshi et al., 2003;
Kojo et al., 2016; Payne et al., 1997) within several brain regions, including the hippocampus (Kojo
et a., 2016), cortex (Kojo et al., 2016; Oppelt et a., 2017), and hypothalamus (Kojo et a., 2016).

It has been shown that fructose consumption can increase the permeability of the blood brain barrier
to facilitate fructose entry into the brain (Mamo et a., 2019; Takechi et a., 2017). Even as fructose
is not the preferred energy substrate of the brain, and it aone is insufficient for neuronal survival
(Rastedt et al., 2017), its presence in the brain suggests that brain cells can utilize fructose or that



fructose may influence cellular processes. Cells may use fructose to restore normal functions when
glucose is depleted, thus fructose may serve as an aternative energy source during glucopenia
(Thurston et al., 1972). Interestingly, the brain can also produce fructose from glucose via the polyol
pathway under conditions of hyperglycemia (Hwang et al., 2017), aging (Schalkwijk et a.,2004)
water restriction (Song et a., 2017), hyperosmolality, tissue hypoxia, heat stress, ischaemia, and
hyperuricemia (R. J. Johnson et a.,2019). Furthermore, as the polyol pathway is linked to
hyperglycemia and oxidative stress (Chung et al., 2003), fructose production in cells could have
significant implications for cellular stress and dysfunction, especially in patients with diabetes
(Asnaghi et a., 2003; Hwang et al., 2017). Of note, peripheral fructose production is hypothesized to
have evolved as a survival mechanism against the lack of food, water, or oxygen (Johnson et a.,
2020). These mechanisms that may have once supported survival may now contribute to the
development of metabolic syndrome (Johnson et al., 2020) and other brain disorders such as
Alzheimer’s disease (Johnson et al., 2020) (Figure 1).
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Figure 1. Intracelular mechanisms mediated by fructose. Fructose can be transported into the cell via
GLUTS, and fructose can also be synthesized inside the cell, especially during hyperglycemia when excess
glucose builds up inside cells, through the polyol pathway. Within the cell, fructose is phosphorylated by
ketohexokinase (KHK) into fructose-1-phosphate, and this phosphorylation depletes ATP levels. In effect, this
reduces the ratio of ATP to AMP levels inside the cell and promotes the activation of AMP kinase (AMPK),
which is associated with food intake in hunger-like states (Mikayla et al., 2021).

Dietary fructose may exert direct or indirect actions on multiple brain systems to influence feeding
behavior. In particular, fructose affects the release or response to hormones that regulate appetite and

food intake at the level of the hypothalamus, which is the appetite center and the major energy status



sensor. Glucose is well-established to be a satiety signal that would suppress feeding (Page et a.,
2013). Since fructose is a sugar, it might be thought that fructose would produce satiety to curb
additional feeding, nevertheless, unlike glucose, fructose does not induce satiety. This is to be
expected given that fructose does not stimulate satiety hormones such as leptin and insulin to the
same degree as glucose (Luo et al., 2015; Page et a., 2013; Teff et al., 2004). In particular, fructose-
induced health disturbances are different from those provoked by glucose or sucrose, likely because
the initial steps of fructose metabolism differ from those of glucose not only in the liver but also in
the central nervous system (CNS). In fact, fructose bypasses the rate-limiting regulatory step of
glycolysisand istherefore metabolized far more rapidly than glucose. Thisleads in the hypothalamus
to a rapid depletion of ATP (Cha et al., 2008), accompanied by an increase in AMP level, the
activation of AMPK, the inactivation of acetyl-CoA carboxylase and a decrease of malonyl-CoA
concentration, thus increasing food intake and risk of obesity (Chaet al., 2008; Lane et al.,2009).

Fructose and Neuroinflammation

Increasing evidence suggest that a fructose-rich diet is closely associated with chronic inflammation,
characterized by an increased systemic inflammation (Porto et a., 2015), as well as inflammation
signaling activation in local tissues and organs, including liver, adipose, kidney, heart and brain
(Miller et al., 2008). The pro-inflammatory effect of fructose has been demonstrated in many brain
regions, mainly in long dietary treatments with the sugar. Long-term fructose-drinking (sixteen
weeks) caused neuroinflammation associated with impaired insulin signaling, oxidative stress,
reduced activity of the cholinergic system and cognitive impairment in both the hippocampi and the
cerebral cortices of rats (Yin et a., 2014). Fructose feeding induced increased expression of the
proinflammatory mediator genes Interleukin (IL)-1beta, IL-6 and Tumor necrosisfactor (TNF)-alpha,
together with Toll-likereceptor 4 (TLR4), myeloid differentiation factor 88 and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), in the hypothalami of rats (Li et a., 2015).
Fructose feeding was shown to be associated with increased levels of histone deacetylases 3
(HDAC3), thus suggesting that HDACS3 represents a crucia component in the network linking
fructose to neuroinflammation in metabolic syndrome, through the activation of TLR4/NF-kB
pathway (Li et al., 2015). Furthermore, excess consumption of HFCS exerted detrimental effects on
hippocampal function and caused neuroinflammation in the CNS during adolescence (Hsu et al.,
2015). Even a very short-term (seven days) fructose-rich diet was shown to induce morphologic,
structural and functional modifications in arat hippocampus, associated with an increase in reactive
astrocytes and microglial activation (Ochoa et al.,2014). In contrast, Jimenez-Maldonado (Jiménez-
Maldonado et al.,2018) advocated that a short period (just one week) of fructose can disturb neuronal
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integrity and brain plasticity without inducing significant microglial activation. Although young and
adults differ largely in their metabolic and physiological profiles, most of the mentioned studies
investigated fructose-induced brain disturbances in adults. The research group where | did my PhD
previously demonstrated that a short-term consumption of fructose (just two weeks) produces an early
increase in specific markers of inflammation (TNF-apha and glia fibrillary acidic protein) in the
hippocampi of both young and adult rats (Cigliano et al., 2018). This diet also induced, in the frontal
cortices of both age groups, the activation of autophagy, as well asimbalances in redox homeostasis
(Figure 2) (Spagnuolo et al.,2020).

. fructose
" “gy L ROS production
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- = e
fructose-rich cognitive impairment %Z/ _—
processed food mytochondrial

dysfunction

fructose insulin resistance
lactate
glucose
lipids
metabolic intermediates

fructose
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Figure 2. Fructose metabolism. Fructose is cleared by the small intestine, which converts it into different
metabalic intermediates. High fructose doses overwhelm the intestinal capacity for fructose metabolism, and
a part of fructose spills over to the liver, which can metabolize it. Gut- and liver-derived metabolic
intermediates or fructose itself can reach the brain, exerting effects on regulation of food intake, brain
inflammation, mitochondrial function and oxidative stress, insulin signaling and cognitive function (Spagnuolo
et al.,2020).

Fructose and Oxidative stress

The brain is more susceptible to oxidative damage compared to other organs dueto its high levels of
oxygen consumption, its rich unsaturated fatty acids content and in iron catalysis (Dringen et
a.,2000). Consequently, oxidative stress is a well-known factor associated to cognitive dysfunction
in ageing and neurodegenerative disorders (Dringen et a.,2000). The proper brain mitochondrial
functionis crucial and mitochondrial ROS overproduction might be one of the leading causes of brain
imbalances in redox homeostasis (Dringen et al.,2000; Schon et a.,2011). In fact, any impairment of
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mitochondrial activity places neurons at a high risk of dysfunction and/or death (Wang et al.,2020).
Although various studies evidenced the alteration of redox homeostasisinduced by excessive fructose
consumption at the systemic level (Crescenzo et al.,2013; Cioffi et al.,2017), only in the last decade
the effects of this sugar on redox balance in the CNS have been explored. Interestingly, an increase
in oxidative stress was found both after short-term and long-term fructose intake (Spagnuolo et
al.,2020).The research group where | did my PhD demonstrated that a two-week fructose diet was
associated with hippocampal oxidative stress, as increased levels of lipid and protein oxidation was
detected in this brain area both in young and adult rats (Cigliano et al.,2018).The imbalance of redox
homeostasiswas also found in the frontal cortex of both fructose-fed young and adult rats, with lower
amounts of Nrf2, lower activity of Glucose 6-phosphate dehydrogenase and Glutathione reductase
and a lower Glutathione (GSH)/Oxidized Glutathione (GSSG) ratio (Spagnuolo et al.,2020). Since
autophagy is usualy activated as a protective mechanism in response to oxidative stress, we also
showed for the first time that a short-term fructose-rich diet is associated with the activation of
autophagy, as increased levels of beclin 1, microtubuleassociated protein 1A/1B-light chain 3 and
phospho sequestosome 1 were detected in frontal cortices of rats of different ages (Spagnuolo et
al.,2020). As for long-term fructose effects, rats receiving fructose supplementation (10% w/v in
drinking water) for sixteen weeks showed significantly higher levels of ROS, lipid peroxides,
carbonyls and lower levels of GSH compared to control rats in both the hippocampus and cerebral
cortex, associated with lower activities of superoxide dismutase, catalase and glutathione peroxidase
in both brain areas (Yin et a.,2014). Moreover, significant decrease in magor markers of
mitochondrial function has been detected in the brain after high fructose feeding in both short- and
long-term experiments. In fact, a single week of fructose feeding induced a reduction of the
coactivator gamma-1 alpha of the peroxisome proliferator-activated receptor (PGC1-) and of the
subunit Il of cytochrome ¢ oxidase, indicative of mitochondrial dysfunction in the hippocampus
(Jménez-Maldonado et al., 2018). Furthermore, the data obtained from our research laboratory
indicate that a high short-term fructose intake induces the production of advanced glycation end
products (AGES), in particular carboxymethyllysine and carboxyethyllisine, aswell as areduction in
the activity of antioxidants enzymes (Spagnuolo et al.,2022; Mazzoli et al.,2021).

Fructose impact on cognitive function

Fructose consumption is currently perceived as an important cause of metabolic disorders with
subsequent detriment of cognitive function. One of the first research studies evidencing the impact of
fructose on learning and memory was performed on male Sprague Dawley rats fed along-term (eight
months), high-fat, high-glucose diet supplemented with 20% HFCSin thedrinking water. Thisdietary
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treatment was associated with a reduction in the hippocampal BDNF level and with the impairment
of hippocampus-dependent learning and memory, synaptic plasticity and dendritic spine density
(Stranahan et a.,2008). Recent studies have shown that the impact of fructose on cognitive function
differs at different stages of life. Indeed, ad libitum consumption of an 11% HFCS-55 solution for
thirty days in juvenile and adolescent, but not adult rats, was reported to impair hippocampal -
dependent spatial learning and memory retention (Hsu et a.,2015). In agreement with these data,
another research group demonstrated that only rats fed the high-fructose diet beginning at weaning
showed increased anxiety-like and depressive-like behaviors in adulthood; rats that began the diet
after reaching adulthood did not manifest the same behaviors (Harrell et al.,2015). In contrast,
administration of a high-fructose diet (55% kcal from fructose) from adolescence until adulthood
does not affect motor, anxiety-like, or depressive-like behavior in Sprague Dawley rats, nor did it
modify the intrinsic excitability of basolateral amygdala principal neurons (O’Flaherty et al.,2019).
These findings suggest that the effect of a fructose rich diet on affective behavior may be tightly
dependent on strain and age. Short-term fructose feeding (10% w/v, fructose solution for five weeks)
was shown to ater the sleep-wake cycle in young rats, eliciting wake-promoting effects and reducing
the time spent in non-rapid eye movement sleep (Franco-Pérez et a.,2018). This effect was
considered a consequence of the fructose-induced activation of orexinergic neurons in the
hypothalamus and of dopaminergic neurons in midbrain regions (Franco-Pérez et &.,2018).
Consumption of ad libitum drinking water containing 23% fructose over a short period (four weeks)
was found to be associated with areduction of neurogenesis and an increase of apoptosisin the dentate
gyrus of the hippocampus (Van der Borght et al.,2011). The increase of apoptosis was ascribed to the
observed increase in circulating TNF-alpha, while the reduced transport of ghrelin and leptin across
the BBB was responsible for reduced hippocampal neurogenesis (Van der Borght et a.,2011).
Experimental evidence in rodents shows that overconsumption of fructose (15% solutions) for six
weeks, sufficient to disrupt peripheral metabolism, reduces hippocampal insulin receptor signaling,
which is commensurable to poor learning and memory performance (Agrawa et a.,2016). In
addition, two-month-old male C57BL/6 mice exposed to administration of normal food and water
supplemented with 15% fructose for eight weeks lost their ability to sustain long-term hippocampal
potentiation and long-term depression, showed a reduction in density and size of active zones at
synapses, as well as decreased expression of the glutamate receptor subunits NMDAgl and GluR2,
thus indicating a deregulation of hippocampal synaptic transmission and plasticity. All of these
changes are congruent with areduction in learning and memory performance. (Cisternas et a.,2015).
Finally, short-term (two weeks) high-fructose diet was shown to be associated with decreases in the

presynaptic proteins synaptotagmin |, synapsin |, and synaptophysin | in juvenile rats, as well as
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impairment of BDNF signaling, supporting the idea that the fructose-associated impairment of brain
plasticity depends critically on the action of neurotrophin (Spagnuolo et al.,2020). In conclusion,
although not all studies come to exactly the same conclusion, enough evidence has accumul ated over
the past ten yearsto indicate that fructoseintake, in certain doses, has asignificant impact on cognitive

function.
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Abstract: Young age is often characterized by high consumption of processed foods and fruit juices
rich in fructose, which, besides inducing a tendency to become overweight, can promote alterations in
brain function. The aim of this study was therefore to (a) clarify brain effects resulting from fructose
consumption in juvenile age, a critical phase for brain development, and (b) verify whether these
alterations can be rescued after removing fructose from the diet. Young rats were fed a fructose-rich
or control diet for 3 weeks. Fructose-fed rats were then fed a control diet for a further 3 weeks.
We evaluated mitochondrial bioenergetics by high-resolution respirometry in the hippocampus,
a brain area that is critically involved in learning and memory. Glucose transporter-5, fructose
and uric acid levels, oxidative status, and inflammatory and synaptic markers were investigated
by Western blotting and spectrophotometric or enzyme-linked immunosorbent assays. A short-
term fructose-rich diet induced mitochondrial dysfunction and oxidative stress, associated with an
increased concentration of inflammatory markers and decreased Neurofilament-M and post-synaptic
density protein 95. These alterations, except for increases in haptoglobin and nitrotyrosine, were
recovered by returning to a control diet. Overall, our results point to the dangerous effects of excessive
consumption of fructose in young age but also highlight the effect of partial recovery by switching
back to a control diet.

Keywords: hippocampus; mitochondria; fructose diet; young rat; inflammation; oxidative stress;
haptoglobin; neurofilament-M; PSD-95

1. Introduction

In previous decades, a significant increase in the fructose content of the human diet has
occurred, far above what is introduced daily with fruits and vegetables, because of the in-
creased consumption of industrial foods and the extensive commercial use of high-fructose
corn syrup (HFCS) as a sweetener for beverages, coffee, snacks, and bakery foods [1,2].
High fructose consumption has long been known to expose the consumer to metabolic
health risks, such as obesity, lipid alterations, insulin resistance, and inflammation [3-6].

Recently, different lines of evidence in animal models highlighted the marked effects of
this sugar on brain structure and function [7,8]. In fact, long-term feeding with fructose can
cause brain alterations such as insulin signaling [9], neurogenesis [10], and redox homeosta-
sis, as well as neuroinflammation [11,12]. Further experimental studies have highlighted
possible mechanisms at the basis of cognitive deficits induced by the consumption of this
sugar [13-15]. We also reported that a short-term fructose diet induced neuroinflammation,
oxidative stress, and impairment of insulin signaling in the hippocampi of young and adult
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rats [16]. It has been shown that just a week of fructose ingestion negatively impacts brain
plasticity [17]. Interestingly, a very recent study showed that the spatial memory deficit,
neuroinflammation, and brain protein changes induced by 12 weeks of fructose drinking
in adult rats persisted for one month after its elimination from the diet [18].

Young people are among the highest consumers of sweet foods, especially fructose-
sweetened beverages [19]. Metabolic risk factors related to poor nutrition can arise at a very
early age; hence, investigations are required to clarify the brain consequences resulting from
a diet rich in fructose at a critical stage of development. Indeed, despite the importance
of this issue, few studies have been performed in rodents, providing evidence that, in
childhood and adolescence, critical periods of neurocognitive development, the impact of
high dietary fructose consumption on hippocampal function is particularly damaging [16,20].
Of note, a very recent study of neuroimaging on 103 healthy children aged 7 to 11 years
supported animal data and translated these findings to humans, providing evidence that
increases in dietary fructose are associated with alterations in hippocampal structure and
connectivity [21].

Given the limited research on the persistence of the brain alterations caused by high
fructose consumption in individuals of juvenile age, in this study we focused our analysis
on the hippocampi of young (30 days old) rats fed a fructose-rich (F) or control diet (C) for
3 weeks. After this period, fructose-fed rats were fed a control diet for a further 3 weeks (FR)
and compared with rats that received the control diet for the entire period (CR) in order
to clarify whether alterations induced by a short-term fructose diet can be rescued after
removing fructose from the diet. Attention was focused on the hippocampus, a brain area
responsible for learning, memory, and food intake regulation that is particularly susceptible
to dietary and metabolic insults [20,22,23]. This investigation aimed to highlight the early
effects (3 weeks of treatment) of the fructose diet on hippocampal expression of glucose
transporter-5 (Glut-5), fructose and uric acid levels, inflammation and redox homeostasis
in terms of mitochondrial function, and oxidative damage to lipids and proteins as well as
antioxidant enzyme activities. In addition, as alterations to redox homeostasis are closely
connected with changes in neuronal function, the effects of dietary fructose treatment
on neurofilament-M (NF-M), synaptophysin, synaptotagmin, and post-synaptic density
protein 95 (PSD 95) were also investigated.

2. Materials and Methods
2.1. Materials

Goat anti-Rabbit-Horseradish peroxidase-conjugated IgGs (GAR-HRP) and Goat anti-
Mouse-Horseradish peroxidase-conjugated IgGs (GAM-HRP) were purchased from Im-
munoreagent (Raleigh, NC, USA). Fuji Super RX 100 films (Laboratorio Elettronico Di
Precisione, Naples, Italy), polyvinylidene difluoride (PVDF) membrane (GE Healthcare,
Milan, Italy), and dye reagent for protein titration (Bio-Rad, Hercules, CA, USA) were
used for Western blotting. Salts, buffers, and Bovine serum albumin fraction V (BSA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Experimental Design

Male Wistar rats (Charles River, Italy), 30 days of age, were purchased from Charles
River (Calco, Como, Italy) and housed as previously described [16]. Treatment, manage-
ment, and euthanasia of animals met the guidelines set out by the Italian Health Ministry,
and all experimental procedures were approved by “Comitato Etico-Scientifico per la
Sperimentazione Animale” of the University of Naples Federico II (448/2019-PR).

The rats were divided into two groups, one fed a fructose rich diet (F group) and
the other fed a control diet (C group) for 3 weeks. The control and fructose-rich diet
compositions are reported in Table 1. At the end of the 3-week period, half of the rats
from each group were euthanized and the other half were maintained on a control diet
(FR and CR groups) for a further 3 weeks. Body weight and food and water intake were
monitored daily. At the end of the experimental period, the animals were euthanized and
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decapitated. The hippocampi were harvested and dissected [24]. Mitochondrial oxygen
consumption was immediately assessed in little sections of tissue. Pieces of each sample
were fixed for immunofluorescence analysis, and the remaining samples were snap frozen
in liquid nitrogen and stored at —80 °C.

Table 1. Ingredients and nutritional composition of experimental diets.

Ingredients, g/100 g Control Diet Fructose Diet
Standard Chow 2 50.5 50.5
Sunflower Oil 1.5 1.5
Casein 9.2 9.2
Alphacel 9.8 9.8
Cornstarch 20.4 -
Fructose - 20.4
Water 6.4 6.4
AIN-76 mineral mix 1.6 1.6
AIN-76 vitamin mix 0.4 0.4
Choline 0.1 0.1
Methionine 0.1 0.1
Energy content and composition
Gross Energy Density (kJ/g) 17.2 17.2
ME content (k] /g) ° 11.1 11.1
Proteins (% ME) 29.0 29.0
Lipids (% ME) 10.6 10.6
Carbohydrates (% ME) 60.4 60.4
Of which
Fructose - 30.0
Starch 52.8 22.8
Sugars 7.6 7.6

2 4RF21, Mucedola, Italy; b Estimated by computation using values (k] /g) for energy content as follows: proteins
16.736, lipids 37.656, and carbohydrates 16.736. ME = metabolizable energy.

2.3. Metabolic Parameters

Colorimetric enzymatic methods were used to assess the contents of fructose and uric
acid in the hippocampus using commercial kits (Sigma Aldrich, St. Louis, MO, USA for
fructose, and GS Diagnostics SRL, Guidonia Montecelio, Rome, Italy for uric acid).

2.4. Protein Extraction

Aliquots of frozen hippocampus (about 80 mg) were homogenized in six volumes
(w/v) of cold RIPA buffer, as previously described [25,26]. The protein concentration
was measured with colorimetric Bio-Rad Bradford Protein Assays using a commercial kit
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. Selected mark-
ers of inflammation (TNF-alpha; nuclear factor kappa-light-chain-enhancer of activated B
cells, NF-kB; ionized calcium binding adapter 1, Iba 1; glial fibrillary acidic protein, GFAP;
Haptoglobin, Hpt), synaptic function (synaptophysin, synaptotagmin I, post synaptic
density protein 95, PSD 95), and protein oxidative damage (Nitro-Tyrosine) were then
evaluated by Western blotting or ELISA, as described below.

2.5. Analysis of Tumor Necrosis Factor Alpha (TNF-Alpha)

The TNF-alpha Duo-Set kit (R&D, DBA Italia) was used to measure the TNF-alpha
concentration by sandwich ELISA, as previously described [27]. Data are expressed in pg
of TNF-alpha per mg of proteins (assessed by Bradford Protein assay).

2.6. Western Blotting

Aliquots (30 pug of protein) of hippocampus were analyzed by electrophoresis in
denaturing and reducing conditions [28] on 12.5% (to quantify Glut-5, Iba 1, GFAP, synapto-
physin, adiponectin) or 10% (NF-kB, PSD 95, synaptotagmin I) polyacrylamide gel. Proteins
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were transferred onto PVDF membrane [29], which was then washed by T-TBS (130 mM
NaCl, 20 mM Tris-HCl, 0.05% Tween 20, pH 7.4). The membrane was incubated (60 min,
37 °C) in T-TBS containing 5% non-fat milk or 3% BSA (blocking step), and then the follow-
ing detections were performed: Glut-5 by rabbit anti Glut-5 IgG (Invitrogen, Carlsbad, CA,
USA, 0.5 pg/mL in T-TBS containing 3% BSA; overnight, 4 °C), followed by GAR-HRP
IgG (1:45,000 dilution; 1 h, 37 °C); adiponectin by rabbit anti-human adiponectin IgG (Im-
munological Sciences, Rome, Italy; 1:500 dilution in in T-TBS containing 3% BSA; overnight,
4 °C), followed by GAR-HRP IgG (1:15,000 dilution; 1 h, 37 °C); peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1«) by rabbit anti-human PGC-1 IgG
(Millipore, Burlington, MA, USA; 1:2000 in in T-TBS containing 3% BSA; overnight, 4 °C)
with), followed by GAR-HRP IgG (1:20,000 dilution; 1 h, 37 °C); p-NF-kB and NF-kB
by monoclonal mouse antibodies (Santa Cruz biotechnology, Dallas, TX, USA; 1:200 and
1:500, respectively, in 3% BSA; overnight, 4 °C), followed by GAM-HRP IgG (1:50,000
and 1:15,000, respectively, in 3% BSA; 1 h, 37 °C); Iba 1 by anti-Ibal (1022-5) IgG (Santa
Cruz biotechnology; 1: 500 in 3% BSA; overnight, 4 °C) and then GAM-HRP (1:10,000
in 1% non-fat milk; 1 h, 37 °C); GFAP by rabbit anti-human GFAP IgG (Cell Signaling,
Beverly, MA, USA; 1:1000 in 1% non-fat milk; overnight, 4 °C), followed by GAR-HRP IgG
(1:150,000 in 5% non-fat milk; 1 h, 37 °C); synaptophysin by anti-synaptophysin IgG (Merk
Millipore, Milan, Italy; 1:150,000 in 3% BSA; overnight, 4 °C), followed by GAR-HRP IgG
(1:20,000 dilution in 1% non-fat milk; 1 h, 37 °C); synaptotagmin I by anti-synaptotagmin I
IgG (Cell Signaling; 1:1000 in 3% non-fat milk; overnight, 4 °C) followed by GAR-HRP IgG
(1:100,000 dilution in 3% non-fat milk; 1 h, 37 °C); and PSD 95 by anti-PSD 95 IgG (Cell
Signaling; 1:1000 in 3% non-fat milk; overnight, 4 °C), followed by GAR-HRP IgG (1:70,000
dilution in 3% non-fat milk; 1 h, 37 °C).

To load the control, B-actin was revealed after the detection of each marker. For this
aim, the membranes were stripped [27] and then treated with mouse anti-f-actin IgG
(1000 in 0.25% non-fat milk; overnight, 4 °C), followed by GAM-HRP IgG (1:30,000 in 0.25%
non-fat milk; 1 h, 37 °C). The Excellent Chemiluminescent detection kit (Cyanagen s.r.l,
Bologna, Italy) was used for detection. Chemidoc or digital images of X-ray films exposed
to immunostained membranes were used for the densitometric analysis, and quantification
was carried out with Un-Scan-It gel software (Silk Scientific, Orem, UT, USA).

2.7. Haptoglobin (Hpt) and Hemoglobin (Hb) Evaluation

Hpt concentration in hippocampus samples was measured by ELISA using rab-
bit anti-human haptoglobin (Sigma-Aldrich, St. Louis, MO, USA) in accordance with
Mazzoli et al., 2020 [30].

The Hb concentration was measured by ELISA in hippocampus samples (diluted
1:200, 1:800, 1:1500) using rabbit anti-human Hb IgG (1: 500 dilution in T-TBS containing
0.25% BSA; Sigma-Aldrich, St. Louis, MO, USA), followed by 60 puL of GAR-HRP IgG
(1:5000 dilution, 1 h, 37 °C). Coating, washing, and blocking were carried out as previously
reported [31].

2.8. Mitochondrial Analyses in Rat Hippocampi

Hippocampus samples were homogenized (1:1000, w/v) in Mir05 medium (110 mM
sucrose, 60 mM K-lactobionate, 20 mM Hepes, 20 mM taurine, 10 mM KH2PO4, 6 mM
MgCl,, 0.5 mM EGTA, 0.1% fatty acid free BSA, pH 7.0).

Aliquots of homogenates (2 mg) were used to measure the oxygen flux (pmol O2 s~ mL ™)
with an Oxygraph-2k (O2k, OROBOROS INSTRUMENTS, Innsbruck, Austria) at 37 °C.

A substrate, uncoupler, inhibitor titration (SUIT) protocol was applied to assess quali-
tative and quantitative mitochondrial changes [32]. Leak respiration (Cl ) through complex
I (CI) was evaluated using malate (0.5 mM), pyruvate (5 mM), and glutamate (10 mM).
Phosphorylating respiration supported by complex I (Clp) was assessed by the addition of
2.5 mM ADP. Respiration supported by complexes I and II (Cigip) was measured by adding
10 mM of succinate. Oligomycin was added at a concentration of 2.5 mM to assess leak respi-
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ration (Cjgr.). The maximum capacity of the electron transport chain (Cgrr) was obtained
by the addition of the uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP, 0.5 mM). Rotenone (0.5 uM) was added to determine the maximal capacity sup-
ported by CII alone d (Cyg). The residual oxygen consumption was established by the
addition of the inhibitor antimycin A (2.5 mM), and the resulting value was subtracted
from the flux in each run to correct for nonmitochondrial respiration.

Calculation of Intrinsic Mitochondrial Function By using high resolution respirometry
(HRR), we were able to assess different respiratory states within the same sample [33-35].
From these respiratory states, flux control ratios (FCR) could be calculated for leak respira-
tion (FCRy ) with electron provision from complex I or complexes I and II and phosphory-
lating respiration (FCRp) with electron provision from complex I or complexes I and II by
using the formulas detailed below:

FCRy; = CIp/ Crgarg;

FCRyigrr = Crenr. / Crgr;

FCRpy = Clp/Creae;

FCRpigqr = Creenp / Crelik.

In addition, flux control factors (FCFs) were calculated as follows:
Coupling efficiency of oxidative phosphorylation =1 — Cignr./Cignp;
Excess capacity of the electron transport chain =1 — Cigqp/CigIg;
FCF Complex I=1- (CIIE/CI &IIE);

FCF Complex I=1- (CIP /CI + HP)'

Procedures to test mitochondrial integrity were routinely carried out at the beginning
of each measurement by measuring the effect of 10 mM of exogenous cytochrome c on
complex I-supported mitochondrial respiration.

2.9. Oxidative Stress Markers and Antioxidant Enzymes

Nitro-tyrosine (N-Tyr) titration was carried out by ELISA in hippocampal homogenates
(diluted 1:1500, 1:3000, 1:6000) using rabbit anti-N-Tyr IgG (Covalab, distributed by Vin-
ciBiochem, Vinci, Italy; 1:600 dilution in T-TBS containing 0.25% BSA), followed by 60 puL
of GAR-HRP (1:3500 dilution; 1 h, 37 °C), essentially as previously described [24,36]. Data
are reported as OD per mg of proteins.

The extent of lipid peroxidation was determined by measuring thiobarbituric re-
active substances (TBARS) using the thiobarbituric acid assay, essentially as previously
described [37]. The concentration of TBARS was calculated using a molar extinction
coefficient of 1.56 x 10°/M/cm and expressed as nmol TBARS per g tissue.

In order to assess superoxide dismutase activity (SOD), little pieces of hippocampus
were homogenized in a buffer containing 0.1 mM EDTA, 50 mM KH,PO, pH 7.8, 20 mM
cythocrome ¢, 0.1 mM xanthine, and 0.01 units of xanthine oxidase. SOD activity was
measured by monitoring, spectrophotometrically (550 nm; 25 °C), the decrease in the
reduction rate of cytochrome c by superoxide radicals generated by the xanthine-xanthine
oxidase system. One unit of SOD activity is defined as the concentration of enzyme that
inhibits cytochrome ¢ reduction by 50% in the presence of xanthine + xanthine oxidase [38].

Glutathione reductase (GR) activity was measured in accordance with a previous
report [39]. For the determination of GR activity, the decrease of NADPH absorbance at
340 nm was measured at 30 °C in homogenates from the hippocampus. The reaction mix-
ture contained 0.2 M potassium phosphate buffer, 2 mM EDTA, 2 mM NADPH (in 10 mM
Tris-HCl, pH 7), and 20 mM oxidized glutathione (GSSG). The activity was calculated
using the NADPH molar extinction coefficient, 6.22 x 1075, considering that one unit of
glutathione reductase is defined the amount of enzyme that catalyzes the reduction of
1 umol of NADPH per minute. The specific activity is expressed in mU per g of tissue.

2.10. Immunofluorescence Analysis

Paraffin-embedded sections of hippocampus from all groups were stained with the spe-
cific monoclonal antibody against the phosphorylated form of neurofilament-M (p-NF-M,
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Santa Cruz Biotechnology, Dallas, TX, USA), and slides were stained with DAPI (Sigma
Aldrich, Saint Louis, MO, USA). For the analysis, images were acquired with x40 mag-
nification. Three random fields/section per rat were analyzed using Image] (National
Institutes of Health, Bethesda, MD, USA). Images were captured and visualized using a
Nikon Eclipse E1000 microscope.

2.11. Statistical Analysis

Data are reported as mean values £ SEM. The program GraphPad Prism 6 (GraphPad
Software, San Diego, CA, USA) was used to verify that raw data had a normal distribution
and to perform a one-way ANOVA followed by Tukey’s post-test. p < 0.05 was considered
significant in the reported analyses.

3. Results
3.1. Glut-5 Expression, Fructose and Uric Acid Level in Hippocampus

To obtain information on the delivery of fructose to brain cells, we quantified the
protein expression of Glut-5, the specific fructose transporter, as well as the levels of fructose
and uric acid, one of the main products of fructose metabolism, in the hippocampus after
3 weeks of consuming a fructose-rich diet. The Glut-5 concentration was significantly higher
(p <0.001) in the hippocampi of F rats compared to in C rats, while this increase disappeared
in FR rats (Figure 1A). In line with this result, significant increases in hippocampus levels
of fructose (p < 0.05) and uric acid (p < 0.05) were found in F rats compared to C rats, while
no significant differences were found in FR rats (Figure 1B,C).

Figure 1. Hippocampus fructose handling. (A) Glut-5 level (with representative Western blot), (B) fructose and (C) uric acid

concentrations in the hippocampi of control (C), fructose-fed (F), control rescued (CR), and fructose-rescued (FR) rats. Data

are the means &= SEM of eight rats/group. * p < 0.05 versus control rats; *** p < 0.001 versus control rats. Source of variation:

one-way ANOVA followed by Tukey’s post-test.

3.2. Markers of Hippocampal Inflammation

We previously reported that short-term fructose feeding was associated with an
increase in inflammatory markers (TNF-alpha and GFAP) in the hippocampi of young
and adult rats [16]. To further clarify the brain inflammatory mechanisms activated by a
fructose-rich diet and the putative ability of a subsequent 3-week control diet to rescue
the fructose-induced alterations, we evaluated TNF-alpha, NF-kB activation, GFAP as
marker of astrogliosis, and Ibal as a marker of microglial activation. The TNF-alpha
level was significantly higher in the hippocampi of F rats (p < 0.01; Figure 2A), while it
returned to control levels in FR rats (Figure 2A). In agreement with results from TNF-alpha
titration, in the hippocampi of F rats, we found a significant increase in the degree of NF-kB
phosphorylation (p < 0.01), which returned to levels comparable to those of C rats in FR rats
(Figure 2B). Fructose feeding was also associated with increases in Ibal (p < 0.01; Figure 2C)
and GFAP (p < 0.001; Figure 2D). After switching to the control diet, the above differences
disappeared. Overall, these results show that a fructose-rich diet is associated with an
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increase in key inflammation markers in the hippocampus, and this nutritional insult is
fully rescued after switching to a control diet.

Figure 2. Inflammatory status in the hippocampus (A)TNF-alpha concentration (titrated by sandwich
ELISA), (B) activation of NF-kB (expressed as the pNF-kB/NF-kB ratio with representative Western
blot), (C) Ibal level (with representative Western blot), (D) GFAP level (with representative Western
blot) in protein extracts from the hippocampi of control (C), fructose-fed (F), control rescued (CR),
and fructose-rescued (FR) rats. Data are the means £ SEM of eight rats/group. ** p < 0.01 versus

b2

control rats; *** p < 0.001 versus control rats. Source of variation: one-way ANOVA followed by

Tukey’s post-test.

Interestingly, this result was not true when the level of hippocampal Hpt, a marker
of inflammation [29,40] that is very sensitive to nutritional changes [30,36], was measured
(Figure 3A). Indeed, the Hpt level was greater (p < 0.001) in F rats with values that also
remained significantly higher in FR rats compared with C rats. The increase in Hpt might
represent a compensative response to a diet-induced change in Hb, as Hpt is an acute phase
protein that binds to free Hb and neutralizes its pro-oxidative action, thus limiting oxidative
stress [31]. This hypothesis was excluded by the finding of no alteration in the level of Hb
after consumption of a fructose-rich diet (Figure 3B). Of note, the Hb level was decreased
both in CR rats compared to C rats (p < 0.01) and in FR compared to F rats (p < 0.05),
thus suggesting an age-dependent effect. No diet-associated variation in adiponectin, an
adipokine with a neuroprotective effect [41], was detected in the hippocampi (Figure 3C).

3.3. Electron Transport Chain Pathway

Mitochondrial activity was assessed by evaluating the integrated pathway of the
electron transport chain. HRR was used to determine the FCR in the hippocampus using a
SUIT protocol.

As for mitochondrial oxygen consumption rates, we found a significant decrease
in ADP-supported respiration with complex I- and II-linked substrates and in FCCP-
stimulated respiration with complex II or complex I and II-linked substrates in F rats
(Figure 4A). The analysis of PGC-1«, a marker of mitogenesis, showed no evidence of
differences between the rat groups (Figure 4B).
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Figure 3. Haptoglobin (Hpt), hemoglobin (Hb), and adiponectin. (A) Hpt and (B) Hb levels (titrated
by ELISA) and (C) adiponectin concentration (with representative Western blot) in protein extracts
from the hippocampi of control (C), fructose-fed (F), control rescued (CR), and fructose-rescued (FR)
rats. Data are the means £ SEM of eight rats/group. * p < 0.05; ** p < 0.001; *** p < 0.001 versus
control rats; § p < 0.05 versus fructose rats. Source of variation: one-way ANOVA followed by Tukey’s

post-test.

Figure 4. Mitochondrial function. (A) Non-normalized respiration after the addition of pyru-
vate + malate+ glutamate (PMG), ADP, succinate (S), oligomycin (O), FCCP, and rotenone (R),
(B) PGC-1alpha concentration (with representative Western blot) in the hippocampi from control
(C), fructose-fed (F), control-rescued (CR), and fructose-rescued (FR) rats. Values are the means
+ SEM of eigth different rats. * p < 0.05, compared to C rats (One-way ANOVA followed by
Tukey’s post-test). Data are the means + SEM of eight different rats. * p < 0.05 compared to C
rats. Source of variation: one-way ANOVA followed by Tukey’s post-test. FCCP: carbonyl cyanide
p-trifluoromethoxyphenylhydrazone.

The FCRLI, FCRP], and coupling efficiency significantly increased in F rats (Figure 5A,C,E),
while the excess capacity was significantly lower (Figure 5F). In addition, the FCF was
significantly higher for complex I, while the FCF for complex II was significantly lower
(Figure 5G,H). All of the above changes were completely reversed in FR rats.
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Figure 5. Integrated pathway of the electron transport chain in the hippocampus. Leak respiration
with electron provision from complex I (FCR LI) (CIL)/(CI&IIE) (A) and complexes I and II (FCR L
CI&II (CI&IIL /CI&IIE) (B), phosphorylating respiration with electron provision from complex I (FCR
PI) (CIP/CI&IIE) (C) and complexes I and II (FCR PI&II) (CI&IIP/CI&IIE) (D), coupling efficiency of
oxidative phosphorylation (1—CI&IIL/CI&IIP) (E), apparent excess capacity of the electron transport
chain (1—CI&IIP/CI&IIE) (F), flux control factor (FCF) for complex I (G) and complex II (H) in the
hippocampi from control (C), fructose-fed (F), control-rescued (CR), and fructose-rescued (FR) rats.
Values are the means + SEM of eight different rats. * p < 0.05 compared to C rats. Source of variation:
one-way ANOVA followed by Tukey’s post-test. CIL = leak respiration with complex I substrate;
CI&IIL = leak respiration with complex I and II substrates; CIP = phosphorylating respiration
with complex I substrate; CI&IIP = phosphorylating respiration with complex I and II substrates;
CI&IIE = maximum capacity of the electron transport chain with complex I and II substrates.
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3.4. Markers of Oxidative Status

As the strong link between mitochondrial function and reactive oxygen species (ROS)
formation is well-known, we investigated the hippocampal oxidative status in the dif-
ferent rat groups and determined whether switching to a control diet can restore redox
homeostasis alterations back to physiological levels. Lipid peroxidation was evaluated as a
marker of oxidative damage to lipids, and N-Tyr, the footprint of protein oxidative damage
induced by peroxynitrite [42], was assessed as a marker of oxidative damage to proteins.
Further, the activity of two antioxidant enzymes, namely SOD, a frontline antioxidant
enzyme catalyzing superoxide breakdown, and GSR, implicated in the recycling of reduced
glutathione (GSH), was measured [43]. Enhanced diet-associated oxidative damage to
lipids and proteins, namely increases in TBARS (p < 0.05; Figure 6A) and N-Tyr (p < 0.01;
Figure 6B), were found in F rats. Of note, while the concentration of N-Tyr remained higher
in FR with levels comparable to those found in hippocampi of F rats, the TBARS levels in
FR rats returned to levels comparable to those in C rats. Likewise, we found diet-related
decreases in SOD (Figure 6C) and GSR (Figure 6D) that were restored by switching back to
the control diet.

Figure 6. Markers of oxidative status. (A) TBARS (B) N-Tyr levels, (C) SOD activity, (D), GSR activity
in the hippocampi of control (C), fructose-fed (F), control rescued (CR), and fructose-rescued (FR)
rats. Data are the means = SEM of eight rats/group. * p < 0.05 versus control rats; ** p < 0.01 versus
control rats. Source of variation: one-way ANOVA followed by Tukey’s post-test.

3.5. Analysis of Neurofilament M and Synaptic Proteins

The impacts of both the fructose-rich diet and switching to a control diet on neurofila-
ment M were then evaluated. Neurofilaments play crucial roles in axonal transport, and
their alteration has been linked to the pathogenesis of neurological disorders involving
cognitive dysfunction [44]. Therefore, to further study the effect of fructose on brain func-
tioning, the level of p-NF-M in the hippocampus was determined by immunofluorescence
analysis, and a significant decrease was found in F rats, but this was restored by the rescue
treatment (Figure 7A,B).

Further, the levels of key pre (synaptophysin and synaptotagmin I) and post (PSD-95)
synaptic proteins were measured in the hippocampi of all groups of rats (Figure 7C-E).
Synaptophysin, the most abundant presynaptic vescicle protein, plays critical dual roles
in both exocytosis and exoendocytosis coupling processes [45]. Synaptotagmin I, a major
calcium sensor for transmitter release, participates in the clamping of synaptic vesicle
fusion in mammalian neurons [46]. The fructose-rich diet did not affect the synaptophysin
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and synaptotagmin levels, while the concentration of PSD-95, which is involved in the
function of neurotransmitter receptors, was significantly decreased in F rats (p < 0.001), but
its levels returned to control values in FR rats.

Figure 7. Markers of neuronal functioning. (A,B) p-Neurofilament M immunofluorescence (C) synapthophysin level (with

representative Western blot), (D) synaptotagmin I (with representative Western blot), (E) PSD 95 level (with representative

Western blot) in the hippocampi of control (C), fructose-fed (F), control rescued (CR), and fructose-rescued (FR) rats. Data

are the means & SEM of eight rats/group. * p < 0.05 versus control rats; *** p < 0.001 versus control rats. Source of variation:
one-way ANOVA followed by Tukey post-test.

4. Discussion

Changes in dietary lifestyle, such as the dramatic abuse of processed foods (bakeries,
snacks, breakfast cereals) and bottled fruit juices rich in HECS, particularly among young
people, may have deleterious impacts on the body as well as on brain health by disrupting
neuronal metabolism and function [7]. Since most fructose is known to be metabolized by
the gut and liver before reaching the systemic circulation [47], a critical issue is determining
how the intake of fructose can induce changes in brain structure and function. Indeed,
although in small amounts, the fructose circulating in the blood can reach the brain, as
demonstrated in vivo with mice that received an oral gavage of labeled fructose [47].
Therefore, it cannot be excluded that low concentrations of dietary fructose could have
a direct impact on the brain. It is also possible that the systemic metabolism of fructose
might promote the release of inflammatory cytokines and/or other plasma metabolites
which, when imported into the brain, could affect its metabolism and function.

The present study deals with themes of primary importance that have not yet been
deeply investigated: (i) the effect of short-term fructose intake on hippocampus function
in the juvenile phase, which is critical for brain development and function, and (ii) the
putative reversibility of hippocampus alterations induced by this sugar by switching to a
control diet. In particular, in this study, we extended our previous results [16]. Firstly, we
assessed the hippocampus levels of Glut-5, fructose, and uric acid and obtained further
insight into the mitochondrial compartment by carrying out a full functional analysis of the
oxidative phosphorylation system. In addition, we integrated information on the oxidative
status by assessing antioxidant enzyme concentrations and deepened the analysis of the
inflammatory status in response to fructose. Finally, to the best of our knowledge, this is the
first investigation that has aimed to analyze the possible recovery from fructose-induced
metabolic modifications in the hippocampus after a short-term dietary treatment.

Several studies have revealed that dietary fructose can increase brain expression of the
fructose transporter Glut-5 [17,48] and sugar metabolism [49-51]. In this study, we showed
that a short-term fructose-rich diet is associated with increases in both hippocampal Glut-5
and fructose levels. Interestingly, the increased levels of uric acid found in fructose-fed
rats are suggestive of an enhancement in fructose metabolism in the hippocampus. In
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fact, in several tissues, it has been demonstrated that when fructose reaches the cells,
fructokinase C converts it to fructose-1-phosphate with consequent decreases in intracellu-
lar phosphate and ATP levels. In turn, the low level of intracellular phosphate activates
adenosine monophosphate (AMP) deaminase, with consequent degradation of AMP to
inosine monophosphate and, eventually, uric acid. The consumption of AMP caused by the
activation of AMP deaminase-2 reduces the cell’s ability to restore ATP levels and further
stimulates uric acid production [8,52,53]. Uric acid, while being an anti-oxidant in the
extracellular environment, has proinflammatory activity in the intracellular environment
and can induce NF-kB activation and oxidative stress [54-56]. In particular, it has been
reported that uric acid causes hippocampal inflammation via the TLR4/NF-kB pathway,
resulting in cognitive dysfunction [56]. As a matter of fact, an increase in NF-kB activation
was found in the hippocampi of fructose-fed rats together with an increase in the key
inflammatory cytokine TNF-alpha as well as glial and microglial activation, evidenced by
enhanced levels of both GFAP and Ibal. It is noteworthy that the diet-induced increases
in fructose and uric acid levels occurred in parallel with the hippocampal inflammatory
status, since the switch to a control diet normalized brain fructose and the uric acid level
and brought back almost all the inflammatory parameters to values comparable to those of
control rats. This result is different from that recently reported by Fierros-Campuzano et al.
(2020) [18], who described the persistence of hippocampus inflammation markers, namely
the increases of IL-13 and GFAP, in a group of rats exposed to a fructose-free period after
fructose intake. Nevertheless, this difference could be ascribed to the much longer duration
of the fructose diet (twelve weeks).

An intriguing finding of our analysis is the increase in Hpt in fructose-fed rats in the
presence of no significant change in adiponectin. The Hpt increase persisted when the rats
were switched back to a control diet for further 3 weeks. We previously showed that this
acute-phase protein, which is well-known for its antioxidant activity [31,57-59], is highly
sensitive to nutritional insults in the brain as well as in the systemic circulation [30,36,60],
and its change, which persisted even after switching back to a control diet, might represent
a protective mechanism against the enhanced oxidative stress found in the hippocampus.
An interesting hypothesis that certainly deserves further investigation is that plasma Hpt,
which is increased by fructose intake [61], might cross the blood-brain barrier by binding
to specific receptors, or it might be produced locally in the brain following microglial
activation and then characterized by a slow turnover. The latter hypothesis is supported by
an investigation in which Hpt was found among the major selective transcripts expressed
by microglia in the hippocampi of mice injected with a cocktail of cytokines (TNF-alpha,
IL-12, and IL-1B) [62].

The onset of inflammation has been frequently associated with mitochondrial dys-
function and oxidative stress [43,63]. We, therefore, sought to investigate mitochondrial
respiratory function by using, for the first time in hippocampi of young rats after fructose
intake, the HRR on hippocampus homogenates to maintain mitochondria in a cellular
context [24].

The decrease in ADP-supported respiration that was evident only after the addition
of succinate is indicative of the fact that the impairment specifically affects the function
of complex II. Lower ADP-supported respiration with complex I- and II-linked substrates
may result from damage to complex II, complex III, complex IV, dicarboxylate carrier,
and/or the phosphorylation reactions (Adenine Nucleotide Translocator, ATP synthase
and phosphate carrier). The decreased respiration measured under uncoupled conditions
allows us to exclude the occurrence of an impairment in phosphorylating reactions that do
not exert control over respiration in this condition. In addition, the fact that a decrease in
uncoupled respiration was also evident after the addition of rotenone, a specific inhibitor
of the flux from complex I to complex II, thus allowing us to measure only the flux
through the respiratory chain from complex Il onwards, confirms that the fructose-induced
impairment is located from complex Il onwards. Similar to our findings, Agrawal et al. [64]
found a decrease in hippocampal mitochondrial activity using succinate, a complex II-
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linked substrate after 7 weeks of consuming 15% fructose in drinking water. It has been
suggested that complex II plays a role in reactive oxygen species (ROS) production under
physiological and pathophysiological conditions, and defective functioning of complex II
has been associated with neurodegeneration. In fact, the administration of an irreversible
inhibitor of succinate dehydrogenase simulates the neuropathological and clinical features
of Huntington disease (HD) in nonhuman primates [65] and evidence of the malfunctioning
of complex II has been shown in patients with HD [66].

Moreover, the hippocampal mitochondria showed an increased coupling efficiency,
which, in conjunction with the impairment in complex II, may contribute to the increased
oxidative stress observed in F rats. In fact, uncoupling is a major mechanism in the
control of mitochondrial ROS production, since it reduces the supply of electrons to the
respiratory complexes and their possible interaction with oxygen [67,68]. The alteration in
mitochondrial functioning is not linked to a lower organelle mass, since the hippocampus
expression of PGC-1x was not altered in fructose-fed rats. The existing link between
increased fructose delivery to the brain and the following mitochondrial impairment
is supported by full reversal of the above changes in hippocampal mitochondria after
switching back to the control diet.

ROS levels depend on the production of superoxide and its toxic metabolites as well
as on the antioxidant defense mechanisms [43]. In line with the finding of mitochondria
dysfunction, our results demonstrate that a fructose diet is associated with brain oxidative
stress in terms of increased oxidative damage and decreased antioxidant defenses. N-Tyr
and TBARS levels were significantly higher in the hippocampi of fructose-fed rats, and after
switching to the control diet, TBARS returned to values comparable to those of control rats,
while N-Tyr levels remained higher. This result can be explained by the fact that N-Tyr is a
very stable marker of oxidative/nitrative stress [69,70] and suggests that protein turnover
may control the return of the N-Tyr concentration to the initial values. As a matter of fact,
brain protein turnover depends on multiple factors, such as the cell type, intracellular
environment, specific protein functions, and protein interactions [71], with the half-lives of
neuronal protein ranging from <2 to >14 days [71].

The unbalanced redox homeostasis is corroborated by the decrease in the activity
of two antioxidant enzymes: SOD and GSR [43]. Consistent with the importance of
SOD and GSR for cellular health, many human diseases of the central nervous system
involve perturbations in these enzymes [72,73]. Regarding the analysis of these antioxidant
enzymes, 3 weeks after the cessation of the fructose-rich diet, their activities returned to
control values, suggesting that the fructose-induced alterations in redox homeostasis in
young age can be reversed by a diet correction for an equal period of time.

To further highlight the key neuronal components influenced by fructose intake, we
studied NF-M, as it is involved in the stabilization of newly-sprouted axonal processes [74].
Neurofilaments guarantee the morphology of neurons and are crucial for axonal trans-
port [74-76]. It is worth mentioning that disruption of the cytoskeletal framework of
neurons typically triggers dystrophic neurites, thus representing a key feature of neu-
rodegenerative diseases [77-79]. Based on the results of the immunofluorescence analysis,
it can be suggested that alterations in NFs following fructose intake might give rise to
dysfunction in axonal transport. This alteration seems to be reversible by switching to a
control diet. A similar result was obtained by assessing the amount of synaptic proteins
in the hippocampi of the rats in the different groups. In fact, a significant decrease in the
post-synaptic critical protein PSD-95 was found in the hippocampi of fructose-fed rats,
which was recovered by interrupting the fructose diet and switching to a control diet.

5. Conclusions

The picture that emerges from this study, which was conducted on a young rodent
model, confirms that fructose can strongly impact brain function in juvenile age by promot-
ing hippocampal inflammation, mitochondrial dysfunction, oxidative stress, alteration in
cytoskeletal components, and post-synaptic proteins. These changes could undoubtedly
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have an important impact on neuronal activity and, in general, on cognitive function,
especially in the youth, a very critical phase of brain development. Most of the alterations
induced by a fructose-rich diet can be rescued by switching back to a control diet. Notable
exceptions are represented by Hpt and N-Tyr, markers of inflammation and oxidative stress,
respectively, which remain higher as an imprint of the previous damage. Investigation
of the real consequences of the persistent alterations in these markers certainly deserves
further attention and may represent an issue for further study. It cannot be excluded that
a longer period of fructose intake could promote cerebral alterations to a greater extent
that are difficult to revert with the return to a healthy diet. This study, once again, draws
attention to the need to foresee the use of alternative sugars to HFCS with less dangerous
effects to preserve the brain health of young populations.
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Abstract

The detrimental impact of fructose, a widely used sweetener in industrial foods, was previously evidenced on various brain
regions. Although adolescents are among the highest consumers of sweet foods, whether brain alterations induced by the
sugar intake during this age persist until young adulthood or are rescued returning to a healthy diet remains largely unex-
plored. To shed light on this issue, just weaned rats were fed with a fructose-rich or control diet for 3 weeks. At the end of the
treatment, fructose-fed rats underwent a control diet for a further 3 weeks until young adulthood phase and compared with
animals that received from the beginning the healthy control diet. We focused on the consequences induced by the sugar on
the main neurotrophins and neurotransmitters in the frontal cortex, as its maturation continues until late adolescence, thus
being the last brain region to achieve a full maturity. We observed that fructose intake induces inflammation and oxidative
stress, alteration of mitochondrial function, and changes of brain-derived neurotrophic factor (BDNF) and neurotrophin
receptors, synaptic proteins, acetylcholine, dopamine, and glutamate levels, as well as increased formation of the glycation
end-products Ne-carboxymethyllysine (CML) and Ne-carboxyethyllysine (CEL). Importantly, many of these alterations
(BDNF, CML, CEL, acetylcholinesterase activity, dysregulation of neurotransmitters levels) persisted after switching to the
control diet, thus pointing out to the adolescence as a critical phase, in which extreme attention should be devoted to limit
an excessive consumption of sweet foods that can affect brain physiology also in the long term.

Keywords Adolescent rat - Frontal cortex - Fructose diet - Brain-derived neurotrophic factor - Neurotransmitters -
Mitochondria - Inflammation
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Excessive dietary sugar intake, both in early and later life,
has also been associated with altered brain metabolism and
behavioral functioning [10-13]. In this context, it is notewor-
thy that brain maturation, particularly in frontal cortex, con-
tinues approximately until early adulthood (24 years of age)
[14-16], rendering this brain area particularly susceptible to
developmental disruption due to early-life nutritional or envi-
ronmental insults [17]. Indeed, the consumption of high-fat
or high-sugar diets during adolescence was associated with
both deficits in executive functioning and a reduced volume
of the frontal cortical region in humans [18-21]. Therefore,
the assessment of the sugar impact on brain-related outcomes
is crucial, particularly during the critical windows of growth
and development, when key features of brain tissue structure
and function are establishing [22]. While several studies out-
lined the detrimental effect of fructose on hypothalamus or
hippocampus [13, 23, 24], very little information is available
on the impact of this sugar on frontal cortex. In this regard,
we previously reported that, in both adolescent and adult
rats, a short-term fructose intake affects redox homeostasis,
autophagy, and the expression of synaptic markers [25]. Fur-
thermore, long-term fructose drinking was associated with
neuroinflammation, altered insulin signaling and cognitive
impairment in frontal cortex [26, 27].

Whether the alterations induced by fructose intake during
adolescence (postnatal day 30-60, P30—P60) are rescued return-
ing to a healthy diet or persist until young adulthood is a critical
issue that remains unexplored. Therefore, we focused on the
frontal cortex of adolescent rats fed a fructose-rich (F) or control
diet (C) for 3 weeks. After this period, to highlight whether the
effects induced by the short-term fructose diet persist or are
rescued, fructose-fed rats were fed a control diet for a further
3 weeks (FR) until young adulthood phase and compared with
animals that received the control diet for the entire period (CR).
Thus, we investigated putative damages induced by the sugar
intake on brain-derived neurotrophic factor (BDNF), nerve
growth factor (NGF), and their specific receptors, which are
crucial in modulating survival and development of the nervous
system, synaptic function and plasticity, learning and memory
[28, 29], as well as we evaluated the sugar impact on inflam-
mation and oxidative stress. Moreover, a mass spectrometry-
based metabolomic analysis was carried out to ascertain whether
fructose intake also influences the homeostasis of amino acids,
amino acid derivatives and other polar metabolites, particularly
the main neurotransmitters, in the frontal cortex.

Materials and Methods
Materials

Bovine serum albumin fraction V (BSA; catalogue n.
A6588), amino acids (catalogue n. LAA21), dopamine

39

(catalogue n. H8502), acetylcholine (catalogue n. A6625)
tyramine (catalogue n. T2879), y-aminobutyric acid
(GABA, catalogue n. 03,835), DL-lysine-4,4,5,5-d,
dihydrochloride (d4-lysine, catalogue n. 489,034), for-
mic acid (catalogue n. 5.33002), salts, and buffers were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ne-carboxymethyllysine (CML, catalogue n. HAA2950)
and Ne-carboxyethyllysine (CEL, catalogue n. HAA2940)
were obtained from Iris Biotech (Marktredwitz, Germany).
Acetonitrile (catalogue n. 1.00029), water (catalogue n.
1.15333), and ammonium formate (catalogue n. 70,221)
of mass spectrometry grade were obtained from Merck
(Darmstadt, Germany).

Polyvinylidene difluoride (PVDF; catalogue n.
GEH10600021) and nitrocellulose membranes (catalogue
n GEH10600001) were from GE Healthcare (Milan, Italy).

Fuji Super RX films (catalogue n. 47,410-19,284),
FujiFilm Man-X Developer (catalogue n. 949-966) and
FujiFilm Man-X Fixer (catalogue n. 949-974) were from
Laboratorio Elettronico Di Precisione (Naples, Italy).

Experimental Design

Male Wistar rats (30 days old, P30) were purchased from
Charles River; Calco, Como, Italy. Animals were caged
individually in a temperature-controlled room (23 + 1 °C)
with a 12-h light/dark cycle (06.30-18.30), and divided
into two groups, one fed a fructose rich diet (F group),
the other one fed a control diet (C group) for 3 weeks. At
the end of treatment, half of the rats from each group was
euthanized, while the other half received a control diet (FR
and CR groups) for further 3 weeks (P72). The composi-
tion of both control and fructose rich diet is reported in
Table 1. The fructose-rich diet and the control diet were
isocaloric, as differing only for qualitative content of car-
bohydrates (Table 1).

At the end of dietary treatment, the animals were then
euthanized by decapitation, and frontal cortex was har-
vested and dissected as previously described [25]. In
details, the brains were quickly harvested, moved on a
metal plate placed in dry ice, and washed with cold PBS
to remove surface blood. In order to dissect frontal cor-
tex, brain was cut longitudinally, into right and left hemi-
sphere, and the olfactory bulb was removed with a cut
from the medial view of the hemisphere. Finally, fron-
tal cortex was dissected from a slice about 2.5-4.5 mm
anterior to bregma, taking into account published stere-
otaxic atlas resources [30, 31]. Pieces of each sample were
immediately snap frozen in liquid nitrogen and stored
at— 80 °C for metabolomic and protein analyses. Mito-
chondrial oxygen consumption was immediately assessed
in little aliquots of tissue as reported below. Pieces of each
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Table 1 Ingredients and nutritional composition of experimental diets

Ingredients, g/100 g Control diet Fructose diet

Standard Chow" 50.5 50.5
Sunflower Oil 1.5 1.5
Casein 9.2 9.2
Alphacel 9.8 9.8
Cornstarch 20.4 —
Fructose — 20.4
Water 6.4 6.4
AIN-76 mineral mix 1.6 1.6
AIN-76 vitamin mix 0.4 0.4
Choline 0.1 0.1
Methionine 0.1 0.1
Energy content and composition
Gross Energy Density (kl/g) 17.2 17.2
ME content (kJ/g) 11.1 11.1
Proteins (% ME) 29.0 29.0
Lipids (% ME) 10.6 10.6
Carbohydrates (% ME) 60.4 60.4
Of which:
Fructose — 30.0
Starch 52.8 22.8
Sugars 7.6 7.6

#4RF21, Mucedola, Italy

® Estimated by computation using values (kJ/g) for energy content
as follows: proteins 16.736, lipids 37.656, and carbohydrates 16.736.
ME =metabolizable energy

sample were fixed for immunofluorescence analysis. As
post-mortem metabolism is known to provoke rapid and
progressive changes in the levels of many compounds [32,
33], dissection of frontal cortex from each animal was per-
formed into 1.5 min. The time of handling before freezing
was standardized to minimize the effect of post-mortem
metabolism.

Mitochondrial Analyses

Freshly isolated frontal cortex samples were homogenized
(1:1000, w/v) in Mir05 medium containing 110 mM sucrose,
60 mM K-lactobionate, 20 mM Hepes, 20 mM taurine,
10 mM KH,PO,, 6 mM MgCl,, 0.5 mM EGTA, and 0.1%
w/v fatty acid-free BSA, pH 7.0.

Homogenates (2 mg) were transferred into calibrated
Oxygraph-2 k (O2k, Oroboros Intruments, Innsbruck, Aus-
tria) 2-mL chambers. Oxygen polarography was performed
at 37+0.001 °C (electronic Peltier regulation), and oxygen
concentration (uM) and oxygen flux (pmol O, s™1 mL™")
were real-time recorded and corrected automatically for
instrumental background by DatLab software (Oroboros
Intruments, Innsbruck, Austria).

@ Springer
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After addition of the homogenates, the O, flux was
allowed to stabilize. A substrate, uncoupler, inhibitor
titration (SUIT) protocol was applied to assess qualitative
and quantitative mitochondrial changes [34]. After stabi-
lization, leak respiration supported primarily by electron
flow through complex I of the respiratory chain was evalu-
ated by adding the substrates malate (0.5 mM), pyruvate
(5 mM), and glutamate (10 mM). Electron transfer was
coupled to phosphorylation by the addition of 2.5 mM
ADP, assessing phosphorylating respiration with electron
transfer supported by complex I. Succinate (10 mM) was
added to the chamber to induce maximal phosphorylating
respiration with parallel electron input from complexes
I and II. Oligomycin (2.5 mM) was added to assess leak
respiration when substrates and ADP were provided, but
ATP synthase was inhibited. Maximum capacity of the
electron transport chain was obtained by addition of the
uncoupler carbonyl cyanide p-trifluoromethoxyphenylhy-
drazone (FCCP, 0.5 mM). Rotenone (0.5 pM) was added
to inhibit complex I; hence, the maximal capacity sup-
ported by complex II alone was determined. Residual
oxygen consumption was established by addition of the
inhibitor antimycin A (2.5 mM) and the resulting value
was subtracted from the fluxes in each run, to correct for
non-mitochondrial respiration. All samples were run in
duplicates and the mean was used for analysis.

Procedures to test mitochondrial integrity were routinely
carried out at the beginning of each measurement, by evalu-
ating the stimulating effect of 10 mM exogenous cytochrome
¢ on mitochondrial respiration in the presence of complex
I- linked substrates and ADP.

Metabolic Parameter Assay

The amount of fructose, uric acid, and glucose in frontal
cortex samples were measured by colorimetric enzymatic
methods, using commercial kits according to the manufac-
turer’s instruction (Fructose assay kit: catalogue n. FA-20,
Sigma Aldrich, St. Louis, MO, USA; Uric acid kit: catalogue
n. 4059, GS Diagnostics SRL, Guidonia Montecelio, Rome,
Italy; Glucose assay kit: catalogue n. 4058, GS Diagnostic).

Protein Extraction

Aliquots of frontal cortex (about 50 mg) were homogenized
in seven volumes (w/v) of cold RIPA buffer, as previously
published [35]. Protein concentration was titrated by the col-
orimetric Bio-Rad assay, based on the Bradford method [36],
using the Bio-Rad dye reagent (catalogue n. 5,000,006, Bio-
Rad, Hercules, CA, USA), according to the manufacturer’s
instruction. Then, protein extracts were used for titrating
the markers reported below by ELISA or Western blotting.
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Analysis of Tumor Necrosis Factor Alpha (TNF-Alpha)

TNF-alpha concentration was evaluated by sandwich ELISA
in frontal cortex homogenates diluted 1:20 [37] using the
TNF-alpha Duo-Set kit (catalogue n. DY510, R&D, DBA
Italia). Data were reported as pg of TNF-alpha per mg of
total proteins.

Western Blotting

Aliquots (30 ug) of cortex proteins were resolved by elec-
trophoresis, under denaturing and reducing conditions [38],
on 12.5% (to quantify glucose transporter-5, Glut-5; glucose
transporter-4, Glut-4; glial fibrillary acidic protein, GFAP;
synaptophysin; brain derived neurotrophic factor, BDNF;
nerve growth factor, NGF; extracellular signal-regulated
kinase, Erk1/2) or 10% (post-synaptic density protein 95,
PSD-95; synaptotagmin I; peroxisome proliferator-acti-
vated receptor gamma coactivator 1-alpha, PGC-1a; nerve
growth factor (NGF) receptor, p7SNTR; tropomyosin recep-
tor kinase B, TrkB; tropomyosin receptor kinase A, TrkA;
thyroxine hydroxylase, TH) polyacrylamide gels. Proteins
were then blotted onto PVDF or nitrocellulose membrane
[39], and the following washing and blocking steps were
performed according to [40].

The membranes were then incubated (overnight, at 4 °C)
with primary antibody dilutions, followed by incubation
(1 h, at 37 °C) with the appropriate peroxidase-conjugated
secondary IgGs (see Supplementary Table 1).

For loading control, p-actin or vinculin was revealed
after detection of each marker. To this aim, the membranes
were stripped [41] and then treated with mouse anti-p-actin
IgG or with mouse anti-vinculin IgG (overnight, at 4 °C) as
described in Supplementary Table 1.

The Excellent Chemiluminescent detection Kit (Westar
Antares, catalogue n. XLS142, Cyanagen s.r.l., Bologna,
Italy) was used for detection. Chemidoc or digital images
of X-ray films exposed to immunostained membranes were
used for densitometric analysis and quantification was carried
out by Un-Scan-It gel software (Silk Scientific, UT, USA).

Haptoglobin (Hpt) Evaluation

Hpt concentration in frontal cortex samples was meas-
ured by ELISA as previously reported [40]. Samples were
diluted (1: 3,000, 1:10,000, 1:30,000) with coating buffer
(7 mM Na,CO;, 17 mM NaHCOj;, 1.5 mM NaNj;, pH 9.6),
and aliquots (50 pl) were then incubated (overnight, at
4 °C) in the wells of a microtiter plate (Nunc MaxiSorp,
catalogue n. 44-2404-21, Thermo Fisher Scientific). Wash-
ing and blocking were carried out as previously reported
[42], then the wells were incubated (1 h, at 37 °C) with
50 pl of rabbit anti-human Haptoglobin IgG (catalogue n.
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H8636, Sigma-Aldrich, St. Louis, MO, USA) diluted 1:500
in T-TBS (130 mM NaCl, 20 mM Tris—HCl, 0.05% Tween,
pH 7.4) containing 0.25% BSA, followed by 60 ul of goat
anti-rabbit horseradish peroxidase-conjugated IgG (cata-
logue n. GtxRb-003-DHRPX, Immunoreagents, Raleigh,
NC, USA,; 1:5000 dilution in T-TBS containing 0.25% BSA;
1 h, at 37 °C). Peroxidase-catalyzed color development from
o-phenylenediamine was measured at 492 nm.

Evaluation of Nitro-Tyrosine Levels,
Acetylcholinesterase (AChE) and Monoamine
Oxidase (MAOQ) Activities

Nitro-tyrosine (N-Tyr) titration was carried out by ELISA
in frontal cortex homogenates as previously described [43].
Samples were diluted (1:1,500, 1:3,000, 1:6,000) with coat-
ing buffer, and aliquots (50 ul) were then incubated in the
wells of a microtiter plate (overnight, at 4 °C). After washing
and blocking, the wells were incubated (1 h, 37 °C) with
50 pl of rabbit anti-N-Tyr IgG (catalogue n. CVL-PABO188,
Covalab, distributed by VinciBiochem, Vinci, Italy; 1: 1000
dilution in T-TBS containing 0.25% w/v BSA) followed by
60 ul of goat anti-rabbit horseradish peroxidase-conjugated
IgG (1:9,000 dilution; 1 h, at 37 °C). Peroxidase-catalyzed
color development from o-phenylenediamine was measured
at 492 nm. Data were reported as OD per milligram of total
proteins.

The acetylcholinesterase (AChE) activity was measured
in frontal cortex samples as previously described [25].
Enzyme activity was expressed as nmol/min mg protein.

The monoamine oxidase (MAQ) activity was measured
spectrophotometrically following the conversion of ben-
zylamine to benzaldehyde, as previously described [44].

Immunofluorescence Analysis

Paraffin embedded sections of frontal cortex from all the
groups were stained with the phospho-cAMP response ele-
ment-binding protein (p-CREB) specific monoclonal antibody
(Ser 133) (87G-3) (catalogue n. 9198, Cell Signaling Tech-
nology; 1:1,000 in dilution in PBS containing 2% w/v BSA;
overnight, at 4 °C), and DAPI (catalogue n. D9542, Sigma
Aldrich, Saint Louis, MO, USA). For the analysis, images
were acquired with x40 magnification and 3 random fields/
section per rat were analyzed using ImageJ (National Insti-
tutes of Health, Bethesda, MD, USA). Images were captured
and visualized using a Nikon Eclipse E1000 microscope.

Liquid chromatography high resolution tandem
mass spectrometry (LC-MS/MS)

Polar hydrophilic compounds were analyzed by
liquid chromatography high resolution tandem mass
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spectrometry (LC—MS/MS) as previously reported [45], with
minor modifications. Frontal cortex samples (25 + 10 mg)
were dissolved in 0.390 mL of 0.1% formic acid along with
10 uL of 10 pg/mL lysine d-4; suspensions were accurately
homogenized by using a stainless-steel disperser (IKA
T10, Staufen, Germany, 3 passes, 30 s) in an ice bath.
Supernatants (0.1 mL) were further purified by directly using
0.3 mL of 0.1% formic acid in acetonitrile in a protein
precipitation and phospholipids removal cartridge (Phree,
1 mL, Phenomenex, Torrance, CA); eluates were collected
and dried by using a centrifugal evaporator (SpeedVac,
Thermo Fisher Scientific, Bremen, Germany). Dried
samples were dissolved in 0.1 mL of a mixture acetonitrile:
water: formic acid (50:49.9:0.1, v/v/v) and 5 pL injected
into the LC-MS/MS system consisting in a linear ion trap
with Orbitrap detector (LTQ Orbitrap XL) interfaced to
an Ultimate 3000 RS (Thermo Fisher Scientific, Bremen,
Germany). Analytes were separated through hydrophilic
interaction chromatography and analyzed in data dependent
scan positive ions mode for identification and quantitation.

Chromatographic separation was achieved through a
silica sulfobetaine zwitterionic modified HILIC column
(100x2.1 mm, 1.7 um, Syncronis HILIC, Thermo Fisher,
Bremen, Germany) at 35 °C. Mobile phases consisted in
0.1% formic acid in acetonitrile:water 95:5 (v/v, solvent
A) and 0.1% formic acid in water (solvent B) both with
5 mM ammonium formate. Analytes (thermostated at 4 °C)
were separated through the following gradient of solvent B
(minutes/%B): (0/3), (3.5/3), (15.5/75), (17.5/75) at a flow
rate of 0.25 mL/min. Electrospray interface (ESI) parameters
were the following: spray voltage 5.0 kV, capillary voltage
21.0 V, capillary temperature 300 °C, sheath gas flow and
auxiliary gas flow were 25 and 4 arbitrary units, respec-
tively. Profile data type were acquired in full scan FTMS
mode (Fourier transformed) in the mass range 75-750 m/z.
For data-dependent scanning mode, MS/MS normalized col-
lision energy was set to 20, activation Q 0.25, activation time
25 ms, with a 1 m/z isolation window, while a reject mass
list was generated by injecting blank samples consisting in a
mixture of acetonitrile:water:formic acid (50:49.9:0.1, v/v/v).

For compound identification, differential analysis, princi-
pal component analysis (PCA), hierarchical clustering, and
identification of metabolic pathways, raw data were loaded
in Compound Discoverer (v. 3.2, Thermo Fisher Scientific).
The workflow included the identification of both expected and
unknown metabolites; briefly, each node performed retention
time alignment, expected compound detection, biotransfor-
mation, dealkylation, and dearylation products formation.
Resolution and isotope pattern matching with unknown com-
pounds detection were used across all samples with a mass
accuracy below 5 ppm. FISh (fragment ion searching) scoring
was applied to all expected compounds with automatic frag-
ment annotations based on targeted and untargeted compound
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chemical behavior outlined in Human Metabolome Database
(https://hmdb.ca/), ChemSpider (http://www.chemspider.com),
mzCloud (https://www.mzcloud.org/) and KEGG pathway
database (https://www.genome.jp/kegg/compound/).

According to the background in blank samples, the pro-
cedure predicted elemental compositions for all unknown
compounds, while quality control samples (QC, consisting
in pooled samples spiked with amino acid standards) cor-
rected signal intensities each 10 runs. Hierarchical clustering
was obtained through filtering procedures based on techni-
cal replicates coefficient of variation (CV %), retention time,
and mass accuracy, excluding analytes eluting close to the
solvent front, with poor response for coefficient of separation
k’, peak shape, and spectrum purity in both full scan and data-
dependent mode. The workflow included differential analysis
(p-values, adjusted p-values, ratios, fold change; Supplemen-
tary Tables 2 and 3), Euclidean distance, and complete link-
age method without data normalization to enhance differences
among frontal cortex of groups fed different diets. Analytes
based on hierarchical clustering were scaled before clustering
through a z-score transformation.

For targeted analyte quantitation, a calibration curve of the
compounds listed in Supplementary Table 4 was built in the
range 100-5000 ng/mL by using lysine-d4 as internal standard.
Linearity and the responses of intraday and interday assays
were monitored by using Xcalibur 2.1 with a mass accuracy
fixed at 5 ppm (Thermo Fisher Scientific, Bremen).

Statistical Analysis

Data were expressed as mean values + SD. The program
GraphPad Prism 9.3.1 (GraphPad Software, San Diego, CA,
USA) was used to verify normal distribution of data by Shap-
iro—Wilk normality test and to compare groups with one-way
ANOVA followed by Bonferroni post-test. P<0.05 was con-
sidered significant in the reported analyses.

Results
Metabolic Analyses

At the end of dietary treatment, no significant variation
was evident in final body weight (C rats=295+4 g; F
rats=292+5 g; CR rats=350+6 g; FR rats=367 +3 g).
Daily energy intake showed no significant variation in
F rats compared to C rats (C rats=358+5 kJ/day; F
rats=360+5 kJ/day). Similarly, comparable energy intake
was found in CR and FR rats (CR rats =340 +4 kJ/day;
FR rats=344 + 5 kJ/day). In addition, fasting levels of glu-
cose were unchanged both in F rats compared to C rats (F
rats=123+5 mg/dL; C rats=130+5 mg/dL), and in FR
rats compared to CR rats (FR rats=113 +6 mg/dL; CR
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rats= 121 + 6 mg/dL). These data evidence that the impact
of fructose on brain is not due to an increase of body
weight or change in daily energy intake.

Inflammation, Oxidative Stress, and Mitochondrial
Activity

To investigate whether the dietary treatment induces
fructose transporter and metabolism, the protein expres-
sion of Glut-5, as well as the level of fructose and uric
acid, one of the main products of fructose metabolism,
was analyzed in frontal cortex after 3 weeks of a fructose-
rich diet. The amount of Glut-5 was significantly higher
[F (3, 28)=7.625; P<0.01] in frontal cortex of F rats
compared to C rats, while this increase disappeared in FR
rats (Fig. 1a). Unlike Glut-5, no significant difference was
found in the level of Glut-4 between C and F rats or CR
and FR (Supplementary Figure 1). According to the Glut-5
increase, a significant rise in the levels of fructose [F (3,
28)=5.191; P<0.01] and uric acid [F (3, 28)=6.258;
P <0.01] was found in F rats compared to C rats, while no
significant differences were found in FR rats compared to
CR ones (Fig. 1b, ¢). The cortex level of glucose did not
differ between C and F, or CR and FR rats (Supplementary
Figure 1).

We then investigated the inflammatory status by meas-
uring the protein expression of GFAP, a marker of astro-
gliosis, the pro-inflammatory cytokine TNF-alpha, and
Hpt, a marker of inflammation very sensitive to nutritional
changes [37, 40, 46]. As shown in Fig. 1d—f, an increase
of inflammatory markers in frontal cortex was associated
with the fructose-rich diet. As a matter of the fact, signifi-
cantly higher levels of GFAP [F (3, 28)=4.979; P<0.01;
Fig. 1d], TNF-alpha [F (3, 28)=11.57; P<0.01; Fig. le],
and Hpt [F (3, 28)=5.656; P<0.01; Fig. 1f] were found
in frontal cortex of F rats compared to C rats. Importantly,
these conditions were rescued after switching to a control
diet as no difference in the levels of these markers was
detected between CR and FR rats.

In line with previous results obtained in the hippocampus
[47], fructose feeding was also associated with an increase
of N-Tyr, the footprint of protein oxidative damage induced
by peroxynitrite [48] in fructose-fed rats [F (3, 28)=7.283;
P <0.001; Fig. 1g]. The observed condition of redox imbal-
ance was corroborated by changes in mitochondrial activ-
ity induced by fructose-rich diet. In detail, F rats showed a
significant decrease in leak respiration with complex I and
II-linked substrates [F(3, 28)=10.36; P <0.0001], in ADP-
supported respiration with complex I [F (3,28)=13.58;
P <0.0001] or complex I- and II-linked substrates [F (3,
28)=11,61; P<0.0001] and in FCCP-stimulated respiration
with complex II [F' (3, 28)=52.51; P <0.0001] or complex
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I and II-linked substrates [F (3, 28)=3.70; P=0.023;
Fig. 11]. The above mentioned mitochondrial dysfunction
was reversed when rats were switched to a control diet. The
analysis of PGC-1a was performed as a marker of mitogen-
esis, and no difference was observed (Fig. 1m).

We also detected higher levels of Ne-carboxymethyllysine
(CML) [F (3, 28)=10.62; P<0.01; Fig. 1h] and Ne-
carboxyethyllysine (CEL) [F (3, 28)=7,756; P <0.05;
Fig. 1i], two advanced glycation end-products [49], both in
free form, in frontal cortex of F rats compared to C rats.
Notably, after switching to the control diet, the differences
in N-Tyr between CR and FR rats disappeared, while CML
and CEL levels persisted higher in FR compared to CR
rats (P <0.01).

Neurotrophins and Synaptic Proteins

The level of BDNF, a key cerebral factor involved in a
wide range of neurophysiological processes such as neu-
ronal survival, synaptic transmission and plasticity [50],
was measured in the frontal cortex of all groups of rats.
As shown in Fig. 2a, a significant fructose diet-dependent
decrease of the mature form of BDNF was observed [F
(3, 28)=11.84; P<0.01]. Notably, alterations of BDNF
amount persisted after switching to a control diet, as
displayed by FR rats compared to CR rats (P <0.001).
No difference was found in the levels of BDNF precur-
sor (pro-BDNF), suggesting that changes in this neuro-
trophin are likely at post-translational level. The protein
amount of TrkB, the high-affinity receptor of BDNF, was
also analyzed, as its activation enhances synaptic plas-
ticity, neuroprotection, and neurite outgrowth [50]. As
shown in Fig. 2b, TrkB level was significantly lower in
the frontal cortex of F rats compared to C ones [F (3,
28)=3.994; P <0.05], and its level in FR rats returned
to values comparable to CR rats. We further investigated
the extent of phosphorylation of CREB, the major down-
stream effector of BDNF [51, 52], as marker of BDNF
signalling. In line with the decrease of BDNF, a decrease
in the activating phosphorylation of CREB (p-CREB) was
found in both F rats compared to C, and FR compared to
CR [F (3, 28)=12.42; P<0.01; Fig. 2c], as assessed by
immunofluorescence.

According to previous works in human, rat, and mouse
brain, reporting that mature NGF is absent while pro-NGF
is the predominant species [53, 54], mature NGF was not
detectable in any frontal cortex samples analyzed. Moreover,
no significant difference between the experimental groups
was found in the levels of its precursor pro-NGF (Fig. 3a).
Interestingly, the protein level of TrkA, the receptor of
NGF, was increased in F rats respect to C [F (3, 28)=3.769;
P <0.05], while no difference was detected in FR compared
to CR, after the sugar removal from the diet (Fig. 3b).
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Fig. 1 Evaluation of Glut-5, fructose, uric acid, inflammatory and
oxidative stress markers, mitochondrial function in frontal cortex. (a)
Glut-5 level (representative western blot and densitometric analysis);
(b) fructose amount; (c) uric acid amount; (d) GFAP amount (rep-
resentative western blot and densitometric analysis); (¢) TNF-alpha
concentration (titrated by sandwich ELISA); (f) Hpt concentration
(titrated by ELISA, (g); N-Tyr levels (titrated by ELISA); (h) CML
amount and (i) CEL amount (as determined by LC-MS/MS); (1) non-
normalized respiration after addition of malate + pyruvate + glutamate
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(PMG), ADP, succinate (S), oligomycin (O), FCCP, and rotenone
(R); (m) PGC-la amount (representative western blot and densito-
metric analysis), in frontal cortex of control adolescent (C), fructose-
fed adolescent (F), young-adult control rescued (CR), young-adult
fructose-rescued (FR) rats. Data are the means +SD of 8 rats/group.
*P<0.05, **P<0.01, ***P<0.001 versus C rats. ##P <0.01 versus
CR rats. Source of variation: one-way ANOVA followed by Bonfer-
roni post-test. FCCP carbonyl cyanide p- trifluoromethoxyphenylhy-
drazone
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Fig.2 Evaluation of BDNF,
TrkB and pCREB amount in
frontal cortex. (a) pro-BDNF
and BDNF levels (representa-
tive western blot and densito-
metric analysis), (b) TrkB level
(representative western blot
and densitometric analysis),

(¢) immunofluorescence of
p-CREB (magnification 40X,
scale bar =50 pm) in frontal
cortex of control adolescent
(C), fructose-fed adolescent (F),
young-adult control rescued
(CR), young-adult fructose-
rescued (FR) rats. Data are the
means + SD of 8 rats/group.
*P<0.05, **P<0.01 versus C
rats. ##P < 0.01 versus CR rats.
Source of variation: one-way
Anova followed by Bonferroni
post-test

Furthermore, no changes were observed in the amount of
the low-affinity NGF receptor p75SNTR (Fig. 3c). In addition,
the phosphorylation degree of both Erkl [F (3, 28)=7.93;
P <0.01], and Erk2 [F (3, 28)=14.16; P <0.001], signifi-
cantly increased in F compared to C rats (Fig. 3d), with per-
sistent increased levels in FR compared to CR rats (P <0.01
and P <0.001, respectively).

We further investigated the impact of fructose on the
amounts of two pre-synaptic proteins, namely synaptophysin
and synaptotagmin I, and the post-synaptic protein PSD-95,
which play a key role in synaptic plasticity [55]. The fruc-
tose-rich diet led to decreased levels of all the three proteins
[synaptophysin, F (3,28)=6.601; P <0.001; synaptotagmin
I, F (3, 28)=6.978; P<0.01; PSD-95, F (3, 28)=5.452;
P <0.01], while the switch to control diet rescued their
amount (Fig. 4a—c).

The effect of the short-term fructose diet on the activity
of AChE, a pivotal enzyme involved in the regulation of
cholinergic pathway [56], was also evaluated. As shown in
Fig. 4d, fructose feeding resulted in a significant increase
of AChE activity of F compared to C rats [F (3, 28)=4.36;
P <0.05]. This increase was also found in FR rats compared
to CR (P <0.05). Notably, the activity of MAO, a central
player in the modulation of monoamine neurotransmitters
level [57], increased in F rats compared to C rats [F (3,
28)=29.12; P<0.0001; Fig. 4e), with no significant change
between FR and CR rats.

Metabolites and Neurotransmitters

Polar hydrophilic metabolites were isolated from fron-
tal cortex homogenates, purified by using protein and
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phospholipids cartridges, and finally measured by using
HILIC coupled to high-resolution tandem mass spectrom-
etry according to the nature and duration of the interven-
tion study. To point out the role of fructose intake on small
molecules fingerprinting, the C rat group was compared
with the F one, while CR was matched to FR. Results are
reported in the heat-maps (Fig. 5). Figure 5a highlighted
a clear discrimination between fructose-diet (orange line)
and control diet (blue line) through Euclidean distance
between over- and down-represented analyte intensities in
the centred and scaled area range — 2.8 and 3.9, as related
to the m/z current ion associated with 89 molecules. Sup-
plementary Table 2 shows over-represented compounds
reported in Fig. 5c as well as the corresponding analyti-
cal performance and fold change values, along with their
respective MSI (metabolomic standard initiative) levels
[58]. Sample clustering was outlined in an explorative
PCA combined with loading plots and differential analysis,
which highlighted (in light blue) the compounds (Supple-
mentary Table 2) having a log2 fold change higher than
0.5 and a negative log10 of the p-value higher than 0.05
(Supplementary Figure 2a).

In a similar way, polar hydrophilic metabolites differenti-
ated rescue fructose-diet (light blue arrow, FR) and rescue
control diet (blue arrow, CR) (Fig. 5b) when considering
up to 272 over- and down-represented compounds. Supple-
mentary Table 3 shows over-represented compounds in FR
rats reported in Fig. 5d with a log2 fold change higher than
0.5 and with a negative log10 of the p-value higher than
0.05, as a result of the differential analysis (Supplementary
Figure 2b). PCA illustrates how loadings plot contributed to
the spatial arrangement of FR and CR samples, confirming
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Fig.3 Evaluation of pro-NGF,
TrkA, p75NTR, and Erk1/2 in
frontal cortex. Representative
western blot and densitometric
analysis of (a) NGF level, (b)
TrkA level, (¢) p75NTR level,
(d) pErk1/2/Erk1/2 ratio, in
frontal cortex of control adoles-
cent (C), fructose-fed adoles-
cent (F), young-adult control
rescued (CR), young-adult
fructose-rescued (FR) rats. Data
are the means + SD of 8 rats/
group. *P<0.01, **P<0.01,
#*%P <(0.001 versus C rats.

##P < 0,01, ###P <0.001 versus
CR rats. Source of variation:
one-way Anova followed by
Bonferroni post-test

results obtained through heat-map and hierarchical cluster-
ing (Supplementary Figure 2b).

Then, each of the over-represented compounds differen-
tiated by the kind of diet (Supplementary Tables 2 and 3)
was included in Metabolika node within Compound Discov-
erer with the aim to identify the most influenced metabolic
pathways. Results obtained after loading the increased abun-
dance of metabolites in Fig. 5S¢ pinpointed metabolic path-
ways involving aromatic amino acids, namely tyrosine, phe-
nylalanine, and tryptophan, along with sulphur compounds
(cysteine and reduced glutathione) and other derivatives.

On the other hand, loading of data from the second
heat-map deriving from differential analysis on rescue diet
(Fig. 5d) outlined metabolic pathways associated with some
polar basic amino acids, such as lysine and CEL, second-
ary amides and other acid compounds, like aspartic acid
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derivatives and glutamic acid (Fig. 5d). In this view, we
hypothesized that the metabolism of aromatic amino acids,
lysine, and glutamic acid can be the focus of high fruc-
tose diet. This hypothesis is in accordance with a previous
observation [59], which reported that amino acids linked
to tricarboxylic acid cycle, such glutamate and aspartate,
undergo specific enrichment when young rats are fed with a
high-fructose diet. Furthermore, a coherent alteration of the
lysine catabolism was recently observed in diurnal metabolic
pathways impacted by high-fat diet, suggesting that fructose
intake can similarly exacerbate the alteration of amino acid
metabolism [60].

Based on the above-reported untargeted analysis
(Fig. 5), we then focused on the targeted quantification
of six metabolites, based on full scan high resolution
acquisition and the use of authentic reference standards,
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Fig.4 Evaluation of synaptic proteins, acetylcholinesterase and
monoamino oxidase activity in frontal cortex. (a) Synapthophysin
level (representative western blot and densitometric analysis), (b)
synaptotagmin I level (representative western blot and densitometric
analysis), (¢) PSD-95 level (representative western blot and densito-
metric analysis), (d) AChE activity, and (e) MAO activity in frontal

to highlight quantitative differences between C and F rats,
and between CR and FR. Indeed, a major aim of the study
was to evaluate the quantitative impact of the fructose diet
on the profile of the major neurotransmitters (Fig. 6). We
observed that the concentration of acetylcholine (ACh),
one of the main neuromodulators of the central nervous
system regulating individual attention, learning, and mem-
ory [61], was significantly higher in F rats compared to C
[F (3,20)=4.202; P<0.01], and this increase was rescued
in FR (Fig. 6a). Conversely, the levels of dopamine, the
neurotransmitter regulating the food eating reward circuit,
motor activity, and emotion [62, 63], were reduced in F
rats compared to C ones [F (3, 20)=11.62; P<0.001;
Fig. 6b], and no difference between CR and FR groups
was observed. Similarly, levels of both dopamine precur-
sors tyrosine and tyramine decreased in F compared to C
rats [tyrosine, F (3, 20)=6.788, P <0.01; tyramine, F (3,
20)=6.509, P <0.05; Fig. 6¢c—d], and returned to control
values after the switch to the standard diet. On the other
hand, no changes in the amounts of TH, the enzyme cata-
lysing the rate-limiting step of catecholamine biosynthesis
[64], were observed between F and C groups (Fig. 6e).
Interestingly, the levels of the most common neurotrans-
mitter in the CNS, namely glutamate [65], were lower in
F group with respect to C one [F (3, 20)=7.047; P<0.01;
Fig. 6f]. A different trend was observed after the switch to
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cortex of control adolescent (C), fructose-fed adolescent (F), young-
adult control rescued (CR), young-adult fructose-rescued (FR) rats.
Data are the means+SD of 8 rats/group. *P<0.05, **P<0.01,
*#*%P <(0.001 ****P <(0.0001 versus C rats. #P <0.05 versus CR rats.
Source of variation: one-way Anova followed by Bonferroni post-test

control diet, as FR showed higher glutamate levels com-
pared to CR (Fig. 6f; P <0.01). These results demonstrated
that fructose intake is associated with a dysregulation of
glutamate metabolism, which is further observed, but with
an opposite quantitative trend, after switching to control
diet. Finally, GABA levels did not differ between C and
F groups, while increased amounts were observed in FR
compared to CR [F (3, 20)=3.477; P <0.01; Fig. 6g].

Discussion

Different lines of evidence have recently highlighted the
fructose impact on brain metabolic alterations [13, 23],
but it remains unclear whether the observed sugar-induced
adverse effects are limited exclusively to the period of
increased intake or are persistent even when it is elimi-
nated from the dietary regimen. We recently reported that
the fructose-rich diet impacts different metabolic param-
eters by inducing systemic inflammation, hepatic insu-
lin resistance, increase of plasma triglycerides [66], and
“leaky gut” [67], which persisted after switching to control
diet. Sugar-driven systemic inflammation and metabolic
dysfunction could impact on brain as well. Here we stud-
ied, by using the same experimental design, the metabolic
effects of the sugar in frontal cortex of adolescent animal
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Fig.5 Metabolomic analysis of frontal cortex. (a) Heat-map hier-
archical cluster analysis of metabolites detected in frontal cortex
of fructose-fed adolescent (F, orange) and control adolescent (C,
blue) rats. (b) Heat-map hierarchical cluster analysis of metabolites
detected in frontal cortex of young-adult fructose-rescued (FR, light
blue) and young-adult control rescued (CR, blue) rats. Dendrograms
on the left report the molecular grouping and distance between
molecular classes, while dendrograms on the top report the sample
grouping. Corresponding iterative zoomed regions on the right (pan-
els ¢ and d) report identified molecules according to the number of

model, since, to our knowledge, poor information is avail-
able on this issue.

The fructose diet was associated with increased levels of
the fructose transporter Glut-5 in rat frontal cortex, and a
concomitant increase of fructose and uric acid, which were
suggestive of an enhanced fructose metabolism therein. The
change of Glut-5 and metabolite levels were paralleled by
an inflammatory status. A similar pattern was previously
found in the hippocampus [47], thus showing that dietary
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matched over-represented compounds as result of differential analy-
sis processing node within Compound Discoverer software (Supple-
mentary Figure 2, and Supplementary Tables 2 and 3). Analytes were
identified with a metabolite identification level of 2 as in the case that
compound name was used and 4 in the case where only the calculated
molecular weight (MW) was reported, as defined by Metabolomics
Standards Initiative (MSI) [58]. Normalized area ranges and Eculid-
ean distance were used in all cases; scaled expression values of each
range are plotted in red to blue through white color scale

fructose reaches the brain and is utilized in several cerebral
areas. Augmented levels of uric acid were also reported to
elicit oxidative stress [68—70] and consistently we found a
higher extent of oxidative damage to proteins. Inflammation
and oxidative stress are often related to a mitochondrial dys-
function [71, 72], and indeed we evidenced a corresponding
general impairment of the mitochondrial oxidative capacity
not linked to a lower organelle mass, since PGC-1a level was
not altered. All above-mentioned fructose-dependent effects
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Fig.6 Evaluation of neu-
rotransmitters and tyroxine
hydrolase in frontal cortex.

(a) Acetylcholine amount, (b)
dopamine amount, (c) tyrosine
amount, (d) tyramine amount,
(e) tyroxine hydroxylase level
(representative western blot
and densitometric analysis), (f)
glutamate amount, (g) GABA
amount in frontal cortex of
control adolescent (C), fructose-
fed adolescent (F), young-adult
control rescued (CR), young-
adult fructose-rescued (FR)
rats. Data are the means + SD
of 6 rats/group. *P <0.01,
**P<0.01, ***P<0.001 versus
C rats. ##P <0,01 versus CR.
Source of variation: one-way
Anova followed by Bonferroni
post-test

on mitochondrial activity were reverted when this sugar was
removed from the dietary regimen.

More importantly, higher advanced glycation end-prod-
ucts (CML and CEL) were found in fructose-fed rats, in
line with previous works showing that fructose can lead to
the formation of highly reactive intermediate products as
a-dicarbonyls [73], which in turn can favor the formation of
advanced glycation end-products, as CML and CEL [74],
thus acting as potent glycating agent [75] and negatively
impacting the brain function [13, 76, 77]. Interestingly, the
observed augmented levels of CML and CEL in fructose-fed
rats were not restored to control values in FR group, suggest-
ing the persistence of the sugar-associated effects.

Given the key role of neurotrophins in brain activity
[50], we focused on the analysis of BDNF and NGF and we
observed that the level of BDNF and its receptor TrkB was
lower in fructose-fed rats. This result is in line with previous
findings obtained in adult rats experiencing a long- or short-
term fructose intake [25, 27], highlighting this neurotrophin
as a crucial target of fructose diet independently from the
age. The early reduction of BDNF in adolescent rats and its
persistent decrease later was corroborated by the observa-
tion of lower activation of its downstream effector, namely
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CREB, both in F compared to C rats and in FR compared
to CR counterparts. Since CREB is implicated in the tran-
scription of genes essential for synaptic plasticity [78], the
persistent reduction in its phosphorylated form is suggestive
of a possible long-term brain impairment. The sugar-induced
impairment of BDNF signaling might be compensated, at
least in part, by the increase of TrkA and activation of its
downstream transducers Erk1/2. This process is regulated
by pro-NGF and critically depends on the balance of TrkA
and p75NTR [79, 80]. This pathway is indeed committed to
prevent apoptotic signals, with a positive effect on neuronal
survival and neurite outgrowth [54].

The persistent impairment of BDNF-CREB signaling
prompted us to investigate the issue of synaptic function-
ing. A decrease of pre- (synaptophysin, and synaptotagmin
I) and post-(PSD-95) synaptic proteins following fructose
dietary treatment was found, and this change was rescued
after the switch to the standard diet, suggesting that the
homeostasis of these proteins is restored more rapidly than
that of BDNF. To gain further insight into synaptic physiol-
ogy, we also measured the activity of AChE and MAO, as
well as the levels of important neurotransmitters involved
in synaptic transmission. In particular, increased activity of
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AChE and MAO was detected in fructose-fed rats. While  also corroborated by BDNF and dopamine reduction. The
increased MAO rescued after switching to standard diet,  observed decrease of dopamine, which regulates different
AChE increase persisted after fructose removal from the  brain functions such as reinforcement processing, motiva-
diet. In this context, it is worth mentioning that the enhanced tion, and attention [85], might be ascribed to both the corre-
ACHhE activity in the hippocampus and prefrontal cortex was  sponding enhanced MAO activity and the reduced amounts
previously proposed as an early event linked to hypercho-  of tyrosine and tyramine. In agreement with our findings,
lesterolemia- or high-fat diet-induced alterations in cogni-  previous studies have reported that HFCS can impair dopa-
tive function [81-83]. Notably, despite the enhanced AChE ~ mine function in the absence of weight gain or increased fat
activity, we detected increased levels of ACh in fructose-fed ~ consumption [10]. As a reduced dopamine activity has been
rats. In this regard, previous studies showed that an abnor-  implicated in reduced energy expenditure [86, 87], changes
mal intake of fructose provokes an immediate drop in the  in dopamine metabolism were proposed to precede and pos-
ATP/AMP ratio, a decreased acetyl-CoA carboxylase activ- sibly contribute to obesity in the long-term period [10].

ity, and a consequent lowering of malonyl-CoA levels [84]. A general alteration of some metabolic pathways related
Accordingly, it can be hypothesized that the increased ACh  to specific aromatic or sulfur-containing amino acids, lysine
levels after fructose intake might derive from the increased  and glutamic acid was also deduced from F vs C, and FR
availability of acetyl CoA, consequent to the decreased  vs CR comparisons. Glutamate is the principal excitatory
activity of acetyl-CoA carboxylase. In this sense, the higher ~ neurotransmitter involved in learning, memory and cogni-
ACHhE activity may represent an adaptive response to prevent  tion, and any unbalance of its turnover may have severe con-
prolonged ACh signaling. The increase of ACh levels in F  sequences [65]. Decreased glutamate levels in fructose-fed
rats suggests that a short-term fructose enriched diet may  rats and then an increase of this neurotransmitter in FR rats
disrupt cholinergic signaling and predispose adolescents  compared to CR counterpart might be suggestive of a gluta-
to altered states, such as anxiety disorders and depression, = matergic persistent dysregulation after fructose intake, which

Frontal Cortex Dysfunction

Neurotransmission Neurotrophin signalling
ACh AChE MAO ¢ BDNF TrkB pCREB |
ic proteins D ine | TrkA pErk/Erk §

3
S S %{

Oxidative stress: N-Tyr §
GFAP TNF-alpha Hpt T

iflammation Mitochondrial dysfunction
Glycation products:cML CEL T

Adolescent Rats

Neurotransmission Glycation products Adult Rats
AChE GABA Glutamate £ Neurotrophin signalling CML CEL

BDNF pCREB §
pErk/Erk T

Persistence of Frontal Cortex Alterations

Fig. 7 Fructose impact on brain health of adolescent rats and persis- sin receptor kinase B; TrkA, tropomyosin receptor kinase A; pErk1/2,
tence of its effect after switching to a control diet. Up arrows indicate pospho-extracellular signal-regulated kinase 1/2; Erk1/2, extracellular
parameters increased and down arrows indicate parameters reduced. signal-regulated kinase 1/2; pCREB, pospho-cAMP-response element

ACh, acetylcholine; AChE, acetylcholinesterase; MAO, monoamine binding protein; GFAP, glial fibrillary acidic protein; Hpt, hapto-
oxidase; BDNF, brain derived neurotrophic factor; TrkB, tropomyo- globin; CML, Ne-carboxymethyllysine; CEL, Ne-carboxyethyllysine
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might prelude to long term dysfunction. Indeed, glutamater-
gic dysregulation has already been reported being an impor-
tant contributor to different neurological pathologies [65].

ACh, dopamine, and glutamate changes observed in fructose-
fed rats were not paralleled by GABA alterations. Since higher
levels of glutamate were observed in FR rats, we cannot exclude
that the concomitant increase of GABA amount may represent
a compensatory mechanism to prevent possible dysfunction
related to concomitant quantitative changes of its precursor.

In conclusion, this study demonstrates that the fructose
feeding causes a perturbation of various biochemical machin-
eries involved in brain metabolism and function, such as neu-
rotrophins signaling and a consequent possible modification
of excitatory/inhibitory neurotransmitter balance, which is
essential for the proper functioning of the central nervous
system (Fig. 7). Undoubtedly, these data also point out that
adolescence represents a developmental window of vulnera-
bility, in which extreme attention should be devoted to limit an
excessive consumption of industrial and processed sweet food,
since it can impact brain physiology not only immediately but
also in the long term. Since previous reports showed different
susceptibilities of males and females to fructose supplemen-
tation [88, 89], future experiments will be critical to clarify
whether the sugar-adverse effects and/or their persistence in
brain can be different depending on the sex.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1. Primary and secondary antibodies dilutions used for Western blotting

anaysis
Antigen Primary Antibody Secondary Antibody

Glut-5 Invitrogen (PA5-80023); 1:1,000% GAR-HRP IgG; 1:45,000°

Glut-4 Santa Cruz Biotechnology (sc- GAM-HRP IgG; 1:15,000°
53566); 1:1,000?

GFAP Cell Signalling Technology GAR-HRP IgG; :150,000°
(#12389); 1:1,000°

Synaptophysin AB9272; Merk-Millipore; GAR-HRP 1gG; 1:40,000°

Synaptotagmin |

1:150,000%
Cell Signalling Technology

(#14588); 1:1,000°

GAR-HRP IgG; :200,000'

PSD-95 Cell Signalling Technology GAR-HRP 1gG; 1:70,0001
(#2507); 1:1,000°

BDNF Santa Cruz Biotechnology (sc-546); GAR-HRP IgG; 1:70,000¢
1:500°

pro-BDNF Santa Cruz Biotechnology (sc-546); GAR-HRP IgG; 1:10,000¢
1:1,000°

PGC-1a Merk-Millipore (#AB3242); GAR-HRP IgG; 1:20,000°
1:2,000

TrkB Santa Cruz Biotechnology GAR-HRP IgG; :140,000°
(sc-3772218); 1:2,0007

pErk1/2 Cell Signalling Technology GAR-HRP 1gG; :150,000°
(#9101S); 1:1,000?

Erk1/2 Cell Signalling Technology GAR-HRP 1gG; :170,000°
(#9102); 1:1,000%

TH Santa Cruz Biotechnology (sc- GAM-HRP 1gG; 1:10,000°
25269); 1:1,000°

TrkA Santa Cruz Biotechnology (sc-118); GAR-HRP IgG; 1:10,000¢
1:1,000¢

p75NTR Santa Cruz Biotechnol ogy GAM-HRP IgG; 1:10,0004
(sc-271708); 1:1,000

NGF Santa Cruz Biotechnology GAM-HRP IgG; 1:10,000¢
(sc-365944); 1:1,000

B -Actin Sigma-Aldrich (A2228); GAM-HRP 1gG; 1:35,000°
1:1,000°

Vinculin Sigma-Aldrich (V9131); GAM-HRP 1gG; 1:10,000°
1:10,000°

GAR-HRP: Goat anti-rabbit Horseradish peroxidase-conjugated IgG (Immunoreagents, Raleigh, NC, USA; catalogue number GtxRb-003-
DHRPX); GAM-HRP: Goat anti-mouse Horseradish peroxidase-conjugated 1gG (Immunoreagents, Raleigh, NC, USA; catalogue number GtxMu-
003-DHRPX); T-TBS: 130 mM NaCl, 20 mM Tris-HCl, 0.05% Tween, pH 7.4; 2 T-TBS containing 3% w/v BSA; *: T-TBS containing 2% w/v BSA;
¢ T-TBS containing 3% v/v non-fat milk; ¢: T-TBS containing 5% v/v non-fat milk; & T-TBS containing 1% v/v non-fat milk; f: T-TBS containing
3%v/vnon-fatmilk.
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Supplementary Table 2. Differentially over-represented compounds as determined by HILIC-Fourier transform mass spectrometry (FTMYS)
untargeted analysisin control adolescent (C) and fructose-fed adolescent (F) rats. Error (A ppm) was calculated as the ratio between the difference
of the theoretical mass minus the experimental mass and the theoretical mass, multiplied per one million. RT, retention time; metabolite identification

level was defined according to Metabolomics Standards Initiative (MSI) (Sumner et a., 2007); calc. MW, calculated molecul ar weight.

Name Formula A [ppm] Calc. MW RT [min] Ratio: (F)/(C) Log2Fold Change: (F)/(C) P-value: (F)/(C) MSI leve
Creatine C4HI9 N3 O2 -3.39 131.06903 7.209 1.788 0.84 1.55986E-06 2
N,N-Dimethylglycine CAH9N O2 474 103.06284 6.477 1.464 0.55 0.001806643 2
N-Acetyl-L-aspartic C6 H9 N O5 -2.26 175.04768 7.409 1.95 0.96 1.1877E-05 2
acid
Arabinosylhypoxanthine | C10H12N4 05 -1.92 268.08026 6.635 1.487 0.57 0.000377137 2
DL-Phenylalanine C9H11N O2 -1.91 165.07866 7.203 1.758 0.81 0.013029206 2
L-(+)-Valine C5H11 N O2 -3.32 117.07859 7.32 1.783 0.83 0.00138459 2
C2H8N3 O4 P -1.11 169.02505 7.188 1553 0.64 0.000743623 4
L-(-)-Methionine C5H11INO2S -2.84 149.05063 7.334 2.024 1.02 0.009802015 2
L-(+)-Alanine C3H7N 02 -4.46 89.04728 7.593 1.819 0.86 1.14045E-09 2
L-Tyrosine C9H11N O3 -2.08 181.07352 7.348 1.731 0.79 1.60125E-05 2
C10 H6 N6 O6 4.36 306.03621 6.622 1.568 0.65 0.000444015 4
Guanosine C10 H13N5 05 -1.58 283.09122 7.453 2.404 1.27 1.14514E-05 2
L-Proline C5H9N O2 -3.74 115.0629 7.954 32.442 5.02 0.000354262 2
C7H3N5P2S 3.87 250.95941 7423 2.698 1.43 7.84582E-07 4
DL-Arginine C6 H14 N4 O2 -1.82 174.11136 7.308 1.45 054 0.002900577 2
C7H10 N6 O7 397 290.06225 6.616 1571 0.65 0.013255 4
L-Lysine C6 H14 N2 O2 -2.75 146.10513 7.39 1.884 0.91 0.001095626 2
L-Tryptophan C11H12N202 -1.04 204.08967 7.197 1.922 0.94 0.000201327 2
C8H N3 06 -3.8 234.98564 7.419 2115 1.08 3.0846E-05 4
C11 H8 N2 010 0.17 328.01795 6.633 1.462 0.55 0.010055157 4
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Supplementary Table 3. Differentially over-represented compounds as determined by HILIC-Fourier transform mass spectrometry
(FTMS) untargeted analysis in young-adult control rescued (CR) and young-adult fructose-rescued (FR) rats. Error (A ppm) was calculated
as the ratio between the difference of the theoretical mass minus the experimental mass and the theoretical mass, multiplied per one million. RT,
retention time; metabolite identification level was defined according to Metabolomics Standards Initiative (MSI) (Sumner et a., 2007); calc. MW,

calculated molecular weight.

Name Formula A [ppm] Calc. MW  RT [min] Ratio: (FR)/(CR) Log2 Fold Change: (FR) / (CR) P-value: (FR)/ (CR) MSI level
L-Glutamic acid C5HI9N O4 -3.07 | 147.05271 8.462 1.507 0.59 7.10273E-07 2
N-Acetyl-L-aspartic acid C6HIN 05 -1.7 | 175.04777 7.387 1.945 0.96 2.69033E-05 2
1-valeryl-pyrrolidine, C9H17N O -3.94 155.1304 2.352 76.734 6.26 2.59576E-15 2
n-Hexanamide C6H13N O -2.68 | 115.09941 2.268 1521 0.61 0.007465124 2
C13 H35 N6 P3 S2 31 | 432.15908 8.463 1531 0.61 7.8472E-06 4
6_[ (6_ C12 H24 N2 O3 -0.86 | 244.17848 3.098 19.622 4.29 3.21218E-07 2
Aminohexanoyl)amino] hexanoic
acid
L-Lysine C6 H14 N2 02 -2.04 | 146.10523 7.401 2.332 122 2.29768E-05 2
Indole derivative C16 H23N50 -4.67 | 301.18885 2.701 56.171 5.81 3.13247E-05 2
CEL C9H18 N2 04 -0.17 | 218.12662 7.013 2.359 124 0.001400264 2
C8H15N205P3S 0.79 | 343.99172 6.665 1532 0.62 0.000199173 4
L-homoserine lactone C4AH7N 02 -3.36 | 101.04734 8.465 1.498 0.58 3.76852E-06 2
C16 H39 N9 02 P2 -0.01 | 451.27019 3.813 1.508 0.59 0.01782836 4
C14 H29 N3 02 -0.7 | 271.22579 4.475 1.563 0.64 0.018627875 4
C9H21 N O2 -0.19 175.1572 3.363 1.987 0.99 0.000869172 4
N-pentanoyl phenylalanine C14 H19 N O3 -0.41 | 249.13639 3334 2.207 114 9.66955E-06 2
C16 H42 N5 P3 461 | 397.26714 2.165 1441 0.53 0.011179231 4
C18H47N9O2P2 S 3.18 | 515.30651 2.248 2.544 135 0.000628253 4
C12 H22 N2 02 -0.05 | 226.16812 3.424 2.933 155 0.000433627 4
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Supplementary Table 4. Targeted zwitterionic HILIC-Fourier transform mass spectrometry
(FTMS) analysis. Error (A ppm) was caculated as the ratio between the difference of the
theoretical mass minus the experimental mass and the theoretical mass, multiplied per one million.
RT, retention time; GABA, y-aminobutyric acid. Metabolite identification level, as defined
according to Metabolomics Standards Initiative (MSI) (Sumner et a., 2007), was 1 for al the listed

compounds upon matching with authentic reference analytical standards.

Elemental
Compound Name RT composition m/ztheoretical m/zexperimental A ppm
Ne-carboxymethyllysine 7.2 CgH16N204 205.11832 205.11801 -15
Ne-carboxyethyllysine 75 CoH18N204 219.13393 219.13407 0.6
Glutamate 85 CsHoNO4 148.06043 148.06085 2.8
GABA 5.7 CsHoNO: 104.07060 104.07051 -0.9
Tyrosine 74 CoH11NOs 182.08117 182.08132 0.8
Tyramine 6.7 CeH11INO 138.09134 138.09117 -1.2
Dopamine 35 CeHuNO; 154.08625 154.08658 21

Acetylcholine 4.9 CHieNO,* 146.11755 146.11781 1.8
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Supplementary Figure 1. Evaluation of Glucose and Glut-4in rat frontal cortex

() Glucose amount; b) Glut-4 level (representative western blot and densitometric analysis) in fronta
cortex of control adolescent (C), fructose-fed adolescent (F), young-adult control rescued (CR),

young-adult fructose-rescued (FR) rats. Data are the means + SD of 8 rats/group.
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Supplementary Figure 2. Principal component analysis (PCA), loadings plot and volcano plot.
Panel A reports explorative PCA with control adolescent (C) and fructose-fed adolescent (F) rats,
along with loadings plot and volcano plot based on differntia analysis with a p-value 0.05, while
for log2 fold change 0.5 was used. All the metabolites reported in Supplementary Table 2 are shown
in light blue. Panel B reports the PCA, loadings and volcano plots from young-adult control rescued
(CR) and young-adult fructose-rescued (FR) rats. Light blue spotted points depict differentially
over-represented metabolites listed in Supplementary Table 3. Due to the low number of
metabolites down-represented in C vs F volcano plot (panel A), we only focused on over-

represented metabolites.
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Chapter 4

Fructose diet-associated molecular alterationsin
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Abstract: Background: The enhanced consumption of fructose as added sugar represents a major
health concern. Due to the complexity and multiplicity of hypothalamic functions, we aim to point out
early molecular alterations triggered by a sugar-rich diet throughout adolescence, and to verify their
persistence until the young adulthood phase. Methods: Thirty days old rats received a high-fructose
or control diet for 3 weeks. At the end of the experimental period, treated animals were switched to the
control diet for further 3 weeks, and then analyzed in comparison with those that were fed the control
diet for the entire experimental period. Results: Quantitative proteomics identified 19 differentially
represented proteins, between control and fructose-fed groups, belonging to intermediate filament
cytoskeleton, neurofilament, pore complex and mitochondrial respiratory chain complexes. Western
blotting analysis confirmed proteomic data, evidencing a decreased abundance of mitochondrial
respiratory complexes and voltage-dependent anion channel 1, the coregulator of mitochondrial
biogenesis PGC-1«, and the protein subunit of neurofilaments «-internexin in fructose-fed rats.
Diet-associated hypothalamic inflammation was also detected. Finally, the amount of brain-derived
neurotrophic factor and its high-affinity receptor TrkB, as well as of synaptophysin, synaptotagmin,
and post-synaptic protein PSD-95 was reduced in sugar-fed rats. Notably, deregulated levels of all
proteins were fully rescued after switching to the control diet. Conclusions: A short-term fructose-rich
diet in adolescent rats induces hypothalamic inflammation and highly affects mitochondrial and
cytoskeletal compartments, as well as the level of specific markers of brain function; above-reported
effects are reverted after switching animals to the control diet.

Keywords: proteomics; hypothalamus; fructose-rich diet; adolescence; mitochondria; inflammation

1. Introduction

The crucial role of nutrition for cerebral health and the impact of dietary habits on
brain structure and function has been long and far recognized [1-3]. To date, the increased
consumption of fructose as added sugar in many types of drinks and processed foods [4,5],
especially among young people [6], represents a major health concern. High fructose
intake has been pointed out as the possible culprit for the raised incidence of chronic
pathologies [7-10], and fructose over-consumption was shown to be associated with the
over-activation of its cerebral metabolism [4], which was proposed to negatively impact on
the whole brain physiology and cognitive function [4,11]. Notably, we previously reported
that a short-term fructose-rich diet induces hippocampal mitochondrial dysfunction, oxida-
tive stress, and neuroinflammation in young rats [12,13], as well as the imbalance of redox
status, autophagic mechanisms and synaptic markers in the frontal cortex of both adult and
young rats [14]. Further, studies in animal models have revealed that high-fructose diets
impair hippocampal functions during childhood and adolescence [15-19], which represent
critical phases of neurodevelopment.
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The hypothalamus plays a key role in maintaining whole-body homeostasis [20,21].
Long-term fructose overfeeding was reported to alter the hypothalamic-pituitary-adrenal
axis, thus causing glucocorticoid increase in peri-adolescent rats [22]. Further, fructose over-
consumption was associated with impairment of hypothalamic insulin signaling [23,24],
oxidative stress [24,25], and inflammation [23,26,27]; it was proposed that fructose-driven
perturbations of hypothalamic function may alter the potential for satiety, thereby enhanc-
ing the possibility of developing obesity [28].

Data currently available on hypothalamic dysfunctions related to a high-fructose
diet essentially refer to the effects of long-term sugar feeding, while information on cor-
responding alterations associated with short-term dietary treatment, particularly in the
critical period of adolescence, is still lacking. Due to the complexity and multiplicity of
hypothalamic functions, there is also the need for a holistic characterization aimed at
unveiling the general picture of hypothalamic dysfunctions associated with a high-fructose
diet. To fill this gap, we investigated adolescent rats fed a fructose-rich or control diet,
for 3 weeks. To verify whether the fructose-driven changes persist after the switch to a
control diet, half of the rats from both animal groups were then assigned to the control
diet for additional 3 weeks until the young adulthood phase. Quantitative proteomics
on hypothalamic extracts of all animal groups was used to identify molecular alterations
triggered by a fructose-rich diet and to obtain insights into the relationship between sugar
feeding and possible dysfunctions of the hypothalamus.

2. Materials and Methods
2.1. Materials

Bovine serum albumin fraction V (BSA), prestained protein ladder, salts, and buffers
were purchased from DelTek (Naples, Italy). Rabbit anti-human haptoglobin IgG was from
Sigma-Aldrich (St. Louis, MO, USA). Fuji Super RX 100 film, developer, and fixer were
purchased by Laboratorio Elettronico di Precisione (Naples, Italy). BCA Protein assay kit,
TMT Label Reagent Set, Pierce ™ High pH Reversed-Phase Peptide fractionation kit, Acclaim
PepMap TM RSLC C18 column were from Thermo-Fisher Scientific (Waltham, MI, USA).

2.2. Experimental Design

Just weaned male Wistar rats (30 days old; Charles River; Calco, Como, Italy) were
used. Housing, treatments, and euthanasia of animals were carried out as previously
reported [13]. The rats were randomly assigned to two experimental groups, one fed a
fructose-rich diet (F group; N = 16), and the other one fed a control diet (C group; N = 16)
for 3 weeks. At the end of treatment, half of the rats from each group (C = §; F = §; 51 days
old) were euthanized. Sugar-fed and control-fed rats were then assigned to the control diet
for additional 3 weeks (FR group, N = 8; CR group, N = §; respectively) until the young
adulthood phase (72 days old). The experimental design is reported in Figure 1.

Figure 1. Experimental design.

Thirty days-old rats (just weaned animals) received a control (C; N = 16) or fructose-
rich (F; N = 16) diet for three weeks, until the adolescence phase (51 days old rats). In the
3rd week eight rats from each group were euthanized. Eight animals of both fructose-fed
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and control groups were fed the control diet (FR, N = 8; CR, N = 8) for further three weeks,
until young adulthood (6th week).

The control and the fructose-rich diet were isocaloric, as they differ only in terms of the
qualitative content of carbohydrates. Indeed, as shown in Table 1, the control diet contains
starch instead of fructose. The here used control diet can be considered a glucose-containing
diet, as starch digestion to glucose is very rapid [29,30].

Table 1. Nutritional composition of diets.

Ingredients (g/100 g)

Control Diet

Fructose Diet

Standard Chow 2 50.5 50.5
Sunflower Oil 1.5 1.5
Casein 9.2 9.2
Alphacel 9.8 9.8
Cornstarch 20.4 -
Fructose - 20.4
Water 6.4 6.4
AIN-76 mineral mix 1.6 1.6
AIN-76 vitamin mix 0.4 0.4
Choline 0.1 0.1
Methionine 0.1 0.1
Energy content and composition
Gross Energy Density (kJ/g) 17.2 17.2
ME content (k]/g)b 11.1 11.1
Proteins (% ME) 29.0 29.0
Lipids (% ME) 10.6 10.6
Carbohydrates (% ME) 60.4 60.4
Of which:
Fructose - 30.0
Starch 52.8 22.8
Sugars 7.6 7.6

2 4RF21, Mucedola, Italy. P Estimated by computation using the following values (kJ/g) for energy content:
proteins = 16.736, lipids = 37.656, carbohydrates = 16.736. ME = metabolizable energy.

Animals were then euthanized, brains were removed and placed on an ice-cooled glass
plate putting the face down the cortex. For dissecting the hypothalamus from each brain
incisions were made along these margins: laterally 2 mm of the third ventricle, dorsally
2 mm starting from the base, rostro caudally from the optic chiasm to the posterior side of
the mammillary bodies. Samples were then snap-frozen in liquid nitrogen and stored at
—80 °C for further analyses.

2.3. Protein Extraction

Proteins were extracted by homogenizing aliquots of the hypothalamus (about 40 mg) in
six volumes (w/v) of cold RIPA buffer [31]. The protein concentration of each homogenate was
evaluated spectrophotometrically, using a commercial colorimetric kit (Bio-Rad, Hercules, CA,
USA). Protein extracts were used for proteomic investigations, ELISA, and western blotting
analysis.

2.4. Proteomic Analysis

For quantitative proteomic analysis, the protein concentration of pooled samples was
quantified with the BCA Protein assay kit, as specified by the manufacturer. Peptide prepa-
ration was carried out as previously reported [32]. The resulting peptides from each protein
sample were tagged with the TMT Label Reagent Set according to the matching C-TMT6-
126, CR-TMT6-127, E-TMT6-128, FR-TMT6-129, at 25 °C, in agreement to manufacturer’s
instructions.
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The analysis of TMT-labelled peptide fractions was carried out in triplicate on a
nanoLC-ESI-Q-Orbitrap-MS/MS platform (Thermo Fisher Scientific, Waltham, MI, USA),
as previously published [32].

All MS and MS/MS raw data files per sample were merged for protein identification
and relative protein quantification into ProteomeDiscoverer 2.4 software (Thermo Scientific),
enabling the database search by Mascot algorithm v. 2.4.2 (Matrix Science, London, UK)
using the following criteria: UniProtKB protein database (Rattus norvegicus, 36206 protein
sequences 11/2021). The mass spectrometry-based proteomic data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD038834.

Functional enrichment analysis including GO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway was performed by using EnrichR (https://amp.pharm.mssm.
edu/Enrichr, accessed on 1 December 2022) and FunRich 3.1.3 (http:/ /www.funrich.org,
accessed on 25 November 2022). STRING (https:/ /string-db.org, accessed on 5 August
2022) was used to visualize and integrate complex networks of proteomic data.

2.5. Western Blotting

Hypothalamic proteins (30 ug) were fractionated by denaturing and reducing elec-
trophoresis [33] by 12.5% (to titrate glial fibrillary acidic protein (GFAP), synaptophysin,
brain-derived neurotrophic factor (BDNF), voltage-dependent anion-selective channel 1
(VDAC-1), PTEN-induced putative kinase 1 (PINK-1), adiponectin, respiratory mitochon-
drial complexes I-V (OXPHOS)) or 10% (nuclear factor kappa-light-chain-enhancer of
activated B cells, NFkB; post-synaptic density protein 95 (PSD-95), synaptotagmin I, peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha [PGC-1«], tropomyosin
receptor kinase B (TrkB), a-internexin) polyacrylamide gels. Protein blotting onto PVDF or
nitrocellulose membrane (GE Healthcare; Milan, Italy), washing, and blocking steps were
carried out according to previously published procedures [12,34].

The membranes were treated with primary antibodies (overnight, at 4 °C), and then
incubated (1 h, at 37 °C) with the appropriate peroxidase-conjugated secondary antibodies.
The specific dilution of each antibody is shown in Table 2. In particular, as the accurate
quantification of each mitochondrial complex requires the use of different dilutions of
secondary antibody for optimizing band intensities [35], it was used GAM-HRP IgG diluted
1:100,000 for the detection of complex I, 1:80,000 for complex II, 1:70,000 for complex IV,
and 1:200,000 for complexes V and II.

After detection of each antigen, the membranes were stripped [36] and incubated
(overnight, 4 °C) with mouse anti-3-actin IgG (1:1000 in 0.25% v/v non-fat milk) followed
by GAM-HRP IgG (1:30,000 in 0.25% v/v non-fat milk; 1 h, 37 °C), in order to reveal (3-actin,
which was used as a loading control. Signal detection was carried out using the Excellent
Chemiluminescent Kit Westar Antares (Cyanagen s.r.l., Bologna, Italy). Densitometric
analysis of chemidoc or digital images of X-ray films exposed to immunostained membranes
was performed with Un-Scan-It gel software (Silk Scientific, Orem, UT, USA).
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Table 2. Dilutions of primary and secondary antibodies used for Western blotting.
Primary Antibody Secondary Antibody
GFAP Cell Signalling Technology; 1:1000 2 GAR-HRP IgG; :100,000 f
Synaptophysin Merk-Millipore; 1:100,000 P GAR-HRP IgG; 1:35,000 2
Synaptotagmin I Cell Signalling Technology; 1:1000 ¢ GAR-HRP IgG; :200,000 ¢
PSD-95 Cell Signalling Technology; 1:1000 € GAR-HRP IgG; 1:60,000 €
BDNF Abcam, Cambridge, UK (EPR1292); 1:2000 d GAR-HRP IgG; 1:180,000 @
PGC-1x Merk-Millipore; 1:2000 GAR-HRP IgG; 1:40,000 P
TrkB Santa Cruz Biotechnology; 1:2000 ¢ GAR-HRP IgG; :100,000 ¢
VDAC1 Santa Cruz Biotechnology; 1:500 4 GAM-HRP IgG; :50,000 ®
a-internexin Santa Cruz Biotechnology; 1:500 d GAM-HRP IgG; :70,000 b
PINK1 Santa Cruz Biotechnology; 1:500 d GAM-HRP IgG; 1:40,000 b
OXPHOS Abcam, Cambridge, UK; 1:400 b GAM-HRP IgG; 1:70,000-1:200,000 2

pNFkB Santa Cruz Biotechnology; 1:200 d GAM-HRP IgG; 1:50,000 b
NFkB Santa Cruz Biotechnology; 1:500 b GAM-HRP IgG; 1:15,000 b
B-Actin Sigma-Aldrich; 1:1000 ¢ GAM-HRP IgG; 1:30,000 €

GAR-HRP: Goat anti-rabbit Horseradish peroxidase-conjugated IgG (Immunoreagents, Raleigh, NC, USA). GAM-
HRP: Goat anti-mouse Horseradish peroxidase-conjugated IgG (Immunoreagents, Raleigh, NC, USA). T-TBS:
130 mM NaCl, 20 mM Tris-HCl, 0.05% Tween, pH 7.4; @ T-TBS containing 1% v/v non-fat milk; b T_TBS containing
3% w/v BSA; ¢ T-TBS containing 3% v/v non-fat milk; d T-TBS containing 2% w/v BSA; ¢ T-TBS containing
0.25% v /v non-fat milk.

2.6. Analysis of Tumor Necrosis Factor Alpha (TNF-alpha) and Interleukin 6 (IL-6)

TNF-alpha and IL-6 concentrations were evaluated by sandwich ELISA with the
DuoSet ELISA kit (R&D, DBA Italia, Segrate, MI, Italy), following the manufacturer’s
instructions. Hypothalamic homogenates were diluted 1:25 in the assay [37], and data are
expressed as pg per mg of total proteins.

2.7. Evaluation of Nitro-Tyrosine and Haptoglobin (Hpt)

Nitro-tyrosine (N-Tyr) concentration was measured by ELISA in hypothalamic samples
diluted 1:1500, 1:3000, and 1:6000 with coating buffer (7 mM Nap,CO3, 17 mM NaHCO3,
1.5 mM NaN3, pH 9.6), essentially according to a previously published procedure [13].
Results are expressed as OD per mg of total proteins.

Haptoglobin (Hpt) was titrated by ELISA, in samples diluted 1: 2000, 1:8000, 1:25,000
with coating buffer, according to [38].

2.8. Statistical Analysis

Data are reported as mean values + SEM. Normal distribution of data was verified
with the GraphPad Prism 9.3.1 program (GraphPad Software, San Diego, CA, USA); the
same software was used to perform one-way ANOVA followed by Bonferroni post-test.
p < 0.05 was assumed as significant in the reported analyses.

3. Results
3.1. Identification of Fructose-Induced Hypothalamic Changes by Proteomic Analysis

Quantitative protein evaluation performed in the four experimental groups according
to a Tandem Mass Tag (TMT)-based proteomic approach [39], followed by bioinformatic
analysis, allowed the identification and quantification of 2521 unique protein entries in rat
hypothalamus. Based on precise and accurate quantitation characteristics of the TMT-based
proteomic approach, as determined in previous comparative studies on label-free and label-
based procedures [40,41], only proteins with a concomitant fold change value > 1.2 and an
abundance ratio p-value < 0.05 were considered as differentially represented. Accordingly,
three proteins resulted to be over-represented, and sixteen were under-represented in the
F group, with respect to the C group (Figure 2A, Supplementary Materials Figures S1
and S2); on the other hand, four proteins were over-represented in the FR group with
respect to CR (Figure 2A; Supplementary Materials Figure 52). Slight protein quantitative
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changes observed in F compared to the FR group, and in C compared to the CR group, were
associated with youth to adolescence physiological changes, and thus were not considered
in this study. Detailed quantitative proteomic data are reported in Supplementary Materials
Table S1.

Figure 2. Proteomic analysis of rat hypothalamus. (A) Proteins showing quantitative changes in
the comparison of fructose-fed adolescent (F, orange) versus control adolescent (C, light blue) rats,
and young-adult fructose-rescued (FR, green) versus young-adult control rescued (CR, red) rats.
Differentially represented proteins are indicated using corresponding gene names. (B) STRING
analysis of differentially represented proteins present in F versus C fed rats. Functional protein asso-
ciations were based on data recorded for R. norvegicus. Only medium-confidence interactions (0.4)
are shown. Sorcs2, sortilin-related VPS10 domain containing receptor 2; Ndufs1, NADH-ubiquinone
oxidoreductase 75 kDa subunit, mitochondrial; Atp5Smpl (Atp5mj), mitochondrial membrane ATP
synthase F (1) F (0); Camk2b, calcium/calmodulin-dependent protein kinase type II, subunit beta;
5100b, protein S100-B; Ndufb10, NADH:ubiquinone oxidoreductase subunit B10; Vdac2, voltage-
dependent anion-selective channel protein 2; Vdacl, voltage-dependent anion-selective channel
protein 1; Ndufb9, NADH dehydrogenase (ubiquinone) 1 beta subcomplex 9; Slc6a?, solute car-
rier family 6 (neurotransmitter transporter, l-proline) member 7; Avp, vasopressin-neurophysin
2-copeptin; Nefl, neurofilament, light polypeptide; Erlin2, ER lipid raft associated 2; Cox6bl, cy-
tochrome c oxidase, subunit VIb polypeptide 1; Vdac3, voltage-dependent anion-selective channel
protein 3; LOC685069, H2A histone family, member V; Ina, internexin neuronal intermediate filament
protein, alpha; Nefm, neurofilament, medium polypeptide; Pcbd2, 4a-hydroxytetrahydrobiopterin
dehydratase. (C) Functional enrichment analysis of differentially represented proteins in F versus
C fed rats. GO terms for biological process (upper panel), molecular function (middle panel) and
cellular component (lower panel) are reported.
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Differentially represented proteins in groups F and C were analyzed with the STRING
tool, using as a template the UniProtKB database of R. norvegicus; this allowed for predicting
a functional protein association map, which was characterized by two ramified networks
including 19 nodes and linking together 11 components, plus eight non-associated species
(Figure 2B). On the other hand, functional analysis of differentially represented components
according to KEGG metabolic pathway classification highlighted selective enrichment of
proteins mainly involved in cholesterol metabolism, ferroptosis, oxidative phosphorylation,
Parkinson’s disease, and necroptosis. Several deregulated proteins belong to the GO
Cellular Component Mitochondrial membrane, Mitochondrial respiratory chain complex I,
and Mitochondrial outer membrane (Figure 2C).

3.2. Reduced Amount of Mitochondrial Respiratory Complexes, PGC-1a and VDAC-1 and Higher
Level of PINK-1 in Hypothalamus of Fructose-Fed Adolescent Rats

Proteomic investigation revealed that fructose feeding determined a down-representation
of specific proteins belonging to mitochondprial respiratory complexes I (Ndufsl, Ndufb9,
and Ndufb10), IV (Cox6b1), and V (Atp5mj) (Figure 2A). With the aim to validate these diet-
induced alterations, we further assessed by western blotting the abundance of complexes I-V.
In line with proteomic data, the amount of all respiratory complexes was lower in fructose-fed
than in control rats (p < 0.01; Figure 3), strongly suggesting that a short-term fructose diet
generates early quantitative alterations of the oxidative phosphorylation system.

Figure 3. Mitochondrial respiratory complexes amount in rat hypothalamus. The amount of mito-
chondrial complex I, II, III, IV, and V was measured in protein extracts from the hypothalamus of
control adolescent (C), fructose-fed adolescent (F), young-adult control rescued (CR), young-adult
fructose-rescued (FR) rats. Samples were analyzed by 12.5% SDS-PAGE and western blotting. After
the detection of immunocomplexes (by mouse anti-OXPHOS and GAM-HRP IgGs) the membrane
was stripped and treated with anti-p-actin IgG as the loading control. (A) Representative western
blotting of respiratory complexes. Panels B-E show results from densitometric analysis. (B) Complex
I amount relative 3-actin; (C) Complex II amount relative to (3-actin; (D) Complex III amount relative
to B-actin; (E) Complex IV amount relative to 3-actin; (F) Complex IV amount relative to 3-actin;
(F): Complex V amount relative to 3-actin. Data shown are reported as means + SEM of eight animals
from each group * p < 0.05, ** p < 0.01, *** p < 0.001 versus C (one-way Anova followed by Bonferroni
post-test).

Based on these evidences, we measured the protein levels of PGC-1«, which is a
critical coregulator of transcription factors participating in the regulation of mitochondrial
biogenesis and respiration [42—44], cellular metabolism [45], and detoxification of reactive
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oxygen species (ROS) produced by mitochondrial respiration [46,47], thus exerting a global
positive impact on oxidative metabolism. The amount of PGC-1x was lower in F than
the control group (p < 0.001; Figure 4A), in line with results on corresponding respiratory
complexes. Since the decreased abundance of respiratory complexes and PGC-1o suggested
a whole damage of the mitochondrial compartment, we further investigated whether
fructose feeding affects the levels of PINK-1, which is a protein involved in the modulation
of mitophagy [48]. A significant increase of this protein was evidenced in the F group
(p < 0.01; Figure 4B), strongly supporting the hypothesis that the fructose diet was also
associated with mitophagy activation and decreased mitochondrial biogenesis.

Figure 4. PGC-1«, PINK-1 and VDAC-1 levels in rat hypothalamus. PGC-1« (A), PINK-1 (B), and
VDAC-1 (C) were quantified in protein extracts from the hypothalamus of control adolescent (C),
fructose-fed adolescent (F), young-adult control rescued (CR), young-adult fructose-rescued (FR)
rats. Samples were analyzed by 10% (PGC-1«) or 12.5% (PINK-1, VDAC-1) SDS-PAGE and western
blotting. After detection of immunocomplexes [by rabbit anti-PGC-1& and GAR-HRP IgGs (A),
or mouse anti-PINK-1 and GAM-HRP IgGs (B), or mouse anti-VDAC-1 and GAM-HRP IgGs (C)],
the membranes were stripped and treated with anti-B-actin as loading control. Data shown are
means £ SEM of eight animals from each group * p < 0.05, ** p < 0.01, *** p < 0.001 versus C (one-way
Anova followed by Bonferroni post-test).

Proteomic results also revealed a significant decrease in the abundance of three voltage-
dependent anion channel (VDAC) proteins (Figure 2A), namely VDAC-1, 2 and 3, which are
placed in the outer mitochondrial membrane, and whose alteration is known to contribute
to pathological states [49]. As shown in Figure 4C, VDAC-1 levels were reduced in fructose-
fed rats (p < 0.05), confirming proteomic data, and also suggesting the occurrence of an
impairment in the communication between the mitochondrial matrix and the cytosol, and
a possible alteration of the mitochondrial functions.

The switch to the control diet determined the rescue of all the above-described protein
changes, as demonstrated by the finding of no difference in the levels of these components
was observed between CR and FR rats (Figures 2B, 3 and 4).
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3.3. Increased Levels of Inflammatory and Oxidative Stress Markers in Hypothalamus of
Fructose-Fed Adolescent Rats

Proteomic results also revealed a significant fructose-associated increase of S-100B
protein (Figure 2A), which is known to participate in the induction of the inflammatory
cascade, astrocyte activation, and oxidative stress [50-52]. Therefore, we evaluated NF-kB
activation and the levels of TNF-alpha, IL-6, and GFAP, to verify whether the increase of
5-100B in fructose-fed rats is associated with a rise in hypothalamic inflammation. The
degree of NFkB phosphorylation was measured as the ratio between phosphorylated and
total NFkB (p-NFkB/NFkB), and then used as a marker of the activation of the NFkB
pro-inflammatory signaling pathway. As shown in Figure 5A, the p-NFkB/NFkB ratio was
found higher in fructose-fed than in control rats (p < 0.0001). Further, both TNF-alpha and
IL-6 concentrations were higher in F than in the C group (p < 0.01; Figure 5B,C). Similarly,
higher amounts of GFAP (p < 0.001; Figure 5D) and Hpt (p < 0.0001; Figure 5E), an inflam-
matory marker sensitive to nutritional status [37,38], were detected in the hypothalamus
of F rats. Altogether, these results strongly suggested that the increase of 5-100B levels
observed as a result of short-term high-fructose feeding might be responsible for NF-kB
activation in the hypothalamus, which in turn promotes inflammatory cytokine production
and astrocyte activation, leading to a general condition of inflammation therein.

Figure 5. Evaluation of inflammatory and oxidative status in rat hypothalamus. (A) p-NFkB/NFkB ra-
tio (representative western blotting and densitometric analysis). Samples were analyzed by 10% SDS-
PAGE and western blotting. After rivelation of the immunocomplexes (by mouse anti-phosphoNFkB
and GAM-HRP IgGs), the membrane was stripped and treated with mouse anti-NFkB and GAM-HRP
IgGs. The amount of phosphorylated NFkB was expressed relative to the total NFkB level. Data
shown are means £ SEM of eight animals from each group. (B) TNF-alpha and (C) IL-6 amount was
titrated by sandwich ELISA on samples diluted 1:25 and following the manufacturer’s instructions.
Data are expressed as pg per mg of total proteins and reported as means &= SEM of eight different rats
from each experimental group. (D) GFAP amount (representative western blotting and densitometric
analysis). Samples were analyzed by 12.5% SDS-PAGE and western blotting. After the rivelation
of immunocomplexes (by rabbit anti-GFAP and GAR-HRP IgGs), the membrane was stripped and
re-incubated with anti-B-actin. Data shown are means &+ SEM of eight animals from each group.
(E) Hpt level was titrated by ELISA in samples diluted 1: 2000, 1:8000 and 1:25,000. Immunode-
tection was carried out with rabbit anti-Hpt and GAR-HRP IgGs. Data are means + SEM of eight
animals from each group. (F) Adiponectin amount (representative western blotting and densitometric
analysis). Samples were analyzed by 12.5% SDS-PAGE and western blotting. After rivelation of the
immunocomplexes (by rabbit anti-adiponectin and GAR-HRP IgGs), the membrane was stripped and
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re-incubated with anti-f-actin. Data shown are means &+ SEM of eight animals from each group.
(G) N-Tyr amount was titrated by ELISA on samples diluted 1:1500, 1:3000 and 1:6000. Immunode-
tection was carried out with rabbit anti-N-Tyr and GAR-HRP IgGs. Data are expressed as OD per
mg of total proteins and reported as means = SEM of eight different rats from each experimental
group. Control (C), fructose-fed (F), control rescued (CR), and fructose-rescued (FR) rats. * p < 0.05,
**p <0.01, ** p <0.001; *** p < 0.0001 versus C (one-way Anova followed by Bonferroni post-test).

Finally, the concentration of adiponectin, which is an adipokine exerting antioxidant,
anti-inflammatory, and neuroprotective effect [53,54], was lower in sugar-fed than in control
rats (p < 0.01; Figure 5F). Similarly, plasma levels of adiponectin were found to decrease in
F rats with respect to C ones (p < 0.01; Supplementary Materials Figure S3), with persistent
lower levels in FR compared to the CR group (p < 0.05; Supplementary Materials Figure S3).
In line with the observed reduction in F rats of adiponectin, fructose feeding was also
associated with the increased concentration of N-Tyr (p < 0.05; Figure 5G), which is a
marker of protein oxidation induced by peroxynitrite [55].

The switch to the control diet determined the rescue of all the above-reported protein
changes, as demonstrated by the finding of no difference in the levels of these components
between CR and FR rats (Figures 2B and 5).

3.4. Decreased Amount of Neuronal Intermediate Filaments, BDNF, and Synaptic Markers in
Hypothalamus of Fructose-Fed Adolescent Rats

Proteomic analysis (Figure 2A) also showed a significant reduction of the abundance
of neurofilament light protein, neurofilament medium protein, and alpha-internexin, which
are subunits of neuronal intermedjiate filaments, namely neurofilaments, in fructose-fed rats
compared to control rats. The amount of x-internexin was also measured by western blot-
ting and this approach confirmed a significant decrease in protein levels in fructose-fed rats
(p < 0.01; Figure 6A), with respect to control, validating proteomic data. As neurofilament
proteins and «-internexin are the major components of neurons’ cytoskeleton and their lack
has already been related to neuronal loss [56], we may hypothesize that short-term fructose
feeding might cause damage to nerve cells.

BDNF signaling participates in the modulation of different neurophysiological pro-
cesses [57], such as synaptic function, dendritic spine maturation, and stabilization. Accord-
ingly, we investigated whether the amounts of this neurotrophin in hypothalamic tissues
are affected by fructose feeding. We observed that BDNF levels were halved in sugar-fed
rats (p < 0.01; Figure 6B). Further, the amount of the full-length TrkB isoform, which is
the high-affinity receptor of BDNF, was significantly lower in the F than in the C group
(p < 0.05; Figure 6C), suggesting that short-term sugar feeding negatively impacts both
BDNF production and signaling. These results are also in good agreement with proteomic
data reporting a lower abundance of Sorcs2 protein in the F group compared with C one
(Figure 2A). As Sorcs? traffics TrkB to the postsynaptic membrane and interacts with TrkB,
forming a complex that is essential for BDNF signalling [58], we may hypothesize that
the observed fructose-associated decrease of SorCS2 should contribute to the alteration of
neurotrophin functions.

Then, we evaluated the amount of presynaptic proteins synaptophysin and synapto-
tagmin, as well as postsynaptic protein PSD-95. High-fructose diet was associated with a
significant reduction of both synaptophysin and synaptotagmin (p < 0.01 r; Figure 6D,E), as
well as of PSD-95 (p < 0.01; Figure 5F).

The switch to the control diet fully rescued all above-reported protein alterations, as
demonstrated by the finding of no difference in the levels of these components was detected
between CR and FR rats (Figures 2B and 6).
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Figure 6. Evaluation of a-internexin, BDNF, TrkB, and synaptic proteins in rat hypothalamus.
(A) a-internexin, (B) BDNE, (C) full-length TrkB isoform, (D) synaptophysin, (E) synaptotagmin,
and (F) PSD-95 were measured in protein extracts from the hypothalamus of control adolescent (C),
fructose-fed adolescent (F), young-adult control rescued (CR), young-adult fructose-rescued (FR)
rats. Samples were analyzed by 10% (x-internexin, TrkB, synaptotagmin, PSD-95) or 12.5% (BDNF,
synaptophysin) SDS-PAGE and western blotting. Immunocomplexes were detected by rabbit mouse
anti-o-internexin and GAM-HRP IgGs (A), or rabbit anti-BDNF (B), rabbit anti-TrkB (C), rabbit
anti-synaptophysin (D), rabbit anti-synaptotagmin (E), rabbit anti-PSD-95 (F) and GAR-HRP IgGs.
After detection, the membranes were stripped and treated with anti- 3-actin. Means 4 SEM of eight
animals from each experimental group are shown. * p < 0.05, ** p < 0.01 versus C (one-way Anova
followed by Bonferroni post-test).

4. Discussion

High-fructose intake has been reported to have numerous unhealthy consequences
within the spectrum of metabolic syndromes, impacting genes related to several metabolic
pathologies, and correlating with increasing incidence of neurologic diseases [5,59-61].
Several studies on rodent models have shown that fructose and glucose modulate in a
different manner the cerebral pathways regulating appetite and feeding behavior [62].
As a matter of fact, central administration of fructose stimulates feeding, while glucose
induces satiety in rodents [63,64]; it was also proposed that fructose-containing diets, as
provoking smaller raises of insulin and leptin secretion compared to glucose [65,66], exert
a lower inhibition on orexigenic neurons [67]. Long-term fructose feeding was shown to
be associated with a high preference and motivation for the sugar-based diet [68], to elicit
leptin resistance in rats, due to a defective transport of the protein through the blood-brain
barrier [69,70], and also to determine upregulated expression of neuropeptide Y (NPY) [70].
On the other hand, a short-term fructose diet stimulates the production of ghrelin, and
concomitantly down-regulates the satiety signal peptide YY3-36 and the orexigenic NPY,
determining a cooperative effect in the modulation of appetite and food intake [71].

Since the hypothalamus is the master center for control of brain and body home-
ostasis, it was recently proposed that the effects of fructose on hypothalamic metabolism
might play a key role in triggering metabolic disorders, which in turn may determine
neurological effects, ultimately affecting brain functions and behavior [5,72]. However,
current knowledge mostly refers to prolonged dietary treatments, whereas no information
is available about the effects of short-term fructose feeding. Our challenge was to identify
molecular mechanisms early influenced by sugar feeding in the hypothalamus through the
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investigation of corresponding protein changes associated with a short-term fructose-rich
diet, focusing on a critical phase of growth, namely adolescence.

The proteomic analysis allowed us to portray early quantitative molecular changes
associated with fructose consumption, evidencing 19 proteins differentially represented
between control and treated rats. A strong alteration was observed in the amount of
specific mitochondrial proteins, such as the components of respiratory complexes I (Ndufsl,
Ndufb9, and Ndufb10), IV (Cox6b1), and V (ATP5M]), whose levels were reduced by about
30%. These proteins are part of complexes placed in the inner mitochondrial membrane
and are responsible for oxidative phosphorylation as well as of ATP production [73]. The
western blotting analysis demonstrated a significant reduction in the level of protein
components of complex V (ATP5A), IV (MTCO1), and I (NDUFBS), validating proteomic
results, and also showed a significant decrease of specific elements of complexes II and III.
Considering that complex I protein NDUFB8 and complex IV protein MTCO1 are widely
used as biomarkers of mitochondrial content [74,75], the finding of a quantitative reduction
of components of all mitochondrial respiratory complexes was suggestive of a deleterious
effect of a short-term high-fructose diet on mitochondrial biogenesis. Our hypothesis of a
fructose-associated alteration of mitochondrial abundance was supported by the finding of
the decreased abundance of the biogenesis-related protein PGC-1«, and higher amounts of
the mitophagy marker PINK-1 [48,76] in the hypothalamus of treated rats. In this context,
although proteomic investigation did not reveal changes in the abundance of proteins
belonging to the mitochondrial fission and fusion machinery (data not shown), future
studies on mitochondrial proteome and respiration might contribute to better clarifying
fructose effect on mitochondria dynamics and quality control mechanisms, which are
essential for maintaining their proper environment and functioning.

The proteomic analysis also evidenced a strong decrease in the abundance of VDAC-1,
VDAC-2, and VDAC-3 in short-term high-fructose-fed rats, which was confirmed in the
case of VDAC-1 by immunoblotting. VDAC proteins are mitochondrial porins localized on
the outer membrane, involved in the exchange of molecules between the mitochondrial ma-
trix and cytoplasm, as well as in the docking of cytosolic and mitochondrial proteins [49].
In particular, VDAC-1 is considered a gatekeeper for mitochondrial functions, and its
alteration was reported to contribute to the pathogenesis of several diseases [49]. Since
VDAC-1 acts as a hub protein modulating the integration between mitochondrial and other
cellular activities [77], our results on the lower abundance of VDAC-1 in fructose-fed rats
led us to hypothesize that a sugar-rich diet negatively impacts the whole mitochondrial
compartment and, likely, on hypothalamic cells functions. The observed compromising
of the mitochondrial compartment following the fructose feeding represents a deleteri-
ous culprit for hypothalamic functions but also an alarm of the possible predisposition
to the development of degenerative phenomena in the long-term, as mitochondrial dys-
function and impaired organelle dynamics are linked to neurodegenerative and metabolic
diseases [78-80]. We previously reported a fructose-induced impairment of complex II
activity in the hippocampus of adolescent rats [13]. Therefore, an interesting goal of future
research will be investigating whether short-term fructose feeding alters hypothalamic mi-
tochonderial respiratory functions by evaluating possible dysfunction in electron transport,
ADP phosphorylation, and leak respiration across the inner mitochondrial membrane.

Interestingly, proteomic experiments also highlighted increased levels of S-100B pro-
tein in high-fructose-fed rats, thus hinting at an inflammatory status in these animals. In-
deed, the S-100B protein, when overproduced by activated glia, acts as a pro-inflammatory
cytokine, and contributes to neuroinflammation heightening and neuronal dysfunction [50].
Hence, this protein promotes the migration and activation of microglia [81], also inducing
TNF-alpha expression therein [52,82] and induces an autocrine loop in astrocytes, which
results in the stimulation of IL-6 and TNF-alpha secretion [51]. In agreement with the
detected increase of S-100B protein in the hypothalamus of high-fructose-fed rats, we
observed an enhanced NF-kB activation, higher levels of the astrocytic marker GFAP, and
the rise of two inflammatory cytokines, TNF-oc and IL-6, as well as of Hpt. These results
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led us to hypothesize that the fructose-associated gain of 5-100B is a trigger event driving
hypothalamic inflammation. It is worth mentioning that hypothalamic inflammation is con-
sidered a potential trigger for the deregulation of mechanisms involved in food control and
energy metabolism [28,83,84]. As a matter of fact, a long-term fructose diet was reported
to induce increased IL-6 and TNF-alpha expression in mice hypothalamus, together with
down-regulation of the expression of both the anorexigenic proopio-melanocortin (POMC)
and the orexigenic NPY [85]. As above mentioned, several animal studies demonstrated
the orexigenic effect of fructose [28]. Indeed, long-term fructose feeding in rats was asso-
ciated with increased expression of the NPY gene [26,70,86], reduced POMC expression
and impairment in the melanocortin system [26], and augmented gene expression of the
agouti-related peptide [70,86]. However, it was pointed out that results regarding fructose
effects on food intake and energy metabolism modulation are often contrasting and essen-
tially depend on the animal model, intake doses, mode, and duration of administration [62].
In our experimental model, dietary treatment was not associated with changes in body
weight and daily energy intake [87]. Accordingly, the proteomic investigation did not
reveal POMC abundance changes (data not shown), maybe because of the young age of
rats or the short duration of diet administration. Nevertheless, we cannot exclude that
hypothalamic inflammation might be linked to alterations in the expression of orexigenic
and/or anorexigenic genes; future analyses will be critical to clarify this issue.

The hypothesis of a diet-associated hypothalamic impairment was also supported
by the finding, in fructose-fed rats, of decreased levels of adiponectin, a protein playing
physiological functions in the brain, regulating synaptic plasticity [88], preventing oxidative
stress and suppressing inflammatory cascade [89-91]. Hence, the decrease of adiponectin
in high-fructose-fed rats might represent a further molecular contribution to hypothalamic
inflammation, also depriving this region of protection against the pro-oxidant effect of
inflammatory cytokines. Although recent studies demonstrated adiponectin expression
in the hypothalamus of mice, beavers, or female pigs [92-95], we cannot exclude that
adipocytes are the source of the protein we measured in the hypothalamus. Indeed, periph-
eral adiponectin can cross the blood-brain barrier reaching the brain [96-98]. Accordingly,
we measured lower adiponectin levels in the plasma of sugar-fed rats. Further, as PGC-1«
is also known to participate in the detoxification of ROS [46,47], the observed decrease of
both this protein and adiponectin in fructose-fed rats was also suggestive of a condition
of oxidative stress in the hypothalamus of these animals. Indeed, lower levels of N-Tyr
corroborated the alteration of the redox balance in high-fructose-fed rats.

Proteomic results also revealed a decrease in the amount of three protein components
(neurofilament light, NF-L; neurofilament medium, NF-M; alpha-internexin) of neuro-
filaments (NFs) in fructose-fed rats. In the case of alpha-internexin, these results were
confirmed by western blotting. NFs play a key structural role in neurons [99,100], are
essential for synaptic functions [101,102], and form cellular scaffolds involved in the dock-
ing and organization of synaptic vesicles, endosomes, and endoplasmic reticulum [103].
Because of the multiple key functions of NFs in neurons, the observed alteration of the
cytoskeleton scaffold led us to suppose that the damaging effect of a high-fructose diet
might also lead to a disruption of the neuronal network, with possible deleterious impact
on corresponding functions. In addition to the above-mentioned results on NF-L, our
proteomic analysis notably demonstrated a slight (about 18%) but significant decrease in
fructose-fed rats of CaMKII2b, which is a neuronal isoform of CAMKII crucial for both
growth and arborization of dendrites during the developmental phase [104]. This protein
also promotes synapse and spine formation and elongation [105], controls dendritic mor-
phology, neurite extension, and synapse number, and is essential for long-term plasticity,
learning, and memory consolidation [106]. This finding further supports the hypothesis of
a fructose-induced neuronal dysfunction, which could also affect synaptic functions.

In fructose-fed rats, we also observed a decreased amount of both BDNF and its
high-affinity receptor TrkB, in line with data previously obtained in the prefrontal cortex of
adult [14] and young [107] rats fed the same sugar-rich diet. In this context, proteomics also
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detected a concomitant decrease of SorCS2, which is a protein localized within synaptic
vesicles and at the post-synaptic density of dendrites [58,108]. SorCS2 traffics TrkB to the
postsynaptic membrane, and it was reported to interact with TrkB, forming a complex that
is fundamental for several BDNF-dependent processes such as hippocampal long-term
potentiation and changes in dendritic complexity and spine density [58]. As BDNF-TrkB
signaling is crucial in supporting neuronal survival, differentiation, and growth, as well as
synaptic transmission [57], the decrease of both neurotrophin and receptor corroborates the
idea of a fructose-induced disruption of synaptic plasticity. In line with this hypothesis,
we observed lower levels of synaptophysin, synaptotagmin, and post-synaptic density
protein 95 (PSD-95) in the hypothalamus of F rats, compared to control ones. Since the
TrkB receptor is associated with PSD-95, and BDNF/TrkB signaling increases both the
recruitment of PSD-95 to synapses [109] and its localization at dendritic spines [110], the
observed decrease of both BDNF and TrkB in F rats may be responsible for the decrement
of PSD-95, confirming a fructose-associated impairment of BDNF-depending molecular
mechanisms. The decreased amount of these synaptic markers in fructose-fed rats, together
with the concomitant reduction of levels of BDNF, neurofilament proteins, and PGC-
1x, which is known to participate in the regulation of brain plasticity by modulating
spinogenesis and synaptogenesis [111], prompted us to suggest that short-term sugar
feeding might negatively impact on synapse number, and may cause synaptic dysfunctions
and impaired brain network activities.

5. Conclusions

To the best of our knowledge, this is the first study examining both the effect of a short-
term fructose-rich diet on the hypothalamus, throughout adolescent development, and the
possible persistence of sugar-induced changes until young adulthood, after returning to a
balanced diet. Overall, the results here reported indicating that a diet rich in fructose, even if
accomplished for short period, highly affects mitochondrial and cytoskeletal compartments,
as well as the level of specific markers of brain function and plasticity. Interestingly, unlike
what we observed in the frontal cortex of fructose-fed rats [107], the fructose-driven changes
detected in the hypothalamus were fully rescued after switching to the control diet. Further
studies comparing the effect of fructose and other sugars will be important to evaluate the
possible use of alternative sugars for processed food.
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SUPPLEMENTARY MATERIAL

Table S1. Identification details of differentially represented proteins

Reported are the information on protein false discovery rate (FDR) confidence, protein accession, description, gene name, exp. g-vaue, sum

posterior error probability (PEP) score, sequence coverage (%), number of identified peptides, peptide spectrum matches (PSMs), number of

identified unique peptides, number of amino acids, molecular mass, pl, Mascot identification score values, Razor Peptides, Abundance Ratio,
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Figure S1. Proteomic analysis of hypothalamic tissues
Volcano plot representing differentially expressed proteins in hypothalamic tissues isolated from
fructose-fed adolescents versus control adolescent rats. Over- and down-represented proteins

(Log2FC > 0.26, p < 0.05) are reported in red and green area, respectively.
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Figure S2. Heat-map hierarchical cluster analysis

Heat-map hierarchical cluster analysis of proteins differentialy represented in hypothalamic tissues
of fructose-fed adolescent (F, orange) and control adolescent (C, light blue) rats, young-adult
fructose-rescued (FR, green) and young-adult control rescued (CR, red) rats. Dendrograms on the
left report the protein grouping and distance between protein classes, while dendrograms on the top
report the sample grouping. Normalized area ranges and Eculidean distance were used; scaled

expression values of each range are plotted in green to red through black color scale.
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Figure S3. Adiponectin level in plasma

Adiponectin concentration was measured in plasma samples of control adolescent (C), fructose-fed
adolescent (F), young-adult control rescued (CR), and young-adult fructose-rescued (FR) rats.

All the plasma samples were adjusted to protein concentration of 10 pg/pL and 5 pL of each sample
were analyzed by 12.5 % SDS PAGE and western blotting. Immunocomplexes were detected by
rabbit anti-adiponectin and GAR-HRP IgGs. Densitometric data are reported as means + SEM of 6
different rats from each experimental group. ** p <0.01vsC; # p < 0.05 vs CR (one-way Anova
followed by Bonferroni post-test).
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Concluding remarks
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Concluding remarks

Fructose consumption, which drastically increased during the nineteenth and twentieth
centuries due to the widespread use of HFCS, has long been known to induce overweigh,
obesity and inflammation, as well as dyslipidemia, insulin resistance and related metabolic
diseases. Emerging data also indicates that high fructose diets have a profound impact on brain
function (Spagnuolo et al.,2020). The research group where | did my PhD already showed that
fructose-rich diet can affect brain metabolism in both young and adult animal models (Cigliano
et a.,2018; Spagnuolo et a.,2020). A magjor am of the PhD research plan wasto further clarify
the effect of a short-term fructose-rich diet on the brain, throughout adolescent development,
and the possible persistence of sugar-induced changes until young adulthood, after returning to
a balanced diet. In particularl, attention was focused on both hippocampus and the frontal
cortex, brain regions involved in learning and memory, particularly vulnerable to dietary and
metabolic insults (Hsu et a.,2014; Hannapel et al.,2017). A further objective of this PhD work
was to clarify the effect of the fructose-rich diet also on hypothalamus, a brain area playing a
key role in maintaining whole-body homeostasis (EImquist et al.,2005; Marty et a.,2007).

Overdl, the results here reported indicate that a diet rich in fructose, even if accomplished for
short period, induces neuroinflammation and oxidative stress, and highly affects the level of
specific markers of brain function and plasticity, determining alterations that may anticipate or
predispose to dysfunctions in the long-term period. Unlike what we observed in the frontal
cortex of fructose-fed rats (Spagnuolo et al.,2022), the fructose-driven changes detected in
hypothalamus and hippocampus were almost fully rescued after switching to the control diet.
Conversely, some of the alterations in the frontal cortex (BDNF, CML, CEL,
acetylcholinesterase activity, dysregulation of neurotransmitter levels) persisted after switching
to the control diet. These resulsindicate that fructose can have a different impact depending on
the brain region. The greater sensitivity of the frontal cortex could be linked to the fact that,
unlike the other two areas examined, it continues its maturation until adulthood (Giedd et
al.,1999; Casey et d.,2008; Mills et a.,2014) and this could make it more susceptible to
permanent damage caused by incorrect nutrition during adolescence. Further studies are
obviously needed to clarify the mechanisms underlying the different response to the sugar.

The reasons for the persistence of the dterations found in the frontal cortex can be
multifactorial. With reference to BDNF reduction, a fascinating hypothesis, supported by a
recently published paper, cals into question possible epigenetic modifications (Kageyama et
al.,2022). In fact, it was shown that HFCS consumption reduced brain Bdnf mRNA and protein
expressions in childhood and adol escence and pyrosequencing assays revealed increased DNA
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methylation at the Bdnf promoter in childhood and adolescence, thus suggesting that the
decrease of BDNF may be due to hypermethylation of the promoter regions. It should be noted
that this phenomenon was observed only in childhood and adolescence but not in adults, thus
suggesting the sensitivity of the brain to fructose may vary with age (Kageyama et a.,2022).
Also, it has been shown that excess maternal fructose consumption may also modify BDNF
DNA methylation, thereby suppressing transcriptional activity in offspring. This, in turn, may
lead to impaired cognitive performance and reduced adult hippocampal neurogenesis
(Yamazaki et al.,2018).

A further factor that may play arole in the fructose-driven effects on brain is the microbiota
reshaping induced by the sugar. Different line of evidence indicates that gut microbiota plays
an important role in gut-brain axis and behavior by producing metabolites, hormones and
immune factors that can influence the brain (Trzeciak et a.,2021). Fructose affects microbiota
composition and abundance that has been reported to be associated with metabolic
dysregulation and inflammation in hypothalamus, liver and adipose tissues (Ahn et al.,2020).
Although not reported in this PhD thesis, metagenomic analysis of gut microbiota and short
chain fatty acids levels (faeces and plasma) were investigated and reshaping of gut microbiota
and altered content of short chain fatty acids was elicited by the fructose diet (Mazzoli et a.,
2022). These changes were abolished by switching back to control diet, but it cannot be
excluded that fructose-induced changesin gut microbiotaare involved in the onset of metabolic
syndrome but this metabolic imbalance, once started, likely triggers in turn other aterations
directly (i.e.bacterial-derived metabolites) or not directly linked to gut microbiota that persist
beyond the changes in dietary treatment, as it was showed in the frontal cortex in this PhD
research work.

The research area related to the impact of fructose on brain function is certainly less explored
than those devoted to the effects of this sugar on other organs. Hence, a challenge for the near
future could be to fully elucidate the direct effects of different concentrations of fructose on
brain cells, as well as the real amount of this sugar reaching the brain compartment following
different fructose intake. Furthermore, as emerging data indicate that fructose affects
microbiota composition and abundance that are associated with metabolic dysregulation and
select for pro-inflammatory phenotypes in brain (Ahn et a.,2020), liver (Mazzoli et al.,2021)
and adipose tissues (Ahn et al.,2020), a further goal isto determine whether the administration
of probiotics can limit or prevent the aterations induced by the fructose-rich diet.

Theresearch data collected so far point out that targeted dietary interventions, aswell as specific

policies, are necessary to reduce the consumption of refined sugars worldwide, not only to
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prevent overweight and metabolic syndrome but, importantly, to promote brain health in
adolescent and during growth. The here shown results delineate a picture reflecting a very
harmful situation, considering the increasing consumption of fructose especially in the young
populations, that are posed at risk of experiencing stable metabolic modifications that can

certainly impact on their brain status later in the adulthood.
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Abbreviations

ACh acetylcholine

AChE acetylcholinesterase

AMP adenosine monophosphate

Atp5mpl  mitochondrial membrane ATP synthase F(1)F(0)

Avp vasopressi n-neurophysin 2-copeptin
BDNF brain-derived neurotrophic factor

pro-BDNF BDNF precursor
BSA bovine serum abumin fraction V
C control

Camk2b  calcium/camodulin-dependent protein kinase type |1, subunit beta

CEL Ne-carboxyethyllysine

Cl complex |

Clene the maximum capacity of the electron transport chain
Cialip respiration supported by complexes| and Il

Cue maximal capacity supported by CIl alone d

ClL leak respiration

Clp phosphorylating respiration supported by complex |
CML Ne-carboxymethyllysine

Cox6bl  cytochrome c oxidase, subunit VIb polypeptide 1
CR control rescued

p-CREB  phospho-cAMP response element- binding protein
CREB phospho-cAMP response element- binding protein
d4-lysine DL-lysine-4,4,5,5-d4 dihydrochloride

Erk1/2  extracellular signal-regulated kinase

Erlin2 ER lipid raft associated 2

F fructose-fed

FR fructose-rescued

FCCP carbonyl cyanide p-trifluoromethoxyphenylhydrazone
FCR flux control ratios

FCRL leak respiration
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FCRp
GABA

phosphorylating respiration

y-aminobutyric acid

GAR-HRP Goat anti-Rabbit-Horseradish peroxidase-conjugated 1gGs

GAM-HRP Goat anti- Mouse-Horseradish peroxidase-conjugated 1gGs

GFAP
Glut-4
Glut-5
GR
GSSG
H2A
Hb
HD
HFCS
Hpt
HRR
Ibal
19G
IL-1
IL-6

Ina

L C-M S/M S liquid chromatography high resolution tandem mass spectrometry

LTD
LTP
MAO
MS
MW
Ndufsl
Ndufb9
NF-L
NF-M
Nefm

glia fibrillary acidic protein
glucose transporter-4

glucose transporter-5

glutathione reductase

glutathione

histone family, member V
hemoglobin

Huntington disease

high-fructose corn syrup
haptoglobin

high resolution respirometry
ionized calcium binding adapter 1
goat anti-rabbit horseradish peroxidase-conjugated
interleukin-1

interleukin-6

internexin neuronal intermediate filament protein, alpha

long-term depression

long-term potentiation
monoamine oxidase
Metabolomics Standards Initiative

molecular weight

NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial

NADH dehydrogenase (ubiquinone) 1 beta subcomplex 9
neurofilament light
neurofilament-M

neurofilament medium polypeptide
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NF-kB
NGF
N-Tyr
02k
OXPHOS
p75NTR
Pcbd2
PINK-1
PGC-1a
PSD 95
PVDF
ROS
S100b
Slcea7

nuclear factor kappa-light-chain-enhancer of activated B cells
nerve growth factor
Nitro-tyrosine
Oxygraph-2k
mitochondrial complexes |-V
tropomyosin receptor kinase B
4a-hydroxytetrahydrobiopterin dehydratase
PTEN-induced putative kinase 1
peroxisome proliferatoractivated receptor gamma coactivator 1-alpha
post-synaptic density protein 95
polyvinylidene difluoride
oxygen species
protein S100-B
solute carrier family 6 (neurotransmitter transporter, |-proline) member 7
superoxide dismutase activity
sortilin-related VPS10 domain containing receptor 2
thiobarbituric reactive substances
triethylammonium bicarbonate
mitochondrial transcription factor A
thyroxine hydroxylase
Tandem Mass Tag
tropomyosin receptor kinase A
tropomyosin receptor kinase B
voltage-dependent anion-selective channel 1
voltage-dependent anion-selective channel protein 2

voltage-dependent anion-selective channel protein 3
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