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Abstract

1. Abstract

Type 2 diabetes mellitus (T2DM) is the most common form of diabetes and
one of the fastest-growing metabolic disorders worldwide. Beyond its
systemic complications, T2DM increases the risk of cognitive impairment and
dementia, particularly Alzheimer’s disease (AD). This convergence has led to
the concept of AD as “type 3 diabetes,” driven by hyperglycemia, insulin
resistance, oxidative stress, and the accumulation of advanced glycation end-
products (AGEs). Despite this evidence, glycated hemoglobin (HbAlc)
remains the gold-standard biomarker for glycemic control, although it reflects
only long-term glycemia and is unreliable in several comorbidities. Glycated
albumin (GA) and methylglyoxal (MGO) have emerged as promising
alternatives: GA captures short-term glycemic variability, while MGO is a
highly reactive dicarbonyl driving AGE formation. Their translational value
in monitoring diabetes-related cognitive decline, however, has not been
systematically investigated.

My Ph.D. project investigated the link between diabetes and cognitive
impairment, with a specific focus on recognition memory and hippocampal
pathology, and assessed the potential of GA and MGO as biomarkers of
T2DM progression. A critical challenge was the choice of appropriate animal
models. Animal models of diabetes lack standardized protocols and often
yield inconsistent outcomes. Low-dose streptozotocin (STZ) can be
interpreted as inducing either type 1-like or aspects of T2DM, and few
longitudinal studies clarify its natural history. Similarly, HFD/STZ protocols
vary widely between laboratories regarding STZ dosage, number of injections,
and duration of high-fat feeding, limiting reproducibility and translational
clarity.

To address this, two experimental models were developed. The first model
(STZ model) was based on low-dose streptozotocin (STZ) administration in
adult mice. This model was examined under two different conditions: one
group of animals followed a normal diet (ND), while another group was
exposed to a detrimental high-sugar (HS) diet. The HS diet was applied to
evaluate whether excessive sugar intake could induce or exacerbate the
diabetic condition. The second preclinical model (HFD/STZ model) combined
a high-fat diet (HFD) with low-dose STZ treatment. In addition, HFD alone
was studied to assess the specific contribution of diet-induced metabolic
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changes. These models were followed longitudinally from adulthood to
senescence, allowing integrated evaluation of systemic metabolism,
biomarkers, behavior, and hippocampal injury.

As expected, in control mice glycemia and GA were not affected by advancing
age, whereas MGO declined progressively, suggesting serum MGO may
decrease as intracellular sequestration and AGE formation increase when
detoxification capacity becomes less efficient. A long exposure to 10%HS
supplementation modestly increased GA, but did not alter the other metabolic
parameters (fasting glycemia and MGO) in both control and diabetic mice.
Instead, HFD feeding produced progressive hyperglycemia and insulin
resistance, confirming its role as a driver of metabolic dysfunction.

The STZ model induced a severe diabetic phenotype characterized by
hyperglycemia, elevated GA, insulitis, and pancreatic islet disorganization,
along with impaired recognition memory and hippocampal injury, with tau
hyperphosphorylation and B-amyloid accumulation. Unexpectedly, most
diabetic animals in this model exhibited partial spontaneous remission. This
recovery was accompanied by partial restoration of pancreatic islet
architecture, improved recognition memory, and attenuation of hippocampal
injury, suggesting intrinsic plasticity at both the pancreatic and brain levels.

In contrast, the HFD/STZ model induced a persistent diabetic phenotype with
sustained hyperglycemia, insulin resistance, elevated GA and MGO,
pancreatic insulitis, impaired recognition memory, and severe hippocampal
pathology, including tau hyperphosphorylation and B-amyloid accumulation.

Taken together, these findings demonstrate that GA and MGO provide
complementary insights into diabetes progression and its neurological
consequences. While HbAlc remains the conventional marker of long-term
glycemic control, GA better reflects short-term fluctuations, and MGO
captures the burden of dicarbonyl stress and AGE formation. The integration
of these biomarkers with behavioral and neuropathological outcomes
reinforces their translational potential for monitoring diabetes-related
cognitive decline. Furthermore, the comparison of preclinical models revealed
substantial differences: the STZ model displayed a tendency toward partial
remission and functional recovery, whereas the HFD/STZ model produced a
persistent and severe diabetic phenotype with sustained cognitive and
hippocampal deficits.
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In conclusion, this Ph.D. project highlights the importance of selecting
appropriate experimental models to investigate the complex interplay between
diabetes and brain pathology. It provides evidence that GA and MGO
represent promising biomarkers of systemic metabolic dysregulation that are
consistently associated with diabetes-related cognitive impairment and
hippocampal alterations. The observation of spontaneous recovery in the STZ
model suggests intrinsic plasticity at both pancreatic and neuronal levels. In
contrast, the persistence of pathology in the HFD/STZ model underscores the
detrimental impact of diet-induced metabolic alterations. Overall, these
findings support the value of GA and MGO for monitoring diabetes-associated
cognitive decline and point to new avenues for interventions aimed at
preserving brain health in T2DM.
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2. Abbreviations

AD: Alzheimer’s Disease

AGEs: Advanced Glycation End-products
APOE: apolipoprotein E

APP: amyloid precursor protein

AB: B-amyloid

BACE-1: B-site amyloid precursor protein cleaving enzyme 1
BBB: Blood-Brain Barrier

CDKS: cyclin-dependent kinase 5

CI: Cognitive Impairment

CNS: Central Nervous System

COX-2: cyclooxygenase-2

CRP: C-reactive protein

DI: Discrimination Index

DM: Diabetes Mellitus

eNOS: endothelial nitric oxide synthase
ERS: Endoplasmic Reticulum Stress
FAD: familial AD

FI: Frailty Index

FPG: Fasting Plasma Glucose

G3P: Glyceraldehyde-3-phosphate

GA: Glycated Albumin



Abbreviations

GIP: Glucose-dependent Insulinotropic Polypeptide
GLO: Glyoxalase

GLP-1: Glucagon-Like Peptide 1

GLUT: Glucose transporter

Grb2: Growth factor receptor-bound protein 2
GSH: Glutathione

GSK-3p: glycogen synthase kinase-33
HbAIc: Glycated hemoglobin

HFD: High Fat Diet

HOMA-IR: Homeostatic Model Assessment of Insulin Resistance
IAPP: Amylin

IDE: Insulin-Degrading Enzyme

IDF: International Diabetes Federation

IFG: Impaired Fasting Glucose

IGF: Insulin-like Growth Factor

IGFRs: IGF receptors

IGT: Impaired Glucose Tolerance

IL: Interleukin

IR: Insulin Resistance

IRS: Insulin Receptor Substrates

IRs: Insulin Receptors

JNK: c-Jun N-terminal kinase
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LTD: Long-Term Depression

LTP: Long-Term Potentiation

MAPK: mitogen-activated protein kinase

MCI: Mild Cognitive Impairment

MGO: Methylglyoxal

mTORC1: mammalian Target of rapamycin complex 1
NAFLD: Non-Alcoholic Fatty Liver Disease

NF-kB: Nuclear factor kappa-light-chain-enhancer of activated B cells
NFTs: Neurofibrillary tangles

NO: Nitric Oxide

NOR: Novel Object Recognition

NOS: Nitric Oxide Synthases

NOX: NADPH Oxidases

OGTT: Oral Glucose Tolerance Test

OL: Object Location

PCOS: Polycystic Ovary Syndrome

PHFs: Paired Helical Filaments

PP: Pancreatic Polypeptide

PP2A: protein phosphatase 2A

RAGE: Receptor of Advanced Glycation End-products
RMS: Rabson—Mendenhall syndrome

RNS: Reactive Nitrogen Species



ROS: Reactive Oxygen Species

sAPPa: soluble amyloid precursor protein alfa
sAPPf: soluble amyloid precursor protein beta
SNPs: Single-nucleotide polymorphisms

STZ: Streptozotocin

T1DM: Type 1 Diabetes Mellitus

T2DM: Type 2 Diabetes Mellitus

T3DM: Type 3 Diabetes Mellitus

TAIRS: Type A IR syndrome

TBIRS: Type B IR syndrome

TNF: Tumor Necrosis Factor

WHO: World Health Organization

XO: Xanthine Oxidases

Abbreviations
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Introduction
3. Introduction
3.1. Diabetes Mellitus: epidemiology and classification

Diabetes mellitus (DM) is a metabolic disorder characterized by chronic
hyperglycemia resulting from insulin deficiency. Insulin is a hormone secreted
by pancreatic -cells, which, under pathological conditions, may either fail to
be produced or, even if produced, may be insufficient or ineffectively utilized
by the target cells of the organism (Nowotny et al., 2015).

DM currently represents a global public health issue. According to the
International Diabetes Federation (IDF), in 2024 approximately 589 million
individuals worldwide will be affected by DM. Both the IDF and the World
Health Organization (WHO) further estimate that the prevalence of this
condition will rise to 853 million cases by 2050 (International Diabetes
Federation, 2025).

Beyond the characteristics of hyperglycemia, additional alterations are
frequently observed in DM, including insulin resistance, compensatory
hyperinsulinemia, and impaired insulin secretion. Moreover, DM is not
limited to the two well-known forms but comprises up to nine distinct types,
with the intermediate state of prediabetes also clinically recognized.
Prediabetes is defined as a condition in which blood glucose levels are above
the physiological range but not yet high enough to meet the diagnostic
threshold for diabetes, typically between 110 and 125 mg/dL (5.7-6.4
mmol/L). This state is associated with impaired fasting glucose (IFG) and/or
impaired glucose tolerance (IGT). Patients with prediabetes often present with
abdominal or visceral obesity, dyslipidemia characterized by elevated
triglycerides and/or reduced HDL cholesterol, and hypertension (American
Diabetes Association, 2021).

Diabetes can be classified into two main forms: type 1 diabetes mellitus
(T1DM) and type 2 diabetes mellitus (T2DM). Both forms are associated with
chronic hyperglycemia caused by impaired carbohydrate, lipid, and protein
metabolism (Hamz¢ et al., 2022).

3.1.1. Type 1 diabetes

T1DM is a multifactorial autoimmune disease in which genetic susceptibility,
most strongly conferred by polymorphisms in the major histocompatibility
complex (MHC), particularly human leukocyte antigen (HLA) class II alleles,
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interacts with environmental triggers such as viral infections, dietary factors,
and gut microbiota to initiate immune-mediated B-cell destruction (Tosur et
al., 2025). These genetic and environmental interactions lead to the production
of autoantibodies that trigger an autoimmune response against pancreatic 3-
cells. The disease manifests clinically when approximately 80% of these cells
are destroyed, thereby suppressing insulin production. Typically, onset occurs
during childhood or adolescence, and from the moment of diagnosis, patients
require lifelong exogenous insulin therapy to manage their glycemia and
prevent severe complications (Santiago et al., 2023).

The absence of insulin disrupts the functional and metabolic profile of organs
involved in the fasting-feeding cycle. Consequently, glucagon activity
predominates, driving the metabolic response of these organs under fasting
conditions. In particular, the liver activates gluconeogenesis, leading to
protein catabolism for the production of amino acids (mainly glutamine and
alanine). Thus, despite glucose intake from the diet, the liver continues to
release additional glucose into circulation. Insulin also promotes fatty acid
storage in adipose tissue; in its absence, fatty acids are released from adipose
depots and utilized, for example, by the liver to fuel gluconeogenesis or to
produce ketone bodies. Dietary fatty acids, not being stored efficiently in
adipose tissue, tend to accumulate in the bloodstream. In uncontrolled diabetic
patients, ketone body levels increase significantly, representing the most
critical risk factor. Ketone bodies are acidic molecules that, when present in
excess, saturate the bicarbonate buffering system, leading to metabolic
acidosis. In severe cases, this condition may progress to diabetic coma
(Guthrie & Guthrie, 2004).

The clinical picture of TIDM reflects these underlying mechanisms: severe
hyperglycemia, episodes of hypoglycemia linked to exogenous insulin
administration, and a marked tendency toward ketoacidosis are common.
From an endocrine perspective, patients generally present with preserved or
increased peripheral insulin sensitivity (particularly at early stages), mostly
elevated glucagon or normal levels of glucagon and reduced secretion of
pancreatic polypeptide (PP), reduced or normal secretion of glucose-
dependent insulinotropic polypeptide (GIP), and preserved glucagon-like
peptide-1 (GLP1) (Guglielmi et al., 2017). A distinct variant, idiopathic
T1DM, is characterized by insulinopenia and recurrent ketoacidosis in the
absence of B-cell autoimmunity. Unlike the classical autoimmune form, this
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variant shows no association with HLA polymorphisms, and its etiology
remains unclear. It is not a monogenic form of diabetes (such as MODY),
since it does not follow a defined pattern of genetic inheritance (American
Diabetes Association, 2021).

3.1.2. Type 2 diabetes

T2DM, which accounts for approximately 90% of DM cases, is characterized
by insulin resistance combined with a relative insulin deficiency, which can
progress to severe deficiency with the onset of beta-cell failure. Clinically,
T2DM is diagnosed when repeated fasting plasma glucose levels reach or
exceed 126 mg/dL, and is confirmed by a 2-hour plasma glucose during a 75
g oral glucose tolerance test (OGTT) is > 200 mg/dL, or when HbAlc is >
6.5% (Villegas-Valverde et al., 2018).

The onset of T2DM is strongly influenced by lifestyle and dietary habits.
Sedentary behavior, excess adiposity, and hypercaloric diets rich in refined
carbohydrates and saturated fats represent the major risk factors, as they
promote chronic hyperinsulinemia, low-grade inflammation, and lipid
accumulation in insulin-sensitive tissues, progressively impairing insulin
signaling and glucose homeostasis (Guthrie & Guthrie, 2004; Santiago et al.,
2023).

The pathogenesis reflects a combination of insulin resistance, impaired
peripheral glucose disposal, eventually leading to islet dysfunction and
reduced insulin secretion. Thus, the pathology arises not from a lack of insulin
production but from the inability of target tissues to respond to insulin
signaling. Indeed, patients with T2DM can produce insulin, but their target
cells become insensitive or nearly refractory to its action, giving rise to an
insulin resistance condition (Khin et al., 2023; Figure 1).
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Figure 1. Different pathogenesis of TIDM and T2DM. T1DM results from immune-
mediated destruction of pancreatic p-cells, causing absolute insulin deficiency and
hyperglycemia. T2DM is characterized by p-cell dysfunction due to glucotoxicity,
lipotoxicity, cytokines, amyloid deposits, and insulin resistance and/or
hyperglycemia, leading to relative insulin deficiency in the context of peripheral
insulin resistance (Khin et al., 2023).

Consequently, T2DM is managed primarily with pharmacological agents that
improve insulin sensitivity, reduce hepatic glucose production, or stimulate
insulin secretion. For example, metformin reduces hepatic gluconeogenesis,
thiazolidinediones improve insulin sensitivity in adipose tissue and muscle,
and sulfonylureas stimulate pancreatic insulin secretion. However, due to the
limitations of traditional therapies, including incomplete glycemic control and
adverse effects, new classes of drugs have been developed. These include
SGLT2 inhibitors, which lower blood glucose by reducing renal glucose
reabsorption, and GLP-1 receptor agonists, which enhance insulin secretion,
suppress glucagon, and reduce appetite. These agents are used not only to
improve glycemic control but also to promote weight loss and provide
cardiovascular and renal protection (Gieroba et al., 2025).

The metabolic profile of T2DM patients differs from that of T1DM patients.
Although the organism experiences feeding-fasting fluctuations, it does not
adequately respond to them. Initially, the pancreas compensates by increasing
insulin secretion, leading to compensatory hyperinsulinemia, which
characterizes metabolic syndrome (Syndrome X) (Guthrie & Guthrie, 2004).
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Unlike in T1DM, residual endogenous insulin secretion in T2DM usually
prevents excessive lipolysis and ketone body formation, reducing the risk of
diabetic ketoacidosis. However, inappropriately elevated glucagon secretion
despite hyperglycemia, together with hepatic insulin resistance, contributes to
excessive hepatic glucose production, which is a major driver of fasting
hyperglycemia (Barroso et al., 2024; Chung et al., 2015; DeFronzo, 2015). In
T2DM, glucose uptake by adipose tissue and muscle is impaired, causing
hyperglycemia. Insulin normally inhibits lipolysis and promotes lipid storage
by stimulating lipoprotein lipase and suppressing hormone-sensitive lipase. In
T2DM, insulin fails to suppress lipolysis, leading to excess release of free fatty
acids (FFAs) from adipocytes. These FFAs are taken up by the liver, re-
esterified into triglycerides, and secreted as VLDL, resulting in
hypertriglyceridemia and atherogenic dyslipidemia (elevated TG, decreased
HDL). Inflamed, hypertrophic adipose tissue loses capacity to efficiently store
lipids, further exacerbating circulating TG and FFA levels (Adiels et al., 2008;
Boden, 2011). In addition to these metabolic defects, inflammation, ectopic
lipid deposition, endoplasmic reticulum stress (ERS), and oxidative stress
further impair insulin sensitivity and B-cell function, contributing to disease
onset and progression as well as to target organ damage. Nevertheless, the
most significant complications associated with T2DM derive from chronic
hyperglycemia, which may lead to non-enzymatic protein glycation and
subsequent functional alterations in vital organs such as the lens and kidneys.
Over the years, hyperglycemia has also been identified as a major contributing
factor to severe cardiovascular complications (accounting for 50% of
mortality in these patients) and to nervous system damage (Nowotny et al.,
2015).

Additionally, there is a strong comorbidity with obesity: approximately 80%
of T2DM patients are obese, although the majority of obese individuals are
not diabetic (Guthrie & Guthrie, 2004).

3.2. The systemic complications of T2DM

As previously described, T2DM is a chronic multisystem disease in which
long-standing hyperglycemia and insulin resistance translate into organ-
specific complications that largely determine prognosis and quality of life.
The main clinical features of T2DM will be described in this section.
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3.2.1. Hyperglycemia

Hyperglycemia represents the central clinical manifestation of T2DM and
constitutes the main driver of both acute and chronic complications.

In the fasting state, hyperglycemia arises from an inappropriately low insulin-
to-glucagon ratio, which drives hepatic glucose overproduction. After meals,
hyperglycemia stems from insufficient insulin availability or action, limiting
glucose uptake in insulin-sensitive tissues. Postprandial excursions are further
shaped by meal size and composition, carbohydrate content, and the dynamics
of insulin release and glucagon suppression (Simon & Wittmann, 2019; Yari
et al., 2020).

Sustained hyperglycemia has profound systemic effects. Higher glycemic
levels are positively correlated with cardiovascular risk, and chronic exposure
predisposes to acute metabolic decompensation, including diabetic
ketoacidosis and hyperosmolar hyperglycemic state. In the long term,
persistent hyperglycemia promotes the non-enzymatic glycation of proteins
and lipids, leading to the accumulation of advanced glycation end-products
(AGESs). These molecules interact with their receptor (RAGE), activate pro-
inflammatory and oxidative pathways, and alter protein structure and function.
Such processes underlie microvascular complications (retinopathy,
nephropathy, neuropathy) and macrovascular disease (coronary artery disease,
stroke, peripheral artery disease), which together account for the majority of
morbidity and mortality in T2DM (Nowotny et al., 2015; Pliszka &
Szablewski, 2024).

At the cellular level, excessive glucose enhances the production of reactive
oxygen species (ROS), damages DNA and lipids, and disrupts mitochondrial
function. This oxidative stress perpetuates inflammation, worsens insulin
resistance, and accelerates f-cell dysfunction, creating a self-reinforcing cycle
of metabolic deterioration (Nowotny et al., 2015).

Hyperglycemia also contributes to oncogenesis. The Warburg effect illustrates
the reliance of tumor cells on glycolysis; abundant circulating glucose
supports biosynthetic pathways and energy production, thereby favoring
tumor growth and metastatic progression (Rahman et al., 2021; Wang et al.,
2020).

In the nervous system, chronic hyperglycemia and AGE accumulation induce
endothelial dysfunction, compromise the blood—brain barrier (BBB), and
promote neuronal damage. These processes contribute to cognitive decline
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and neurodegenerative changes, thus expanding the clinical burden of T2DM
beyond its classical vascular complications (Simon & Wittmann, 2019; Yari
et al., 2020).

Altogether, hyperglycemia is not only a diagnostic hallmark of T2DM but also
a pathogenic force, linking metabolic dysregulation to acute crises, chronic
vascular complications, oncogenesis, and neurological decline.

3.2.2. Insulin Resistance and hyperinsulinemia

Insulin resistance (IR) denotes a reduced responsiveness of insulin-target
tissues to normal hormone concentrations, such that a higher-than-usual
insulin level is required to achieve metabolic control. In other words, some
cells or organs fail to respond adequately to physiological insulin,
necessitating higher levels to maintain homeostasis. Clinically, IR
encompasses rare, severe syndromes, including Donohue syndrome, Rabson—
Mendenhall syndrome (RMS), type A IR syndrome (TAIRS), type B IR
syndrome (TBIRS), type C IR/HAIR-AN, lipodystrophies, and other forms of
severe IR (Lee et al., 2022; Szablewski, 2024).

In T2DM, sustained hyperglycemia often reflects diminished cellular insulin
efficacy and reduced peripheral glucose utilization; to maintain euglycemia,
B-cells increase insulin secretion, producing hyperinsulinemia. This adaptive
drive involves [-cell hyperplasia and hypersecretion, but chronic
overproduction ultimately impairs B-cell function, contributing to the onset
and progression of T2DM. Hyperinsulinemia is therefore not only a marker of
IR but also a pathogenic factor in its own right. Persistently high insulin alters
cellular signaling, promotes lipogenesis, sympathetic overactivation, sodium
retention, and endothelial dysfunction, and may contribute to hypertension,
dyslipidemia, and atherosclerosis. Because of these maladaptive effects, some
authors have introduced the concept of “insulin toxicity”, emphasizing that
elevated insulin levels, independent of glycemia, are harmful to tissues and
metabolic homeostasis (Cerf, 2013; Kolb et al., 2020).

Mechanistically, IR is multifactorial, arising from low-grade inflammation,
disordered glucose handling with hyperglycemia and AGE formation,
elevated free fatty acids and triglycerides, oxidative stress, mitochondrial
dysfunction, endoplasmic reticulum stress, and reactive nitrogen species
(RNS) (Fazakerley et al., 2018; Ma et al., 2018; Pinto-Junior et al., 2018).
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Oxidative stress, in particular, increases highly reactive species that damage
proteins, lipids, and nucleic acids (Dilworth et al., 2021).

Clinically, IR and hyperinsulinemia are closely associated with or contribute
to non-alcoholic fatty liver disease (NAFLD), polycystic ovary syndrome
(PCOS), Alzheimer’s disease (AD), and cardiovascular and cerebrovascular
disease (Li et al., 2021; Marusi¢ et al., 2021; Sedzikowska & Szablewski,
2021).

Moreover, insulin can promote tumor development: epidemiological links
connect IR/hyperinsulinemia to breast, colorectal, prostate, pancreatic,
adrenocortical, endometrial, and other cancers (Szablewski, 2024).

Taken together, insulin resistance and compensatory hyperinsulinemia
represent not only hallmarks of T2DM but also active drivers of metabolic
deterioration. Their detrimental effects are largely mediated through enhanced
oxidative stress and chronic low-grade inflammation, which will be further
addressed in the following section.

3.2.3. Oxidative stress and Inflammation

Oxygen, essential for aerobic metabolism, can also give rise to highly reactive
radicals. In its ground state, it bears two unpaired electrons and, upon
excitation, can form singlet oxygen and other reactive derivatives collectively
termed ROS. Primary enzymatic sources of ROS include NADPH oxidases
(NOX) and xanthine oxidase (XO). In parallel, metabolites produced via nitric
oxide synthases (NOS) are grouped as RNS. Endogenously, ROS and RNS
originate from mitochondrial as well as non-mitochondrial enzymes. Within
mitochondria, they arise during oxidative phosphorylation within the
respiratory chain (notably complexes I and II) and via flavin-dependent
enzymes in the matrix. RNS often result from the reaction of NOS-derived
nitric oxide (NO) with existing ROS (Valko et al., 2007).

At physiological levels, ROS and RNS regulate stress responses, survival, and
immune signaling. When their production exceeds antioxidant defenses
(enzymatic: SOD, catalase; non-enzymatic: glutathione, ascorbate), oxidative
stress develops. In diabetes, this imbalance is not incidental but a predictable
consequence of the metabolic milieu, and it closely parallels the onset of
complications (An et al., 2023).

In T2DM, hyperglycemia and insulin resistance both boost ROS production
and weaken antioxidant capacity. Excess glucose increases electron leakage

18



Introduction

from the mitochondrial respiratory chain. In the vasculature, ROS are also
generated by NOX, XO, and uncoupled eNOS, reducing nitric oxide
bioavailability and impairing endothelial function. Hyperglycemia further
amplifies oxidative stress via four pathways: polyol flux, PKC activation,
hexosamine flux, and AGE formation. Among these, AGE/RAGE signaling is
especially relevant, as it activates NF-kB/MAPK cascades and NOX, linking
glycation to inflammation and redox imbalance. Persistent oxidative stress
impairs B-cell function, worsens insulin resistance, and promotes vascular
damage, driving retinopathy, nephropathy, neuropathy, and cardiovascular
disease (Caturano et al., 2023).

Oxidative cues and AGEs also act as danger signals. They activate pattern-
recognition systems such as RAGE and selected TLRs, which trigger NF-xB—
dependent transcription and cytokine release. Mitochondrial ROS, together
with redox-sensitive adaptors, prime and activate the NLRP3 inflammasome.
This promotes IL-1B/IL-18 maturation and links metabolic stress to B-cell
dysfunction and vascular inflammation. Thus, ROS both initiates and results
from inflammatory signaling, creating a cycle that sustains low-grade
inflammation. This pro-inflammatory state is amplified in insulin-resistant
adipose tissue. Visceral fat becomes immunologically active, with
macrophage infiltration, pro-inflammatory polarization, and altered adipokine
secretion. These changes increase circulating TNF-a, IL-6, and acute-phase
reactants such as CRP. These mediators interfere with insulin signaling (via
JNK and NF-kB), propagate endothelial dysfunction, and perpetuate systemic
inflammation, thereby connecting overnutrition and inactivity to the vascular
complications of T2DM (Tsalamandris et al., 2019).

The result is a tightly interlocked network in which hyperglycemia-driven
redox stress and immune activation potentiate one another, constituting the
mechanistic substrate for micro- and macrovascular damage and offering a
plausible bridge to central nervous system vulnerability that will be explored
in the following sections.

3.24. Cognitive impairment in T2DM

Cognitive impairment (CI) has emerged as a significant complication of
T2DM, with multiple longitudinal and cross-sectional studies demonstrating
that patients with T2DM are at substantially increased risk of both mild
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cognitive impairment (MCI) and dementia (Biessels & Despa, 2018; Gudala
etal., 2013; Jeong et al., 2025; Liao et al., 2025).

Over the last three decades, age-standardized rates of diabetes have shown a
striking upward trend, with prevalence rising by approximately 90% globally.
In 2021, diabetes affected more than half a billion people, and demographic
projections suggest that the number of cases will more than double, reaching
approximately 1.3 billion within the next 30 years (Ong et al., 2023).

This demographic expansion implies that T2DM-related cognitive
complications will become an increasingly important public health concern.
The mechanisms linking T2DM to cognitive decline are multifactorial.
Chronic hyperglycemia, insulin resistance, vascular dysfunction, oxidative
stress, advanced glycation end products, and neuroinflammation act
synergistically to drive neuronal injury. These processes converge on hallmark
features of T2DM-related cognitive decline, including synaptic dysfunction,
neuronal loss, white matter abnormalities, hippocampal atrophy, and impaired
brain connectivity. Together, these changes compromise memory, executive
function, and processing speed (Verdile et al., 2015).

Beyond clinical and imaging features, peripheral biomarkers have also been
explored. Candidates include phosphorylated tau, glycogen synthase kinase-
3B, inflammatory cytokines (IL-6, TNF-a), and advanced glycation end
products, though findings remain inconsistent and require further validation
(Aderinto et al., 2023; Liao et al., 2025).

Taken together, these insights highlight the multifactorial nature of cognitive
decline in T2DM and emphasize the need for sensitive, standardized, and cost-
effective diagnostic approaches to enable earlier identification and
intervention.

3.3. Type 3 diabetes

Type 3 diabetes (T3DM) has been defined as a metabolic syndrome
characterized by brain insulin resistance and consequent disruption of insulin
signaling. This condition impairs cerebral glucose metabolism, promotes
oxidative stress and neuroinflammation, and fosters neurodegeneration,
particularly AD (Nguyen, Ta, Nguyen, Nguyen, & Van Giau, 2020).

The term “type 3 diabetes” was first proposed in 2005 by Suzanne de la Monte
and colleagues. Examining post-mortem brain tissue from patients with AD,

20



Introduction

they observed not only deficits in cerebral glucose metabolism but also insulin
resistance, insulin-like growth factor (IGF) resistance, and abnormalities in
signal-transduction pathways. Notably, AD brains showed up to 80% fewer
insulin receptors compared with non-AD controls, as well as a significant
reduction in IGF receptors. These changes were accompanied by relative
deficiencies in insulin and IGF in the brain and cerebrospinal fluid,
attributable to altered local expression. Based on these findings, AD was
proposed to share features of TIDM (insulin deficiency) and T2DM (insulin
resistance), warranting the designation “type 3 diabetes” (de la Monte et al.,
2018).

3.3.1. Alzheimer’s Disease

The term dementia refers to a neurodegenerative process that leads to the loss
of primary intellectual functions, impairment of both short- and long-term
memory, and consequent disability in occupational and interpersonal domains.
Dementia is predominantly a late-onset disorder that, given the progressive
increase in average life expectancy, affects a growing number of patients, with
significant economic and social repercussions for society. Among the different
types of dementia, AD represents the most common form of primary,
irreversible neurodegeneration. AD is characterized by neuronal loss,
cognitive deficits (primarily affecting memory), and neuroinflammation
(Shieh et al., 2020).

Currently, AD affects approximately 56 million people worldwide, and its
prevalence is expected to double by 2050 (Cummings et al., 2022).

Two main forms of AD have been described: sporadic (late-onset), which is
the most common, and genetic (early-onset), which is associated with
hereditary mutations (Bekris et al., 2010).

The sporadic form usually manifests after the age of 65, with incidence
increasing exponentially with age, reaching a prevalence exceeding 1 in 3 after
85 years. Average life expectancy from the time of diagnosis is approximately
10 years (Wang et al., 2017).

The neuropathological hallmarks of AD, shared by both the familial and
sporadic forms, include:

e Senile (neuritic) plaques, consisting of extracellular deposits of B-
amyloid (AB);
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e Neuronal degeneration, caused by the intracellular accumulation of
hyperphosphorylated tau protein aggregates (“tangles”);

e Cerebral amyloid angiopathy, resulting from -amyloid accumulation
around cerebral blood vessels;

o Neuronal death, occurring in the late stages of the disease (Carranza-
naval et al., 2021).

The defining features of AD are the extracellular deposition of AB plaques and
the intracellular aggregation of neurofibrillary tangles (NFTs), predominantly
localized in the hippocampus and cerebral cortex, where they exert neurotoxic
effects. However, the presence of these aggregates is not always correlated
with the onset of the characteristic clinical symptoms observed in the
advanced stages of the disease. Indeed, deposition of A and NFTs may begin
as early as the third decade of life as part of brain aging, with prevalence
increasing with advancing age. This highlights the significant impact of
lifestyle factors on neurodegeneration and the timing of AD onset (Shieh et
al., 2020).

Neuroinflammation plays a pivotal role in AD pathogenesis, as demonstrated
by alterations in the morphology and distribution of microglia and astrocytes
observed in the brains of AD patients (Di Benedetto et al., 2022).

In addition, dysbiosis has emerged as a significant factor, with recent evidence
indicating that the gut microbiota contributes to the physiological regulation
of brain function (Dhami et al., 2023).

Alterations in gut microbial populations have been shown to influence normal
brain function via the gut-brain axis. The bidirectional communication
between the central nervous system (CNS) and the gastrointestinal tract is now
recognized as a key element in the pathogenesis of several neuropsychiatric
and neurodegenerative disorders, including AD. Conversely, AD itself can
induce changes in gut microbiota composition (Carranza-naval et al., 2021).

The pathogenesis of AD is primarily linked to alterations in B-amyloid
metabolism, particularly the highly neurotoxic AB42 peptide, which begins to
form oligomers. These oligomers aggregate and damage synapses, promoting
a proinflammatory state through the activation of microglia and astrocytes.
The resulting inflammatory response further exacerbates the pathology by
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disrupting 1ionic and oxidative homeostasis. In parallel, aberrant
oligomerization and hyperphosphorylation of tau, a microtubule-stabilizing
axonal protein, contribute to neuronal dysfunction and cell death, ultimately
leading to the clinical manifestations of AD. AP is derived from amyloid
precursor protein (APP), a transmembrane protein encoded by the APP gene
on chromosome 21 and ubiquitously expressed in the CNS. APP is involved
in synaptogenesis, long-term potentiation (LTP), and regulation of neuronal
plasticity, and has also been implicated in axonal repair following injury. APP
can undergo cleavage through two alternative pathways: a non-amyloidogenic
pathway, in which o-secretase generates a soluble fragment (sAPPa); and an
amyloidogenic pathway, in which B-secretase (BACE-1) and y-secretase
cleave APP at multiple sites, producing AP peptides of varying lengths,
primarily AP40 and AP42 (Figure 2; Li & Holscher, 2007; Stanciu et al.,
2020).
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Figure 2. APP processing with normal and amyloidogenic pathway (Zhao et al.,
2020).

Physiologically, AB contributes to synaptic plasticity and neuronal survival,
but an imbalance between its production and clearance leads to accumulation
and toxicity (Baglietto-Vargas et al., 2016).
Insulin has been shown to stimulate a-secretase activity, thereby counteracting
the pathological processes leading to AP formation. In AD, however, B-
secretase activity predominates, generating sSAPPf, which is further processed
by vy-secretase to produce insoluble AP monomers. Extracellular AP
aggregates to form oligomers and plaques, which impair energy metabolism,
inhibit LTP, and promote long-term depression (LTD) in murine models
(Rajmohan & Reddy, 2017).

23



Introduction

Pathological APP processing can also result from mutations in genes
implicated in familial AD (FAD). These include APP itself (rare mutations),
presenilin 1 (chromosome 14; the most common mutation site in FAD), and
presenilin 2 (chromosome 1; rare mutations). Additionally, genetic
susceptibility to AD is strongly associated with polymorphisms in the
apolipoprotein E (APOE) gene on chromosome 19, which encodes the APOE
glycoprotein. APOE is mainly expressed in the liver and in non-neuronal brain
cells, where it functions as a lipoprotein and cholesterol carrier. Single-
nucleotide polymorphisms (SNPs) produce isoforms that differentially affect
AD risk, with APOE4 being the strongest genetic risk factor (Di Battista et al.,
2016).

Tau protein, encoded by the MAPT gene on chromosome 17, exists in six
isoforms generated by alternative splicing, distinguished by three (3R) or four
(4R) microtubule-binding repeats. Under physiological conditions, tau
localizes mainly to axons, where it stabilizes microtubules and regulates
axonal transport and synaptic function. Phosphorylation of tau is dynamic and
allows fine control of cytoskeletal remodeling. Notably, tau protein contains
more than 85 phosphorylation sites regulated by over 20 kinases, including
GSK-3, CDK5, MAPK, and PKA (Kimura et al., 2014).

Tau undergoes aberrant hyperphosphorylation, which reduces its affinity for
microtubules, disrupts cytoskeletal integrity, and impairs axonal transport and
synaptic development. Hyperphosphorylated tau aggregates spontaneously
into paired helical filaments (PHFs), which accumulate as NFTs (Figure 3).
Significantly, the density and distribution of NFTs correlate more strongly
with cognitive decline than amyloid plaque burden, underscoring their
pathogenic significance (Basheer et al., 2023).
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Figure 3. Tau pathogenesis (Chandran & Binninger, 2023).

These cytoskeletal abnormalities, combined with neuronal depletion, induce a
state of neuroinflammation (Heneka et al., 2015).

Emerging evidence suggests that tau oligomers, rather than mature tangles,
are the most neurotoxic species. These soluble aggregates interfere with
synaptic signaling, promote oxidative stress, and can spread trans-synaptically
in a “prion-like” manner, propagating pathology across anatomically
connected brain regions (Boyarko & Hook, 2021).

Given that tau phosphorylation is modulated by GSK-3, insulin signaling is
believed to play a crucial role in this molecular mechanism (Hamz¢ et al.,
2022).

Taken together, the dual accumulation of AP and pathological tau,
compounded by neuroinflammation, establishes the core neuropathological
features of AD. Growing evidence indicates that these processes are tightly
modulated by insulin signaling, suggesting that brain insulin resistance is not
merely a comorbidity but a central driver of neurodegeneration.

3.3.2. The role of insulin in the Brain

Insulin is a peptide hormone composed of two polypeptide chains totaling 51
amino acids, with a molecular weight of 5,808 Daltons. It is synthesized by -
cells within the pancreatic islets of Langerhans (Rulifson et al., 2002).
Peripheral insulin can cross the BBB, as evidenced by its increased
concentration in neuronal cells, microvessels, and immature neuronal cells
(Banks, 2004).
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Recent studies have suggested the possibility of endogenous insulin
production within the CNS, since mRNAs and preproinsulin-I have been
detected in axons, synapses, and dendrites of rat brains, as well as in
postmortem human brain tissue. However, the cerebral origin of insulin
remains controversial, and it is still debated whether the locally produced
amount is physiologically relevant (Duarte et al., 2012; Hamz¢ et al., 2022).
Insulin plays an essential role in glucose metabolic homeostasis not only
peripherally but also within the CNS, where it influences learning and memory
by modulating synaptic plasticity, synaptic density, synaptic transmission, and
neurogenesis (Ott et al., 2012).

IGFs are proteins structurally related to insulin that bind to specific IGF
receptors (IGFRs) but can also interact with insulin receptors (IRs). IGFs exist
in two isoforms, IGF-1 and IGF-2, both of which play critical roles in
metabolism, growth, and cellular proliferation in both peripheral tissues and
neurons. In particular, IGF-1 acts as a key trophic factor for neurogenesis,
myelination, synaptogenesis, neuroprotection, and regeneration following
injury (Hamz¢ et al., 2022).

Insulin exerts its effects by binding to insulin receptors (IRs), which are widely
expressed in peripheral tissues but also distributed throughout the CNS,
notably in the cerebral cortex, hippocampus, hypothalamus, and amygdala
(Wei et al., 2021). IRs belong to the family of receptor tyrosine kinases, and
upon insulin binding, they undergo autophosphorylation at the tyrosine
residues of the B-subunit. This triggers the recruitment and phosphorylation of
multiple substrates, which in turn initiate downstream signaling cascades
(Folch et al., 2018).

Among the activated substrates, the insulin receptor substrates (IRS),
classified into six subtypes, are of particular importance. IRS-1 and IRS-2
specifically mediate phosphorylation cascades leading to the activation of the
phosphoinositide 3-kinase (PI3K)—protein kinase B (Akt) pathway, which
plays a crucial role in the CNS. The PI3K/Akt pathway regulates (Figure 4):

o the translocation of glucose transporter 4 (GLUT4) to the cell
membrane, essential for maintaining glucose homeostasis in the brain
(Mergenthaler et al., 2013);

o the activation of glycogen synthase kinase-3f (GSK-3f), which is
involved in glucose metabolism, apoptosis, regulation of transcription
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factors, and production of neurotrophic factors, thereby supporting
neuronal development and survival (Ding et al., 2000);

e the activation of mammalian target of rapamycin complex 1
(mTORCT1), which regulates growth and metabolic activities in both
peripheral and neuronal cells (Jung et al., 2010);

e the recruitment of growth factor receptor-bound protein 2 (Grb2),
which activates the SOS/RAS signaling cascade and subsequently the
kinases ERK1 and ERK2, thereby regulating gene expression and
cellular growth (Aviello et al., 2010);

o the release of pro-survival (Bcl-2) and pro-apoptotic (BAD) factors,
which are involved in the regulation of cell survival (Saito et al., 2012).
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Figure 4. Insulin signaling cascade following activation of insulin receptors in the
brain (Yadav & Dey, 2022).
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3.4. Pathophysiological mechanisms linking T2DM to T3DM

Epidemiological investigations have established that T2DM represents a
significant risk factor for AD. Several population-based studies have
demonstrated that elderly individuals with T2DM have an increased risk of
developing AD, with estimates indicating approximately a 50% higher risk in
individuals above 60 years of age (Chatterjee & Mudher, 2018; Huang et al.,
2014; Mittal & Katare, 2016; Yu et al., 2020).

Longitudinal analyses support these findings: both Leibson et al. and Huang
et al. reported that patients with adult-onset diabetes exhibit a significantly
higher incidence of dementia when compared to age-matched non-diabetic
cohorts (Huang et al., 2014; Leibson et al., 1997).

Overall, these data suggest that the presence of T2DM confers at least a
twofold increase in the risk of AD (Barbagallo, 2014).

The underlying pathophysiological basis of this association is complex and
involves multiple converging mechanisms. Among these, alterations in
glucose metabolism, hyperinsulinemia, and insulin resistance have emerged
as pivotal processes that bridge peripheral metabolic dysfunction and
neurodegeneration (Chatterjee & Mudher, 2018).

The following subsections will examine in detail the principal mechanisms
linking T2DM to AD, focusing on (i) hyperglycemia and hyperinsulinemia,
and (i1) the role of insulin resistance, with particular emphasis on its impact
on tau hyperphosphorylation, oxidative stress, and neuroinflammation
through AGEs.

3.4.1. Hyperglycemia and hyperinsulinemia in AD

Hyperglycemia and hyperinsulinemia, two interconnected metabolic
disturbances typical of T2DM, are increasingly recognized as factors that
contribute to the onset and progression of AD. Epidemiological studies
indicate that individuals with elevated blood glucose levels have an increased
risk of dementia, and chronic hyperglycemia has been associated with a rapid
progression from mild cognitive impairment to AD (Crane et al., 2013; Harris
et al., 2012).

In animal models, chronic exposure to high-sugar or high-fructose diets
induces cognitive decline, memory deficits, synaptic dysfunction, tau
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hyperphosphorylation, and A accumulation, thereby replicating features of
AD pathology (Hwang et al., 2014; Jin et al., 2018; Moreira, 2013).

The brain’s strict dependence on glucose as its primary energy source makes
it particularly vulnerable to fluctuations in glycemic control (Al-Sayyar et al.,
2023; Mergenthaler et al., 2013).

Persistent hyperglycemia promotes oxidative stress, mitochondrial
dysfunction, and depletion of endogenous antioxidant systems, leading to
activation of redox-sensitive pathways and neuronal damage (Chavda et al.,
2024; Nday et al., 2018).

Moreover, abnormal glucose handling triggers non-enzymatic glycation
processes and AGEs formation, while chronic hyperglycemia disrupts
endothelial function and compromises BBB integrity, thereby reducing A}
clearance and facilitating the entry of peripheral pro-inflammatory mediators
into the CNS (Alkhalifa et al., 2023; Ponce-Lopez, 2025).

Hyperinsulinemia, which develops as a compensatory response to peripheral
insulin resistance, exacerbates amyloid pathology in the periphery. However,
despite elevated peripheral insulin levels, brain hyperinsulinemia is unlikely
because insulin transport across the BBB is saturable. As a result, insulin
levels in the brain are often reduced in T2DM, contributing to impaired central
insulin signaling. This is supported by PET-FDG studies showing reduced
cerebral glucose uptake in AD patients, indicating dysfunction in brain insulin
signaling (Kellar & Craft, 2020; Ponce-Lopez, 2025). Both insulin and A are
substrates of the insulin-degrading enzyme (IDE), which is down-regulated in
AD brains. Reduced IDE activity impairs AP degradation, contributing to its
accumulation even in the presence of systemic hyperinsulinemia (Fazio et al.,
2024; Kimura, 2016; Ott et al., 2012).

Models lacking IDE show significantly reduced A clearance, greater plaque
deposition, and metabolic features similar to T2DM. Additionally, evidence
indicates that insulin influences APP trafficking and promotes extracellular
AP release via MAPK-dependent pathways (Gasparini et al., 2001).

These processes demonstrate how hyperinsulinemia, beyond reflecting
systemic metabolic dysregulation, directly contributes to the molecular
cascade underlying AD.

Taken together, hyperglycemia and hyperinsulinemia create a metabolic
environment that enhances oxidative stress, reduces AP clearance, and
promotes its extracellular accumulation. While these alterations significantly
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contribute to AD pathology, insulin resistance within the brain represents the
pivotal mechanism that integrates metabolic stress with tau pathology,
oxidative stress, and neuroinflammation, as discussed in the next section.

3.4.2. The role of insulin resistance in AD

Insulin resistance within the brain is increasingly recognized as the pivotal
mechanism linking T2DM to AD. Beyond its systemic metabolic effects,
impaired insulin signaling in neurons and glial cells disrupts key pathways
involved in glucose utilization, synaptic plasticity, and memory consolidation
(Arnold et al., 2018).

At the molecular level, IR does not act in isolation but triggers a cascade of
deleterious events that converge on the core hallmarks of AD. By impairing
intracellular signaling, brain IR promotes both amyloid and tau pathology,
while simultaneously exacerbating oxidative stress and neuroinflammation.

The following subsections will discuss these processes in detail, focusing on
(1) the relationship between IR and A/tau metabolism, (ii) the contribution of
IR to oxidative stress, and (iii) the interplay between IR and
neuroinflammatory responses.

3.4.2.1. IR and amyloid/tau pathology

In physiological conditions, insulin and IGF-1 contribute to AP clearance and
prevent tau hyperphosphorylation, thereby exerting neuroprotective effects. In
a state of insulin resistance, however, these protective mechanisms are
disrupted, leading to reduced PI3K/Akt activation, disinhibition of GSK3p,
and decreased IDE activity. As a result, Ap degradation is impaired, tau
phosphorylation increases, and the accumulation of amyloid plaques and
neurofibrillary tangles is promoted (Benedict & Grillo, 2018; Cole &
Frautschy, 2007; Li et al., 2015; Zhao & Townsend, 2009).

Moreover, insulin resistance shifts APP processing from the non-
amyloidogenic a-secretase pathway toward (- and vy-secretase cleavage,
thereby increasing AP generation (Folch et al., 2018; Rajmohan & Reddy,
2017).

Significantly, AP oligomers can further exacerbate neuronal insulin resistance
by activating the TNF-o/JNK pathway and mitochondrial oxidative stress
(Chen & Yan, 2007; Kaminsky, 2015; Reddy & Beal, 2008).
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Beyond metabolic impairment, AP oligomers also interfere with synaptic
function, reducing Akt activation, impairing GLUT4 translocation, and
blocking hippocampal LTP, thereby directly linking insulin resistance to
learning and memory deficits (Grillo et al., 2009; McNay & Pearson-Leary,
2020; Zhao et al., 2008).

Comparable processes occur in T2DM, where they contribute to peripheral
insulin resistance, B-cell apoptosis, and increased oxidative stress (Kaneto et
al., 2007; Shieh et al., 2020; Yung & Giacca, 2020).

This evidence supports a bidirectional relationship between AP and insulin
resistance, creating a vicious circle that sustains metabolic and
neurodegenerative dysfunction (Hamz¢ et al., 2022).

APP expression is not confined to the CNS but is also present in liver, skeletal
muscle, adipose tissue, and pancreas. In T2DM, amyloid deposits resembling
amyloid plaques have been identified in pancreatic islets. Moreover, amylin
(IAPP), which shares cytotoxic properties with A, has been co-localized with
AP in the brain, suggesting a contribution to AD progression (Neth & Craft,
2017).

Tau pathology represents another critical outcome of insulin resistance.
Usually, tau phosphorylation is dynamically regulated to maintain
microtubule stability and axonal transport (Benedict & Grillo, 2018;
Mandelkow et al., 2004; Sayas & Avila, 2021).

Insulin and IGF-1 inhibit GSK3 activity, preventing aberrant tau
phosphorylation and NFT formation (Cole & Frautschy, 2007; Gabbou; et al.,
2019; Mullins et al., 2017).

In addition to GSK3p activation, downregulation of protein phosphatase 2A
(PP2A), a major tau phosphatase, has been reported in T2DM, further
exacerbating tau pathology (Qu et al., 2011).

In insulin-resistant states, reduced Akt activation results in GSK3 disinhibition
and tau hyperphosphorylation, particularly in the cerebral cortex (Infante-
Garcia et al., 2016; Ramos-Rodriguez et al., 2013).

Notably, tau is also expressed in pancreatic -cells, where it regulates insulin
trafficking and secretion. Increased hyperphosphorylated tau has been
observed in pancreatic islets of T2DM patients, indicating a shared molecular
mechanism between metabolic and neurodegenerative disorders (Maj et al.,
2016; Miklossy et al., 2010).
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Together, these findings show that insulin resistance promotes both Af}
accumulation and tau hyperphosphorylation, while toxic protein aggregates in
turn exacerbate insulin signaling deficits. This self-reinforcing cycle offers a
compelling mechanistic basis for defining AD as “type 3 diabetes.”

3.4.2.2. IR and oxidative stress

Oxidative stress is a major downstream consequence of insulin resistance in
the brain. Under normal conditions, insulin signaling through the PI3K/Akt
pathway supports mitochondrial homeostasis and regulates antioxidant
defenses. In states of insulin resistance, however, impaired Akt activation
leads to mitochondrial dysfunction, reduced ATP production, and excessive
ROS production (Figure 5; Federico et al., 2012; Moreira et al., 2007; Shukla
etal., 2011).
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Figure 5. Insulin resistance promotes mitochondrial dysfunction and oxidative
stress, leading to f-amyloid accumulation, tau hyperphosphorylation, and
neurodegeneration in AD (Liu et al., 2022).
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The brain is particularly vulnerable, as peripheral metabolic stress can increase
BBB permeability and facilitate the entry of reactive species into the CNS
(Maciejczyk et al., 2019).

Excessive ROS not only damages DNA, lipids, and proteins but also activates
redox-sensitive signaling cascades. In particular, c-Jun N-terminal kinase
(JNK) and NF-xB pathways exacerbate insulin resistance and promote the
release of pro-inflammatory cytokines, creating a self-reinforcing loop
between oxidative stress and neuroinflammation (Kaneto et al., 2007; Morgan
& Liu, 2011; Yung & Giacca, 2020).

Additionally, AGE/RAGE signaling contributes to ROS overproduction,
linking oxidative stress to chronic inflammation and vascular dysfunction in
diabetes (Singh et al., 2001; Yamagishi et al., 2012).

Mitochondria are a central target of oxidative injury. Studies in AD and
diabetic models demonstrate that AP accumulates within mitochondria,
impairs respiratory chain complexes, and increases ROS production, further
aggravating oxidative stress and neuronal dysfunction (Akhter et al., 2017,
Kaminsky, 2015; Reddy & Beal, 2008).

Together, these data indicate that oxidative stress is not merely a byproduct of
insulin resistance, but an active contributor to the vicious cycle that links
metabolic dysfunction with neurodegeneration in AD

3.4.2.3. IR and neuroinflammation

Neuroinflammation is a hallmark of both T2DM and AD and is increasingly
recognized as a key mediator linking metabolic dysfunction to
neurodegeneration. Post-mortem studies of AD brains demonstrate elevated
levels of pro-inflammatory cytokines such as IL-1p and IL-6, in association
with amyloid plaques and neurofibrillary tangles (Blum-Degena et al., 1995).
In T2DM, low-grade chronic inflammation driven by adipose tissue
dysfunction and immune cell infiltration promotes systemic release of
cytokines and adipokines that can cross the BBB, thereby initiating central
inflammatory responses (Banks, 2005; Kubaszek et al., 2003; Lumeng et al.,
2007; Ouchi et al., 2011).

Microglia and astrocytes are central mediators of this process. Their activation
leads to the secretion of TNF-o, IL-1B, and IL-6, the upregulation of
cyclooxygenase-2 (COX-2), and enhanced lipid peroxidation, which together
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exacerbate oxidative stress and synaptic dysfunction (Carrero et al., 2012;
Mehlhorn et al., 2000).

Elevated AP levels can further amplify these responses by stimulating
microglial activation and increasing TNF-a release, ultimately impairing
synaptic plasticity and cognitive performance (Sims-Robinson et al., 2010).
At the molecular level, the AGE-RAGE-NF-kB axis represents a central
pathway. AGEs, which accumulate in both diabetes and AD, activate their
receptor RAGE on neurons, glia, and endothelial cells, promoting NF-kB—
dependent transcription of inflammatory mediators (Patel & Santani, 2009;
Singh et al., 2001; Yamagishi et al., 2012).

Notably, RAGE also binds A oligomers and facilitates their transport across
the BBB, thereby enhancing cytokine release and vascular permeability (Cai
et al., 2016; Deane et al., 2003).

Overall, neuroinflammation functions both as a driver and a consequence of
insulin resistance, establishing a self-perpetuating cycle in which cytokine
release, NF-kB activation, and RAGE signaling converge to sustain neuronal
injury. This inflammatory loop links peripheral metabolic disturbances with
central neurodegenerative processes.

3.43. Interconnected pathogenic loops linking T2DM to T3DM

The relationship between T2DM and AD is not explained by a single pathway
but rather by the convergence of multiple interdependent mechanisms.
Chronic hyperglycemia promotes the formation of AGEs and the activation of
the AGE-RAGE axis, which sustains oxidative stress, vascular dysfunction,
and inflammatory signaling. In parallel, systemic hyperinsulinemia and
peripheral insulin resistance affect the brain, leading to impaired PI3K/Akt
signaling, tau hyperphosphorylation, and a shift in APP processing toward
amyloidogenic cleavage. These alterations are further amplified by
mitochondrial dysfunction and ROS overproduction, which compromise
neuronal survival and synaptic integrity.

At the same time, glial activation and cytokine release establish a state of
chronic neuroinflammation that feeds back on insulin signaling pathways and
exacerbates oxidative stress. Vascular dysfunction and BBB impairment
contribute to this vicious cycle by reducing A clearance and enhancing brain
exposure to circulating inflammatory mediators. Importantly, both AB and
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hyperphosphorylated tau reinforce insulin resistance, creating a bidirectional
relationship between protein aggregation and metabolic dysfunction.

Taken together, these mechanisms form a self-perpetuating network in which
systemic metabolic alterations characteristic of T2DM converge with
neuropathological processes typical of AD. Insulin resistance emerges as the
central hub of this integrated loop, providing a rationale for why AD has been
conceptualized as T3DM.

These limitations underscore the complexity of T2DM-AD interactions.
While converging evidence supports insulin resistance and its downstream
pathways as central mechanisms, the multifactorial nature of the disease, the
heterogeneity of clinical outcomes, and the limited specificity of available
biomarkers highlight the need for integrative and longitudinal approaches to
fully elucidate this relationship.

3.5. Current biomarkers and their limitation

The diagnosis and monitoring of T2DM are traditionally based on metabolic
biomarkers. According to the WHO, the diagnostic criteria include fasting
plasma glucose (FPG) (> 126 mg/dL), at two-hour plasma glucose during an
oral glucose tolerance test (OGTT) (> 200 mg/dL), random glycemia in the
presence of classic symptoms (> 200 mg/dL), and glycated hemoglobin
(HbAlc > 6.5%) (World Health Organization, 2018).

While widely adopted, these biomarkers have important limitations: both FPG
and OGTT are subject to intraindividual variability and may be influenced by
acute factors such as stress or medication use, whereas HbAlc, despite
reflecting average glycemia over the previous three months, fails to capture
daily fluctuations and hypoglycemic episodes and is affected by hematologic
conditions, ethnicity, and renal impairment (Cerf, 2013; World Health
Organization, 2018).

Beyond these parameters, T2DM is associated with systemic alterations in
lipid, protein, hematological, and cytokine profiles, all of which highlight the
chronic inflammatory and prothrombotic milieu underlying the disease. In
particular, protein modifications induced by sustained hyperglycemia, such as
the non-enzymatic glycation of serum proteins, are increasingly acknowledge
as key mediators of diabetic complications (Le et al., 2025).
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Among these, glycated albumin (GA) has emerged as a reliable short-term
glycemic marker, while methylglyoxal (MGO), a highly reactive dicarbonyl
compound, is a critical precursor of advanced glycation end products.

Both biomarkers, discussed in the following sections, provide mechanistic
insights into the molecular cascade linking hyperglycemia to vascular and
neuronal damage, and could complement traditional diagnostic tools in the
clinical management of T2DM.

3.5.1. Glycated albumin

Albumin is the most abundant plasma protein in humans, accounting for 50-
60% of circulating protein mass. Owing to its tertiary structure, albumin binds
reversibly to a wide range of small molecules, including metal ions and drugs,
thereby influencing their pharmacokinetics. Its relatively long half-life makes
albumin particularly prone to biochemical modifications through both
enzymatic and non-enzymatic mechanisms. Under conditions of oxidative
stress and hyperglycemia, albumin undergoes non-enzymatic glycation,
producing GA via the Maillard reaction, in which glucose binds to the N-
terminal or to lysine/arginine residues of the protein (Fanali et al., 2012;
Raghav & Ahmad, 2014).

GA levels increase proportionally to glycemic burden and oxidative stress,
leading to structural modifications such as local unfolding, exposure of
hydrophobic pockets, and increased molecular weight. These changes are not
merely biochemical: high GA levels contribute to cellular and tissue injury,
playing a pathogenic role in the development of diabetic complications,
including retinopathy, nephropathy, neuropathy, and cardiovascular disease
(Freitas et al., 2017; Raghav & Ahmad, 2014; Wu et al., 2016). Importantly,
increased protein glycation has also been detected in the cerebrospinal fluid
of AD patients, further supporting the mechanistic link between T2DM and
neurodegeneration (Ayoub et al., 2025).

Clinically, GA reflects average glycemia over a period of about 2-3 weeks,
thereby representing an intermediate-term marker between fasting glucose and
HbAlc (Figure 6). Unlike HbAlc, GA is unaffected by erythrocyte lifespan
and is thus more accurate in conditions such as anemia, hemoglobinopathies,
and chronic kidney disease. It is also sensitive to rapid glycemic changes,
making it useful for assessing short-term therapeutic efficacy. Compared to
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HbAlc, GA can be measured through enzymatic assays without fasting
requirements, from both serum and plasma, with reduced costs and faster
turnaround times (Freitas et al., 2017; Zendjabil, 2020).

0 15 30 60 90 120 days

GA 29% 29%

Alc 25% 29%

Figure 6. Glycation rates of GA and HbAIc. GA are formed over approximately
eight weeks, with the first two weeks accounting for about half of their total
production. In contrast, HbAlc requires around four months to reach full
formation, although the first month contributes to about half of the overall
production (Freitas et al., 2017).

Nevertheless, GA has certain limitations. Its levels are influenced by sex and
age, being generally higher in women and in adults compared to children.
Moreover, the rate of false positives and negatives remains significant,
limiting its use as a stand-alone diagnostic tool. For these reasons, GA is
increasingly considered a complementary biomarker to traditional measures
such as HbAlc rather than a full substitute (Giglio et al., 2020; Zendjabil,
2020).

3.5.2.  Methylglyoxal

MGQO is a highly reactive dicarbonyl compound produced predominantly as a
byproduct of glycolysis, from intermediates such as glyceraldehyde-3-
phosphate (G3P), fructose, and aminoacetone (Lee et al., 2009; Liu et al.,
2011).

Under conditions of insulin resistance and hyperglycemia, MGO production
is enhanced not only via carbohydrate metabolism but also through lipid
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catabolism (acetone, acetoacetate) and amino acid degradation (tyrosine,
serine, threonine, glycine), as summarized in Figure 7 (Ahmed et al., 2005;

Kim et al., 2012).
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Figure 7. Formation and detoxification of methylglyoxal (MGO). MGO is mainly
produced from triosephosphate degradation, with minor contributions from
threonine, acetoacetate, and glycated proteins. Dietary intake is negligible (<1%).
Detoxification occurs predominantly via the glyoxalase system (C. G. Schalkwijk &
Stehouwer, 2020).

Exogenous sources can further increase MGO load. Dietary excess of glucose
and fructose stimulates its formation together with ROS, while foods exposed
to dry-heat cooking methods such as grilling, frying, or roasting are
particularly enriched in MGO. Notably, dairy products and beverages,
including coffee and whisky, rank among the richest dietary sources of MGO
measured in commercial foods (Shamsaldeen et al., 2016; Tan et al., 2008).

Physiologically, plasma MGO concentrations in healthy individuals range
between 60 and 500 nM, while intracellular levels are maintained between 1
and 5 nM. In diabetic patients, however, plasma concentrations can reach up
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to 500 uM, with significant accumulation also detected in the pancreas,
skeletal muscle, and adipose tissue (C. G. Schalkwijk & Stehouwer, 2020).
This elevation is associated with decreased glutathione (GSH) availability and
reduced expression of glucose transporters such as GLUT2 in pancreatic 3-
cells and GLUT4 in adipocytes. To counteract MGO toxicity, mammalian
cells rely on the glyoxalase (GLO) system, a cytosolic enzymatic pathway that
converts MGO into D-lactate. Measurement of urinary D-lactate has been
proposed as an indirect index of MGO metabolism (Negre-Salvayre et al.,
2009; Rabbani et al., 2016; Sutkowska et al., 2023).

Beyond being a major precursor of AGEs through reactions with arginine,
lysine, and cysteine residues of proteins, MGO can also modify lipids and
DNA, and exerts direct pathogenic effects. In particular, it interferes with
insulin receptor signaling by modifying IRS-1, leading to disruption of
downstream pathways in muscle, endothelial, and pancreatic [-cells
(Dornadula et al., 2015; Schalkwijk et al., 2008).

This mechanism provides a direct molecular link between MGO
accumulation, insulin resistance, and diabetic complications.

Clinically, elevated plasma MGO levels have been associated with multiple
diabetes-related complications, including chronic kidney disease,
macroangiopathy, and cognitive impairment (Shamsaldeen et al., 2016;
Ogawa et al., 2010).

While monitoring MGO concentrations could represent a useful tool for
evaluating systemic and neurological risk, its application as a clinical
biomarker is currently limited by wvariability in assay methodologies,
instability within biological samples, and the unresolved issue of whether
MGO functions primarily as a biomarker or as an active driver of pathology.

Taken together, both glycated albumin and methylglyoxal illustrate how short-
term glycemic markers and glycation precursors can provide mechanistic
insights beyond conventional indices of glucose control. However, their
translational application is still limited, and their relationship with functional
outcomes such as physical and cognitive performance is still under
investigation. This highlights the need to integrate biomarker studies with
multidimensional concepts such as frailty and cognitive frailty, which capture
the systemic vulnerability induced by diabetes and its impact on brain health.
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3.6. Frailty and cognitive frailty

Frailty is a multidimensional clinical syndrome characterized by reduced
physiological reserve and increased vulnerability to stressors, predisposing
individuals to adverse outcomes such as disability, hospitalization, and
mortality (Robertson et al., 2013).

Unlike chronological age, frailty reflects multisystem dysregulation across
musculoskeletal, immune, and nervous systems, thus explaining why not all
elderly individuals become frail (Figure 8; Bandeen-Roche et al., 2006; Fried
et al., 2001; Piggott & Tuddenham, 2020).

PHYSICAL DIMENSION

Physical health
Unintentional weight loss

Walking problems

Balance problems

Poor hearing

Poor vision
Low hand strength
Physical tiredness

PSYCHOLOGICAL DIMENSION

Problems with memory

Feeling down
Feeling nervous or anxious
Problems with copin

SOCIAL DIMENSION
Living alone

Lack of people around

Lack of people’s support

FRAILTY

Figure 8. Multidimensionality of frailty (Sacha et al., 2017).
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Two main models are commonly used to define and measure frailty: the
phenotype model proposed by Fried, defined by the presence of at least three
clinical indicators (slow walking speed, weakness, unintentional weight loss,
fatigue, reduced physical activity), and the deficit accumulation model, in
which the Frailty Index (FI) quantifies the proportion of health deficits present
in an individual (Palliyaguru et al., 2019; Parks et al., 2012; Rockwood et al.,
2017).

More recently, the concept of cognitive frailty has been introduced to describe
the coexistence of physical frailty and cognitive impairment in the absence of
dementia or other neurodegenerative disorders (Aguilar-Navarro et al., 2025;
Kelaiditi et al., 2013; Lu et al., 2022).

This condition highlights the interaction between systemic metabolic
vulnerability and early cognitive decline. One proposed mechanism is the
brain-muscle loop theory, whereby the central nervous system regulates
muscle function, and skeletal muscle secretes myokines that contribute to
neuronal physiology and synaptic plasticity (Kostka et al., 2024; Pedersen,
2019).

This bidirectional relationship offers a biological basis for the observed
overlap between frailty, insulin resistance, and cognitive impairment in
T2DM.

3.6.1. Recognition memory as a cognitive marker

Memory is not a unitary faculty but a multicomponent system supported by
distinct brain circuits. A fundamental distinction exists between declarative
(explicit) memory, mediated by the hippocampus and parahippocampal
cortices, and non-declarative (implicit) memory, which includes skills, habits,
priming, and conditioning and relies on structures such as the striatum,
amygdala, cerebellum, and neocortex (Squire & Dede, 2015).

Within declarative memory, episodic memory enables conscious recall of
personal experiences and is characterized by three processes: encoding,
consolidation, and retrieval (Matthews, 2015).

A central aspect of episodic memory is recognition memory, the ability to
discriminate familiar from novel stimuli, which is a core feature of both human
and animal cognition (Bevandi¢ et al., 2024; Bird, 2017; Boyle & Brown,
2025).
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Two major theoretical models have been proposed to explain recognition
memory. The single-process model views it as a continuum of familiarity
strength, where “knowing” (familiarity) and “remembering” (contextual
recollection) differ only quantitatively. In contrast, the dual-process model
posits that recognition memory is supported by two distinct and qualitatively
different mechanisms: familiarity judgments mediated by the perirhinal
cortex, and recollection of contextual associations mediated by the
hippocampus (Brown & Aggleton, 2001).

Evidence from experimental studies, including work from our laboratory,
supports the dual-process model. For example, extracts of Hericium erinaceus
enhanced the “knowledge” component (tested by novel object recognition and
emergence tasks) without affecting the “remember” component (tested by
object location and Y-maze tasks), suggesting a dissociation between these
processes (Rossi et al., 2018).

Recognition memory is particularly vulnerable to aging. Elderly individuals
exhibit deficits in recall and familiarity tasks compared to younger adults, with
the knowledge component being more strongly affected, as confirmed by
recent meta-analyses (Graves et al., 2017; Rhodes et al., 2019).

This sensitivity to aging underscores its relevance as an early cognitive
marker. Importantly, recognition memory is one of the first domains impaired
in MCI and AD, conditions where hippocampal dysfunction plays a central
role (Michailidis et al., 2022; Nguyen, & Giau, 2020; Rao et al., 2022).

In the context of T2DM, hyperglycemia, oxidative stress, and insulin
resistance further compromise hippocampal function, accelerating recognition
memory decline. Preclinical studies support this link: diabetic rodents display
consistent impairments in tasks such as novel object recognition (NOR) and
spatial paradigms, including object location and Y-maze, thereby mirroring
key aspects of human cognitive vulnerability (Aderinto et al., 2023; Kassab et
al., 2019; Patel et al., 2016; Vilela et al., 2023).

Altogether, recognition memory emerges as a sensitive and translational
cognitive marker that bridges aging, diabetes, and neurodegeneration. Its dual-
process architecture and dependence on hippocampal and parahippocampal
circuits make it an informative endpoint for experimental studies aimed at
disentangling the interplay between metabolic dysfunction and cognitive
decline.
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3.7. Preclinical mouse models as tools to investigate diabetes and
cognitive decline

The limitations of traditional metabolic markers, the emerging role of glycated
proteins, and the concept of frailty highlight the multifactorial nature of
diabetes-related cognitive decline. Recognition memory, in particular,
emerges as a sensitive and translational cognitive endpoint that mirrors
hippocampal vulnerability and provides a valuable bridge between preclinical
and clinical research. To experimentally dissect the mechanistic links between
metabolism, cognition, and neuropathology, animal models are indispensable
tools. Their controlled setting allows the integration of metabolic, behavioral,
and neuropathological assessments, thereby providing a comprehensive
framework to investigate how T2DM contributes to neurodegeneration.
T2DM 1is a heterogeneous disorder characterized primarily by insulin
resistance. While some subtypes can be traced to single-gene mutations, in
most patients the onset, progression, and long-term complications arise from
the interaction between genetic and environmental factors. Therefore, animal
models of T2DM should capture complexity and heterogeneity. Particularly
valuable are models that combine hyperglycemia with obesity, dyslipidemia,
and hypertension, as these replicate the multifactorial profile of human T2DM
(Rees & Alcolado, 2005).

Murine models include both genetic and induced approaches. Among genetic
models, ob/ob and db/db mice, harboring mutations in the leptin gene or its
receptor, exhibit hyperglycemia, obesity, and insulin resistance. By contrast,
NSY mice develop diabetes without obesity, thus providing a lean diabetic
phenotype (Lee & Cox, 2010).

However, to model diabetes-associated cognitive decline, induced models
based on streptozotocin (STZ) and high-fat diet (HFD) exposure are
commonly employed.

3.7.1.  Streptozotocin protocols

STZ is a nitrosourea compound, isolated from Streptomyces achromogenes in
1959, that selectively targets pancreatic B-cells.

Because of its structural similarity to glucose, STZ is taken up by GLUT2
transporters, which are highly expressed in B-cells. After cellular uptake, its
methylnitrosourea moiety induces DNA alkylation and fragmentation, leading
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to oxidative stress, B-cell necrosis, and progressive insulin deficiency (Figure
9; Al-awar et al., 2016).
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Figure 9. The action of STZ on f cells of the pancreas (Al-awar et al., 2016).

STZ has a short half-life, as it is rapidly metabolized in the liver and excreted
via the kidneys. In addition to experimental research, it is also used clinically
as a chemotherapeutic agent for pancreatic islet cell tumors. The response to
a diabetogenic dose of STZ in rodents occurs in three phases: (i) transient
hyperglycemia shortly after injection, (ii) transient hypoglycemia, due to
insulin release from damaged B-cells, and (iii) sustained hyperglycemia with
hypoinsulinemia, polyuria, and glycosuria (Al-awar et al., 2016).

Its diabetogenic effect is dose-dependent: high doses (100-200 mg/kg) cause
almost complete B-cell ablation, leading to severe insulin deficiency and
hyperglycemia, while low doses (30-60 mg/kg) induce partial B-cell loss,
resulting in a milder diabetic phenotype (Bauer et al., 2023; Sims-Robinson et
al., 2010).

A single high dose of STZ has therefore been reported to induce a pathology
more similar to TIDM. Conversely, the use of multiple low doses of STZ has
been described to induce either TIDM (Bauer et al., 2023; Furman, 2021; Wu
& Huan, 2008) or T2DM (Cassano et al., 2020; Lai et al., 2024).

To refine the model and reduce B-cell toxicity, STZ has often been
administered in combination with nicotinamide. This approach produces a
stable, moderate hyperglycemia associated with partial B-cell dysfunction
(approximately 60% loss of function), but it typically produces insulin
dependence rather than insulin resistance (Furman, 2021; Ghasemi & Jeddi,
2023). Thus, the actual diabetic phenotype resulting from low-dose STZ
administration remains controversial.
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Although the STZ model reproduces important metabolic and neurological
alterations, it lacks several key features of human T2DM, such as obesity and
progressive insulin resistance, which limit its translational applicability.
Furthermore, sensitivity to STZ varies by strain, sex, and age, and
inappropriate dosing can cause high mortality, further complicating
reproducibility across studies. For these reasons, STZ is frequently combined
with dietary manipulations to generate models that more closely align with
human T2DM.

3.7.2. The combination of a High-fat diet and STZ

Diet-induced obesity is another strategy to model T2DM. Rodents exposed to
an HFD progressively develop obesity, insulin resistance, and dyslipidemia
(Stott & Marino, 2020).

Importantly, HFD-fed mice also exhibit behavioral alterations, including
anxiety-like traits and cognitive impairment (Henn et al., 2022).

The combination of HFD with low-dose STZ has emerged as a particularly
effective strategy to replicate the complex metabolic and neurological features
of human T2DM. In this model, HFD induces insulin resistance, while STZ
triggers partial B-cell dysfunction, resulting in a phenotype characterized by
obesity, hyperglycemia, and impaired insulin secretion. This dual-hit
paradigm closely mimics the pathophysiology of late-stage T2DM and
provides a robust platform for investigating diabetes-associated
complications, including cognitive decline (Marino et al., 2023; Rees &
Alcolado, 2005).

Overall, the HFD/STZ model is considered the most effective for replicating
the metabolic and cognitive features of human T2DM, but variability in diet
composition, dosing schedules, and animal strains complicates
reproducibility. In addition, long-term maintenance requires continued dietary
exposure, which may increase costs and introduce confounding nutritional
effects.
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4. Aims of the research

Diabetes mellitus (DM) is a major global health challenge with rising
prevalence worldwide. Among the different forms of DM, this project
specifically focuses on type 2 diabetes mellitus (T2DM), which accounts for
more than 90% of cases and represents the fastest-growing metabolic disorder
globally. T2DM is strongly associated with aging, sedentary lifestyle, and
obesity, factors that also increase the risk of cognitive impairment and
dementia, particularly Alzheimer’s disease (AD) (Patel et al., 2016; Wium-
Andersen et al., 2020). The underlying mechanisms include hyperglycemia,
insulin resistance, oxidative stress, and the accumulation of advanced
glycation end-products (AGEs), all of which accelerate neuronal dysfunction
and brain aging (Nowotny et al., 2015). This convergence has led to the
concept of AD as “type 3 diabetes” (Kciuk et al., 2024; Michailidis et al.,
2022). Despite this growing awareness, in clinical practice, HbAlc remains
the gold-standard biomarker for glycemic control. However, it reflects only
long-term glycemia and is unreliable in several comorbid conditions (Freitas
et al., 2017). Glycated albumin (GA) and methylglyoxal (MGO) have
emerged as promising alternatives: GA reflects short-term variability (Piuri et
al., 2020), while MGO is a reactive dicarbonyl compound that drives AGE
formation and neuronal injury (Shamsaldeen et al., 2016; Schalkwijk &
Stehouwer, 2020). Both GA and MGO have therefore been proposed as
valuable tools for improving the prevention, monitoring, and risk stratification
of diabetes and its complications, including cognitive decline.

Within this translational perspective, and supported by the INVITALIA
Brevetto+ program on patented analytes for innovative diagnostics, the
present doctoral project set out to investigate how diabetes promotes cognitive
impairment, with a specific focus on recognition memory, and to evaluate the
translational value of GA and MGO as biomarkers of disease progression.

A critical aspect of the study was the selection of an appropriate animal model.
We excluded genetic models, as they do not allow longitudinal monitoring of
the transition from the physiological to the pathological state. For this reason,
chemically induced paradigms were considered, although they present several
specific limitations. As previously discussed in the Introduction section, STZ-
based models are highly heterogeneous: their outcome depends on multiple
variables, including the age at induction, the total dose administered, and the
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injection protocol (single high-dose vs multiple low-dose protocols), as well
as factors such as strain, sex, or diet. Consequently, the type of diabetes
reproduced by STZ is not always clearly defined, and the translational validity
of these models remains debated. Moreover, to our knowledge, no previous
studies employing STZ-based protocols have described either the long-term
effects of STZ administration or the independent impact of HFD alone,
leaving a critical gap in understanding disease progression over time.

Given these considerations, this project implemented two complementary
models: (i) a low-dose streptozotocin (STZ) protocol; and (ii) a combined
high-fat diet (HFD) and STZ model, complemented by the study of HFD
alone. In addition, a detrimental high-sugar (HS) diet in drinking water was
applied to only STZ-treated mice to test whether excessive sugar intake could
further aggravate the diabetic condition.

These models were followed longitudinally from adulthood to senescence,
enabling the evaluation of GA and MGO in relation to conventional measures
(glycemia) and the investigation of central outcomes, including recognition
memory and Alzheimer-like neuropathology.

The underlying hypothesis was that diabetes accelerates memory decline and
hippocampal dysfunction through peripheral metabolic dysfunction, and that
GA and MGO could serve as more sensitive biomarkers than HbAlc to
capture these processes. Accordingly, the project was structured around five
interconnected goals:

e to validate and compare complementary murine models of T2DM;

e to assess the translational reliability of GA and MGO in reflecting
short-term metabolic alterations and disease progression;

e to evaluate whether a high-sugar diet further exacerbates the diabetic
phenotype;

e to investigate how these metabolic alterations translate into cognitive
impairment, with a specific focus on recognition memory;

e to evaluate the diabetes-induced damage to pancreatic and
hippocampal tissues.

Overall, this work aimed to provide a comprehensive framework for
understanding how diabetes and diet shape the trajectory of brain aging, while
establishing GA and MGO as clinically relevant biomarkers for the early
detection and personalized monitoring of diabetes-related cognitive decline.
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5. Materials and methods

5.1. Experimental design and animal models

All the animals used in this work were wild-type pathogen-free male mice
(strain C57BL/6J), purchased from Charles River company (Calco, Italy). The
mice were acclimated to their environmental condition for almost one week
before starting experiments conducted in the Animal Care Facility at the
University of Pavia. The mice were housed in single plastic cages at 21 + 2
°C, with humidity at 50 = 10%, with an automatically controlled 12-hour
light/dark cycle. Water and food were provided ad libitum. All experimental
procedures were carried out following the guidelines of the institutional
welfare committee and were approved by the Ethics Committee of the
University of Pavia (Ministry of Health, License number 220/2022-PR), in
compliance with the European Council Directive 2010/63/EU on the
protection of animals used for scientific purposes.

All mice were initially fed a standard diet (normal diet, ND), consisting of
4RF21 pellets supplied by Mucedola Srl. The ND comprised 42.63% kcal of
carbohydrates, 18.50% kcal of protein, and 3% kcal of fats.

In Model 1, only half of the animals were given 10% sucrose-enriched
drinking water ad libitum (high-sugar group, HS) as their sole fluid source.

In Model 2, all animals were shifted to a high-fat diet (HFD) following a two-
week acclimation period on the ND. HFD pellets were obtained from the
Laboratory of Dr. Piccioni Srl (Gessate, MI, Italy) and consisted of 20% kcal
from carbohydrates, 15% kcal from protein, and 59% kcal from fat.

5.1.1. Model 1: STZ model

The first experimental model involved thirty-five 9-month-old wild-type male
mice. The study employed a longitudinal design, comprising five
experimental time points (Figure 10), which began at 9 months of age (T0)
and continued until the animals reached 19 months of age.

At the baseline time point (T0), all mice were maintained on a normal diet
(ND), and assessments were conducted for fasting blood glucose, glycated
albumin (GA), and methylglyoxal (MGO), along with spontaneous behavioral
evaluations.

At T1 (13 months of age), the animals were randomly assigned to two groups:
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a control group (CTRL, n=17) that received daily intraperitoneal
injections of physiological saline (0.9% NaCl) for five consecutive
days.

a diabetic group (DM, n=18) that received 5 intraperitoneal injections
of 50 mg/kg streptozotocin (STZ) to induce diabetes (details provided
in the subsequent section).

At T2 (one-month post-injection), fasting glycemia, GA, and MGO levels
were assessed in all animals to confirm diabetes induction. From T2 onward,
half of the animals in each group were given 10% sucrose-enriched drinking

water ad libitum (high-sugar group, HS) as their only fluid source.
Consequently, four experimental groups were defined:

CTRL maintained on ND (CTRL-ND)
CTRL receiving HS water (CTRL-HS)
DM maintained on ND (DM-ND)

DM receiving HS water (DM-HS)

Metabolic and behavioral evaluations were repeated at T3 (16 months) and T4
(19 months), including measurements of fasting glycemia, GA, MGO, and
behavioral performance. At T4, all animals were euthanized, and tissues were
collected for further analyses.
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Figure 10. Experimental plan of STZ model.

5.1.2. Model 2: HFD/STZ model

In this second experimental model, fourteen male wild-type mice were used,
starting at 10 months of age. The study design consisted of five time points
(Figure 11), spanning from 10 months (T0) to 16 months of age (T5).

At baseline (T0), all mice were transitioned from a normal diet to an HFD diet.
Fasting blood glucose levels were measured, along with an oral glucose
tolerance test (OGTT).

At T1 (one month after HFD initiation), fasting glycemia, GA, and MGO
levels were measured, and spontaneous behavioral tests were performed.

At T2 (two weeks before STZ treatment), fasting glycemia, GA, MGO, and
behavioral performance were reassessed.

At T3 (14 months of age), mice were randomly assigned to two groups:
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e HFD group (n = 7), which continued on the HFD and received 1i.p.
injections of physiological saline (0.9% NaCl) for five consecutive
days.

e HFD/STZ group (n = 7), which remained on the HFD and received 5
1.p. injections of 50 mg/kg STZ to induce diabetes (detailed protocol
provided in the following section).

At T4 (one month after injections), fasting glycemia was measured to verify
the diabetic state.

At the final timepoint (T5, 16 months of age), fasting glycemia, GA, and MGO
were measured again. OGTT and spontaneous behavioral tests were also
conducted. Subsequently, all animals were sacrificed, and blood and organs
were collected for further analysis, as described in the Materials and Methods
section.

Throughout the study, body weight, food intake, and water consumption were
monitored at regular intervals.
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Figure 11. Experimental plan of HFD/STZ model.
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5.2. Glycemic index of ND and HS diets

At TO, the test to measure the glycemic index of ND and HS diets was
performed, following the standard procedure used for GI testing in humans
(Campbell et al., 2018). The protocol used for humans is designed to evaluate
how 50 g of available carbohydrates (defined as total carbohydrate minus
dietary fiber content) affect glycemia over time, according to the International
Standard Organization (ISO 26642) (International Standards Organization.
We assumed that the amount of CHO to test in each mouse is proportional to
its weight. Specifically, we consider that 50 g of CHO are tested in 50 kg of
human weight. Similarly, we administered 30 mg of CHO for every 30 g of
body weight in each mouse. We performed the testing of the different diets in
3 subsequent days, using a glucose bolus as the standard reference glycemic
index value of 100.

Therefore, each mouse was fed a portion of pure glucose solution, ND, or HS
diets on a petri dish, with the serving size calculated to provide 30 mg of
available carbohydrate during a 15-minute food intake period. Blood glucose
levels were measured using a glucometer at 30, 60, 90, 120, 150, and 180
minutes after ingestion. Using the mathematical and statistical analysis
software ORIGIN, the glycemic response curve was constructed, and the
incremental area under the curve (AUC) of glucose, ND, and HS for each
mouse was calculated. The glycemic index was then calculated as follows:

IG =——-100
AUCg
Where: AUCA is the area under the curve of the diet test; AUCg is the area
under the curve of the glucose test.

5.3. Diabetes induction: the Low-Dose STZ induction protocol

Diabetes was induced in mice according to protocols established by the
Animal Models of Diabetic Complications Consortium (AMDCC) (Furman,
2021; K. K. Wu & Huan, 2008). A 50 mg/kg of STZ dose, dissolved in 100
mM citrate buffer, was administered via intraperitoneal injection for five
consecutive days. Control animals received an equivalent volume of
physiological saline (0.9% NaCl). One month after the final injection, fasting
blood glucose levels were measured via tail vein sampling after a 4-hour fast.
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In the STZ model, fasting blood glucose levels exceeding 300 mg/dL up to
600 mg/dl (16.7 mmol/L to 33.3 mmol/L) are considered as a classification
criterion for diabetes (Furman, 2021; Graham et al., 2011). In the mouse
model 2, the T2DM was induced by combining a high-fat diet (HFD) with
STZ administration, as previously described. In this case, mice were
considered diabetic if fasting glucose levels exceeded 250 mg/dL, according
to established diagnostic criteria for this model (Chen et al., 2024; Furman,
2021; Peng et al., 2021).

5.4. Metabolic parameters

5.4.1. Weight, food, and water intake evaluation

Throughout the experimental period, body weight, food consumption, and
water intake were routinely monitored in all experimental groups.
Specifically, food intake was assessed only in the HFD/STZ model, while
body weight and water intake were measured in both models. Body weight
was measured using a calibrated digital scale with a precision of £0.01 g. In
both mouse models, body weight measurements were performed at the same
time of day to minimize variability due to circadian fluctuations. Food intake
was assessed by calculating the difference between the amount of food
provided and the residual food remaining in each cage after 24 hours.
Similarly, water intake was determined by measuring the volume of drinking
water consumed over 24 hours, using graduated water bottles. These
parameters were used to evaluate the impact of different dietary regimens and
diabetes induction on body weight dynamics and metabolic behavior over
time.

5.4.2. Measurement of fasting glucose, GA, and MGO

Mice were fasted for 12—16 hours before the measurement of fasting blood
glucose, GA, and MGO levels. Blood samples were collected from the tail
vein. For blood glucose measurement, a small drop of blood was applied to a
test strip and analyzed using a OneTouch Verio Reflect® glucometer
(Lifescan Italy Srl).

For the assessment of serum GA and MGO levels, approximately 200 pL of
blood was collected using synthetic swabs (Copan 552C, purchased from
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Diagnostic International Distribution S.p.A.), which ensure efficient sample
collection and release, and subsequently analysed by GekLab laboratory using
specific ELISA kits. Serum GA concentrations were determined using a
Mouse Glycated Albumin ELISA Kit (LLD: 11.3 pmol/mL; Abbexa Ltd.,
Cambridge Science Park, Cambridge, U.K.), while MGO levels were
measured using the OxiSelect™ Methylglyoxal Competitive ELISA Kit
(lower detection limit: 0 ug/mL; Cell Biolabs, San Diego, CA, USA). This
assay quantitates protein adducts of methylglyoxal-derived hydroimidazolone
(MG-H1) (Nowotny et al., 2015).

5.4.3. The OGTT test

Oral glucose tolerance tests (OGTT) were performed at time points TO and T5
in the HFD/STZ mouse model. Mice were fasted overnight before receiving
an oral gavage of glucose solution (Glucosio Sclavo Diagnostics; 75 g/150
mL) at a dose of 1 g/kg body weight, following established protocols (Ayala
et al., 2010; Nagy & Einwallner, 2018). Blood glucose levels were measured
at baseline (0 minutes, fasting glycemia) and 30-minute intervals for up to 3
hours post-glucose administration. Glucose response curves and the
corresponding area under the curve (AUC) were calculated for each animal
using ORIGIN 6.0 software. Mean values and SEM for both glucose curves
and AUCs were subsequently derived.

5.4.4. Insulin determination and HOMA-IR

At T5 in the HFD/STZ model, all mice were fasted for 12 hours before blood
collection. Blood samples were obtained and centrifuged at 1500 RCF for 10
minutes to separate the serum. Serum insulin levels were quantified using a
Mouse/Rat Insulin ELISA Kit (EMR0002, FineTest; Labclinics, Barcelona,
Spain). Insulin resistance was evaluated using the homeostasis model
assessment of insulin resistance (HOMA-IR), calculated according to the
following formula:

mmol

fasting plasma glucose ( L )X fasting plasma insulin (%)

HOMA — IR =
22.5
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5.5. Behavioral test

Spontaneous behavioral tests were conducted without the use of external
rewards or punishments to assess recognition memory and novelty-seeking
behavior in mice. Animal activity was monitored and quantified using the
SMART Video Tracking System (Biological Instruments, Besozzo, Varese,
Italy) with a sampling rate of 40 ms per point, coupled with a Sony color CCD
camera (PAL format).

In the STZ model, mice underwent a single behavioral test, the Novel Object
Recognition (NOR) test, at specific time points (T0, T3, and T4). In the
HFD/STZ model, at designated time points (T1, T2, and T5), animals
underwent three behavioral tests: NOR, Object Location (OL), and Y-Maze.
Specific cognitive parameters were selected and analyzed for each test, as
described below. Between trials, the testing arena was thoroughly cleaned
with 70% ethanol to remove olfactory traces from previous subjects.

5.5.1.  Novel object recognition (NOR) test

The Novel Object Recognition (NOR) test evaluates exploratory behavior
towards novelty and recognition memory (knowledge component) in rodents.
The test, which lasts three days, is characterized by three main phases:
habituation (or open arena), familiarization, and testing. During the first phase
of habituation, which is carried out in the first two days, the mice were placed
one at a time inside a white arena with no objects inside. Each mouse was left
free to explore the empty arena for 15 minutes to familiarize themselves with
the environment in which the test would later take place. Following this, the
mice were removed from the arena and repositioned in their respective cages.
On the third day, during the familiarization phase, the mice were positioned,
always one at a time, within the same arena in which two identical objects
were placed. The animals were left free to explore the two objects for 5
minutes, after which they were transferred back to their cages for 10 minutes
(retention phase). During this time-lapse, the arena and the objects were
cleaned with 70% ethanol, and one of the two objects was replaced with
another object with a different shape, size, and color. Next, during the test
phase, the mice were returned to the same arena and were left free to explore
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the familiar object and the new object for 5 minutes, after which they were
returned to their respective cages (Figure 12).

Novel object recognition test

Day 1 Day 2
Habituation phase Habituation phase

15 min 15 min

Day 3 Day 3
| Retention time ' .
10 min
Familiarization phase Test phase

(5min) (5min)

Figure 12. Experimental set-up and procedure for NOR task (Brandalise et al.,
2017).

In this test, we evaluated two cognitive parameters: (i) the number of
approaches and (i1) the total duration of the approaches for both the familiar
object and the new object. The approaches were defined as when the distance
between the mice's snout and the object is equal to or less than 2 cm.
To assess the mice capability to discriminate between the familiar and the
novel object, we calculated the mean novelty discrimination index (DI) using
the formula:
(=1

(n+f)

where n is the number or duration of approaches to the new object and f'is the
number or time of approaches to the familiar one. The DI value can range from
-1 to 1, where -1 indicates complete preference towards the familiar object, 0
indicates no preference, and 1 indicates complete preference for the new
object.

DI
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5.5.2.  Object location (OL) test

The Object Location (OL) is a spontaneous behavioral test that allows to
investigate the "remember" component of the recognition memory in rodents
(Rossi et al., 2018). This test consists of the same phases as the NOR task: two
days of habituation (15 minutes per day) and the familiarization, retention, and
test phase on the third day. The test procedure is identical to the NOR up to
the test phase. After 5 minutes of the familiarization phase, the mouse was
removed from the arena and placed inside its cage for 10 minutes. During this
period, the arena and objects were cleaned with 70% ethanol, and one of the
two was moved to a different location in the arena. In the subsequent test
phase, the animals were repositioned in the same arena and were left free to
explore the familiar object and the repositioned object for 5 minutes (Figure
13).

In the OL test, we investigated the exact parameters of the NOR test: (i) the
number of approaches and (ii) the duration of the approaches for both the
familiar object and the repositioned one.

To assess the discrimination between the familiar object and the repositioned
one, the discrimination index (DI) was calculated in the same way as it was
done for the NOR task.
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Object Location Task
Day 1 Day 2

Qe Qe

Habituation phase Habituation phase
(15 min) (15 min)
Day 3 Day3
Retention time
(10 min) '
Familiarization phase Test phase
(5 min) (5 min)

Figure 13. Experimental set-up and procedure for NOR task (Rossi et al., 2018).

5.5.3. Y-maze test

The Y maze test is usually used to study the "remember" component of the
recognition memory and spatial working memory. This test is carried out in a
Y-shaped labyrinth consisting of three symmetrical solid gray plastic arms (40
cm long, 12 cm high, 8 cm wide) positioned at an angle of 120 ° to each other.
Each session began with placing the mouse in the center of the maze. The
mouse is left free to explore the three arms for 8 minutes (Figure 14). In this
test, an “arm entry” was defined as all 4 of the animal’s limbs entering an arm
of the maze. A “triad” or “triplet” was defined as a set of 3 arm entries in
which each consecutive entry was into a different arm of the maze. If the arms
of'the Y maze are designated A, B, and C, an entry will proceed as ABC, ACB,
BAC, BCA, CAB, or CBA. On the contrary, a failure was defined as repeated
entry into the same arm (AAA, ABA, ACA, AAB, AAC, BBB, BAB, BCB,
BBC, CCC, CBC, CAC, CCB, or CCA). The number of arm entries and the
number of triads were measured.

In particular, the percentage of triplet alternation was considered as a cognitive
parameter, calculated by using the following formula:
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Number of triplets

X 1
Number of total entries - 2 00

The Ymaze test

Test phase 8 min

Figure 14. Experimental set-up and procedure for Y maze task (Rossi et al., 2018).

5.6. Frailty index calculation

We used a variant of Parks's procedure to measure the frailty index (FI) during
aging (Parks et al., 2012). Park’s FI procedure is as follows. Mean reference
values for each parameter used to construct the FI are obtained at TO. For each
mouse and at different experimental times, the values of these parameters are
compared with the mean reference values. The values that are 1 standard
deviation (SD) above or below the mean reference value are given a FI value
of 0.25; the values that are different of 2 SD are scored as 0.5; the values that
are different of 3 SD are 0.75; the values that are more than 3 SD above the
mean reference receive the maximal frailty value of 1. Parameters that are
different from the mean reference values by less than 1 SD receive a score of
0. These values are averaged to obtain an FI for each animal so that a mouse
with no deficits has a FI score of 0 and an animal with all possible maximal
deficiencies has a FI score of 1 (Parks et al., 2012).

Whereas Parks’s method for creating the FI used a graded scale, we developed
a method to derive more accurate values during aging. The mean reference
value and the SD for each studied parameter were calculated at TO (11
months). The values obtained from each mouse at different experimental times
were compared to the mean value at TO using the following formula:

Fl Value — Mean at TO +0.25
= E3
SD atTO -
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This procedure was used for creating Cognitive FI.

Furthermore, for the HFD/STZ model, this procedure was applied to derive
specific FI reflecting the “knowledge” (assessed via the NOR test) and
“remember” (assessed via the OL and Y-maze tests) components of
recognition memory. Finally, to obtain a global cognitive FI of recognition
memory, the FI from the two components were subsequently averaged.

5.7. Histological analysis

All mice were decapitated at 19 (for the STZ model) or 16 (for the HFD/STZ
model) months after anesthetization with isofluorane (Aldrich, Milwaukee,
WI, USA). The head/body of the pancreas and brain were immediately
excised, washed in 0.9% NaCl, and fixed by immersion for 7h in 4%
paraformaldehyde in 0.1 M phosphate (pH 7.4). The tissues were then
dehydrated through a graded series of ethanol and finally embedded in
Paraplast X-TRA (Sigma Aldrich, Milan, Italy). Using a manual rotatory
microtome, 6 pm-thick pancreatic and 8 pm-thick brain coronal sections were
cut serially and collected on silane-coated slides.

At the time of use, the sections included in Paraplast X-tra were then
deparaffinized for 20 minutes in xylene (Carlo Erba, Cornaredo, Italy),
subsequently rehydrated by using a descending alcoholic scale protocol that
includes five steps of 5 minutes each, as follows: xylene 50%/absolute ethanol
50%, absolute ethanol, ethanol 95%, ethanol 80%, and finally ethanol 70%.
Next, the sections were rinsed in phosphate-buffered saline (PBS). The
sections were then used for Hematoxylin and Eosin (H&E) staining and
brightfield immunohistochemistry evaluations.

5.7.1. Hematoxylin/eosin staining

The deparaffinized and rehydrated sections of pancreas and hippocampus
tissues were immersed in hematoxylin for 10 minutes and then washed with
running water for about 2 minutes. Next, the sections were washed twice in
distilled water (H20d) and immersed in eosin for 2 minutes. After two washes
in H20d, the slices were dehydrated following an ascending alcoholic scale
protocol consisting of five steps: 80% ethanol (fast), 95% ethanol, absolute
ethanol, xylene 50%/absolute ethanol 50%, and xylene (3 minutes each).
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Finally, the slides were mounted with Eukitt (Kindler gmbH) for the bright-
field microscope analysis.

Given the complex architecture and functional specialization of both the
pancreas and central nervous system (CNS), H&E staining provided a clear
overview of tissue organization and delineated region-specific histological
characteristics (Li et al.,, 2022; Longnecker, 2021; Roda et al., 2019).
Brightfield microscopy at low magnification enables clear identification of
distinct areas within the pancreas and hippocampus. Whereas the coronal
plane and subregional anatomy of the hippocampus were readily visualized,
the coronal orientation of the pancreas was only confirmed based on the
presence of rounded pancreatic ducts lined with cuboidal epithelium and the
distribution of the islets of Langerhans.

Sections were observed by Leica DM6B WF microscope (Leica
Microsystems, Buccinasco, MI, Italy). The images were acquired with a Leica
dfc 7000 t CCD camera (Leica microsystems, Buccinasco, MI, Italy) and
stored on a PC running the Leica Application Suite X (LAS X) software
(Version 5.1.0). The whole hippocampus was reconstructed using the LAS X
Navigator imaging system, including the merge function.

5.7.1.1. Insulitis scoring

H&E-stained pancreatic tissue sections were then observed for the assessment
of lymphocytic infiltrates in the Langerhans pancreatic islets. To determine
the presence and severity of insulitis, a minimum of 30 islets for each
experimental group were evaluated. All evaluations were conducted under
double-blinded conditions. The degree of insulitis was graded according to the
following: normal islet, score 0; perivascular/periductal infiltration, score 1;
peri-insulitis, score 2; mild insulitis (< 25% of the islet infiltrated), score 3;
and severe insulitis (more than 25% of the islet infiltrated), score 4 (Pavlovic
et al., 2018; Pejnovic et al., 2013).

5.7.1.2. Hippocampal injury evaluation

For histopathological evaluation, four sections per mouse were examined. The
most representative figures of the hippocampus were selected and are shown,
with a focus on the Dentate Gyrus (DG) and Cornu Ammonis (CA) regions.
Concerning the quantitative evaluation, the following measurements were
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performed: (i) whole thickness of DG layer; (i1) pyramidal cell layer thickness
of CA subdivisions; (ii) cell density (number of cells/area in mm?2) in the same
areas was measured.

5.7.2. Immunohistochemistry

After deparaffination in xylene (Carlo Erba, Cornaredo, Italy), the sections
were rehydrated in a series of decreasing ethanol concentrations and rinsed in
phosphate-buffered saline (PBS, Sigma-Aldrich, Milan, Italy). The
hippocampal slides were incubated at RT for 7 min in a blocking buffer for
the suppression of the endogenous peroxidases (3% H202 in 10%methanol in
PBS), then for 20 min in foetal calf serum to block non-specific antigen
binding sites. Immunohistochemistry was performed using commercial
antibodies on mice and human hippocampal sections, to localize the presence
and distribution of two specific markers involved in Alzheimer pathology: (1)
Anti-Beta (f)-Amyloid (ABPP), and (i1) Anti-phospho-Tau (Ser235) (details
and dilutions are reported in Table 1). The sections were incubated at 4°C
overnight in a dark chamber. Subsequently, the slides were incubated with
biotinylated secondary antibodies (Vector Laboratories, Burlingame, CA,
USA) for 30 minutes and horseradish peroxidase conjugated avidin-biotin
complex (Vector Laboratories, Burlingame, CA, USA) for 30 minutes at RT.
Then, 0.05% 3,3-diaminobenzidine tetrahydrochloride (DAB; Sigma Aldrich,
Milan, Italy) with 0.01% H202 in Tris—HCI buffer (0.05 M, pH 8) was used
as a chromogen, followed by nuclear counterstaining with Haematoxylin.
Then, sections were dehydrated in ethanol, cleared in xylene (Carlo Erba
Reagents, Cornaredo, Italy), and finally mounted in Eukitt (Kindler, Freiburg,
Germany). For control staining, the primary antibody was omitted in some
sections, which were incubated with phosphate-buffered saline only. No
immunoreactivity was observed in this condition.
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Antigen Species, Manifacturers Dilution
Anti-Beta (B)- Mouse monoclonal IgG1, clone 1:100
£ | Amyloid 22C11, Chemicon (MAB348,
2 Sigma-Aldrich, St. Louis, MO,
= USA)
: Anti-phospho-Tau Mouse monoclonal IgG1k, clone 1:500
o
g (Ser235) RN235, Sigma-Aldrich
E (MABN2275, Sigma-Aldrich, St.
Louis, MO, USA)
Biotinylated horse anti- | Horse, Cat# PK-6102, Vector 1:200
.. » mouse IgG Laboratories
5 % (Burlingame, CA, USA)
s 2
ST
g =
n ®

Table 1. Primary and secondary antibodies used for immunohistochemical
reactions.

5.7.3.  Quantitative analysis

For the quantitative assessment of the two markers, the immunopositivity was
analyzed in four hippocampal subregions: the molecular layer of CA1 (ML-
CAl), the pyramidal layer of CA1 (P-CA1), the pyramidal layer of CA3 (P-
CA3), and the molecular layer of the dentate gyrus (ML-DG).

Sections were observed by Leica DM6B WF microscope (Leica
Microsystems, Buccinasco, MI, Italy). The images were acquired with a Leica
dfc 7000 t CCD camera (Leica microsystems, Buccinasco, MI, Italy) and
stored on a PC running the Leica Application Suite X (LAS X) software
(Version 5.1.0). Furthermore, three sections per animal were analyzed using
Imagel (ImageJ 1.46p, NIH, Bethesda, MA, USA), and for each animal the
mean and standard error of the mean (SEM) were calculated.
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p-Tau analysis

After image acquisition, bright-field images were inverted so that
immunopositive areas appeared lighter than the background or non-stained
neurons. Background intensity and hematoxylin staining were subtracted. The
density of pixels in immunopositive areas was measured and expressed as
optical density (OD). For each section, OD measurements were performed in
10 rectangular regions of interest (ROIs 40x40) for molecular layers (Figure
15A) and 10 circular (ROIs 30x30) for pyramidal layers (Figure 15B). The
background OD from each section was subtracted from the measured values.
The dimensions of the ROIs and the magnification were kept constant across

all analyses.
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Figure 15. ImageJ toolbar with "Rectangular selection” (4) and "Oval selection”
(B) with ROIs specification.

APP analysis

For each section, the area of plaque and the number of APP spots were
measured using the “polygon selection” (Figure 16A) and “multi-point”
(Figure 16B) tools, respectively. Subsequently, these data were considered to
calculate the APP plaque density applying the following formula:

number of single APP spots
area plaque
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Figure 16. ImageJ toolbar with “polygon selection” (A) and “multi-point” (B) with
ROIs specification.

5.8. Statistical analysis

The values obtained were expressed in terms of mean + standard error of the
mean (SEM, Standard Error of the Mean). The statistical analysis of Kaplan-
Meier graphs was performed using a Log-Rank (Mantel-Cox) test. To evaluate
the statistical differences among the experimental groups in fasting glycemia,
GA, MGO, weight, food and water intake, Global DI, Global FI, and
quantitative analysis of hippocampus tissue, the unpaired t-test and the
ANOVA One-Way test followed by the Bonferroni post-hoc test, were
performed. Microsoft Excel and Prism 5 (GraphPad Software, San Diego, CA,
USA) were used for statistical analysis. Statistical significance was assigned
as follows: P <0.05 (*), P <0.01 (**), P <0.001 (*¥**).
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6. Results

My Ph.D. project aimed to investigate the metabolic, cognitive, and
hippocampal consequences of diabetes and diet-induced metabolic alterations
in mice. To this end, two longitudinal and complementary experimental
models were developed. The first model, hereafter referred to as STZ, was
based on low-dose streptozotocin (STZ) administration in adult mice. This
model was examined under two different conditions: one group of animals
followed a normal diet (ND), while another group was exposed to a
detrimental high-sugar (HS) diet. The HS diet was applied to evaluate whether
excessive sugar intake could induce or exacerbate the diabetic condition.

The second preclinical model, hereafter referred to as HFD/STZ, combined a
high-fat diet (HFD) with low-dose STZ treatment. In addition, HFD alone was
studied to assess the specific contribution of diet-induced metabolic changes.

Data obtained from the STZ model have been published in Frontiers in
Physiology (Venuti et al., 2025), and a second paper describing the results of
the HFD/STZ model is currently in preparation.

6.1. Metabolic biomarkers in non-diabetic mice

To evaluate the systemic impact of dietary interventions and diabetes
induction, metabolic parameters were assessed in the control groups of each
model. Fasting glycemia, glycated albumin (GA), and methylglyoxal (MGO)
were measured in control animals fed a normal diet (CTRL-ND), provided by
the animal facility, or a high-sugar diet (CTRL-HS), as well as in mice
exposed to a high-fat diet (HFD). Furthermore, in the HFD-fed mice, the
OGTT was performed to evaluate the presence of glucose intolerance.

6.1.1.  Glycemia, glycated albumin, and methylglyoxal in mice fed a
normal and high-sugar diet

Monitoring peripheral metabolic markers is essential to characterize the
systemic effects of dietary interventions and to evaluate their potential
contribution to diabetes-related alterations. In this study, fasting glycemia,
GA, and MGO were assessed longitudinally in mice fed either an ND or an
HS diet.

As expected, in CTRL-ND mice, fasting glycemia at T2 (14 months of age;
104.45 + 2.94 mg/dL, n = 8) was not significantly different from baseline

66



Results

levels at TO (98.44 +2.83 mg/dL, n = 35). The same levels of fasting glycemia
were also maintained at T3 (16 months of age; 94.50 = 5.15 mg/dL, n=8) and
T4 (19 months of age; 97.29 + 8.58 mg/dL, n = 8), with no statistical difference
across timepoints (Figure 17A).

Similarly, no significant changes in GA were detected at any monitored
timepoint: TO (29.13 £ 1.81 pmol/mL, n = 35), T2 (35.05 £+ 1.65 pmol/mL, n
=8), T3 (14.77 = 0.81 pmol/mL, n = 8), and T4 (26.66 + 2.62 pmol/mL, n =
8; Figure 17B).

However, MGO concentrations at T2 (2.04 + 0.22 pg/mL, n = 8) were
comparable to those at TO (2.72 £ 0.21 pg/mL, n = 35), but significantly
declined with age. Specifically, values decreased from TO (2.72 £ 0.21 pg/mL,
n=35) to subsequent timepoints (T2: 2.04 + 0.22 pg/mL; T3: 1.26 = 0.27
pg/mL, p=0.017; T4: 1.22 £0.15 pg/mL, p = 0.023; Figure 17C).

In summary, while fasting glycemia and GA remained stable between 9 and
19 months of age in ND-fed mice, as expected, MGO showed a significant
age-related reduction.

After 5 months of ND (T2), a group of mice (n = 9) was switched to an HS
diet, and were monitored for 2 months (T3) and 5 months (T4).

At T3, fasting glycemia in CTRL-HS mice (98.78 + 5.76 mg/dL, n = 9) was
statistically indistinguishable from that in CTRL-ND mice, a trend maintained
at T4 (CTRL-HS: 86.78 + 5.06 mg/dL; Figure 17A). Thus, prolonged intake
of 10% HS over five months did not alter fasting glucose levels when
compared to mice fed a normal diet. Moreover, glycemia remained stable
across the entire experimental period in both CTRL-ND and CTRL-HS
groups.

Furthermore, at T3, the GA level in CTRL-HS mice (27.76 £+ 8.0 pmol/mL, n
= 9) was comparable to that in CTRL-ND animals. However, at T4, GA in
CTRL-HS mice (78.08 £ 15.08 pmol/mL, n = 9) was significantly elevated
relative to CTRL-ND mice (p < 0.001; Figure 17B). This suggests a
detrimental impact of prolonged HS intake on the glycation process.
Regarding MGO, a similar age-related decline in its levels, as seen in ND-fed
mice, was also detected in CTRL-HS mice (T3: 1.18 = 0.24 pg/mL, p = 0.005;
T4:0.64 = 0.14 pg/mL, T4 vs T3: p <0.001). Importantly, MGO levels were
comparable between CTRL-ND and CTRL-HS groups at corresponding
timepoints.
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Overall, these findings indicate that a 10% HS diet does not adversely affect
glycemia, GA, or MGO levels up to T3. However, an extended HS diet for
five months led to a marked increase in GA at T4, without affecting glucose
levels, suggesting that GA is a more sensitive indicator of long-term 10% HS
exposure. Additionally, we suggest that the senescence process could cause
the decline in MGO, which was independent of diet regimen.
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Figure 17. Comparison between normal (ND) and high sugar (HS) diet in control

mice (CTRL) at different experimental timepoints. Fasting glycemia (4), Glycated
albumin (B), and Methylglyoxal (C) levels were measured at T0 and T2 in CTRL
mice, at T3 and T4 in CTRL-ND and CTRL-HS animals. Statistical significance

(One-Way ANOVA followed by Bonferroni post-hoc test): * vs 10, #vs T2, £ vs T3
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6.1.2. Glycemia, glycated albumin, methylglyoxal, and oral glucose
tolerance test in mice fed with high-fat diet

Following the same approach previously described, fasting glycemia was
measured at designated time points throughout the study to evaluate the
metabolic effects of HFD alone. Before HFD at TO (10 months of age), mice
fed an ND exhibited euglycemia (94.16 +2.11 mg/dl, n = 14). After one month
(T1: 162.08 = 5.28 mg/dl, n = 14), four months (T2: 154.87 + 10.32 mg/dl, n
= 14), and six months (T5: 143.29 £+ 12.97 mg/dl, n = 7) of HFD, fasting
glycemia values were significantly elevated compared to TO (T1 and T2: p <
0.0001; T5: p = 0.00011). In the HFD group, no statistically significant
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differences were detected among the different experimental timepoints
(Figure 18A).

These findings indicate that HFD alone induces a rapid, stable elevation in
fasting glycemia, reaching a 72.13% increase after one month. This
hyperglycemic state persists throughout the six-month monitoring period.

As with fasting glycemia, GA levels were monitored before HFD (TO0: 29.15
+ 2.11 pmol/mL, n = 14), and after one (T1: 14.91 £ 7.58 pmol/mL, n = 14),
four (T2: 52.17 + 6.34 pmol/mL, n = 14), and six months (T5: 24.92 + 2.23
pmol/mL, n = 7) of HFD. Specifically, after four months of HFD, GA levels
significantly increased compared to TO (p = 0.002) and T1 (p = 0.001), but
decreased significantly at TS (p = 0.016; Figure 18B). While glycemia
exhibited a rapid response after only one month of diet switch, GA levels
showed a delayed response, with a significant increase emerging after four
months of HFD exposure. Thereafter, GA concentrations declined, suggesting
a dynamic metabolic adaptation to a prolonged HFD regimen.

MGO levels in HFD mice showed a significant reduction at T1 (1.31 £ 0.05
pg/mL, n = 14) compared to TO ND (2.27 + 0.30 ug/mL, n = 14; p = 0.011).
Furthermore, MGO levels further decreased at both T2 (0.27 + 0.07 ug/mL, n
=14) and T5 (0.22 + 0.07 pg/mL, n = 7), relative to T1 (1.31 = 0.05 pg/mL,
n=14;p <0.0001 for T2 and p =0.0001 for T5; Figure 18C). This progressive
reduction over time mirrored the trend previously observed in ND and HS
mice of the first model, confirming the hypothesis of an age-related decline in
fasting MGO levels.
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Figure 18. HFD effect on fasting glycemia, GA and MGO. (4) Fasting glycemia,
(B) Glycated albumin, and (C) Methylglyoxal at T0 in ND mice (dark green) and at
T1, T2, T4, and T5 in HFD mice (green). Values are reported as mean = SEM.
Statistical significance (one-way ANOVA followed by Bonferroni post-hoc test): p <
0.05 (*); p < 0.01 (**); p < 0.001 (**%).

Given the hyperglycemia in HFD mice, the OGTT was conducted to evaluate
the presence of glucose intolerance. Specifically, this test was performed at
TO in CTRL mice (n = 14) and at T5 in HFD mice (n = 3). For each animal,
the glucose response curve and the corresponding area under the curve (AUC)
were calculated (Figure 19A and B, respectively).

In CTRL mice, the glucose peak (4.44 + 0.27 mmol/L) occurred 30 minutes
after glucose administration and gradually declined thereafter, indicating
normal glucose homeostasis. In contrast, the HFD group displayed a higher
glucose peak (6.99 = 1.19 mmol/L), followed by a more rapid decline
compared to CTRL mice (Figure 19A). Nevertheless, the AUC in CTRL mice
at TO was 556.74 + 31.99 mmol/L x min, while the AUC in HFD mice at T5
was slightly elevated (582.61 + 45.86 mmol/L X min), without reaching
statistical significance (Figure 19B). These results demonstrated normal
glucose tolerance.
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Figure 19. HFD effect on OGTT test. (4) Mean of response glucose curves and (B)
Mean of Area under the curve (AUC) of OGTT at T0 in CTRL mice (dark green)
and at TS5 in HFD (green). Data are presented as mean + SEM. Statistical
significance (One-Way ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*);
p <0.01 (**); p <0.001 (¥**).

6.2. Diabetes induction on the two experimental models

After establishing the longitudinal profiles of metabolic parameters in ND,
HS, and HFD-fed mice, these parameters were investigated in diabetic
conditions. In both experimental models, diabetes was induced in adult mice
using the same low-dose STZ protocol, as described in section 5.3 of Materials
and Methods. This approach enabled direct comparison between STZ alone
and the combined HFD/STZ condition. In both models, metabolic alterations
were monitored by fasting glycemia, GA, and MGO. Furthermore, in the
HFD/STZ model, additional assessments included OGTT, plasma insulin
levels, and the Homeostatic Model Assessment of Insulin Resistance (HOMA-
IR) to evaluate insulin resistance.

6.2.1. Metabolic parameters of diabetic mice in STZ model

In this first model, diabetes was established at T1, corresponding to 13 months
of age (DM-ND, n = 18). One month following STZ administration (T2), all
treated mice exhibited a significant and pronounced increase in fasting
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glycemia (mean: 421.5 £ 21.63 mg/dL, n = 18; Figure 20A) compared to pre-
induction levels at TO (98.44 + 2.83 mg/dL, p < 0.001). Notably, each mouse
exceeded 300 mg/dL for three consecutive days, fulfilling diagnostic criteria
for diabetes in STZ-treated rodents (Furman, 2021; Graham et al., 2011; Liu
et al., 2020). In accordance with the Animal Models of Diabetic
Complications Consortium (AMDCC), these animals were classified as
diabetic (DM). Overall, fasting glycemia at T2 represented a 412.7% increase
relative to TO.

Concomitantly, GA levels were markedly elevated at T2 (113.37 £ 26.39
pmol/mL, n = 18) compared to baseline (29.13 + 1.81 pmol/mL, n=35;p =
0.0062; Figure 20B), reflecting a 389.6% increase. In contrast, MGO levels in
the DM group at T2 (3.12 + 0.66 ug/mL, n = 35) remained comparable to TO
values (2.72 £ 0.21 pg/mL, n = 18). Thus, one month post-STZ treatment, both
glycemia and GA were significantly elevated, whereas MGO remained
unchanged.

At T3 (two months post-induction), both DM-HS and DM-ND mice
demonstrated a tendency toward decreased fasting glycemia (DM-HS: 342.78
+ 61.41 mg/dL, n = 9; DM-ND: 332.22 + 46.40 mg/dL, n = 9), though still
significantly above TO levels (p < 0.001). Glycemia further declined at T4
(five months post-induction) in both DM-HS (152.60 + 33.25 mg/dL) and
DM-ND (217.33 £ 54.54 mg/dL) mice. These values, although reduced
compared to T2, were no longer significantly different from baseline TO
levels. No significant differences in glycemia were observed between DM-HS
and DM-ND groups at either T3 or T4. Collectively, these results suggest a
partial spontaneous recovery of glycemic control over time following STZ
induction, and importantly, indicate that high-sugar (HS) water intake did not
exacerbate glycemia at any measured time point.

GA levels, after peaking at T2, remained elevated but did not differ
significantly at subsequent time points (T3 and T4) in either group (T3: DM-
HS 93.04 + 58.61 pmol/mL; DM-ND 93.62 + 36.61 pmol/mL; T4: DM-HS
97.16 + 29.27 pmol/mL; DM-ND 71.22 + 21.45 pmol/mL; Figure 20B).
Notably, GA values remained 3-4 times higher than baseline, confirming its
utility as a robust biomarker of diabetes in STZ-treated animals. Unlike
glycemia, GA did not decline at T4, suggesting sustained non-enzymatic
glycation despite partial normalization of glucose levels.
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As observed in control mice, MGO levels in DM animals showed a non-
significant downward trend over time. However, at T3, MGO was
significantly elevated in DM-HS mice (3.57 + 0.48 pg/mL, n = 9) relative to
DM-ND mice (2.03£0.21 pg/mL,n=9; p=0.01). At T4, following continued
HS intake, MGO levels in DM-HS mice significantly declined (0.64 + 0.18
pg/mL) compared to T3 (1.32 £0.10 pg/mL; p = 0.0009; Figure 20C).

Since HS intake did not affect glycemia at any experimental time point, either
in control or diabetic mice, animals were pooled at T3 and T4 within the
respective CTRL and DM groups to assess longitudinal effects of metabolic
parameters (Figure 21). Animals that did not survive to T4 were excluded
(CTRL: n=16; DM: n = 14).

In CTRL mice, fasting glycemia remained stable over time: TO (97.5 + 4.05
mg/dL), T2 (103.31 + 3.02 mg/dL), T3 (97.75 £+ 3.91 mg/dL), and T4 (91.37
+ 4.73 mg/dL; Figure 21A). In contrast, DM mice exhibited a marked
glycemic increase at T2 (419.87 + 32.38 mg/dL) compared to TO (103.64 +
7.69 mg/dL; p < 0.001) and to CTRL mice at T2 (p < 0.001). Although
glycemia decreased significantly in DM mice at T3 (296.57 + 32.61 mg/dL)
and T4 (194.21 + 37.04 mg/dL), values remained elevated relative to CTRL
mice (p < 0.001), though no longer significantly different from TO.
Regarding GA, CTRL mice showed a significant increase at T4 (59.46 + 12.89
pmol/mL) compared to TO (29.37 £ 2.33 pmol/mL; p = 0.007). GA levels
decreased significantly at T3 (17.76 = 1.35 pmol/mL; p < 0.001 vs. TO, p =
0.03 vs. T2; Figure 21C), with the T4 increase primarily attributable to the HS
diet. In DM mice, GA levels significantly increased at T2 (76.59 + 20.87
pmol/mL vs. TO: 33.29 + 5.47 pmol/mL; p = 0.02), and also differed from
CTRL at the same time point (p = 0.0064). GA levels subsequently declined
at T3 (75.82 £ 25.08 pmol/mL) and T4 (63.07 + 12.76 pmol/mL), but the
differences were not statistically significant. However, at T3, a significant
difference persisted between DM and CTRL groups (p = 0.043).

For MGO, CTRL mice showed significant reductions at T3 (0.98 + 0.21
pg/mL) and T4 (0.84 = 0.17 pg/mL) compared to TO (2.27 + 0.30 pg/mL; p =
0.009 and p = 0.03, respectively; Figure 21E). Similarly, DM mice exhibited
a significant decrease in MGO at T4 (1.07 £ 0.12 pg/mL) compared to TO
(2.77 £ 0.40 pg/mL; p = 0.01; Figure 21F). No significant difference in MGO
was detected between CTRL and DM groups at T2, although at T3, MGO was
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significantly higher in DM mice (2.58 + 0.41 pg/mL) relative to CTRL (p =
0.0003). At T4, MGO levels were comparable between groups. Notably, the
increase observed at T3 in DM mice was primarily attributable to the HS
regimen.
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Figure 20. Comparison between control mice fed with normal diet (CTRL-ND) and
diabetic mice fed with both normal diet (DM-ND) and high sugar diet (DM-HS) at
different experimental timepoints. Fasting glycemia (4), Glycated albumin (B), and
Methylglyoxal (C) levels were measured at T2 in DM mice (n=18), and at T3 and
T4 in DM-ND and DM-HS animals. All data were compared to each other and
compared to the value measured at TO (n=35). The value is reported as mean £
Standard Error of the Mean (SEM). Statistical significance: (One-Way ANOVA
followed by Bonferroni post-hoc test): * vs T0, #vs T2 DM, £ vs T3 DM-ND, § vs
T3 DM-HS, § vs T4 DM-ND. For all symbols reported p < 0.05 (* # £, 8, §), p <
0.01 (**, ## ££, 83, §3); p < 0.001 (***, ###, £££, 388, §53).
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Figure 21. Comparison at all experimental times in control (CTRL) and diabetic
(DM) mice. Fasting glycemia in CTRL (A) and DM (B), Glycated albumin in CTRL
(C) and DM (D), and Methylglyoxal in CTRL (E) and DM (F) levels were assessed
at T2, T3, and T4. The values are reported as mean + Standard Error of the Mean
(SEM). Statistical significance (Repeated Measures ANOVA followed by Bonferroni

post-hoc test): *vs T0, #vs T2, £ vs T3. For all symbols reported p < 0.05 (*, # £);
p <0.01 (** ## ££); p < 0.001 (***, #H £££).
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6.2.2.  Glycemic recovery in diabetic mice of STZ model: relationship
with GA and MGO

Since some animals partially recovered from STZ-induced hyperglycemia, we
stratified diabetic mice into persistent and recovered groups. This subdivision
provided insight into the relationship between glycemic normalization and
long-term behavior of GA and MGO.

To further explore and clarify the relationship between glycemia, glycated
albumin (GA), and methylglyoxal (MGO), values obtained from diabetic mice
(DM-ND and DM-HS combined) are presented in Figure 22. The analysis
revealed a wide variability in both GA and MGO levels.

Based on individual glycemic values at T3 and using a threshold of 300
mg/dL, diabetic mice were stratified into two subgroups. The DM-REC group
included animals that had recovered to normoglycemia (mean glycemia:
215.90 £ 15.82 mg/dL, n = 10), while the DM group comprised mice with
persistent hyperglycemia above the threshold (mean glycemia: 489.50 + 35.81
mg/dL, n=8; T3 DM, Figure 22A). The difference in glycemia between these
two groups at T3 was statistically significant (p < 0.001).

Interestingly, by T4, only two mice retained glycemia values above the 300
mg/dL threshold (481 + 108 mg/dL, n = 2), whereas the remaining mice
showed a significant reduction in glycemia (146.42 + 16.16 mg/dL, n = 12;
T4 DM-REC; p <0.001, Figure 22A).

To assess whether glycemia at T3 correlated with GA or MGO levels, the two
subgroups were further analyzed in Figures 22B and 22C. No statistically
significant differences were observed for GA between the groups: T3 DM
(161.79 + 69.46 pmol/mL), T3 DM-REC (93.96 + 40.47 pmol/mL), T4 DM
(148.67 + 88.54 pmol/mL), and T4 DM-REC (69.12 + 14.01 pmol/mL; Figure
22B). While GA tended to decrease in DM-REC animals at both T3 and T4
compared to their hyperglycemic counterparts, the wvariability in data
prevented statistical significance.

Conversely, MGO levels partially mirrored the glycemic profile. A significant
reduction in MGO was observed in DM-REC animals at T4 (1.03 = 0.14
pg/mL) compared to T3 DM mice (2.49 + 0.34 pg/mL; p =0.046) and T3 DM-
REC mice (2.98 &+ 0.54 pg/mL; p = 0.002; Figure 22C), suggesting a stronger
correlation between MGO and glycemic improvement than with GA.
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Figure 22. Comparison between diabetic mice (DM) and diabetic-recovery (DM-
REC) animals at chosen experimental timepoints. Mice divided into two subgroups:
DM, with fasting glycemia values higher than 300 mg/dl, and DM-REC, with
fasting glycemia values lower than 300 mg/dl. (A) fasting glycemic values, (B)
fasting GA values and (C) MGO values. Graphs showing the mean value line and
the Standard Error of the Mean (SEM) error bars. Statistical significance
(Unpaired T-test): * vs T3 DM, #vs T3 DM-REC, £ vs T4 DM. For all symbols
reported p < 0.05 (* # £); p < 0.01 (**, ## ££); p < 0.001 (***, ###, £££).

6.2.3. Metabolic parameters of diabetic mice in HFD/STZ model

In this second model, diabetes was established at T3, corresponding to 14
months of age. After one month after STZ injection, the fasting blood glucose
levels were significantly elevated (T4: 365.43 + 14.36 mg/dl, n=5) compared
to HFD mice at the corresponding time points (p = 1.5 x 107'°, Figure 23A).
Based on established diagnostic criteria for hyperglycemia in mice (=250
mg/dl; Chen et al., 2024; Furman, 2021), all STZ-treated animals met the
threshold for classification as diabetic.

Furthermore, at TS (two months after STZ-injections), the fasting glycemia
maintained the elevated value (T5: 356.86 = 15.94 mg/dl, n = 5), and showed
a statistically significant difference compared to HFD mice at the same time
(p=5.4x1071).

Moreover, HFD/STZ mice at TS5 exhibited a significantly elevated GA level
(44.65 = 8.35 pmol/mL, n = 5), comparable to the GA value in HFD mice at
T2 but significantly higher than in HFD mice at TS5 (p = 0.024, Figure 23B).
Additionally, MGO levels in HFD/STZ mice at T5 (0.72 £ 0.20 pg/mL, n =
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5) were significantly increased compared to both T2 and TS5 values in HFD-
only mice (p = 0.006, Figure 23C).

These findings indicate that STZ administration in HFD-fed mice not only
exacerbates hyperglycemia but also counteracts the metabolic adaptations
observed under HFD alone, as reflected by elevated GA and MGO levels.
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Figure 23. Fasting glycemia, GA and MGO in HFD (green) and HFD/STZ (light
green) mice. (4) Fasting glycemia at T4 and T5; (B) Glycated albumin, and (C)
Methylglyoxal levels at T5. Data are presented as mean £ SEM. Statistical
significance (One-Way ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*);
p <0.01 (*%); p <0.001 (¥*%*).

To evaluate insulin resistance in HFD/STZ mice, the OGTT, plasma insulin,
and HOMA-IR were performed at T5 and compared to HFD mice at the same
time point.

The OGTT was conducted in HFD/STZ mice (n = 3), as described in section
5.4.3 of the Materials and Methods.

These mice exhibited a markedly elevated glucose peak (11.21 + 0.69
mmol/L), which remained persistently high for over three hours post-glucose
administration, indicative of profound glucose intolerance (Figure 24A).
Consistently, the AUC in the HFD/STZ group was significantly increased
(1702.60 £ 136.29 mmol/L x min) compared to both the CTRL group at TO
(p=1.9 x10"") and the HFD group at T5 (p = 8 x 10°; Figure 24B).

Furthermore, at TS5, plasma insulin levels were measured in both HFD and
HFD/STZ mice. Insulin concentrations were comparable between groups,
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with no statistically significant difference observed (HFD: 12.10 £ 2.15
ng/mL, n = 7; HFD/STZ: 9.39 + 1.10 ng/mL, n = 5; Figure 24C). However,
the HOMA-IR index was significantly elevated in the HFD/STZ group
(214.85 £26.49, n = 7) compared to the HFD group (106.34 +21.04,n="7; p
= 0.008; Figure 24D), indicating a marked increase in insulin resistance
following STZ administration.

Collectively, these data demonstrate that the combination of HFD and STZ
leads to pronounced glucose intolerance and insulin resistance, consistent with

the development of a severe diabetic phenotype (Abdul-Ghani et al., 2006;
Tomlinson et al., 2008).
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Figure 24. Insulin resistance induced by the HFD/STZ combination. (A) Mean of
response glucose curves and (B) Mean of Area under the curve (AUC) of OGTT at
T5 in both HFD (green) and HFD/STZ mice (light green). (C) Insulin
concentrations at T5; (D) HOMA-IR index at T5. Data are presented as mean +
SEM. Statistical significance (One-Way ANOVA followed by Bonferroni post-hoc
test): p < 0.05 (*); p < 0.01 (**); p < 0.001 (*¥*%*).
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6.3. STZ induction effect on body weight, water intake, and survival
probability in the two experimental models

In addition to glycemic and biochemical parameters, body weight, food, and
water intake were longitudinally monitored in both experimental models to
characterize further the metabolic profile associated with diabetes induction.

In the STZ model, control mice on a normal diet (CTRL-ND) showed a
progressive age-related weight gain, from 30.9 £ 0.3 g at T0 to 36.1 £2.1 g at
T4 (p-value <0.001 vs. TO). By contrast, DM-ND exhibited significant weight
loss, reaching 30.0 £ 1.1 g at T4 (p-value = 0.0086 vs. CTRL-ND). HS diet
further promoted weight gain in controls (39.1 + 1.5 g at T4), while DM-HS
mice did not display marked weight loss (Figure 25). Water intake was
approximately doubled in diabetic groups compared with controls (~9
mL/day vs. 4 mL/day). Regarding food intake, any changes were observed
(data not shown).

In the HFD/STZ model, HFD-only mice displayed progressive weight gain,
whereas HFD/STZ mice showed a significant reduction, from 35.7 + 0.9 g at
T4 to 32.8 £ 0.5 g at TS5 (p < 0.001; Figure 26). Food intake remained
comparable between groups (~3 g/day). In contrast, water consumption was
markedly elevated in diabetic mice, reaching 19.7 = 0.8 mL/day at TS versus
HFD controls (p < 0.001), with an increase of ~27% between T4 and TS5,
indicating progressive polydipsia (data not shown).

Taken together, these findings show that diabetes induction was consistently
associated with reduced body weight and increased water consumption in
both models. In contrast, dietary sucrose attenuated weight loss in the STZ
paradigm, and HFD/STZ mice displayed pronounced polydipsia despite
unchanged food intake.
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Figure 25. Weight was measured at T0 in controls (CTRL), at T2 in CTRL and
diabetic (DM) mice, and at T3 in CTRL and DM mice, both in normal (ND) and
high sugar (HS) diet conditions. Values are presented as mean = SEM. Statistical
significance for data presented in (Two-Way ANOVA followed by Bonferroni post-
hoc test): * vs 10, #vs T2 CTRL-ND, £ vs T2 DM-ND, 8 vs T3 CTRL-HS, § vs T3
DM-ND, € vs T3 DM-HS, 1 vs T4 CTRL-ND, ¥ vs T4 CTRL-HS. For all symbols
reportedp < 0.05 (* # £ 8, §, € 7, ¥); p < 0.01 (** ##, ££, $8, §S, €€, 17, ¥ ¥); p
< 0.001 (***, #ith, £££, $83, S, €EE, 111, ¥ ¥ P).
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Figure 26. Weight was measured at T0 in CTRL (dark green), at T1, T2 in HFD
(green), and at T4 and TS5 in HFD and HFD/STZ (light green) mice. Values are
presented as mean + SEM. Statistical significance for data presented in (Two-Way
ANOVA followed by Bonferroni post-hoc test): * vs T0, #vs T1, £ vs T2, $ vs T4
HFD, § vs T5 HFD. For all symbols reported p < 0.05 (*, # £, 8, §); p < 0.01 (**,
#h ££, 88, §$); p < 0.001 (*** ###, £££, 53, §55).

Survival probability was monitored to evaluate the impact of diabetes
induction and metabolic alterations on lifespan. Kaplan—-Meier curves were
generated for both models, allowing comparisons between diabetic and
control groups as well as between single and combined metabolic insults.

In the STZ model, Kaplan-Meier survival analysis (Figure 27A) revealed a
statistically significant difference among the survival curves of CTRL-ND,
CTRL-HS, DM-ND, and DM-HS groups (p = 0.0241), indicating that both
STZ-induced diabetes and HS water intake significantly influenced survival
outcomes.

Notably, a direct comparison between CTRL-ND and DM-ND groups
revealed no significant difference in survival probability, suggesting that
diabetes alone did not compromise lifespan up to senescence (19 months of
age). Similarly, HS consumption alone did not affect survival in CTRL mice
(CTRL-ND vs. CTRL-HS). In contrast, a significant difference was found
between DM-ND and DM-HS groups (p = 0.0275), indicating that HS intake
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negatively affected survival in diabetic animals. A significant difference was
also identified between CTRL-HS and DM-HS groups (p = 0.0275),
demonstrating that diabetes reduced survival in the presence of HS
consumption. Thus, the combination of diabetes and HS intake was
detrimental, leading to reduced survival probability in DM-HS animals
compared to all other groups. By 18 months of age, survival probability in
DM-HS mice dropped to 55.55%.

To further investigate the link between survival and glycemic control, we
analyzed the relationship between Kaplan-Meier survival probability and
fasting glycemia at T3. A statistically significant difference in survival curves
was observed between DM-ND and DM-HS mice (p = 0.0295, Figure 27B),
indicating an influence of glycemic status on mortality in diabetic animals.
Specifically, only DM mice exhibited fasting glycemia levels between 500—
600 mg/dL (n = 5). All DM-HS animals in this range (n = 3) died, while all
DM-ND mice (n =2/2) survived, highlighting a deleterious effect of HS intake
under extreme hyperglycemic conditions. These findings suggest that
although elevated glycemia contributes to mortality risk, it is not sufficient on
its own to explain the outcome in diabetic mice fully.
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Figure 27. Kaplan-Meier survival analysis. Panel (A): Kaplan-Meier survival
analysis showing survival curves of CTRL and DM mice, fed with either ND or HS
diet. It should be noted that the DM-ND and CTRL-HS symbols are overlapped. In

the lower part of panel B, the whole number of mice (n) and the number of dead
mice (in brackets), at different ages, are reported. Panel (B): Kaplan-Meier
analysis presenting survival curves of DM mice, fed with either ND or HS diet,
relative to the glycemia value assessed at 18 months of age (13). In the lower part
of panel C, the number of alive mice (n) and the number of dead mice (in brackets)
are listed. Statistics for Kaplan-Meier analysis was obtained with a Log (Mantel-
Cox) rank test.

In the HFD/STZ model, Kaplan—Meier survival analysis (Figure 28) revealed
no significant differences between the HFD and HFD/STZ groups, indicating
that STZ treatment did not affect overall survival probability, despite the death
of two out of seven mice at T4.
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Figure 28. survival probability. (4): Kaplan-Meier survival curves. Statistical
significance for Kaplan-Meier analysis was obtained with a Log (Mantel-Cox) rank
test.

6.4. Histopathological analysis of the pancreas islets: insulitis score in
the two models

For both experimental models, histopathological analysis of pancreatic islets
was performed to assess diabetes-induced alterations. Coronal pancreatic
sections were collected from CTRL, DM, and DM-REC mice of the first
model at 19 months of age (T4), and from HFD and HFD/STZ mice of the
second model at 16 months of age (T5). The tissues were then processed for
histological evaluation using hematoxylin and eosin (H&E) staining to assess
diabetes-induced alterations in pancreatic morphology (for details, see 5.7.1
section of material and methods). A semiquantitative scoring system, as
described by Pavlovic et al. (2018), was applied under conventional
brightfield microscopy to estimate the extent of tissue damage, using a scale
ranging from 0 (undetectable) to 4 (severe). Specifically, the lesion scores
were defined as follows: score 0, normal islets; score 1,
perivascular/periductal infiltration; score 2, peri-insulitis; score 3, mild
insulitis (< 25% of the islet infiltrated); score 4, severe insulitis (more than
25% of the islet infiltrated).

In the first model, the histological evaluation of CTRL mice revealed a well-
preserved pancreatic cytoarchitecture, with the majority of islets (82.82%)
categorized as normal (score 0). In contrast, DM mice exhibited a marked

reduction in normal islets, with only 6.94% scoring 0. Interestingly, DM-REC
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animals showed a partial recovery of islet morphology, with 58.53% of islets
appearing normal (Figure 29A-B).

DM mice displayed substantial levels of islet inflammation, with mild insulitis
(score 3) observed in 22.22% and severe insulitis (score 4) in 30.56% of islets.
In DM-REC mice, these values dropped considerably, with mild and severe
insulitis recorded at 2.68% and 4.52%, respectively, indicating reduced
immune infiltration.

Perivascular and periductal infiltration (score 1) was present in 13.37% of
islets in CTRL mice but increased to 26.96% in DM mice, before decreasing
t0 20.41% in the DM-REC group. Meanwhile, peri-insulitis (score 2) occurred
at similar frequencies in both DM and DM-REC animals (13.89% and
13.87%, respectively), but remained lower in CTRL mice (2.51%).

These results demonstrate that STZ treatment induced a persistent
inflammatory response in the pancreatic islets of DM mice, characterized by
high-grade insulitis. However, a partial restoration of normal islet structure
was evident in DM-REC animals, indicating some recovery of pancreatic
integrity over time (Figure 29A-B).
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Figure 29. Pancreas islet insulitis in CTRL, DM, and DM-REC at T4. Histological
characterization by H&E staining. (4) Representative micrographs showing the
pancreas from different groups. Black arrows for each micrograph indicated the
alteration observed for each score. Light microscopy magnification: 40x. Scale
bars 145.2 m. (B) Insulitis was reduced in DM-REC mice compared to DM animals.
Semiquantitative scale ranging from undetectable (0) to severe (4) tissue damage.
In particular, degree of lesions was recorded and graded as follows: 0, normal
islet; 1, perivascular/periductal infiltration; 2, peri-insulitis; 3, mild insulitis (<
25% of the islet infiltrated), 4, severe insulitis (more than 25% of the islet
infiltrated).

In the second model, the islet morphology was largely preserved in HFD mice,
with 56.98% of the islets scored as 0, indicating normal architecture. In
contrast, the HFD/STZ group exhibited a marked decrease in intact islets, with
only 1.78% classified as score 0, pointing to significant structural disruption
(Figure 30A-B).

Perivascular/periductal infiltration (score 1) was more commonly observed in
the HFD group (24.42%) than in the HFD/STZ group (17.86%). Conversely,
the prevalence of peri-insulitis (score 2) was higher in HFD/STZ mice
(23.21%) compared to HFD mice (6.98%). Similarly, mild insulitis (score 3)
was more frequently detected in HFD/STZ mice (39.28%) than in HFD mice
(8.14%). The occurrence of severe insulitis (score 4) was also elevated in the
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HFD/STZ group (17.86%) relative to the HFD group (3.49%) (Figure 30A-
B).

These findings clearly demonstrate that the combination of a high-fat diet and
STZ treatment induces substantially greater pancreatic islet damage compared
to HFD alone, as reflected by the increased frequency of higher insulitis scores
in the HFD/STZ group.
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Figure 30. Pancreatic islet insulitis in HFD and HFD/STZ mice at T5. Histological
characterization by H&E staining. (4) Representative micrographs showing
pancreas architecture from different groups. Red arrows highlight characteristic
features associated with each score. Light microscopy magnification: 40x. Scale
bars 145.2 um. (B) Semi-quantitative scale ranging from undetectable (0) to severe
(4) tissue damage. In particular, the degree of lesions was recorded and graded as
follows: 0, normal islet; 1, perivascular/periductal infiltration, 2, peri-insulitis; 3,
mild insulitis (< 25% of the islet infiltrated); 4, severe insulitis (more than 25% of
the islet infiltrated).

6.5. Cognitive decline and frailty

The link between metabolic dysfunction and cognitive aging was explored by
evaluating recognition memory and frailty in both models.
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Cognitive performance was initially evaluated in the STZ model using the
Novel Object Recognition (NOR) test, with a specific focus on the
“knowledge” component of recognition memory. In the subsequent HFD/STZ
model, the assessment was extended to also explore the “remember”
component through the Object Location (OL) and Y-maze tasks. Furthermore,
the Discrimination Index (DI) was calculated based on both the time and the
number of approaches for the NOR and OL tasks. In the Y-maze, the
percentage of spontaneous alternations in triplets was assessed. In both
models, a frailty index (FI) was calculated to provide an integrated measure
of systemic and behavioral vulnerability (for details, see sections 5.5 and 5.6
of the Materials and Methods).

6.5.1. STZ model: knowledge component of recognition memory and
frailty index

In the STZ model, the NOR test was performed at TO, T3, and T4, following
the same longitudinal experimental design and time points used for metabolic
markers, to enable an association between cognitive and systemic parameters.

As previously observed in metabolic parameters, the analysis of behavioral
outcomes revealed no significant differences between mice maintained on ND
or HS diets in either the CTRL or DM groups (data not shown). Consequently,
dietary conditions were excluded as variables, and subsequent analyses
focused solely on comparisons between CTRL and DM mice. Furthermore,
based on the variation in fasting glycemia observed at T3, DM mice were
stratified into two subgroups: DM, with fasting glycemia > 300 mg/dl, and
DM-REC, with fasting glycemia < 300 mg/dl (Figure 22A).

In CTRL mice, a physiological age-related decline in recognition memory was
detected, consistent with prior findings (Ratto et al., 2019). Specifically, the
global FI in CTRL mice increased progressively from 0.00 £+ 0.04 at TO (n=35)
to 0.21 £ 0.11 at T3 (n=12) and further to 0.64 + 0.13 at T4 (n=12) (Figure
31B).

Three months after STZ treatment (T3), DM mice exhibited a significant
reduction in recognition memory, as reflected by both a decline in the DI and
an increase in the frailty index (Figure 31A-B). The global FI of DM mice at
T3, was 0.54 = 0.09 (n = 8), significantly higher than that of CTRL mice at
the same time point (p = 0.04) (Figure 31B). By contrast, DM-REC mice at
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T3 exhibited a restored global FI (0.21 + 0.15, n = 10), comparable to that of
CTRL mice, suggesting a recovery of cognitive function in correlation with
normalized glycemia.

At T4, most STZ-induced mice showed glycemic recovery, qualifying them
as DM-REC, and their recognition memory performance aligned with that of
age-matched CTRL animals (Figure 31B). This recovery was also evidenced
by improvements in both the DI and the global FI derived from the NOR test
(0.53 £ 0.09, n = 12) (Figure 31A-B), indicating a partial reversal of the
cognitive impairments caused by STZ.

However, a subset of DM mice (n = 3) continued to show severely impaired
locomotor activity. These animals interacted with the novel and familiar
objects only 1-2 times over 5 minutes, with each interaction lasting under 3
seconds. As a result, their low activity levels at T4 precluded the calculation
of a valid frailty index.
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Figure 31. Novel Object Recognition test (NOR) data. Panels (4) and (B): Global
Discrimination Index (DI) and Global Frailty Index (FI), respectively. Values are
presented as mean + Standard Error of the Mean (SEM). Statistical significance
(One-Way ANOVA followed by Bonferroni post-hoc test): * vs T0, #vs T3 CTRL, £
vs T3 DM, 8 vs T3 DM-REC, § vs T4 CTRL. For all symbols reported p < 0.05 (*,
# £ 8 9);, p<0.01 (*% #4 ££, 88, §S), p < 0.001 (*** ### £££, 388, §§3).
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6.5.2. HFD/STZ model: knowledge and remember component of
recognition memory and frailty index

In the HFD/STZ model, the NOR, OL, and Y-maze tasks were performed at
T1, T2, and TS5 to align recognition performance with metabolic parameter
changes.

In HFD mice, the discrimination index (DI) for both the number of approaches
(Figure 32A) and the time spent exploring objects (Figure 32B) in the novel
object recognition (NOR) test remained unchanged at T2 (0.22 +0.07 and 0.45
+ 0.09, n = 14, respectively) compared to T1 (0.25 = 0.03 and 0.45 £ 0.04, n
= 14). However, after six months of HFD (T5), a significant reduction in the
DI for the number of approaches was observed (0.12 + 0.04, n = 7) compared
to T1 (p = 0.037), indicating emerging cognitive impairment. No significant
change in the DI for exploration time was detected at TS5 (0.28 £ 0.08, n = 7).
The global DI of the NOR test (Figure 32C), combining both metrics, revealed
a significant cognitive decline at T5 (0.17 + 0.06, n = 7) compared to T1 (0.34
+0.03, n=14; p=0.016). This decline was evident only after prolonged HFD
exposure, as no significant differences were detected between T1 and T2 (0.33
+0.08, n = 14).

In the HFD/STZ group, recognition memory deficits were more pronounced.
At TS5, both the DI for number of approaches (—0.09 + 0.08, n = 5) and
exploration time (0.00 + 0.09, n = 5) significantly declined compared to T1 (p
=0.0017 and p = 0.0027, respectively), T2 (p = 0.013 and p = 0.0068), and
also compared to HFD mice at TS (p = 0.038 and p = 0.032). The global DI in
HFD/STZ mice at TS5 (—0.04 + 0.07, n = 5) was significantly reduced relative
to T1 (p =0.001), T2 (p = 0.004), and HFD mice at the same time point (p =
0.038).
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Figure 32. Novel Object Recognition test (NOR) data. Discrimination Index (DI) of
the number of approaches (A) and time of approaches (B); Global DI of NOR test
(C) in HFD (blue) and HFD/STZ (light blue) mice. Data are presented as mean +
SEM. Statistical significance (One-Way ANOVA followed by Bonferroni post-hoc

test): p < 0.05 (*); p < 0.01 (**); p < 0.001 (*¥*%*).

In HFD mice, the discrimination index (DI) for both the number of approaches
(Figure 33A) and the time spent exploring objects (Figure 33B) in the object
location (OL) test did not significantly change at T2 (0.17 + 0.05 and 0.09 +
0.06, n= 14, respectively) or T5 (0.16 + 0.04 and 0.10 + 0.04, n=7) compared
to T1(0.16 = 0.02 and 0.20 = 0.03, n = 14). Similarly, the global DI of the OL
test (Figure 33C) showed no significant effect of HFD after one (T1, 0.17 =
0.02, n = 14), four (T2, 0.13 = 0.05, n = 14), and six months (T35, 0.13 £ 0.04,
n =7) of diet.

Figure 33D shows the percentage of alternation triplets obtained from the Y-
maze test. In HFD mice, the percentage of alternation remained stable at T2
(58.50£1.13%,n=14) and T5 (62.18 £ 3.68%, n = 7) compared to T1 (59.30
+1.26%, n = 14).

In contrast, HFD/STZ mice displayed a significant decrease in the DI for both
the number (Figure 33A) and time of approaches (Figure 33B) in the OL test
at T5 (—0.07 = 0.05 and —0.14 + 0.06, n = 5, respectively) compared to T1 (p
=0.022 and p = 0.00043) and T2 (p = 0.0021 and p = 0.048). These values
were also significantly lower than those of HFD mice at TS (p = 0.014 and p
=0.016).
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Accordingly, the global DI of the OL test (Figure 33C) revealed a significant
cognitive decline in HFD/STZ mice at TS5 (—0.10 + 0.06, n = 5) compared to
T1 (p = 0.0065), T2 (p = 0.0065), and HFD mice at T5 (p = 0.023).
Similarly, in the Y-maze test, HFD/STZ mice showed a significant reduction
in the percentage of alternation at T5 (50.53 £ 2.96%, n = 5) compared to T1
(p=0.017), T2 (p=0.0061), and HFD mice at the same time point (p = 0.045,
Figure 33D).
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Figure 33. Object Location (OL) and Y-maze tests data. Discrimination Index (DI)
of number of approaches (4) and time of approaches (B); Global DI of OL test (C);
% of alternation triplet in Y-maze test (D) in HFD (blue) and HFD/STZ (light blue)
mice. Data are presented as mean + SEM. Statistical significance (One-Way
ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**¥); p <
0.001 (**%*).
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For all selected parameters and behavioral tests, we calculated the FI (see
Materials and Methods). Specifically, a global FI for the “knowledge”
component was derived from the NOR test (Figure 34A), while a global FI for
the “remember” component was obtained by combining the results from the
OL and Y-maze tests (Figure 34B). These two global FI values were then
combined to generate the overall global FI of Recognition Memory (Figure
34C).

In HFD mice, the global FI of knowledge was not affected after four months
of treatment (T2, 0.01 = 0.12, n = 14) compared to baseline (T1, 0.00 = 0.04,
n = 14). However, after six months (T5, 0.22 + 0.10, n = 7), a significant
increase was observed compared to T1 (p = 0.037, Figure 34A). Regarding
the “remember” component, no significant changes were detected at one (T1,
0.00 = 0.03), four (T2, 0.06 + 0.06), or six months (T5, 0.06 = 0.07) following
the start of HFD (Figure 34B).

Consequently, the global FI of recognition memory was stable after four
months of HFD (T2, 0.04 £ 0.06, n = 14 vs. T1, 0.00 £ 0.02, n = 14), but
showed a significant increase at six months (TS5, 0.14 + 0.05, n = 7) compared
to T1 (p =0.02, Figure 34C).

In contrast, HFD/STZ mice exhibited a marked and statistically significant
increase in the global FI of knowledge at T5 (0.58 + 0.10, n = 5) compared to
both T1 (p =0.0012) and T2 (p = 0.0049), as well as to HFD mice at TS (p =
0.038, Figure 34A). Similarly, for the “remember” component, HFD/STZ
mice showed a significant increase at TS (0.50 + 0.07, n = 5) relative to T1 (p
=4.4x10°), T2 (p = 0.00019), and HFD mice at the same timepoint (p =
0.0011, Figure 34B). Finally, the global FI of recognition memory in
HFD/STZ mice was significantly elevated at T5 (0.54 + 0.05, n = 5) compared
toTl (p=242x10%), T2 (p=1.29x 10°9), and TS in HFD mice (p = 0.0024,
Figure 34C).
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Figure 34. The HFD/STZ combination induced a decline in recognition memory.
Global Frailty Index (FI) of «Knowledge» (4), and «Remembery components (B);
Global FI of Recognition memory (C) in HFD (blue) and HFD/STZ (light blue)
mice. Data are presented as mean + SEM Statistical significance (One-Way
ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**¥); p <
0.001 (**%*),

6.6. Neurodegenerative signatures in the Hippocampus

To investigate if diabetes and metabolic alterations were associated with
central nervous system alterations, hippocampal structure and pathology were
analyzed in both models. Morphological assessments were performed to
detect age- and diabetes-related changes in hippocampal subregions. At the
same time, immunohistochemistry for phosphorylated Tau (p-Tau) and B-
amyloid (AP) was carried out to evaluate molecular markers of Alzheimer-
like neurodegeneration.

6.6.1. Morphological changes in the hippocampal architecture

Hippocampal cytoarchitecture was analyzed in both models to determine
whether diabetes induction affected structural integrity. Specific subregions
were examined for age- and diabetes-related changes in neuronal organization
and tissue morphology. Coronal brain sections were collected from CTRL,
DM, and DM-REC mice of the first model at 19 months of age (T4), and from
HFD and HFD/STZ mice of the second model at 16 months of age (T5). The
tissues were then processed for histological evaluation using H&E staining.
The analysis focused on the dentate gyrus (DG) and the Ammon’s horn,
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including the CA1-CA2-CA3 subdivisions (for details, see 5.7.1 section of
material and methods).

6.6.1.1. STZ model

Hippocampal morphology was examined in CTRL, DM, and DM-REC mice
at T4, and the representative H&E-stained micrographs are shown in Figure
35A.

The overall gross morphology of the hippocampus appeared preserved across
all experimental groups. The Ammon’s horn maintained its typical
organization into four areas, CA1, CA2, CA3, and CA4, the latter embedded
within the V-shaped DG region. High-magnification images of the DG in
CTRL, DM, and DM-REC mice revealed the presence of the three well-
defined layers: the molecular layer (ML), granule cell layer (GL), and
pleomorphic layer (PL). In the CA regions, the characteristic trilaminar
structure was observed, consisting of the outer polymorphic layer (Stratum
oriens, SO), the middle pyramidal cell layer (Stratum pyramidale, SP), and the
inner molecular layer (Stratum radiatum, SR).

Quantitative analysis revealed region-specific alterations, assessed in terms of
both layer thickness and cell density, with significant changes confined to the
CA1 and CA3 subregions (Figure 35), while the DG and CA2 areas remained
unaffected (data not shown).

Specifically, a significant reduction in the thickness of both CA1 (p <0.001)
and CA3 (p =0.0113) was detected in DM mice compared to CTRL animals.
In contrast, DM-REC mice displayed a significant increase in thickness in
both CA1 (p <0.001) and CA3 (p = 0.0053) compared to DM mice (Figure
35B-C).

Furthermore, quantification of neuronal cell density in the CA1 and CA3 areas
showed a marked decrease in DM mice relative to CTRL animals (p < 0.001
and p = 0.0011, respectively). Conversely, DM-REC mice exhibited a
significant increase in cell density compared to DM mice in both CA1 (p =
0.0003) and CA3 (p = 0.007) regions (Figure 35D).

These findings collectively suggest that STZ-induced diabetes induces
structural hippocampal impairments, particularly within the CA1 and CA3
subregions, which can be partially reversed upon glycemic recovery.
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Figure 35. Histological characterization of hippocampus by H&E staining. Panel
(A): Representative brain sections showing the hippocampal cytoarchitecture. Left
column: the whole hippocampus images were obtained with LASX Navigator. Black

and blue squares indicate the ROI region for CA3 and CAI, respectively. Center

and right column: high-magnification micrographs of CA3 and CA1l, respectively,
from CTRL, DM and DM-REC mice. Light microscopy magnification: 40x. Scale
bars 43.6 um. Panel (B-E): Histograms showing the thickness of CA3 (B) and CAl

(C) and the cell density measured in CA3 (D) and CAlI (E) in CTRL, DM and DM-

REC mice. Values are presented as mean + Standard Error of the Mean (SEM).
Statistical significance (One-Way ANOVA followed by Bonferroni post-hoc test): *
vs CTRL, £ vs DM. For all symbols reported p < 0.05 (*, £); p < 0.01 (** ££); p <

0.001 (*** £££).
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6.6.1.2. HFD/STZ model

Hippocampal morphology was examined in HFD and HFD/STZ mice at T5,
and the representative micrographs are shown in Figure 36A. Although the
overall hippocampal architecture appeared preserved in both groups, specific
alterations were evident in the CA1, CA2, and CA3 regions, while the DG
areas remained unaffected (data not shown).

High-magnification images revealed the characteristic three-layer
organization of the hippocampus (SO, SP, and SR). Quantitative analysis
showed significant thinning of these layers in the CAl, CA2, and CA3
subregions of HFD/STZ mice compared to HFD controls (p = 1 x 107** for all,
Figures 36B-D). Moreover, cell density was markedly reduced in the CA1 (p
=4x10"),CA2 (p=9.1x1073), and CA3 (p =3.7 x 107?) areas of HFD/STZ
mice relative to HFD mice (Figures 36E-G).
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Figure 36. Histological characterization of the hippocampus by H&FE staining.
Representative brain sections showing the hippocampal cytoarchitecture (A): Left
column: the whole hippocampus images were obtained with LASX Navigator.
Black, red, and blue squares indicate the ROI region for CA3, CA2, and CAl,
respectively. Center and right column: high-magnification micrographs of CA3,
CA2, and CAl, respectively, from HFD and HFD/STZ mice. Light microscopy
magnification: 40x. Scale bars 25 um. Histograms showing the thickness of CA3
(B), CA2 (C), and CAl (D) and the cell density measured in CA3 (E), CA2 (F), and
CAI (G) in HFD (blue) and HFD/STZ (light blue) mice. Values are presented as
mean = Standard Error of the Mean (SEM). Statistical significance (One-Way
ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**); p <
0.001 (***).
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6.6.2. Molecular pathology: p-Tau and p-Amyloid
immunohistochemistry

Immunohistochemical analyses were performed to evaluate whether diabetes
and metabolic alterations were associated with Alzheimer-like molecular
hallmarks in the hippocampus. Coronal brain sections were collected from
CTRL, DM, and DM-REC mice of the first model at 19 months of age (T4),
and from HFD and HFD/STZ mice of the second model at 16 months of age
(TS). The tissues were then processed for p-Tau and AP antibodies. These
markers were selected as indicators of tauopathy and amyloid deposition,
providing complementary insights into the neurodegenerative burden across
experimental groups. In particular, in the two experimental models,
immunopositivity for both markers was analyzed in four hippocampal
subregions: the molecular layer of CA1 (ML-CAL1), the pyramidal layer of
CA1 (P-CAl), the pyramidal layer of CA3 (P-CA3), and the molecular layer
of the dentate gyrus (ML-DG). Specifically, p-Tau immunoreactivity was
quantified as optical density (OD) within the immunopositivity regions. In
contrast, APP plaque density (number of APP spots/area plaque) was
evaluated for B-amyloid (see sections 5.7.2 and 5.7.3 of Materials and
Methods for details).

6.6.2.1. STZ model

In STZ model, the analysis focused on comparing CTRL, DM, and DM-REC
groups to determine whether diabetes induction or subsequent glycemic
recovery influenced hippocampal p-Tau accumulation and AP deposition.

Representative images for p-tau and AP markers are shown in Figure 37A and
Figure 38A.

Specifically, in the ML-CA1 region (Figure 37B), DM mice exhibited a
significant increase in p-Tau OD (44.30 + 5.33), compared to CTRL mice
(17.65£1.37; p=0.006), and also compared to DM-REC mice (15.25 + 0.07;
p=10.006). Similar patterns were observed in P-CA1 and P-CA3 (Figure 37C-
D), where p-Tau levels were significantly elevated in DM (P-CA1: 25.65 +
3.73, P-CA3: 39.86 + 8.01) compared to CTRL (P-CAl: 11.54 + 1.69, p =
0.04; P-CA3: 14.27 £ 5.76, p = 0.04) and DM-REC (P-CA1: 9.01 £ 1.84,p =
0.03; P-CA3: 21.51 = 2.87, p = 0.03). In the ML-DG region (Figure 37E), a
significant increase in p-Tau was also detected in DM mice (19.34 + 0.50)
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compared to CTRL (6.96 = 1.90, p = 0.03) and also to DM-REC mice (6.61 +
3.00, p = 0.03). Notably, no significant differences were observed between
DM-REC and CTRL mice in the mean p-tau OD of DM-REC compared to
CTRL mice.

Regarding B-amyloid, no APP plaques were observed in CTRL mice in any
hippocampal subregion. In contrast, APP plaques were detected in DM and
DM-REC mice. Analysis of plaque density revealed statistically significant
differences between DM and DM-REC mice in ML-CA1 (5.76 £ 1.85 vs 2.09
+ 0.26, respectively; p =0.03; Figure 38B), P-CA1 (6.06 £ 1.79 vs 2.91 £ 0.28;
p-value = 0.04; Figure 38C), and ML-DG (3.25 + 1.49 vs 0.73 £ 0.73; p =
0.04; Figure 38D) regions, with DM mice showing higher densities. Notably,
no APP plaques were observed in the P-CA3 region in any of the groups.
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Figure 37. Immunohistochemical reactions for hyperphosphorylated Tau (p-Tau)
(Ser235). Panel (A): Representative images of Molecular layer of CAl (ML-CAI),
Pyramidal layer of CAl (P-CAl), Pyramidal layer of CA3 (P-CA3), and Molecular
layer of Dent gyrus (ML-DG) from CTRL (upper row), DM (Central row), and DM-
REC (down row) mice. Scale bars 10 um. Panel (B-E): Histograms showing the
Optical density (OD) of p-Tau signals in ML-CA1 (B), P-CAl (C), P-CA3 (D), ML-
DG ©in CTRL (blue), DM (blue with white lines), and DM-REC (light blue) mice.
Values are presented as mean £ Standard Error of the Mean (SEM). Statistical
significance (One-Way ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*);
p <0.01 (**); p<0.001 (**%).
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Figure 38. Immunohistochemical reactions for Anti-Beta () Amyloid. Panel (A):
Representative images of Molecular layer of CAl1 (ML-CA1), Pyramidal layer of
CAl (P-CAl), Pyramidal layer of CA3 (P-CA3), and Molecular layer of Dent gyrus
(ML-DG) from CTRL (upper row), DM (Central row), and DM-REC (down row)
mice. Scale bars 10 um. Panel (B-E): Histograms showing the APP plaque density
(number of APP spots/area plaque) in ML-CAI (B), P-CAI (C), ML-DG (D) in DM
(blue with white lines), and DM-REC (light blue) mice. Values are presented as
mean = Standard Error of the Mean (SEM). Statistical significance (One-Way
ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**); p <
0.001 (***).
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6.6.2.2. HFD/STZ model

In the HFD/STZ model, comparisons with HFD controls were carried out to
evaluate whether the combination of insulin resistance and B-cell damage
enhanced Alzheimer-like pathology in the hippocampus. Representative
images for p-tau and A markers are shown in Figure 39A and Figure 40A.

For p-Tau, HFD/STZ mice showed a significant increase in OD in the ML-
CAl region (58.73 £ 6.53; Figure 39B) compared to HFD mice (23.17 +4.05;
p = 0.003). Elevated p-Tau levels were also observed in P-CA1 and P-CA3
(Figure 39C-D), with HFD/STZ mice displaying a significantly elevated (P-
CA1:31.33 +£6.50, P-CA3: 57.19 + 2.54) compared to HFD (P-CA1: 12.21 £
2.27,p=0.03; P-CA3:31.94 + 3.22, p = 0.04). In the ML-DG region (Figure
39E), p-Tau was significantly increased in HFD/STZ mice (37.98 + 7.91)
compared to HFD (8.89 £ 0.44, p = 0.01).

Regarding B-amyloid, APP deposits were detected in both groups. However,
no deposits were observed in the ML-DG region in HFD group, but only in
HFD/STZ mice (4.08 £+ 2.11). Quantitative analysis of deposit density
revealed significant increases in HFD/STZ mice compared to HFD in ML-
CA1 (4.63 £ 0.14 vs 2.28 + 0.93, respectively; p = 0.03; Figure 40B), and in
P-CAT1 (5.68 = 0.41 vs 3.08 = 0.39; p = 0.005; Figure 40C) regions, with
HFD/STZ mice showing the highest densities. Notably, no statistical
difference was observed in the P-CA3 region (Figure 40D) between HFD and
HFD/STZ mice (4.42 = 0.03 vs 3.65 + 0.57).
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Figure 39. Immunohistochemical reactions for hyperphosphorylated Tau (p-Tau)
(Ser235). Panel (4): Representative images of Molecular layer of CAl (ML-CAI),
Pyramidal layer of CAl (P-CAl), Pyramidal layer of CA3 (P-CA3), and Molecular
layer of Dent gyrus (ML-DG) from HFD (upper row), and HFD/STZ (Central row)
mice. Scale bars 10 um. Panel (B-E): Histograms showing the Optical density (OD)
of p-Tau signals in ML-CAI (B), P-CAl (C), P-CA3 (D), ML-DG (E) in HFD
(green), and HFD/STZ (light green) mice. Values are presented as mean +
Standard Error of the Mean (SEM). Statistical significance (One-Way ANOVA
followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**); p < 0.001 (**%).
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Figure 40. Immunohistochemical reactions for Anti-Beta () Amyloid. Panel (A):
Representative images of Molecular layer of CAl (ML-CA1), Pyramidal layer of
CAl (P-CAl), Pyramidal layer of CA3 (P-CA3), and Molecular layer of Dent gyrus
(ML-DG) from HFD (upper row), and HFD/STZ (Central row) mice. Scale bars 10
um. Panel (B-E): Histograms showing the APP plaque density (number of APP
spots/area plaque) in ML-CA1 (B), P-CAI (C), and P-CA3 (D) in HFD (green), and
HFD/STZ (light green) mice. Values are presented as mean + Standard Error of the
Mean (SEM). Statistical significance (One-Way ANOVA followed by Bonferroni
post-hoc test): p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).
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7. Discussion

Type 2 diabetes mellitus (T2DM) is increasingly recognized not only as a
systemic metabolic disorder but also as a driver of accelerated brain aging and
dementia risk. Epidemiological and experimental evidence consistently
support the concept of “type 3 diabetes,” whereby peripheral metabolic
dysfunction converges on central mechanisms of neurodegeneration (Kciuk et
al., 2024; Michailidis et al., 2022; Patel et al., 2016; Wium-Andersen et al.,
2020).
Among the multiple pathways implicated, chronic hyperglycemia and
advanced glycation processes are particularly relevant, as they promote
vascular damage, oxidative stress, and neuroinflammation, ultimately leading
to hippocampal vulnerability and Alzheimer-like pathology. Identifying
biomarkers that capture these mechanisms is therefore critical to improve both
experimental modeling and clinical monitoring.
Conventional measures such as HbAlc provide an integrated view of long-
term glycemic control. However, they are limited in sensitivity to short-term
fluctuations and do not capture the contribution of dicarbonyl stress. For this
reason, glycated albumin (GA) and methylglyoxal (MGO) were selected as
candidate biomarkers. GA reflects glycemic variability over shorter time
scales, while MGO is a highly reactive dicarbonyl compound directly
implicated in the formation of advanced glycation end-products (AGEs) and
in cellular toxicity (Ayoub et al., 2025; Oliveira et al., 2024).
Their evaluation in experimental diabetes models provided an opportunity to
test whether they may serve as more responsive and mechanistically relevant
indicators of glycemic variability and dicarbonyl stress, as well as their
association with recognition memory and hippocampal injury.
To address these questions, two murine models of T2DM were established
and followed longitudinally from adulthood to senescence, allowing the
parallel monitoring of systemic metabolism, GA, and MGO dynamics, frailty
indices, and recognition memory. Furthermore, hippocampus and pancreas
morphology were studied at the experimental endpoint.
The discussion that follows is organized around four main themes: (i) the
diabetic condition induced in the two animal models; (ii) the validity as
glycation markers of GA and MGO as short-term indicators of diabetic
condition; (ii1) the impact of dietary on fasting glycemia, MGO and GA values
and the association with recognition memory performances; and (iv) the
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association between diabetic condition, cognitive decline, and p-tau and
APP/amyloid as Alzheimer-like neuropathology. Together, these
considerations aim to situate the findings of this thesis within the broader
context of diabetes research and neurodegeneration, while highlighting both
the strengths and the limitations of the adopted approaches.

A general limitation of experimental diabetes research is that no single animal
model can fully reproduce the multifactorial nature of the human disease.
T2DM arises from the interaction of insulin resistance, B-cell dysfunction,
dietary factors, and aging, and each model reflects only part of this
complexity. For this reason, complementary approaches are needed to capture
both the systemic and the neurological consequences of the disease (Rees &
Alcolado, 2005).

The study was designed around two complementary paradigms to capture
different trajectories of diabetes: (i) a low-dose streptozotocin (STZ) protocol,
which induces partial B-cell dysfunction; and (ii) a combined high-fat diet
(HFD) and STZ model, complemented by the study of HFD alone, to
reproduce the multifactorial interaction between insulin resistance and B-cell
loss. In addition, a detrimental high-sugar (HS) diet in drinking water was
applied to only STZ-treated mice to test whether excessive sugar intake could
further aggravate the diabetic condition. These models were followed
longitudinally from adulthood to senescence, enabling the evaluation of GA
and MGO in relation to conventional measures (glycemia) and the
investigation of central outcomes, including recognition memory decline and
p-Tau and APP/amyloid as Alzheimer-like neuropathology.

To separate the effects of diabetes from those of aging or diet, several control
conditions were included. Non-diabetic controls (CTRL) of the STZ model
provided a reference for age-related changes in systemic parameters such as
glycemia, GA, and MGO. This was important to determine whether alterations
observed in diabetic animals could be attributed to the disease itself or simply
to advancing age.

In addition, high-sugar (HS) supplementation was tested in non-diabetic
controls to assess whether dietary sugar intake alone is sufficient to perturb
metabolic homeostasis in adult animals. Similarly, a group maintained on
high-fat diet (HFD) without STZ allowed the evaluation of diet-induced
metabolic parameters alteration and insulin resistance in the absence of
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chemical B-cell injury. Together, these comparisons made it possible to
separate the contribution of aging, dietary factors, and diabetes induction to
metabolic parameters.

In the CTRL group of the STZ model, fasting glycemia remained within the
physiological range throughout the observation period, confirming that aging
alone did not drive the onset of hyperglycemia.

Similarly, GA values were stable across time, indicating that age by itself does
not significantly affect short-term glycation under normoglycemic conditions.
In contrast, MGO levels showed a progressive decline with age. This pattern
is consistent with the notion that serum MGO may decrease as intracellular
sequestration and AGE formation increase when detoxification capacity
becomes less efficient (Dhar & Desai, 2012; Kold-Christensen & Johannsen,
2020). Thus, aging was associated with subtle biochemical shifts, but not with
overt disruption of glucose homeostasis.

Supplementation with HS did not induce diabetes in adult non-diabetic mice.
Fasting glucose values remained in the normal range, confirming previous
reports that adult rodents show relative resistance to sugar-induced
hyperglycemia (Coirini et al., 2022). Interestingly, GA values increased only
after prolonged exposure, suggesting that cumulative dietary sugar may
modulate short-term glycation processes even in the absence of overt
hyperglycemia. MGO levels, however, were unaffected, reinforcing the idea
that dicarbonyl stress requires an underlying diabetic condition to become
manifest. These findings indicate that while excessive sugar intake may
exacerbate existing metabolic alterations, it is not sufficient to induce diabetes
in otherwise healthy adult animals.

The prolonged HFD exposure resulted in a progressive elevation of fasting
glycemia, accompanied by increased body mass. These effects cannot be
attributed to aging, as shown by comparison with our previous dataset in the
first model, where control animals maintained stable fasting glucose (~90-100
mg/dL) and showed only modest weight gain at later ages (~36 g at 19
months). Thus, the observed alterations can be ascribed specifically to dietary
intervention. Despite the absence of internal age-matched controls in this
study, the insulin concentrations and HOMA-IR indices of HFD-fed mice
align with values reported for insulin-resistant models in the literature
(Heyward et al., 2012; Meng et al., 2010). Collectively, these findings indicate
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that HFD feeding alone is sufficient to induce early insulin resistance, with
severity modulated by both starting age and intervention length.

However, GA levels increased after four months of exposure, confirming
chronic glycemic stress, but they surprisingly declined again with continued
diet, implying possible metabolic adaptation to sustained nutritional overload.
Furthermore, comparing these values with those of age-matched CTRL of the
STZ model, it is evident that the rise in GA is diet-driven, while its subsequent
decline reflects long-term compensatory responses.

Regarding MGO levels, they decreased with age regardless of diet, reflecting
the same pattern observed in the CTRL group of the first model.

Taken together, these results indicate that aging alone does not significantly
affect glycemia or GA, though it is associated with a decline in circulating
MGO. HS supplementation in CTRL animals produced only a late and modest
increase in GA, without altering glucose or MGO. HFD diet, in contrast,
induced clear metabolic alterations, including hyperglycemia, insulin
resistance, and alterations in GA, thereby establishing it as a predisposing
condition for diabetes.

These findings provide the baseline for interpreting the diabetic phenotypes
observed in the STZ and HFD/STZ models, and for assessing the added value
of GA and MGO as early markers of diabetes.

In the STZ model, diabetes was induced at 13 months of age, corresponding
to late adulthood in mice (~43 human years; Dutta & Sengupta, 2016). One
month after induction, all diabetic mice displayed severely elevated fasting
glucose, averaging approximately fourfold higher than controls, confirming
the robustness of the initial phenotype. However, the longitudinal follow-up
revealed an unexpected trajectory: rather than remaining stable, the diabetic
phenotype showed progressive spontaneous remission in a large proportion of
animals. By 16 months of age (3 months after STZ injections), approximately
55% of animals showed partial remission, and by 19 months of age (6 months
after STZ injections), nearly 90% had normalized glycemia.

To our knowledge, such recovery has not been previously reported, likely
because most studies adopt cross-sectional designs and terminate experiments
within weeks after induction. This novel observation suggests that STZ-
induced diabetes in adult mice is not invariably irreversible but instead
exhibits a transient course characterized by early severity and later plasticity.
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While this reduces its translational validity as a model of chronic T2DM, it
provides a unique window to study endogenous mechanisms of recovery.
Candidate processes may include B-cell replication via IRS2/PI3K/Akt
signaling, neogenesis from progenitor cells, a-to-p cell trans-differentiation,
and immunomodulatory pathways that may promote regeneration (Dor et al.,
2004; Ji et al., 2022; Shahedi et al., 2024; Yin et al., 2006).

Pancreatic histology reinforced this interpretation. STZ-treated animals
displayed insulitis and islet disorganization, but those in the recovery
subgroup (DM-REC) showed partial restoration of islet structure, suggesting
regenerative processes at work. This correlation between glycemic recovery
and histological improvement underscores the importance of a longitudinal
design to capture the dynamic evolution of diabetes.

The addition of a high-sugar supplement (DM-HS) did not exacerbate
hyperglycemia compared to diabetic animals on normal diet. This aligns with
previous reports that adult mice are relatively resistant to dietary sugar
challenges (Coirini et al., 2022). However, survival outcomes revealed an
important interaction: DM-HS animals had markedly reduced lifespan, with
only ~55% surviving to 18 months. Strikingly, none of the animals with
extreme glycemia (>500 mg/dL) survived, indicating that dietary sugar
compounds increase mortality risk in severe diabetes even without
consistently worsening glycemia. This observation has translational
implications, as it mirrors epidemiological data linking high sugar intake to
increased mortality in diabetic patients (Ma et al., 2023; Yang et al., 2014).
GA levels in STZ-induced diabetic animals increased early, within one month
of induction, and remained elevated until T4, even in mice that had normalized
glycemia. This persistence suggests that GA reflects ongoing glycation and
dicarbonyl stress beyond overt hyperglycemia, reinforcing its potential as a
more sensitive biomarker than fasting glucose for detecting alterations in
glucose and dicarbonyl metabolism.

Importantly, no significant differences were observed between DM-ND and
DM-HS animals, indicating that the diabetic state itself outweighed the
contribution of dietary sugar to GA variability.

MGO levels in diabetic animals followed a distinct trajectory. In contrast to
the age-related decline observed in controls, MGO concentrations increased
after 3 months of STZ induction in DM-HS mice, counteracting the normal
age-dependent reduction, before declining again after another 3 months
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alongside glycemic recovery. This profile indicates that MGO may act as a
transient marker of glycation activity, particularly when dietary challenges
compound diabetes. Its normalization in recovered animals suggests that
MGO accumulation is closely tied to ongoing hyperglycemia rather than
residual systemic alterations.

Overall, the STZ model revealed an acute and severe diabetic state that,
contrary to prevailing assumptions, was transient and partially reversible. This
limits its construct validity for modeling chronic human diabetes. However, it
provides a unique opportunity to investigate endogenous recovery processes
and to evaluate GA and MGO as biomarkers of ongoing metabolic changes
beyond overt hyperglycemia.

In the second model, diabetes was induced at 14.5 months of age (~48 human
years; Dutta & Sengupta, 2016) by combining high-fat diet (HFD) feeding
with low-dose STZ administration, the same chemical protocol used for the
first model. This dual-hit approach aimed to reproduce the interaction between
insulin resistance and B-cell dysfunction that characterizes human disease
trajectories.

The combined HFD/STZ protocol generated a more severe and persistent
diabetic phenotype. Fasting glycemia after one month of STZ injections, all
animals exhibited diabetic fasting glucose levels (exceeded 250 mg/dL),
confirming the effectiveness of the induction. At 16 months of age,
corresponding to 2 months after STZ induction, hyperglycemia remained
stable, and no signs of recovery were observed, in clear contrast with the
partial remission seen in the STZ-only model. Beyond this window, the
longitudinal course of HFD/STZ mice remains unknown, which represents a
limitation of the model. However, the primary objective of this paradigm was
to establish a stable diabetic phenotype suitable for the study of metabolic and
cognitive alterations. To avoid the confound of potential recovery, analysis
was therefore restricted to the 16-month time point. Within this timeframe, the
HFD/STZ model provided a consistent phenotype without signs of recovery.

A defining feature of this model was the combination of persistent
hyperglycemia with clear evidence of insulin resistance. Insulin levels and
HOMA-IR indices were markedly elevated in HFD/STZ mice, confirming that
the metabolic dysfunction was not limited to B-cell loss but also involved
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impaired insulin sensitivity. This dual pathology strongly parallels the human
condition, where insulin resistance and -cell dysfunction jointly drive disease
progression. It also distinguishes the HFD/STZ paradigm from the STZ-only
model, which lacks significant insulin resistance.

GA and MGO profiles further corroborated the severity of the phenotype. GA
remained persistently elevated, reflecting sustained short-term glycemic
instability, while MGO concentrations were high despite the age-related
decline seen in controls and HFD mice. This divergence highlights ongoing
dicarbonyl stress and advanced glycation, processes known to mediate
complications of diabetes, including vascular damage and neurodegeneration
(C. G. Schalkwijk & Stehouwer, 2020).

Pancreatic histology confirmed extensive islet disruption and severe insulitis,
with higher grades (3-4) predominating. These lesions exceeded those
observed in HFD-fed animals, underscoring the synergistic contribution of
insulin resistance and STZ-induced B-cell toxicity to irreversible pancreatic
failure.

Survival outcomes also diverged between models. HFD/STZ mice exhibited
persistently reduced survival, reflecting the relentless progression of their
metabolic impairment. This supports the view that chronic insulin resistance
combined with B-cell dysfunction leads to irreversible systemic frailty and
higher mortality.

Taken together, the HFD/STZ paradigm provided a translationally relevant
model of diabetes, faithfully reproducing the chronic and progressive nature
of the human disease within the monitored window, with persistent
hyperglycemia, elevated GA and MGO, severe B-cell damage, and reduced
survival. Although stability was confirmed only up to 16 months of age, this
model fulfilled its purpose of providing a robust platform for investigating
long-term systemic and neurological complications of diabetes.

The association between diabetes and cognitive impairment has been
consistently demonstrated in both clinical and experimental studies. Patients
with T2DM show a higher risk of developing dementia, particularly
Alzheimer’s disease, and often present with early deficits in memory,
attention, and executive function (Michailidis et al., 2022; Patel et al., 2016;
Wium-Andersen et al., 2020). Animal studies have provided converging
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evidence that hyperglycemia, insulin resistance, and advanced glycation
accelerate brain aging and predispose to neurodegenerative changes (Ayoub
etal., 2025; Oliveira et al., 2024). Within this framework, recognition memory
represents a particularly sensitive marker, as it relies on hippocampal and
cortical networks that are highly vulnerable to metabolic and
neurodegenerative stress (Bird, 2017; Rao et al., 2022; Vilela et al., 2023).
Recognition memory is not a unitary construct but comprises at least two
partially dissociable components: knowledge (familiarity with a previously
encountered stimulus) and remember (the recollection of contextual details).
This distinction has been increasingly recognized in both human and animal
studies, with evidence that the two processes rely on overlapping but distinct
neural substrates (Brown & Aggleton, 2001). Assessing both components is
therefore essential to capture the full spectrum of diabetes-related memory
dysfunction.

In the STZ model, the knowledge component of recognition memory was
analyzed using the novel object recognition (NOR) task, whereas in the
HFD/STZ model, the assessment was extended to include both knowledge and
remember components.

High-sugar supplementation was not assessed at the cognitive or
neuropathological level, as it did not produce measurable alterations in
metabolic parameters or in recognition memory performance, either in
controls or in diabetic animals. For this reason, the following analyses focus
exclusively on control, HFD-alone, STZ-alone (DM), and HFD/STZ groups.

In CTRL mice of the STZ model, recognition memory gradually declined with
age, consistent with physiological cognitive aging (Ratto et al., 2019).

In HFD-fed animals, recognition memory was only subtly impaired. When
compared with the age-matched controls of the first model, no meaningful
differences emerged, indicating that diet alone did not accelerate decline.
Furthermore, when considered within the broader trajectory of age-related
changes previously characterized in our laboratory (Roda et al., 2023), both
the knowledge and remember components in HFD animals aligned with
normal aging patterns. Together, these findings suggest that a prolonged high-
fat diet contributes modestly to cognitive decline, largely through age-related
mechanisms and metabolic alterations rather than overt diabetes.
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In the first model, after 3 months from STZ induction, diabetic animals
displayed severe cognitive impairment, with the global frailty index more than
doubling relative to age-matched controls, indicating that diabetes accelerated
the cognitive decline. Notably, animals in the recovery subgroup regained
NOR performance comparable to controls, demonstrating that restoration of
glycemic control can reverse familiarity-based memory deficits. This finding
highlights the plasticity of recognition memory circuits and supports the
hypothesis that early metabolic interventions may preserve or restore
cognitive function (Kleinridders et al., 2015).

By 16 months of age, cognitive testing was affected by two major limitations:
increased frailty and reduced locomotor activity, which constrained
exploratory behavior, and the very small number of animals that remained
diabetic (only 2 mice, as ~90% had undergone recovery). These factors
preclude firm conclusions about recognition memory at the latest time point.
Nevertheless, DM-REC animals maintained cognitive performance
comparable to controls, indicating that cognitive recovery remained stable
over time despite these experimental condition’s constraints.

In the second model, HFD/STZ mice displayed an elevated cognitive frailty
index, comparable to values previously reported in STZ-only mice at the same
age. The combined treatment accelerated cognitive decline, with persistent
and generalized deficits affecting both the knowledge and remember
components of recognition memory. Compared to HFD-fed mice, these
impairments were markedly more severe, underscoring the role of insulin
resistance and B-cell dysfunction in exacerbating cognitive deterioration.
Taken together, these findings support an association between hyperglycemia,
insulin resistance, and glycation and recognition memory impairment,
consistent with clinical and experimental evidence linking metabolic
syndrome to accelerated neurocognitive aging and increased dementia risk
(Hamz¢ et al., 2022; Shieh et al., 2020; Yu et al., 2025).

The hippocampus was selected as the primary region for histopathological
analysis because of its central role in recognition memory and its well-
established vulnerability to metabolic dysfunction and neurodegeneration.
Clinical and experimental studies consistently show that hippocampal
atrophy, neuronal loss, and synaptic alterations are among the earliest brain
changes associated with both diabetes and Alzheimer’s disease (Jash et al.,
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2020; Kciuk et al., 2024; Michailidis et al., 2022). Moreover, hyperglycemia,
insulin resistance, and glycation stress converge on pathways that promote tau
hyperphosphorylation and amyloid accumulation, processes that particularly
affect hippocampal circuits (Ayoub et al., 2025; Oliveira et al., 2024).

In control animals, hippocampal architecture was preserved, with no
histological evidence of structural alterations in the analyzed regions.

HFD-only animals were analyzed histologically, but interpretation was
limited by the lack of age-matched controls for direct comparison. Within this
constraint, the changes observed were modest relative to diabetic groups. This
is in line with previous reports showing that chronic HFD exposure can induce
moderate hippocampal alterations, including reduced neurogenesis and
synaptic dysfunction, though typically less severe than those associated with
overt diabetes (Gonzalez Olmo et al., 2023; Zhuang et al., 2022).

In the diabetic mice of the STZ model, clear neurodegenerative changes were
detected in CA1 and CA3 subfields, where pyramidal layers appeared thinner
and neuronal density was reduced. Immunohistochemical analyses further
revealed increased tau phosphorylation and APP/amyloid deposition in
diabetic mice. Although histological evaluations were performed later than the
cognitive assessments, the presence of these alterations is consistent with the
hypothesis that systemic metabolic alteration contributes to hippocampal
vulnerability and may underlie the memory impairment observed at earlier
stages (Biessels & Despa, 2018; Jash et al., 2020; Michailidis et al., 2022).
Remarkably, in the recovery subgroup (DM-REC), both structural and
molecular alterations were attenuated: neuronal density partially recovered,
and p-Tau and APP/amyloid immunoreactivity decreased. This suggests that
hippocampal circuits retain a degree of plasticity and that normalization of
glucose metabolism can mitigate AD-related pathology, in line with evidence
that early interventions may slow or reverse neurodegenerative changes
(Kleinridders et al., 2015).

In the second model, neuropathological alterations were more widespread,
with HFD/STZ mice showing structural damage across CA1, CA2, and CA3.
Although the overall hippocampal morphology remained recognizable,
quantitative analysis revealed clear reductions in pyramidal layer thickness
and neuronal density, pointing to a loss of cytoarchitectural integrity in
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memory-related subregions. These structural deficits were accompanied by
sustained tau phosphorylation and amyloid accumulation, molecular
hallmarks of Alzheimer-like pathology. Together, these changes align with
recent evidence linking metabolic alterations to hippocampal vulnerability and
are consistent with the notion that the combined burden of insulin resistance
and B-cell failure exacerbates hippocampal damage and accelerates
neurodegenerative cascades (De Felice & Ferreira, 2014; Peng et al., 2021;
Vilela et al., 2023).

Taken together, these findings highlight the complex interplay between
hyperglycemia, insulin resistance, glycation, and hippocampal alterations,
underscoring the value of complementary experimental models in
disentangling the systemic and neurological dimensions of diabetes.
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8. Conclusions and Future Perspectives

This doctoral project demonstrates that diabetes profoundly affects not only
systemic metabolism but also brain health, accelerating cognitive decline and
promoting p-Tau and APP/amyloid accumulation. By adopting a longitudinal
design across two complementary murine models, it was possible to dissect
both the reversible and the chronic trajectories of diabetes and to link systemic
alterations with cognitive and neuropathological outcomes.

A major contribution of this work is the introduction of glycated albumin (GA)
and methylglyoxal (MGO) as biomarkers in experimental models of type 2
diabetes. Both markers proved sensitive to short-term fluctuations and to the
persistent glycation process, often beyond what was captured by conventional
glycemia. Their consistent association with metabolic and hippocampal
alterations highlights their potential value in translational research and clinical
applications.

The two models adopted offered complementary insights. The STZ-only
paradigm revealed an unexpected capacity for spontaneous recovery, reducing
its translational validity as a model of chronic diabetes but providing a unique
opportunity to explore endogenous mechanisms of B-cell and hippocampal
plasticity. In contrast, the HFD/STZ model reproduced a more stable diabetic
phenotype, combining insulin resistance and -cell loss, and better reflecting
the chronic progression of human disease. Together, these approaches
underscore the need to integrate multiple models to capture the multifactorial
nature of diabetes and its neurological complications.

At the same time, several limitations should be acknowledged. Sample sizes
were modest, particularly in the HFD/STZ cohort, and only male animals were
included across both models, precluding the assessment of sex-specific
responses. The follow-up was restricted to a defined time window, limiting
conclusions about longer-term trajectories, especially in the HFD/STZ model.
Moreover, mechanistic analyses of inflammation, oxidative stress, and insulin
signaling were beyond the scope of this study, leaving open questions about
the molecular mediators of recovery and decline.

Future studies should therefore expand to larger and sex-balanced cohorts,
adopt longer longitudinal designs, and integrate multi-omics approaches to
unravel the pathways linking hyperglycemia, insulin resistance, dicarbonyl
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stress, and neurodegeneration. Interventional studies, testing dietary
modulation, antidiabetic drugs, or neuroprotective strategies, will be essential
to establish the predictive and therapeutic value of GA and MGO. Finally,
translational efforts connecting animal and clinical cohorts will be crucial to
validate these biomarkers and to explore their role in stratifying cognitive risk
in diabetic populations.

In summary, this work provides new insights into how diabetes may accelerate
brain aging, emphasizes the complementary strengths and limitations of
experimental models, and suggests GA and MGO as promising biomarkers
associated with metabolic and cognitive alterations. These findings set the
stage for future research aimed at developing personalized strategies to
monitor and mitigate diabetes-related neurodegeneration.

Ultimately, bridging preclinical models with clinical translation will be
essential to integrate metabolic and cognitive aspects of diabetes management.
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AUTOMATIC COMPUTATION OF THE GLYCEMIC INDEX:
DATA DRIVEN ANALYSIS OF THE GLUCOSE STANDARD
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ApsTrACT. The Glycemic Index (GI) is a tool for classifving carbohydrates based on their impact
an postprandial glycemia, uscful for diabetes prevention and management. This study applies
a mathematical model for a data driven simulation of the glycemic response following glucose
ingestion. The analysis reveals a direct correlation between glucose response profiles and param-
eters describing glucose absorption, enabling the classification of subjects into three groups based
on the timing of their glycemic peak. Our results offer potential applications for both glycomic
index simulation and advancing biological studies on diabetes.

Keywords: glycemic index, data driven analysis, glucose-insulin system, ODEs.

2020 Mathematics Subject Classification: 92B05, 920130, 92C12

1. INTRODUCTION

Diabetes is a major global health concern, with 589 million adults (20-79 years) affected and 3.4
million deaths reported in 2024 by the International Diabetes Federation (IDF). The total number
of people living with diabetes is predicted to rise to 853 million by 2030 [4]. The 90% of these cases
are type 2 diabetes (T2DM), making it the predominant form of the disease worldwide (2, 3.

T2DM is characterized by peripheral insulin resistance and progressive pancreatic g—cell dys-
function, resulting in chronic hyperglycemia. Due to its insidious and often asymptomatic onset,
T2DM is frequently diagnosed at a late stage, increasing the likelihood of complications at the
time of diagnc [22, 26]. The etiology of T2DM is multifactorial, involving a combination of
genetic predispogition and environmental factors. Major risk factors include excess body weight,
advancing age, certain ethnic backgrounds, and a family history of diabetes. Effective management
relies on comprehensive lifestyle modification, emphasizing a balanced diet, regular physical activ-
ity, weight management, and smoking cessation. When lifestyle changes alone are insuflicient to
maintain glycemic control, pharmacological intervention is introdnced, with metformin serving as
the standard first-line therapy [4].

Lifestyle interventions are elfective in preventing or delaying T2DM progression :41, 27, 35}.
Scientific consensus highlights the impact of dietary choices on T2DM risk, with high glycemic
index/load (GI/GL) diets potentially contributing to disease onset, though causality remains un-
certain. The concept of GI was introduced in 1981 to classify carbohydrates based on their effect
on postprandial glycemia [25]. It represents the blood glucose response of a 50-gram carbohydrate
portion of food, expressed as a percentage of the same amount of carbohydrate from a reference
food (usually pure glucose). The GI ranks the glycemic potential of carbohydrates in different
food. Various [actors influence GI, including carboliydrate type, starch properties, food processing,

T These anthors contributed equally to this work.
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F1aure 1. Representation of the Dalla Man-Rizza-Cobelli model with six com-
partments (yellow boxes) and their relations.

estimation. The results and the related discussion are then collected in Section 4. TFinally, in
Section 5. we draw some conclusions and mention future advancements.

2, MODEL OF THE GLUCOSE-INSULIN SYSTEM

We consider the Dalla Man—Rizza—Cobelli model of the glucose-insulin system introduced in [19].
The biological system Is described by several ordinary differential equations grouped into six com-
partments, representing the process of digestion. Such compartments are the gastrointestinal tract,
the liver, the glucose absorption system, the muscle and adipose tissues, the pancreas (d—cells), and
the insulin kinetics. A schemalic representation ol the compartments, together with their interplay,
is shown in Figure 1. We now recall all the governing equations and the meaning of all involved
variables and biological parameters.

2.1. Glucose subsystem. The glicose subsystem consists of two equations describing the evo-
lution of glicose masses in plasma and rapidly equilibrating tissues G (mg/kg) and in slowly

1C INDEX: THE GLUCOSE STANDARD 3
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equilibrating tissues Gy (mg/kg)

Gylt) = EGP(t) + Ra(t) — U(t) — B(t) — ki - Gplt) + ko - Go(t) Gpl0) = Gy
(n Gty = —Uialt) + k1 - Go(t) — ke - Gult) Gi(0) =G

- Gy

G(t) = &

‘G
The plasma glicose concentration G (mg/dL) is obtained dividing G, by the distribution volnme of
glucose Ver (dL/kg). In the first equation, EGP (mg/kg/min) is the endogenous glucose production,
Ra (mg/kg/min) denotes the rate of appearance of glucose in plasma, and  (mg/kg/min) the renal
excretion. The letter {7 (mg/kg/min) stands for the glucose utilization which is classified into insulin
independent T% and insulin dependent Uiy (see Section 2.5). Finally, &y and kg (min ) are two rate
parameters, while the initial conditions are the basal values G, Gy of G, and Gy, respectively.

2.2, Insulin subsystem. The insulin subsystem is governed by two equations describing the rela-
tion between the insulin mass in plasma I, (pmol/kg) and in the liver I; {(pmol/kg). The equations
read

To(t) = —(my +my(t)) - To(t) + mo - T,(1) + S(8) T(0) =T

(2) L) = —(my +my) - L) +my - T(t) L) =1L
m = o
I(t) = v

The variable S (pmol/kg/min) represents the insulin secretion, which is further deseribed in See-
tion 2.6. The insulin concentration in plasma / (pmol/L) is obtained by dividing £, by the distribu-
tion volume of insulin v (kg '). The coellicients my, ma, mq (min ') are lixed rate parameters,
On the other hand, the coefficient my is expressed as a fanction of the hepatic insulin extraction
HE, we have

HE(t) -m,

(3) HE(t) = —ms - S(t) + ms, mg(t) = ToHE®

where, ms and mg (min~!) are constant rate parameters too. More information regarding HE and
its relation with g at basal level can be found in [19, Sect. ILI-B]. The initial conditions [, and
Iy are the basal values of I; and I, respectively.

2.3. Endogenous Glucose Production. The Endogenous Glucose Production (EGP) is ex-
pressed in terms of glucose in plasma G, portal insulin I, (pmol/kg) and delayed insulin signal
1y (pmol/L), as
(1) EGP(t) = kpy — kpz - Gplt) — kpa - Ta — kpa - o

EGP(0) = EGP,.

More precisely, I, is the amount of insulin in the portal vein and its associated equation will be
described in Section 2.6. On the other hand, [y is governed by the following pair of equations

{f1(t) = —ki (h(t) - 1(1)) hL0) =1
Ta(t) = —ki - (1) — B (£)) 14(0) = Is,
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Gastric Emptying Rate Gastric Emptying Rate b= 0.8 Gastric Emptying Rate Jd=0.1

0 dp bD D 1] D 0 D

Qo Qsto Qs
(€] (8 t0)

Fiaure 2. (A) Profile of gastric emptying rate kg for fixed values of d and b.
(B) Profile of ke in variation of d with b = 0.8, (¢) Prolile of ko in variation
of b with d =0.1.

where I; is an auxiliary variable. Regarding the involved parameters, kp (ing/kg/min) is the
extrapolated EGP at zero glucose and insulin, indeed at basal state the following relation holds

(5) kit = EGPy + hpo - Gop + kps + To + Fipa - Tpo

Turthermore, A,z (min~!) is the liver glucose effectivencss, kpy (mg/kg/min per pmol/1) and kg
(mg/kg/\min/(pmol /kg)) govern the amplitude of the insulin action on the liver. Finally, k;
(min~!) takes into account the delay between insulin signal and insulin action. EGF denotes
the glucose production carried out by the liver, thus only nonnegative values are admissible and a
constraint is added to the model [36].

2.4. Gastrointestinal tract. This set of equations describes the transit of glucose in stomach and
intestine, as well as its absorption. The total amount of glucose is denoted by Quo (mg), that is

the sum of glucose in solid phase Qi:l), and triturated phase QE;ZU. The glucose mass in the intestine
is denoted by Qgue (mg). We have the following equations

)

QL) = ket - QLR + D (1) Qi =0
QA = fmmwm) QI + kg - QD (1) 20) =0
et () = ~Fatn * Qi () + ket (Guio) - @028)  Qun(0) =

Qseo(t) = bLU )+ Q::UJ

S K - Quat ()
Ra(t) = L2k el
a(t) oW
The letter D (mg) denotes the quantity of ingested glucose, while d (dimensionless) is an impulse
Iunction (with Gaussian profile, for instance). Again, Ra i3 the glucose rate of appearance in
plasma, depending on the body weight BW (kg) and on the fraction of intestinal absorption actually
appearing in plasma. As initial conditions, the quantities of glucose in stomach and intestine are
both assumed to be null. Finally, k.. (min~') is the rate of intestinal absorption, kari (min~"') the
rate of grinding and Aempt (Qsto) the rate of gastric emptying [16, 19].
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We point out that kepp depends on the quantity Q. as prescribed by the following relation
’ ; krnx — Ko 5 ;
©)  Fome(Qae) = i + (222 25 ) i@y~ ) tan(e(Quto ~ 4D) + 2.

The profile of such function is shown in Figure 2. More precisely, keyupt = kyax when the stomach
contains the amount D of ingested glucose. Then it decreases to its minimum kyp;, dwing the
digestion process and returns back to k. when the stomach is empty. The parameter b is the
percentage of glicose dose for which koppr decreases at the average (Apax + kmin)/2, as well as d
is the percentage of dose for which keunp is back to (Emax + kmin)/2. Notice that b corresponds
to the inflection point in the decreasing phase, while dD corresponds to the inflection point in the
recovery phase.

The decay and recovery rates a and ¢, respectively, depend on b, d and D. Indeed, at the time
of ingestion, keppr decreases with rate

5
T aD(1-y’
whereas the recovery rate at the end of the digestion process is
B
c= m
We remark that if b is in a large percentage, then the decay rate a is also large: this implies a

slow digestion since ke rapidly reaches its minimum. A similar reasoning applies to d. 1l d is
small, then the rate ¢ is large, implying a fast recovery phase from ki, back to k.

@

2.5. Glucose utilization. As we already mentioned before, the total glucose utilization U is the
sum of two contributions [19. Sect. 11I-C-3]: the insulin independent and the insulin dependent
utilization. denoted by Uy and Ujg, respectively. More precisely, Uy represents the glucose uptake
of the nervous system, which is thus assumed to be constant, i.e. Uy = Fine. On the other hand,
Usa depends on the glucose in tissues G as described by the Michaelis Menten law

- p _ VX)) -Gut)
(7) Uia(t) = e O ETCE

where V,,, (2) = Vg +2- V., and K, (2) = K,y are lincar functions of the insulin in the interstitial
Nuid X (pmol/L) governed by
() XUJ = —pats - X(t) + pavr - (1) — L).

The coefficient pr (nin™') is the rate of insulin action on the peripheral glucose utilization, I,
denotes the basal level of insulin concentration.

2.6. Insulin secretion. The secretion of insulin by the pancreas is described by a set of four
equations. We first observe that the insulin secretion is obtained by multiplying the portal insulin
1o by the transfer rate y (min~!) between portal vein and liver, i.e.

&) 5(t) = v Ipo(t).
The portal insulin solves the following equation
(10) fpo = =7 Tpo + Spa(t). Tpo(0) = Ipo
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where
5.0(0) = Y(O)+K-G)+ 5, ifG>0
T Y (@) + 5 i G <o,
(11)

Pty = {—u- V()= B (G(1) = k)| il 8- (G(L) — k) = =S, Y =0,

—a-Y(t)—a S, if 8- (G(t) —h) < =8,

and K (pmol/kg per mg/dL) is the pancreatic responsivity to the glicose rate of change, o (min—')
denotes the delay between the glucose signal and the secretion of insulin by the pancreas, 7
(pmol /kg/min per mg/dL) is the pancreatic responsivity to glucose. Finally, the constant h (mg/dL)
is the threshold of glucose above which the F—cells begin the production of new insulin. Usnally,
h = G, The symbol 5y, denotes the basal level of insulin secretion.

2.7. Glucose renal excretion. The kidneys release glucose in plasma when its quantity decreases
under a certain threshold k., (mg/kg). This phenomenon is represented with a linear relation, where
E., (min~') is the glomerular (iltration rate,

. oy ) e (Golt) = key) i Golt) > Ko,
(12) E() = {U ! if G:(t) < ke

3. PARAMETERS ESTIMATION

In this section we deseribe the procedure we adopt to estimate part of the parameters involved in
the system of ODEs. The estimation is performed by means of a constrained optimization algorithm
on a dataset of sampled glucose curves.

Our attention is focused on the rate of appearance parameters, which deseribe the glucose kinetics
in the gastrointestinal tract (sce Section 2.4) as well as kempt, and the endogenous glucose production
parameters, appearing in the delinition of EGP, see (4). Such parameters have a direct eflect on
the blood glucose concentration (& since they describe the absorption of glucose and its endogenous
production. In Table 1 we report the list of parameters we aim to estimate together with their
lower and upper bounds, which have been extrapolated from previous studies (see e.g. [16, 19]).
We also report the parameters’ initial value. All the other physical constants are fixed and listed
in Table 2 [19. Tab. 1], If a parameter is not reported in Table 1 and Table 2, then it is computed
from some the other quantities. Regarding EGP, we estimate its basal value EG P, and then we
compute kyy by applying the relation in (5).

We denote by (t;, G;) the in vivo sample points of a certain glucose concentration eurve, measured
at the time instant #; (min), forz = 1,.. with t; = 0 corresponding to the basal state. Moreover
¥ = (kmin, kmax, kabs, Fgris b, d, EG Py, kpa. kpy, kpa, ki) denotes the vector of parameters we are going
to estimate and G(t:9) (mg/dl) is the associated glucose concentration curve resulting from the
mathematical model.

In order to obtain the instance of & providing a good fitting of the sample (#;, G;), we minimize the
following loss function, where EG P(t:4) denotes the curve of EG P obtained from the mathematical
model at the point (,19),

(13) L) =— Z G — Gltad)* + Xy zeo) (min{ EGP(t;9)}).

i=1
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Parameters (1)

Lower bound Upper bound

Initial value (&)

Rate of Appearance parameters

Lor le-04 0.025 0.015
Fonne 0.035 0.1 0.0558
Kutie 0.01 0.3 0.057
kgei 1e-05 0.1 0.049
b 0.63 0.995 0.85
d le-07 0.01 0.00018
Endogenous Glucose Production parameters
EGPR, 15 25 2
kp2 le-3 0.01 0.0021
Fps le-05 0.02 0.009
Fepa le-04 0.1 0.0618
ki Te-05 le-03 0.0079

TaBLE 1. Lower/upper bounds and initial value for parameters estimation.

Parameter name Value || Parameter Value
Ve 1.88 Fons 1
I 0.065 Vino 2.50
k2 0.079 Vo 0.047
Vr 0.05 Ko 225.59
iy 0.190 pour 0.0331
g 0.484 K 2.30
My 0.194 o 0.050
ms 0.0304 g 0.11
g 0.6471 ¥ 0.5
HE, 0.6 ko, 1e-04
I 0.90 ke, 339

TABLE 2. List of fixed parameters. During our simulation, we also fix the quantity
of ingested glicose 12 = 50000 mg and the body weight BW = 78 kg.

More precisely, the first term is the mean squared error of the simulated glucose concentration

al. the sample poiuls ¢; (i = 1,

). while the second term forces EGP Lo be nonnegative by

penalizing the error indicator by a constant x = 10% Indeed, Ii.«0y is the characteristic function

defined as

(14)

H(z<0}(‘r) = {0

1

ife<0

otherwise.
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Fraure 3. Comparison between in wive and estimated glucose concentration
curves over the 35 considered subjects. (a) Mean and deviation of the in wive
glucase curves of our database. (B) Comparison between mean and deviation of in
vizo curves (blue lines) and estimated curves (orange lines).

The minimization process is carried out by means of the constrained optimization function
fmincon provided by MATLAB, which implements the interior point algorithm discussed in [10, 46,
33]. The process is initialized by setting ¥ = ¥ with the values reported in Table 1 and te
when £(1) < tol or @ varies less than a preseribed tolerance tol. In particular, we fix tol =le-10. As
additional stopping criteria we adopt the maximum number of iterations and the maximum number
of evaluations of £, which mnst be smaller than 500 times the size of 9 (i.e. 3500 iterations). At
cach iteration of fmincon, the ODE system is solved on a time grid with step At = 0,05,

ninates

4. RESULTS

4.1. Our dataset. The database consists of 35 glycemic response curves obtained by 35 healthy
subjects (range of age: 20-10) provided by the Laboratory of Neurobiology and Integrated Physi-
ology (University of Pavia, Italy).

Each volunteer received precise behavioral instructions to avoid distorting the test results. In
particular, they were advised not to consume alcohol in the previous 12 hours, smoke cigarettes,
or participate in strenuous physical exercise in the previous days. Each subject received 50 g of
ghicose orally (Glucose Sclavo, diagnestic 75 g/150 ml) after fasting for at least 12 hours, according
to the procedure defined by the International Organization for Standardization [1]. Blood glucose
wag monitored using the Lifescan One Touch UltraEasy©@ system, which uses a glucose oxidase
biosensor as a dosing method [9, 48], Specifically, blood glucose was measured before glucose
ingestion (corresponding to basal or [asting glycemia) and then every 15 minutes alter ingestion up
to 2 hours later.

4.2. Estimated curves. The model simulation allows for the deseription ol the physiological
events that oceur in the postprandial state following the ingestion of glucose solution by the healthy
subjects in the database. As previously described, 35 healthy subjects consumed a solution con-
taining 50 g of glncose within 15 minutes, after which glucose concentration levels were measured
every 15 minutes for 2 hours. Figure 3 shows a comparison between the data measured in vivo
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Parameter name Mean + SD

Rate of Appearance parameters

Fin 0.0086 + 0.0102
Fon 0.0831 + 0.0246
Kb 0.2266 + 0.0943
Fegr 0.0785 £ 0.0262
b 0.7391 + 0.0976
d 0.0050 + 8.1557e-06

Endogenous Glucose Production parameters
EGP, 1.8871 + 0.4035
kpo 0.0044 £ 0.0040
ks 0.0143 + 0.0072
Kpa 0.0251 + 0.0376

ki 6.7815e-04 + 1.1366e-01

TaBLE 3. Mean value and standard deviation for each parameter estimated on our
dataset.

and the estimates obtained nsing the model. The model accurately estimates the glucose curves
measured in vivo. Moreover, Table 3 reports the average value and the standard deviation of cach
estimated parameter.

The dynamic interaction between glucose absorption. endogenous production, insulin secretion,
and glucose utilization during the postprandial state is plotted in Figure 4. More precisely, plasma
insulin concentration (Figure 4b) exhibits a pattern similar to that of glucose (Figure 4a), with a
delayed peak compared to glucose. This delay is due to the time required for insulin to reach the
plasma circulation after being released by pancreatic S—cells in response to the rise in glucose levels.
Notably, insulin secretion (Figure 4e) shows an early and large peak that precedes the plasma one
and then progressively reduces as glucose concentration decreases. Similarly, endogenous glucose
production (Figure 4¢) undergoes a rapid reduction during the initial minutes, driven by the effect
of insulin, followed by a gradual recovery. as the trends of ghicose and insulin in the bloodstream.

The profile of glucose utilization (Figure 4f) is similar to that of insulin, with a progressive
inerease up to a platean., The variability reflects the diflerences between individuals in insulin
sensitivity and cellular glucose metabolism. The rate of glucose appearance Ra (Figure 4d) decreases
after an initial peak: this behavior is consistent with the rapid absorption of glucose from the
intestine, which immediately follows a meal. This trend reflects the systemic clearance of glucose
from the plasma.

The shaded regions, common across all panels, represent the standard deviation (SD) empha-
sizing the model’s ability to captiure not only the mean physiological processes but also the inter-
individual variability. These lindings validate the model’s capacity to accurately simulate the key
physiological processes involved in glucose metabolism, with particnlar emphasis on the temporal
dynamics and individual variability of the responses.
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Ghueose Concentration Plasma Insulin Concentration " Endogenous Glucose Production
2.5

G (mg/dL)
I (pmol/L)

- —

&0 — ] T 05— . .
VRS RPP BRSPS EP R I S
time (min) time (min) time (min)
) (®) (e

Insulin Secrelion

2
]
=
]
g
=
e |
Do o B pa o o DDA DF D
\\‘15.-(90‘3“\@\9 LR R e NP P
time (min) time {min) time (min)
(m) ] ()

FIGURE 4. Quantities of (A) glucose concentration, (B) plasma insulin conc
tration, () endogenous glucose production, () glucose rate of appearance, (E)
insulin secretion, and (1) glucose utilization. The solid line represents the mean of
35 subjects, and the shaded area represents the SD.

rer1-

4.3. Three behaviors. In this section, we describe the individual glucose tolerance of the subjects,
along with its relation with the dynamics of the entire system.

More precisely, we identified three distinct behaviors as represented in Figure 5 for three reference
subjects. From Figure 5a, we observe that such classification might depend on the time of glycemic
peak. In fact, the glycemic peak of Subject 33 (blue line) occurred within 30 minutes after ingestion,
indicating rapid glicose absorption, as also shown by the associated Ra and U curves (see Figures 5d
and 5f, respectively). However, looking at Subject 21 (red line). the glycemic peak occurred between
30 and 50 minutes alter ingestion. This behavior indicats a moderate glycemic response, as seen in
the appearance rate and the glucose utilization plots (see Figures 5d and 5f, respectively). Subject
6 (yellow line) showed a completely different behavior, as the glycemic peak was more delayed,
oceurring 60 minutes after ingestion. The related glucose rate of appearance (Figure 5d) exhibited
a gradual and slow glucose uptake correlated with a low ability to utilize ingested glucose, see
Figure 5L

As represented in Figures 5b and Se, the glucose dynamics affected the insulin response. Subject
33 had a high pancreatic response, resulting in a significant inecrease in insulin concentration to
compensate for the immediate glucose peak. The immediate action of insulin led to a decr
in endogenons ghicose production (Figure 5c). Subject 21 showed regular and moderate insulin

N
S
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FICURE 5. Quantities of () glucose concentration, (B) plasma insulin concen-
tration, () endogenons glucose production, (D) glucose rate of appearance, (R)
insulin secretion, and (¥} glucose utilization of subjects 33 (blue line), 21 (red line),
6 (yellow line).

secretion, which is correlated with a gradual suppression of gluconeogenesis. Due to its delayed
glucose peak, Subject 6 exhibited a slow and progressive increase of insulin secretion and action,
resnlting in a remarkable contribution in reducing the endogenous glicose production.

The three subjects displayed different metabolic reactions, reflecting the biclogical variability of
glyeemic regulation.

4.3.1. Analysis of rate of appearance paramecters. Following the previous discussion, we analyze the
correlation between the three behaviors and the estimated rate of appearance parameters. To this
end, we subdivide the database into three groups based on the time of the glucose peak. Group 1
corresponds to the subject with an early peak (30 minutes after glucose ingestion); Group 2 corre-
sponds to a medium peak (between 30 and 50 minutes after ingestion); and Group 3 corresponds to
a late peak (after 50 minutes). The analysis aims at exploring the relationship between peak time
and two key kinetic parameters: the absorption rate constant (k..,.) and the grinding rate constant
(kgri) (see Table 4, and Figures 6 and 7). We have six outliers, which will be subsequently analyzed
in detail.

In particular, the subj of Group 1 shows the largest absorption rate (ky,s = 0.2917 £ 0.0062
min~!) and the largest grinding rate (kgrs = 0.0939 + 0.0033 min~!), indicating a rapid metabolic
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# Subjects Peak Time kit kg

Group 1 16 21.8938 £ 0.9295  0.2917 £0.0062  0.0939 £ 0.0033

Group 2 8 38.1625 £ 2.1192 0.1291 £ 0.0164 0.0695 + 0.0073

Group 3 5 66.8800 £ 4.9753  0.0861 +0.0136 0.0436 + 0.0086

TABLE 4. Mean values and standard deviation of peak time, k.., and kg for
subjects divided into three groups based on the time of the glycemic peak: Group 1
(peak time < 30 min), Group 2 (peak time between 30 — 50 min), and Group 3
(peak time > 50 min).
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F1cUrE 6. Correlation plots between time of glycemic peak and ku.s (rate of
absorption). (A) Scatter plot of ks for Group 1 (blue circles), Group 2 (magenta
erasses), Group 3 (green squares), and six outliers (cyan diamond). (1) Statistical
comparison of ks among the 3 groups. Statistical significance (One—Way ANOV
followed by Bonlerroni posi-hoc test): p < 0.05 (*); p < 0.01 (*%); p < 0.001 (*%);
P < 0.0001 (=),

)

response. For subjects in Group 2, the absorption rate is markedly lower than in Group 1 (kups =
0.1291 = 0.0164 min—'), and their grinding rate is also reduced (kg = 0.0695 £ 0.0073 min '),
suggesting slower glucose uptake and metabolic processing. Instead, subjects in Group 3 exhibit
the lowest values for both kinetic parameters (Kas = 0.0861 £ 00136 min™!, kg = 0.0436 &
0.0086 min '), indicating a signilicantly slower absorption and grinding process compared to the
other groups. These findings suggest a clear inverse relationship between the time of glycemic
who

peak and the kinetic parameters governing glicose absorption and processing. Individual
exhibited an earlier glycemic peak tend to have higher metabolic efficiency, characterized by faster
ghucose absorption (larger kaps) and increased glucose processing (larger kg ). However, individuals
with delayed glycemic peaks show a markedly slower metabolie response, indicating physiological
sariations in glucose handling that may be essential to evaluate metabolic health and disease risk.
Furthermore, the correlations between kyps, kg, and the glycemic peak time (see Figure 8) conlirm
an inverse relationship between peak time and metabolic efficiency, highlighting glucose absorption
and processing variability.
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FiGure 7. Correlation plots between time of glycemic peak and A, (rate of grind-
ing). (a) Scatier plot of kg for Group 1 (blue circles), Group 2 (magenta crosses),
Group 3 (green squares), and six outliers (cyan diamond). (B) Statistical com-
parison of kg among the 3 groups. Statistical significance (One Way ANOVA
followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**); p < 0.001 (***);
P < 0.0001 (5%,

We analyzed also other rate of appearance parameters (see Figure 9). fnaws Fmin,s d, and b
describe different aspects of the gastric emptying process. capturing its variability and dynamics
across subjects. More precisely, kpax and ki, represent the maximum and minimum rate of gastric
emptying, respectively, and reflect normal biological variability. The parameter b, which represents
the percentage amount of glucose remaining in the stomach when the emptying rate has decreased
to halfway between kmay and knyp (see (6) and Figure 2), appears to be correlated with both the
timing and maximum value of glucose concentration..

When b assumes a large value, the emptying rate komp, decreases faster to knpin. meaning that
the emptying process is slow. This implies that the glucose assimilation is prolonged over time.
On the other hand, a small value of b, results in a slower decrease of kuppy t0 Ay S0 that the
emplying process and glucose assimilation are faster. These observations are evident for subjects
belonging to Group 1. Indeed, the subjects with ¢ < 155 mg/dL show a statistically larger b
compared to subjects with G > 155 mg/dL, see Figure 10. Regarding Group 2 and Group 3. no
clear classification could be identified in dependence on gastric emptying.

The parameter d, characterizing the recovery of keppt 10 Ay, remains constant across the group
of subjects, indicating a stable parameter in the gastric emptying process.

In any case, the correlation between b and the maximum of glucose concentration observed in
Group 1 further supports the idea that gastric emptying dynamics plays a crucial role in shaping
postprandial glyeemic responses.

As mentioned before, by looking at Figure 6, we can identify six outliers (cyan diamonds) since
their rate k. suggests a classification into Group 1, but the glycemic peak is realized after 30 min
from glucose ingestion. Therefore, their data were excluded from the grouped statistical analyses
for further investigation. The glncose response of such subjects is reported in Figure 11, where a
red cross denotes the maximum of G, ie. G = maxejn, 120 G{t).
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Ficure 8. Correlation plots between kaps, kg and the time of glycemic peak.
() Scatter plot of kaps and ki, where the color scale represents the peak time
(min). (B) Seatter plot of kaus and kgy for Group 1 (blue circles), Group 2 (magenta
crosses), Group 3 (green squares). and six outliers (cyan diamond).

We present an automatic procedure to obtain more information from the outliers’ responses and
understand if they could be classified in one of the identified groups. We distingunish the concept
of mathematical peak (that is &) and biological peak G"° was distinguished. By biological peak
we mean the value of & which could be considered as the maximum of the glycemic response with
respect to the behavior of the glucose-insulin system. For the subjects already classified into the
three groups, G = G.

The biological peak of the outliers can be estimated as G**® = G —tol¢, where tole; is a tolerance
and was set to tolg = 2.6 mG/dL in the tests. If G is close to G, then the two quantitics basically
coincide. On the other hand, if G¥® is far away from G, it means that the glucose response reaches

740 and then shows a very slow increase to G. In this case, we can consider as peak time the
instant £ associated with G*°, instead of { = argmax;c o 120 G(¢).

We represent G**° by a red circle in Figure 11. Tt is evident that the glicose response of Subjects
12, 25 and 26 reached a plateau so that the biological peak time e allows classification of those
hiects as part of Group 1. On the other hand, {"? & f for Subjects 16, 27 and 41 so that their
status as outliers remains unchanged: their biological parameters were similar to those of Group 1,
but £ > 30 min so that a clear cla sation is not possible.

After adding Subjects 12, Za and 26 to Group 1, we recomputed the related statistics; the
results are reported in Table 5. Moreover, Figure 12 collects the updated correlation plots between
the Peak Time and k.. kg,., and b respectively, while in Figure 13 the associated histograms are
reported. Specifically, ks 18 statistically highest in Group 1 compared to Group 2 and Group 3.
Sinilarly, kg was significantly higher in Group 1 than in the other groups. We observe distrinct
kinetic behaviors within Group 1, which was further divided based on the value of G"®, with all
comparisons showing statistical significance.

We emphasize once again that the rate of appearance parameters are an effective tool to analyze
glucose responses and identify different metabolic reactions.
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Ficurge 9. Gastric emptying parameters
() Fmax: (B) Fnia, (€) . (D) b

# Subjects Peak Time

with respect to the index of subjects.

Feabs Fessi

Group 1 19 24.2026 £0.9315  0.2929 £0.0052  0.0948 £ 0.0028
Detail: 4 Subjects Fhio b

G < 155 10 139.9808 + 2.1676 0.8038 £0.0149

GY° > 155 9 176.8198 +3.9325  0.6767 £0.0109

TABLE 5. Mean values and standard deviation of Peak Time, k. and kg for

Group 1 (afte

lassification of cutlier Subjects). In detail, mean values and stan-

dard deviation of G¥ and b for the sub-groups having G¥¢ < 155 and G*® = 155.
For the subjects we classified at the beginning, G** = G.

5. CONCLUSION

The standard procedure for computing the Glycemic Index of food is not immediate and easy to
perform due to the several requirements listed by the International Standard Organization (1SO):
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Ficurg 10. Correlation plots between the time of glycemic peak, b and the
slycemic peak value. (A) Scatter plot of Peak Time, b, and Peak Value, where the
color scale represents the peak value (mg/dl). (B) Seatter plot of Peak Time and
b for Group 1 (blue circles), Gronp 2 (magenta crosses), Group 3 (green squares),
and six outliers (cyan diamond). (¢) Comparing the parameter b Group 1 for
subjects with glucose values G < 155 mg/dL (blue) and G > 155 mg/dL (vellow).
Statistical significance (One-Way ANOVA [ollowed by Bonferroni posi-hoc test):
0.05 (%); p < 0.01 (**); p <2 0.001 (*%); p < 0.0001 (****),

the procedure consists in testing a group of at least ten people, which should adhere to a set of
behavioral gnidelines, even during the days before the test.

Our final goal is the design of an antomatic procedure for computing GI without the need for
human testing, and this paper represents a first step in that direction. The idea is to exploit a
mathematical model [19] to estimate the glucose response, given the composition of the ingested
food.

In this work, we focused on the ingestion of pure glucose, whose blood response is the standard
reference for computing GI of food. More precisely, we exploited a datasets of in vivo measurements
to cstimate the parameters governing the mathematical model. We observed that the glucose
responses provided by the model are well-approximating the laboratory results. In addition, we
noticed that the correlation between a subset of parameters (Le. the rate of appearance parameters
describing glucose absorption) and the glucose curves allows us to classily subjects uto three groups
depending on the time they reach the glycemic peak. This feature may also be employed for further
s regarding glycaemia and/or disease prevention.

We plan to extend the results of this preliminary work to larger datasets, Moreover, we will also
study the correlation between the parameters governing the mathematical model and the ingestion
ol composite food, which may contain fat, proteins and [ibers beyond glucose/carbohydrates.
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Fiaure 11. Glycemic response for the subjects classified as outliers. The red
cross indicates the mathematical peak (Z.ﬁ). whereas the red circle represents
the biological glucose peak (¢, G%°). For Subjects (A) 12, (¢) 25, (D) 26 the
biological peak corresponds to the beginning of the plateau.
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Ficure 12, Correlation plots of (A) kabs, (B) kg and (C) b with respect to
the time of glycemic peak for Group 1 (blue circles), Group 2 (magenta crosses),
Group 3 (green squares). Notice that three of six outliers (cyan diamonds) are now
classified as part of Group 1.
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(One Way ANOVA followed by Bonferroni post-hoe test): p < 0.05 (*); p < 0.01
(¥¥): p < 0.001 (F%): p < 0.0001 (45F).
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ARTICLEINFO ABSTRACT

Keywords: This study investigates the effects of a blend of Hericium erinaceus (lion’s mane mushroom) extract on the dif-
Neuroblastoma ferentiation of SH-SYSY cells, a human neuroblastoma cell line, revealing potential therapeutic implications for
SH-SY5Y

neuroblastoma management. Treatment with this blend induced cells differentiation towards a neuron-like
profile, as evidenced by enhanced neuronal excitability and upregulation of neuronal markers, such as plII-
tubulin and synaptotagmin. Additionally, the treatment significantly reduced PCNA, a key regulator of prolif-
eration, alongside a decrease in stemness markers, indicating a shift toward a more mature and less proliferative
phenotype. These findings demonstrate the ability of Hericium erinaceus to promote neuronal differentiation and

Hericium erinaceus

Neuronal differentiation
Patch clamp

Voltage-gated sodium currents
Cell proliferation

Action potential inhibit proliferation in bl cells, highlighting its th ic potential for bl
Erinacines and potentially other neurological disorders. The results suggest that Hericium erinaceus may serve as a promising
Hericenones lidate for the devel of novel neu therapies

Voltage-Gated Sodium Channel

1. Introduction The SH-SY5Y cell line is widely used as a model in neuroblastoma

research, offering a tractable system to study the disease’s molecular

Neuroblastoma stands as one of the most aggressive pediatric can-
cave; posing s challags i cnsology die’to its. caniplex eticlogy s
variable clinical manifestations'. Originating from neural erest pro-
genitor cells, it primarily affects young children and displays a spectrum
of behaviors, from spontaneous regression to aggressive metastasis®.
Despite advances in surgery, chi and radioth , the
prognosis for high-risk neuroblastoma remains poor (S-year relative
survival rate ~50 %), highlighting the urgent need for novel thera-

mechanisms and therapeutic responses®. These cells retain several
tumor-like features and can differentiate into neuronal-like cells upon
exposure to various factors, reflecting neurogenesis processes [1-3].
Various protocols have been employed to induce differentiation in
SH-SYSY cells, encompassing a diverse range of inducers and method-
ologies. For instance, retinoic acid, a derivative of vitamin A, has been
extensively utilized to drive neuronal differentiation in SH-SY5Y cells by
activating retinoic acid receptors and downstream signaling pathways

peutic strategies. involved in neurogenesis [41. Similarly,
bbreviations: TPA 12-0, d Iphorbol-13-acetate; He, Hericium erinaceus; MTT assay 3, 4,5-dimethylthiazol-2-y1-2,5-diphenyl lium bromide assay;
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Current-voltage plots; SNARE, Soluble N- imi itive factor Af protein REceptor; PCNA, Proliferating Cell Nuclear Antigen.
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12-0-tetradecanoylphorbol-13-acetate (TPA), a potent protein kinase C
activator, has been shown to induce neuronal differentiation in SH-SY5Y
cells by modulating intracellular signaling cascades [5]. Additionally,
brain-derived neurotrophic factor (BDNF), a neurotrophin crucial for
neuronal survival and differentiation, has been employed to promote
neuronal differentiation in SH-SYSY cells, highlighting the diverse aray
of strategies available to researchers for studying neuronal differentia-
tion in this cell model [6,7].

Recently, natural compounds have emerged as promising tools in
neuroprotection and neuroregeneration®®**. Among these, Hericium
erinaceus (H. erinaceus), also known as lion’s mane mushroom, has
attracted attention for its neurotrophic properties. Its extracts contain
bioactive compounds such as erinacines and hericenones, which have
been shown to stimulate BDNF and nerve growth factor (NGF) produc-
tion' “*7, key regulators of and syn-
aptic plasticity.

Recent publications, such as the studies conducted by Mori et al. and
Brandalise et al. have significantly contributed to our understanding of
the neuroregenerative properties inherent in H. erinaceus extract
[8-10]. These investigations, along with others [11.12], have elucidated
the extract’s remarkable capacity to not only enhance neurogenesis but
also to ameliorate cognitive decline in animal models of neurodegen-
erative diseases. Kawagishi et al. [13] uncovered compelling evidence
about the extract’s ability to stimulate neurogenesis, a process crucial
for brain repair and cognitive function in human astrocytoma cells
Similarly, Rossi et al., 2018’s study und d the extract’s p
in mitigating cognitive decline [11], thereby highlighting its pmmlse as
a therapeutic agent for neurodegenerative disorders.

Building on this background, we hypothesize that long-term expo-
sure to H. erinaceus extract promotes neuronal differentiation in SH-
SYSY cells. Through extended treatment, we aim to evaluate its poten-
tial to reduce proliferative activity and support differentiation, offering
a novel perspective on neuroblastoma intervention.

| survival, differ

2. Materials and methods
2.1. Cells and treatments

2.1.1. SH-SY5Y cells

SH-SY5Y cells, a human neuroblastoma cell line provided by ATCC
(ATCC CRL- 2266) (Manassas, Virginia, US), were grown ina 1:1 mix of
DMEM and Ham's F12 supplemented with 10 % FBS and 1% penicillin/
streptomyein at 37 °C and 5% CO,. When reaching confluence, cells
were divided and plated in a new fresh growth medium. Cell passaging
was performed by centrifugation at 1900 1pm for 7 minutes before
resuspension in the new fresh growth medium. Cells were always
maintained at low passages (between 3 and 10). All cell culture reagents
were purchased from Euroclone (Milan, Italy). Complete culture me-
dium was supplemented with 50pg/mL Hel +50ug/mL He2. The
treatment for H. erinaceus (He) condition was performed by plating and
maintaining cells in Hel + He2 supplemented culture medium for
> 200 hours, with a maximum of 288 hours. To ensure the maintenance
of nutrients in the cell culture throughout the entire duration of the
treatment, cells were plated at low confluence with 25 % more medium
compared to standard growth conditions, and the essential parameters
for cell cultivation (cell culture media volume and pH) were monitored
daily.

2.1.2. LUHMES cells

LUHMES cells (Lund Human Mesencephalic; originally derived from
human female fetal mesenl:ephnlnn, ATCG, VA, USA) were cultured and
differentinted followi blished protocols [14,15]. Cells were
maintained at 37 °Cina humldlﬁed incubator with 5% CO-. For pro-
liferation, LUHMES cells were grown in Advanced DMEM/F-12 (Thermo
Fisher Scientific, Waltham, MA, USA), supplemented with 2 mM
L-glutamine (Thermo Fisher), 1 x N2 supplement (Thermo Fisher), and
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40ng/mL basic fibroblast growth factor (bFGF, PeproTech). Flasks or
plates were pre-coated with poly-L-ornithine (50 ug/mL, Sigma-Aldrich)
and fibronectin (1 pg/mL, Sigma-Aldrich). For differentiation, cells were
plated at a density of 2.4 x 10¢ cells/em” in differentiation medium
consisting of Advanced DMEM/F-12 supplemented with 1 x N2, 2 mM
L-glutamine, 1 mM dibutyryl cyclic AMP (Sigma-Aldrich), 2ng/mL glial
cell line-derived neurotrophic factor (GDNF, PeproTech), and 1 pg/mL
tetracycline (Sigma-Aldrich). Media was refreshed every other day.
Differentiation was carried out for 10 days to allow maturation into
post-mitotic dopaminergic-like neurons. For electrophysiological re-
cordings, cells were plated on 12 mm glass coverslips pre-coated with
poly-L-omithine (10 pg/mL) and laminin (10 pg/mL, Sigma-Aldrich).
After the 10-day differentiation period, LUHMES cells were treated
with the He blend at the same concentration used for SH-SY5Y cells
(50pg/mL Hel + 50 pg/mL He2) and for an equivalent duration
(>200 hours) to ensure experimental consistency across cell models

2.1.3. Preparation of Mushroom Extracts

Two strains of He collected in Italy has been used in this work, Hel
and He2. The mycelia of these strains were isolated in pure culture from
sporophores collected in a Mediterranean environment from living oaks
(Siena province, Tuscany, Italy). The strains were identified by molec-
ular analysis and preserved in MicUNIPV, the Fungal Research Culture
Collection at the University of Pavia (ltaly) [16]. In particular, Hel
mycelium and He2 cultivated sporophore were chosen. The procedures
for extracting compounds from these strains have been thoroughly
documented in several studies [24-26]. For the alcoholic extraction, 1 g
of both lyophilized Hel mycelium (obtained from liquid culture con-
taining 2 % Malt extract) and He2 sporophore cultivated at the Botanical
Garden greenhouse (Pavia University, Italy) was blended with 10 mL of
ethanol 70% and 30 % water, left in the thermostat at 50 °C for 24 h. At
the end, the material was transferred for centrifugation (4000 rpm for
3min) and the supematant was stored at —20 °C for HPLC analysis
[17-19]. The metabolites were identified and measured through
HPLC-UV-ESI/MS analyses, previously described [24-26]. This method
allows for the precise identification and quantification of various me-
tabolites present in the extract. Specific standards and carefully cali-
brated curves were utilized to ensure the accuracy and reliability of the
measurements. Standard compounds of erinacines and hericenones were
kindly provided by Prof. Hirokazu Kawagishi (Shizuoka University,
Japan), as previously reported [16], while ergothioneine was kindly
donated by Tetrahedron (Paris, France). The erinacine A content in Hel
mycelium (150pg/g) is i with those reported by K i i
et al. (2010) in enhanced submerged cultivation studies [158]. He2
sporophore contains high levels of hericenones C (1560 pg/g) and D
(188 pg/g). Ergothioneine was present in both the Hel mycelium
(0.58mg/g) and in He2 sporophore (2.4 mg/g), giving a final ergo-
thioneine concentration of 2.98mg/g. These values align with the
findings for certain strains reported by Lee et al. (2016) [19]. The eri-
nacine A content in Hel mycelium (150 pg/g) is consistent with those
reported by Krzyczkowski et al. (2010) [20]. He2 sporophore contains
high levels of hericenones C (1560pg/g) and D (188 jg/g). Ergo-
thioneine was present in both the Hel mycelium (0.58 mg/g) and in He2
sporophore (2.4mg/g), giving a final ergothioneine concentration of
2.98mg/g. These values align with the findings for certain strains re-
ported by Lee et al (2016) [21].

2.1.4. MTT assay

In order to select the appropriate, non-toxic He dose to be used in the
following analyses, as a first experimental step, a range of He mixture
concentration was evaluated through the MTT [3-(4,5-dimethylthiazol-
2.y1)-2,5-diphenyltetmzolium bromide]. Briefly, SH-SYSY cells were
seeded in a 96-well plate at a density of 10,000 cells/well (0.2 mL me-
dium per well) and incubated for 24 hours in a humidified atmosphere
containing 5% of CO,. The following day, the culture medium was
replaced with fresh medium added with Hel and He2 in combination in

169



F. Brandalise et al

a concentration ranging from 5 to 250 pg/mL. For the control condition,
cells were incubated with the culture medium only. After 48 h-exposure,
20pL of MTT solution (HelloBio, UK) was added to each well; this
operation was performed in the dark, and the plates were subsequently
incubated for 3hours at 37°C. Cell viability was then assessed by
measuring the samples’ absorbance at 550 nm using the Multiplate
reader BioTek ELx808 (ltaly). As a background value, all experiments
were conducted while assessing in parallel blank samples containing
Hel, He2 and MTT in culture medium (without cells) to exclude the
occurrence of non-enzymatic reduction of MTT by Hel and He2. The
optical density of the formazan formed in the control group cells was
taken as 100%. Cell viability % was calculated as follows:

(Absorbance value of treated cells — Absorbance value of blank)
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aim to evaluate the onset of potential changes/alteration of cell
morphology. Digital micrographs were acquired with a camera
(Olympus MagniFire digital camera), stored on a PC and processed with
the Olympus Cell'F 3.1 software. The analysis of cell density was per-
formed using ImageJ software 1.54 (NIH, USA). Specifically, four
random images in each well were acquired at 40 x magnification for
each replicate and then converted to binary images and analyzed with
the “particle analysis tool”. The cell density was calculated as number of
cells/area and expressed in mm [2]. Data are presented as the mean
=+ SEM. The number and the length of neurite were analyzed by the
semi-automated tracing Image) plugin Neuron. Using this plugin,
neurites are manually traced, thanks to an algorithm that compares the

x 100.

Cell viability% =

2.1.5. Patch-Glamp Experiments

Electrical signals were recorded with an Axopatch 200-B amplifier
(Molecular Devices, USA), [-3 dB; cutoff frequency (fc) = 1 kHz] and
sampled with a Digidata-1440A interface. Electrophysiological re-
cordings were performed in Whole-Cell configuration on SH-SY5Y cells.
Cells were recorded in a bath solution containing (in mM): NaCl 130, KCl
4, Hepes 10, glucose 10, CaClz 2, MgS04 1, pH 7.4. Glass borosilicate
pipettes were pulled using Flaming/Brown micropipette puller P-97
(Sutter Instrument Co., USA) to achieve a 4-7 MQ resistance and were
filled with (in mM): K'- gluconate 126, NaCl 4, Hepes 5, glucose 15,
MgS04 1, BAPTA FREE 0,1, BAPTA Ca®* 0005, ATP 3. GTP 0,1 pH 7.2.
The current recordings in voltage clamp configuration were performed
with the following protocols: a series of voltage steps ranging from
—60mV to + 140 mV with an increment of 20 mV, and a series of
voltage steps ranging from —120 mV to + 40 mV with an increment of
20 mV at a sampling rate of 20 kHz were delivered to the cells. The
passive properties of the cell (incduding membrane resistance and
capacitance) were measured by eliciting a hyperpolarizing step of
—10 mV from the holding potential of —60 mV [22,23].

For the depolarizing protocols, the PN leak subtraction of the
Clampex program (pClamp 10 software) was used to eliminate the ef-
fects of the leakage current on the whole-cell responses [24,25]. The
following compounds were bath-perfused in the patch-clamp experi-
ments: TTX 1 M (Hello Bio), Nifedipine 10 M (Hello Bio), to selec-
tively block the VGSC-mediated current [26]. Current-clamp recordings:
The resting membrane potential (RMP) was assessed after break in the
cell. The holding potential was set according to a value ~-70 mV. The
current clamp protocol consisted of a series of 5 pA steps of current
injection, starting from a negative injection of ~10 pA. Outward cur-
rents were measured in voltage clamp by applying subsequent voltage
steps of + 20 mV from a holding potential of —60 mV, up to + 140 mV
[27]. Steady outward currents were recorded as the average of the last
50 ms of the voltage step. Inactivating outward currents were calculated
by subtracting the sustained outward current from peak outward eur-
rents [28]. Inward currents were calculated in voltage clamp as the
negative peak recorded at 0 mV by applying subsequent voltage steps of
+ 20 mV from a holding potential of —120 mV, up to + 40 mV [29].
Electrophysiological analysis and statistics were performed using
Clampfit 10.6 (Molecular Devices), OriginPro 9.1 and GraphPad Prism
version 10.0.0 for Windows.

2.1.6. Phase contrast microscopy

SH-SY5Y cells were plated on 22 x 22 mm coverslip at a density of
10.000 cells per coverslip and observed under inverted phase contrast
microscopy equipped with a 20 x objective (Olympus CKX41) after 24,
72, 144 and 200 hours exposure to He (50pl/mL + 50pl/mL) with the

{Absorbance value of untreated cells — Absorbance value of blank)

pixel intensity on the neurite with its adjacent pixel neighborhoods,
automatically updating the cursor to follow an estimated path of the
neurite and increasing the accuracy and speed of tracing. After the
neurites are traced, a text file is generated that contains measurements

of the lengths of all the neurites [30].

2.1.7. Hematoxylin and eosin and Nissl staining

For the morphological evaluations, control and treated cells were
grown on coverslips (22 mm»x22 mm), fixed with 4% formalin
(20 min), and post-fixed with 70 % ethanol at —20°C for at least 24 h.
The samples were rehydrated for 10 min in PBS 1X and then were
incubated with hematoxylin and eosin or Nissl stainings. For Hema-
toxylin and eosin, the samples were incubated with hematoxylin for
10 minutes, washed with PBS 1x, and stained with eosin for 30 seconds.
For Nissl, the slides were incubated with cresyl violet 0.1 % for
5 minutes. Lastly, for both staining, cells were washed in PBS 1X and
mounted with a drop of Mowiol (Calbiochem-Inalco, Italy) for micro-
scopy visualization.

2.1.8. Clonogenic assay

Cells were plated in a 6 well plate at a density of 300 cells/well in
2 mL of control and He supplemented growth medium. Cells were then
incubated at 37 “C for a minimum of 10 days, to allow optimal growth of
the colonies. After 11 days cells were fixed using ice-cold methanol and
colonies were colored with Crystal Violet (CV) 0,1 % (PanReac Appli-
Chem, Italy) to evaluate the number and area of colonies obtained in
different conditions. Digital micrographs were acquired with a camera
(Olympus MagniFire digital camera), stored on a PC and processed with
the Olympus Cell F software (version n. 3.1). The analysis of cell density
was performed using ImageJ software 1.54 (NIH, USA). Specifically,
four random images in each well were acquired at 20 x magnification
for each replicate and then converted to binary images and analyzed
with the “particle analysis tool”. The cell area was expressed in mm [2].
Data are presented as the mean + SEM.

ations, three ind dent ex-

2.1.9. Immunofiuorescence Reactions
For the i fl ence q
periments were performed for each experimental condition. After re-
actions, control and treated cells were grown on coverslips
(22 mmx 22 mm), fixed with 4 % formalin (20 min), and post-fixed with
70 % ethanol at —20°C for at least 24 h. The samples were rehydrated
for 10 min in PBS and then incubated with 1 % Bovine Serum Albumin
(BSA) to block nonspecific binding sites. Subsequently, the cells were
immunolabeled using the mouse monoclonal anti-blll tubulin (ValidAb,
Hello Bio, UK), the mouse monoclonal anti-PCNA (Merck, Italy), the
rabbit monoclonal antibody anti-CD133 (Cell Signaling Technology,
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USA), the mouse polyclonal antibody anti-Nav (Newromab, USA), the
rabbit polyclonal antibody anti-Synaptotagmin-1,2 (Abcam, Cambridge,
UK), diluted 1:200, 1:200, 1:200, 1:250, 1:200 in PBS (Merck, Italy) for
1 hour at RT in a dark, moist chamber. Then, the cells were washed with
PBS and incubated for 45 min with goat anti-mouse IgG (H + L) highly

dsorbed secondary antibody, Alexa Fluor Plus 594 and goat anti-
mouse IgG (H + L) highly dsorbed dary antibody, Alexa
Fluor Plus 488 both diluted 1:200 in PBS (Thermo Fisher Scientific,
Italy), and phalloidin conjugated with Alexa Fluor 488. DNA counter-
staining was performed using 0.1 mg/mL Hoechst 33258 (Merck, Italy).
Lastly, cells were mounted with a drop of Mowiol (Calbiochem-Inalco,
Italy) for microscopy visualization.

2.1.10. Immunocytochemical Evaluations

For the immunofluorescence quantifications, three independent ex-
periments were performed for each experimental condition. After re-
actions, coverslips were examined using a Leica DM6B WF microscope
(Leica microsystems, Italy), and images were captured with an ORCA-
Flash4.0 V3 Digital CMOS camera C13440-20CU (Hamamatsu Pho-
tonics, Italy), and results were analyzed using the Leica Application
Suite X (LAS X) software (Version 5.1.0). For each condition, 11 quad-
rants (about 50 cells) were evaluated for random analysis. Single-
channel images were analyzed in grayscale, with the minimum value
being 0 (black) and the maximum value being 255 (white). The mean
fluorescence intensity was measured using ImageJ software 1.54 (NIH,
USA) and expressed as the mean + SEM.

To prevent potential discrepancies in results caused by slight pro-
cedural variations, all immunostaining reactions were simultaneously
performed, and, as a control, some cells were incubated without primary
antibodies, using only PBS; any immunoreactivity was observed under
this condition. To assess the immunopositivity of cells for the examined
markers, all experiments were conducted in parallel with bank samples
ineubated without primary antibodies. In detail, the mean fluorescence
intensity of blank samples was subtracted from the mean fluorescence
i ity of in ined cells. itivity was established
‘when the mean fluorescence intensity value of single cells exceeded that
of the blank samples.

2.2. Statistical analysis

All data are expressed as the mean =+ standard error of the mean
(SEM) based on the experimental values obtained from three indepen-
dent experiments conducted under identical conditions. Statistical sig-
nificance was determined at three levels: p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***). For comparisons between two groups, the Mann-
Whitney U test or unpaired t-test was applied, depending on the distri-
bution and variance of the data. For multiple group comparisons, one-
‘way or two-way analysis of variance (ANOVA) was performed to eval-
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Table 1
Concentration of selected nootropic bioactive metabolites in the blend (Hel +
He2). Values are expressed as micrograms per gram of dried extract (ug/g).

Bioactive Metabolites Quantity (ug per gram of dried extract)

Erinacine A 150
Hericenones C 1560
Hericenones D 188
Ergothioneine 2980

from the Italian peninsula at our disposal, we selected two distinct ex-
tracts, namely Hel and He2, which we have previously characterized
[19,20,28-30]. Based on these knowledge, we proposed a blend
composed of Hel and He2, with the clear notion in mind that it can
provide a wide airay of nootropic bioactive metabolites, in high con-
centrations (for details, see Table 1).

Among these compounds, Erinacine A is recognized for its neuro-
protective properties [31-33], while Ergothioneine serves as a potent
antioxidant [34-36]. Conversely, Hericenones C and D have demon-
strated significant neurotrophic and anti-inflammatory effects [13].
Hence, based on Hel and He2 complementary bioactive profile, we
selected sporophore extract and mycelium extract for He2 and Hel,
respectively. By blending these latter in a 1:1 ratio, we aim at harnessing
a comprehensive spectrum of He nootropic metabolites, potentially of-
fering benefits for I health, leveraging the distinct
but complementary properties of each exmact. Such a blend may
enhance cellular resilience against oxidative stress, promote neuronal
growth, and mitigate inflammatory responses, thereby providing a
multifaceted defense against neurodegenerative processes.

3. Results

3.1. Establishm

of optimal of Hericium erinaceus

extracts

The SH-SY5Y cell line has emerged as a well-known model for
neuronal differentiation [ 11, hence this in vitro model was chosen to test
the effects/properties of the blend, made by myecelium of Hel and
sporophore of He2. For convenience, the blend will be referred to as "He"
from this point on in the manuscript. As the initial step in our experi-
mental procedure, we identified the appropriate He concentration to be
tested. Therefore, an MTT assay was performed to assess cell viability
following 72 hours exposure to increasing concentrations of He
(Fig. 1a). The combined exposure to 50 pg/mL Hel and 50 pg/mL He2
results in a viability reduction of 1.60 +4.22% (n=3) (Fig. la).
Therefore, the blend containing 50 pg/mL of Hel and 50 pg/mL of He2
extracts was selected for the following experiments (see Methods).

uate the interaction effects of independ iables. When si

differences were identified, post hoc tests, including Bonferroni's test or
Dunnett’s test, were conducted to pinpoint specific group differences
while controlling for multiple comparisons. The analyses were per-
formed using Prism software (GraphPad, version X) and Origin 2021
(OriginLab), with all statistical methods validated for appropriate as-
sumptions regarding data normality and variance. Prior to parametric
testing, data distribution was assessed using the Shapiro-Wilk test, and
homogeneity of variances was verified using Levene’s test. Nonpara-
metric tests were employed when data failed to meet these assumptions.

2.3. Development of a standardized Hericium erinaceus blend: harnessing
synergistic bioactive properties

Before evaluating the effects of Hericium erinaceus (He) extracts on
SH-SY5Y cells, assessed in terms of morphological, molecular and
physiological changes, we firstly determined the optimal blend to be
tested. Hence, after a comprehensive analysis of various strains of He

3.2 hol

SY5Y cells

ical changes and reduced proliferation in He-exposed SH-

Based on previous studies revealing that He extracts are capable to
influence cell morphology and proliferation rates, we initially focused
on these aspects to understand He effects on SH-SY5Y cells. Specifically,
we investigated the morphological changes of SH-SY5Y cells in response
to He treatment. Li data well d d that when SH-SYSY
cells are induced to differentiate using agents such as TPA, they adopt
a more elongated, neurite-bearing phenotype resembling mature neu-
rons [37]. Additionally, neurotrophic factors like BDNF have been
shown to promote neuronal differentiation and reduce proliferation in
SH-SYSY cells by activating specific signaling pathways [38].

To characterize cellular morphology and to assess potential differ-
entiation phenomena, hematoxylin and eosin (H&E) and Niss| staining
were performed (Fiz. 1b) after 200 hours of He 50ug/mL exposure. The
staining revealed noticeable differences in cell morphology comparing
control and He-treated cells. In fact, control cells appeared closely
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Fig. 1. Time-d d ion of cell if ion and enh of neurite outg in SH-SY5Y cells following He exposure, rich in nootropic bioactive

metabolites. (a) Cell viability assessment: SH-SYSY cells were treated with increasing concentrations (0, 5, 10, 50, 100, 250 pg/mL) of a blend combining He
mycelium (Hel) and sporophore (He2) extracts. Cell viability (% relative to untreated control) was measured. (b) Hematoxylin and eosin staining: micrographs
displaying cellular morphology of SH-SYSY cells under control (CTR) and He-treated conditions (He). Scale bar: 20 ym. (c) Representative phase-contrast images:
morphological changes and neurite extension in SH-SYSY cells under CTR conditions and after 24, 72, 144, and over 200 hours exposure to He. Black arrows point to
the cell body of the cells while purple arrow indicate the location of some neurites (d) Quantification of cell proliferation: number of cells per area (148 um2) at
selected time points for both CTR and He-treated groups. () Neurite h analysis: of cells exhibiting neurite outgrowth over time in CTR and He-
treated groups. (f) Neurite length measurement: average neurite length at various time points, highlighting significant elongation in the He-treated group.

packed with less p d cytoplasmi i whereas He- To have a better lution of these hological changes while
treated cells exhibited elongated cell bodies and ded neurites, imul ly tracking the proliferation rate, we employed phase-
suggestive of neuronal differentiation. contrast microscopy to observe neurite outgrowth, a hallmark of
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newronal differentiation, both in control and He-treated condition determine the effect of He treatment on cells growth rate (Fig. 1¢). Data
(Fig. 1c). This approach allowed us to monitor dynamic cellular pro- revealed a significant decrease in cell proliferation comparing He-
cesses and provided a more detailed comprehension of He-induced treated cells with the control group, already 24 hours after exposure,
differentiation. further exacerbated at prolonged exposure times (number of cells/area;

Cell proliferation analysis was conducted at different time points to 24 h: CTR 85.00 + 2.88, n = 3; He 28,66 £ 0.88,n = 3;p = 4.8 x 10,

a b Cc

CTR
Clones Area (um’)

w
=3

200000
150000

;

100000

o
=

50000

Number of clones (n)

He
o

§
o85383

CTR He

PCNA +
cell frequnecy (%)

PCNA

Mean Fluorescence

CD133 +
cell frequnecy (%)
oB85388

CD 133

Mean Fluorescence
Intensity per cell

CTR He

Fig. 2. Effects of He Treatment on Colony Forming, Proliferation and Stemness marker expression (a) Colony forming assay: representative micrographs of erystal
violet-stained colonies showing noticeable morphological differences comparing control (GTR) and He-treated SH-SY5Y cells. (b) Quantitative analysis of colony
area. (c) Quantitative analysis of the number of colonies, (d) Representative immunoflucrescence images of PCNA staining in SH-SYSY cells under control conditions
(CTR) and after > 200 hours exposure to He, PCNA i labelling: green fl e; DNA (stained with Hoechst 33258): blue fluorescence. Scale bar: 50 ym. (e)
Quantitative analysis of PCNA: immunopositive cell frequency (%) and mean fluorescence intensity per cell in control and He-treated groups. (f) Representative
immunofluorescence images of CD133 staining in SH-SY5Y cells in control conditions (CTR) and after > 200 hours He exposure. CD133 immunolabelling: green
fluorescence; DNA (stained with Hoechst 33258): blue fluorescence. Scale bar: 50 ym. (g) Quantitative analysis of CD133: immunopositive cell frequency (%) and
mean fluorescence intensity per cell in control and He-treated groups.
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unpaired ttes; 72h: CTR 170.00 + 4.16, n = 3; He 39.66 + 2.03,
n=3;p =95 x 10°° unpaired t-test; 144 h: CTR 190.16 + 0.84,n = 3;
He 27.94 +2.22, n = 3; p = 2.75 x 10", unpaired t-test; >200 h: CTR
240.0 + 3,96, n = 3; He 30,26 + 1.59, n = 3; p = 1.02 x 10" unpaired
t-test, Fig. 1d). Morphological analysis indicated a significant increase in
neurite outgrowth over time in He-treated cells compared to control
group starting from 72 hours (% of cell with neurite; 24 h: CTR 4.716
+ 0.16, n = 3; He 6.99 = 0.22, n = 3; p = 0.001, unpaired t-test; 72 h:
CTR 4.51 £0.201], n=3; He 11.75 £ 0.41, n = 3; p = 9.1 x 10°% un-
paired t-test; 144 h: CTR 4.67 + 0.15, n = 3; He 34.32+2.02, n = 3;
p =126 x 10", unpaired t-test; >200 h: CTR 3.57 + 0.19, n = 3; He
37.94 = 1.04, n = 3; p = 5.36 x 107, unpaired f-test; Fig. 1e). Consis-
tently, the measurement of neurite length revealed a significant increase
in He-treated cells compared to control starting at 72 hours (CTR:
~15.00 = 1.50 pm; He: ~25.00+1.80 pm), at 144 hours (CTR:
~19.00 + 1.70 pm; He: ~38.00 + 1.60 pm), and at 200 hours (CTR:
19.55 £ 1.79 pm, n = 48; He: 38.08 + 1.48 ym, n = 48; p < 0.0001,
ANOVA foll 1 by Sidik’s mul e i test, Fig. 1f).

3.3, He Treatment reduces clonogenic capability, proliferation and
stemness marker expression

In the previous chapter, we demonstrated that the proliferation rate
of SH-SY5Y cells is decreased in the presence of He, accompanied by
elongated neurites. These characteristics are typically associated with
reduced stemness and enhanced differentiation. To investigate the ef-
fects of He on SH-SY5Y cell proliferation and differentiation, we per-
formed colony formation assays parallelly assessing key proliferation
and stemness markers. The colony forming assays revealed a significant
reduction both in colony area and colony number in He-treated cells
compared to the control group (Fig. 2a). Quantitative analysis showed
that the colony area was significantly reduced in the He-treated cells
(CTR: 76,089 + 10,106 pm?, n = 18; He: 43,797 + 8265 pm®, n = 14;
p = 0.0242, unpaired t-test; Fig. 2b). Similarly, the number of colonies
formed by He-treated cells was markedly diminished pared to
contrel group (CTR: 21.60 + 1.36, n=5; He: 16.60 +1.53, n=5;
p = 0.0409, unpaired r-test; Fig. 2c). These findings suggest that He
treatment reduces the clonogenic capability of SH-SYSY cells, indicating
a potential shift towards a more differentiated state.

To further evaluate this shift, we analyzed the expression of PCNA
(Proliferating Cell Nuclear Antigen) and CD133, as typical markers
associated with proliferation and stemness, respectively. Immunofluo-
rescence staining revealed a notable reduction in PCNA expression in
He-treated cells compared to controls (Fig. 2d). Quantitative evaluation
indicated a significant decrease both in the frequency of PCNA-
immunopositive cells (CTR: 67.85+4.19%, n=6; He: 2748
+ 4.19 %, n = 6; p = 0.0002, unpaired t-test, Fig. Ze top) as well as in
the mean fluorescence intensity per cell (CTR: 95.46 + 11.38, n = 6; He:
40.91 & 11.38, n = 6; p = 0.0007, unpaired t-test; Fig. 2e bottom).
These results indicate that He exposure significantly suppresses cell
proliferation. Additionally, the of CD133 ion showed
a significant reduction in He-treated cells compared to controls (Fig. 21).
The frequency of the CD133-immunoreactive cells substantially
decreased in the He-treated group (CTR: 71.00 + 3.08 %, n = 6; He:
35.50 % 3.08 %, n = 6; p = 0.0002, unpaired t-test, Fig. 2g top). Like-
‘wise, the mean fluorescence intensity per cell was significantly lower in
He-treated group (CTR: 36.94 +0.67, n=50; He: 22.15+0.75,
n=50; p < 0.0001, unpaired t-test; Fig. 2g bottom). This reduction in
CD133 expression further supports the idea that He treatment promotes
differentiation towards a more mature neuronal phenotype.

Collectively, these results indicate that He treatment significantly
suppresses proliferation and promotes differentiation in SH-SYSY cells.
The reduced colony formation, paralleled by the decreased PCNA and
CD133 expression, corroborate the hypothesis that He is capable to
induce a shift towards a differentiated neuronal state.
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3.4. Passive properties analysis of SH-SYSY cells after prolonged exposure
to he

Previous studies have shown that He have an impact neuronal cells
and oligodendrocytes, by modulating their morphology and functional
properties [5,25,39,40]. Specifically, He has been reported to induce
changes in cell morphology, such as neurite outgrowth and myelin
production. Given these reported effects, we hypothesized that the
morphological changes induced by He could also impact their passive
electrophysiological properties. Changes in cell morphology, such as
neurite elongation, are known to influence parameters like input resis-
tance, membrane time constant, and capacitance, which are crucial for
cellular excitability and signalin. To investigate this, we sought to
measure the electriophysiological passive membrane properties of our in
vitro model. Specifically, using patch-clamp recordings, we examined
the cells passive properties such as Membrane Capacitance (Cm) and
Membrane Resistance (Rm) to assess any alterations induced by He
treatment, comparing the control group with the one receiving a pro-
longed exposure (> 200 hours) to He (Fig. 3a). While the fast component
of the membrane time constant (tg,;) was unchanged in the two condi-
tions (CTR: 0.19 +0.03ms, n=16; He: 0.18 +0.03ms, n=14;
p = 0.59, Mann-Whitney Test, Fig. 3b left) the slow component of the
membrane time (tiow) was significantly slower in He group
compared to the control cne (CTR: 0.60 + 0.09 ms, n = 17; He: 14.92
4 0.16 ms, n = 14; p = 0.018, Mann-Whitney Test, Fiz. 3b right).

Likewise, a significant increment in Cm was detected in He -treated
SH-SYSY cells (CTR: 10.91 + 1.31 pF, n=17; He: 14.92 + 1.34 pF,
n = 19; p = 0.04, Mann-Whitney Test, Fig. 3c left). Instead, no differ-
ences were observed between the control and He group for the Rm (CTR:
1.02 £ 0.11 G, n = 16; He: 1.00 = 0.10 GO, n = 18; p = 0.81, Mann-
Whitney Test, Fig. 3¢ center) and the resting membrane potential
(Vm) (CTR: —35.63 + 2.32 mV, n = 16; He: =32.53 + 2.24 mV,n = 17;
p = 0.30, Mann-Whitney Test, Fig. 3¢ right). Overall, these findings
indicate that He treatment modul the slow of the
membrane time constant and the i i ly
with the observed increase in neurite outgrowth and so cellular surface
of the distal compartment. These electrophysiological changes likely
reflect underlying mechanisms of neuronal differentiation and func-
tional maturation following prolonged exposure to He.

h

3.5. He induces electroph
outward currents of SH-SY5Y cells

I changes in inward and

Inward currents play a crucial role in neuronal differentiation and
maturation, with their expression and magnitude influencing the
developmental state of neurons [41-44]. To investigate the effects of He
treatment on these currents, we examined the kinetic properties of in-
ward currents in SH-SYSY cells (Fig. 4a). Our analysis revealed notable
differences between control and He-treated cells. Although the time to
pealk was similar between the two groups (CTR: 46.14 + 1.1 ms, n = 13;
He: 43.25 + 0.95 ms, n = 15; p = 0.065, Mann-Whitney Test; Fig. 4b),
He-treated cells exhibited significantly shorter half-width (CTR: 3.34
+048ms, n=14 He: 213+035ms, n=15 p=0.0064,
Mann-Whitney Test; Fig. 4b), rise time 10-90 % (CTR: 1.97 + 0.48 ms,
n = 15; He: 0.86 + 0.09 ms, n = 14; p = 0.0073, Mann-Whitney Test;
Fig. 4b), and decay time (CTR: 6.81 + 1.56 ms, n = 13; He: 3.12
+0.33ms, n=15; p= 0.0307, Mann-Whitney Test; Fig. 4b). These
findings suggest that He treatment positively modulates the kinetic of
inward currents, consistent with an increase in Nav-mediated currents,
which are typically characterized by faster activation and inactivation
compared to Cav-mediated currents. To further elucidate the mecha-
nisms underlying these changes, we compared the current-voltage (I-V)
relationships of inward currents between control and He-treated cells.
The I-V plots revealed that the peak current amplitude occurred at
similar holding potentials for both groups (~0 mV). This observation
remained consistent regardless of whether we analyzed absolute peak
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amplitudes or normalized the values to the maximum current (Fig. 4e,d).
These results indicate that the He-induced upregulation of inward cur-
rents is primarily due to an increase in channel density rather than a shift
in activation properties.

Outward currents are also eritical for neuronal differentiation and
the development of action potentials. To assess the impact of He treat-
ment on d p currents, we analyzed steady-state outward
currents in SH-SYSY cells subjected to incremental depolarizing steps
from a holding potential of —60 mV. This protocol was specifically
designed to minimize contamination from inward current components.
‘We observed a significant reduction in the outward steady-state current
in the He-treated group compared to controls. The control group
exhibited a peak outward current amplitude of 887.3 +380.4 pA
(n = 12), whereas He-treated cells showed a markedly lower amplitude
(381.8 + 248.2 pA; n = 14; p = 0.0003, Mann-Whitney Test, Fig. 4f).
Additionally, analysis of the distribution of cells with steady-state and
inactivating outward currents revealed a significant shift in He-treated
cells. Specifically, 42.9% of He-treated cells exhibited inactivating
outward currents, whereas no such expression was detected in control
cells (Fig. 4g). These findings suggest that He treatment alters potassium
channel expression or function, which may contribute to the observed
changes in the electrophysiological profile of SH-SY5Y cells.

Together, these results demonstrate that He treatment induces sub-
stantial ehanges in both inward and outward currents, influeneing the
kinetic properties of Nav and Cav channels, as well as the amplitude and
type of potassium currents. These electiophysiological changes likely
reflect underlying mechanisms of neuronal differentiation and func-
tional maturation following prolonged exposure to He extract.

3.6. Long-term exposure to he increases Na-+ TTX-sensitive currents

We investigated the effects of long-time He treatment on the func-
tional devel of voltag: currents in SH-SY5Y cells. SH-

SY5Y cells displayed a variety of inward and outward currents under
both control (CTR) and He-treated conditions. Incremental depolarizing
voltage-clamp steps were applied to analyze inward currents. He-treated
cells showed a significant increase in inward current amplitude
compared to controls (CTR: —342.8 +34.98 pA, n 2; He: -737
=+ 122.1 pA, n = 13; p = 0.004, Mann-Whitney test, Fig. 5a, b). Toassess
the contribution of voltage-gated sodium channels (Nav) to these inward
currents, we applied tetrodotoxin (TTX, 1 uM), a selective Nav blocker.
TTX significantly reduced inward currents in both groups (CTR baseline:
—392.80 +79.45 pA; CTR TTX: —238.60 4+ 40.95 pA; p = 0.0098,
paired t-test; He baseline: —640.20 + 214.10 pA; He TTX: —4.00 + 4.00
PA; p = 0.0418, paired t-test, Fig. 5a, c). The percentage reduction of
TTX-sensitive current was significantly greater in He-treated cells (CTR:
386+35% n=5 He: 99.00£1%, n=5; p=0.0079, Mann-
Whitney test, Fig. 5¢). To investigate the temporal dynamics of inward
current modulation, we performed a time-course analysis over a 216-
hour period (Fig. 5d). At baseline (0 h), the mean inward current peak
amplitude was -317.5 + 54.5 pA in control cells (n = 4) and -188.8
=+ 25.2 pA in He-treated cells (n = 4). While the current amplitude
remained relatively stable in the control group, reaching -380.0 + 58.3
PA at 216 hours (n = 5), He-treated cells exhibited a progressive and
marked increase in inward cwrrent amplitude, reaching -621.4 + 119.5
PA at 216 hours (n = 7). This difference between groups was statistically
significant (p = 0.0025, Mann-Whitmey test). To explore the residual
TTX-insensitive current, we applied nifedipine (5 uM), a blocker of L-
type calcium channels (Cav). Nifedipine significantly reduced inward
current in control cells (CTR baseline: —282.6 + 71.16 pA; CTR nifedi-
pine: —84.40 + 23.28 pA; p = 0.0357, paired t-test, Fig. Se, f), but had
no significant effect in He-treated cells (He baseline: —322.4 + 91.44
pA; He nifedipine: —296.2 + 76.48 pA; p = 0.2007, paired t-test, Fig. Se,
f). The percentage reduction was significantly higher in control cells
(CTR: 66.34 +7.8%, n=5; He: 592+ 273%, n=5; p=0.0159,
Mann-Whitney test, Fig. 5f). These results indicate that He treatment
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leads to a dominance of TTX-sensitive currents (Nav) and a reduction in
Cav activity. Inmunofluorescence analysis showed that He-treated cells
had higher Nav channel expression compared to controls (Fig. 5g).
Quantitative analysis revealed a significant increase in the frequency of
Nav-positive cells (CTR: 25.00 +4.8 %, n=8; He: 67.50 £ 3.5 %,
n=§ p< 0.001, unpaired t-test, Fig. Sh). Additionally, the mean
fluorescence intensity per cell was significantly higher in He-treated
cells (CTR: 2849+ 1.051, =49, He: 34.39+ 1.321, n=50;
p < 0.001, unpaired t-test, Fig. 5i).

These findings demonstrate that long-term exposure to He enhances
the expression and function of Nav channels in SH-SYSY cells, while
reducing the contribution of Cav dmrulels This shift in ion channel
activity may underlie the electropl logical changes inted with
He-induced neuronal differentiation.
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10 % + 3.5, n=1/10; He: 65%168 n==6/10; p(OOOD] unpaired
t-test, Fig. 6k,1). Synap iated with the SNARE
complex and neurotransmitter releﬂse, was also significantly elevated in
He-treated cells (>200hours CTR: 29.87 +1.28 AU., n=10; He:
67.50 +£10.86 A.U,, n =10; p < 0.0001, unpaired t-test, Fig. 6k,m).
These results support the hypothesis that prolonged He exposure pro-
motes SH-SY5Y cell differentiation toward a neuronal-like state, paral-
leled by reduced proliferative capacity. To assess whether the
differentiation effects observed with the He blend could be attributed to
a single compound, we exposed SH-SY5Y cells to Ergothioneine (ERGO)
alone for > 200 hours at the same concentiation present in the blend
(2.98 mg/g). While no significant changes were detected in action po-
tential (AP) properties such as amplitude, duration, or threshold, a
higher proportion of cells were able to elicit a single AP compared to the
control group (\prlmnﬂlrm Fig. 1). The absence of more robust

3.7. Enhanced neuronal excitability and marker expression following he
treatment

I 1 a1

Nav are d in excitable cells and play a
critical role in initiating action potentials (APs). Given the observed
inerease in Nav channel expression, we hypothesized that He treatment
might enhance cell excitability, resulting in a more pronounced action
potential profile. This hypothesis aligns with existing literature sug-
gesting that differentiated SH-SY5Y cells exhibit increased action po-
tential firing. To assess this, current-clamp experiments were conducted
on SH-SY5Y cells both under control and He-treated conditions. Depo-
larizing current steps of increasing amplitude were injected into the
recorded cells, and changes in membrane potential along with AP fre-
quency were recorded (Fig. 6a). The analysis revealed that a higher
proportion of He-treated cells displayed single APs compared to control
cells, where a notable subset failed to produce APs in response to current
injection (CTR single AP: 60.8 %, n = 14/23; CTR no AP: 34.9 %, n = 8/
23; He single AP: 78 %, n = 14/18; He no AP: 0%, n = 0/18; Fig. 6b).
Moreover, a significant fraction of He-treated cells exhibited repetitive
AP firing (CTR repeated AP: 4.3 %, n = 1/23; He repeated AP: 22 %,
n = 4/18; Fig. 6b), resembling neuronal activity patterns.

The latency to the first AP against the injected current, showed re-
sults between the two groups (Fig. 6¢) and the AP frequency plotted
against the injected current indicated that He-treated cells achieved a
maximum firing frequency of 24.8 + 9.7 Hz (n = 3, Fig. 6d), resembling
to some cortical [45], hippocampal excitatory cells [46] and amygdala
neuron [22]. Analysis of AP characteristics demonstrated a significant
increase in AP amplitude in He-treated cells (CTR: 33.18 + 5.59 mV,
n=28 He: 52.86 £ 4.63mV, n=7; p=0.03, Mann-Whitney test,
Fig. 6e). Additionally, AP duration was significantly shorter in
He-treated cells (CTR: 38.44 + 11.41 ms, n = 8; He: 23.95 + 11.65 ms,
n=9; p =0.0254, Mann-Whitney test, Fig. 6f), and the AP threshold
‘was more depolarized (CTR: —53.13 + 1.67 mV, n = 8; He: —45.56
+ 2,69 mV, n = 9; p = 0.046, Mann-Whitney test, Fig. 6g).

These findings suggest that He treatment enhances the excitability of
SH-SY5Y cells, likely due to u'u:reused funcuonul expression of Nav
1 ls, thereby enh AP and differentiation to-

ward a neuronal-like phenotype.

To corroborate the differentiation induced by He treatment, we
evaluated the expression of neuronal markers, specifically Blll-tubulin
and synaptotagmin, which are indicative of neuronal differentiation and
synaptic vesicle release, resp ly (Fig. 6h,k). I
evaluation, assessed both in terms of immunopositive cell frequency and
optical density (OD), revealed that plll-tubulin immunoreactivity was
significantly higher in He group (pll-tubulin: CTR: 40.5 % + 5.8,
n=10/23; He: 72.2% + 4.5, n = 13/18; p < 0.001, unpaired t-test,
Fig. 6h,i) which also showed a significantly higher pllI-tubulin expres-
sion, as indicated by OD (>200 hours CTR: 34.66 + 3.69 A.U., n = 37;
=200 hours He: 72.26 £+ 6.81 A.U,, n = 37; p = 0.00039, unpaired t-
test, Fig. ©h,j). Similarly, synaptotagmin-immunopositive cells fre-
quency was significantly higher in the He group (synaptotagmin: CTR:

escence

elect 1 changes and repetitive firing, however, indicates
that ERGO alone is insufficient to reproduce the full neuronal pheno-
type. Consequently, these findings support the conclusion that the
complete He metabolite spectrum, with its nootropic properties, is
required to achieve the full extent of neuronal differentiation and
functional maturation previously described. To strengthen the physio-
logical relevance of our findings and address concerns about appropriate
controls, we additionally tested the effect of the He extract on LUHMES
cells differentiated into dopaminergic-like neurons. In this model, He
treatment did not significantly alter resting membrane potential, rheo-
base, or spontaneous firing frequency, suggesting the extract does not
interfere with the basal electrophysiological properties of healthy
neuronal cells (Supplementary Fig. 2).

4. Discussion

In the present study, we demonstrate that treatment with He extract
for approximately 200 howrs induces a pronounced shift towards a
neuron-like phenotype in SH-SY5Y cells, a well-established human
neuroblastoma cell line commonly utilized as an in vitro model for
studying neurodevelopmental processes and evaluating potential ther-
apeutic interventions. This neurogenic effect is characterized by
enhanced voltage-gated sodium current and expression of neuronal
markers such as plil-tubulin and reduction in markers linked to cell
proliferation such as PCNA, corroborating the differentiation process.

Medicinal mushrooms have been increasingly recognized for their
potential anticancer properties, as highlighted in several recent reviews
[47.49). These fungi, particularly those used in traditional Chinese
medicine, contain a plethora of bioactive compounds such as poly-
saccharides, lectins, and triterpenoids, which exhibit a variety of anti-
tumor activities [50].

Another significant aspect of He's anticancer activity is its ability to
inhibit angiogenesis [51]. By blocking angiogenesis, He effectively
starves the tumor, preventing its growth and spread. Studies have
1denu_ﬁed that the erinacines [52] and hericenones in He can inhibit

is, highlighting their potential in anti-tumor strategies.

Moreover, He has been fuund to possess immunomodulatory prop-
erties, enhancing the body’s immune response against cancer cells [53).
Polysaccharides from this mushroom stimulate the activity of macro-
phages, natural killer cells, and lymphocytes, which are crucial for
detecting and destroying mali; cells. This i imulatory ef-
feet not only aids in direet rumor suppression but also enhances the
effectiveness of other cancer treatments [54].

Clinical studies and animal models further support the anticancer
potential of He. For instance, in models of colon cancer, extracts from He
has been shown to reduce tumor size and inhibit metastasis [55].
Additionally, in vitro studies on human gastric cancer cells have
demonstrated that He extracts can suppress cell proliferation and induce
apoptosis [56].

He has gamered attention for its remarkable pro-neuronal proper-
ties, underpinned by its rich composition of bioactive compounds [33,
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Fig. 6. SH-SYSY cells treated with He exhibit increased excitability and expression of neuronal markers compared to the control group. a) Representative action
potential (AP) traces recorded in current clamp mode from SH-SYSY cells in the control group (black, CTR) and the He treated group (blue, He) in response to the
same current injection (15-40 nA). P d include AP duration, and rheobase. (b) Percentage of cells responding to the current
injection protocol with no AP, single AP, or repeated firing of APs in both conditions (CTR vs. He). (¢) Comparisen of the latency to the first AP as a function of
injected cument between CTR and He-treated cells. (d) Frequency of events (Hz) in He-treated cells as a function of incremental current steps (AnA). (e) Quanti-
fication of AP amplitude (mV) showing significant differences between CTR and He groups. (f) Quantification of AP duration (ms), revealing a significant reduction in
He-treated cells i to CTR. (g) G of AP threshold (mV) between CTR and He cells. (h) Representative micrographs showing immunofluorescence
labelling for pII-tubulin in CTR and H  cells. (i) pII-tubulin-i positive cell (%) in both groups, demonstrating a significant increase in He-
treated cells. (j) pI-tubulin mean fluorescence intensity per cell, revealing a marked upregulation in He group after > 200 hours exposure. k) Representative mi-

depicting immunofl labelling for in in CTR and He-treated cells. (1) Synaptotagmin-immunopositive cell frequency (%) showing
significantly higher levels in He group. (m) Synaptotagmin mean fluorescence intensity per cell in CTR and He groups after > 200 hours exposure, indicating a

significant increase in the expression of synaptic marker after He treatment.

57]. These compounds, including polysaccharides and hericenones,
have been extensively studied for their ability to promote neuronal
survival, neurite outgrowth, and synaptic plasticity [55,59]. Brandalise
et al. demonstrated the pro-neuronal potential of He extract in a study
where treatment with the extract led to enhanced synaptic pruning in
hippocampal rat organotypic slice cultures [25]. Similarly, Mori et al.
conducted a clinical trial in eldery individuals with mild cognitive
impairment, showing significant improvements in cognitive function
following supplementation with He extract [60]. These findings un-
derscore the promising role of in prometing neurogenesis and neuronal
function, offering potential therapeutic perspective for neurological
disorders.

Our study adds relevant insights to the growing body of publications
supporting the differentiation-inducing effects of He extract. Mori et al.
provided insights into the underlying mechanisms, demonstrating the
nerve growth factor (NGF)-inducing activity of He in human astrocy-
toma cells [8]. NGF plays a crucial role in promoting neuronal differ-
entiation and survival, making it a key mediator of He-induced
differentiation. The bioactive compounds in He, particularly erinacines
and hericenones, are most likely responsible for mimicking NGF activity
or enhancing NGF production, as evidenced by studies demonstrating
their ability to stimulate NGF synthesis in astrocytes and promote
neuronal differentiation [3,13,33]. In cancer biology, mdum.ng dJ.ﬂ’ar—

gated calcium channel towards voltage dependent sodium channel
supporting the functional maturation of neurons.

In the context of He treatment, our findings suggest that He modu-
lates this ion channel remodeling process. Specifically, He treatment
leads to a significant upregulation of VGSC-mediated inward currents,
accompanied by a reduction in VGCC activity. This shift may reflect an
advanced differentiation and maturation state induced by He, aligning
with its observed ability to promote neuronal marker expression and
suppress proliferation.

The observed effects of He extract on neurite outgrowth and inward
cwrrent amplitude upregulation suggest a multifaceted mechanism of
action. The rapid onset of these effects, evident within 24 hours of
application, implies the involvement of fast-acting signaling pathways,
such as possibly the NGF-TrkA pathway. NGF, a key neurotrophic factor,
plays a pivotal role in pre ummmg neurite outgrowth and synaptic plas-
ticity, suggesting its ial 1 in diating He-induced
differentiation [13,33,58]. Additionally, the progressive enhancement
of these effects over 200 hours suggests a more pmfound influence,

ially involving modulation of gene This prolonged
effecr may entail the activation of transcription factors and epigenetic
modifiers, leading to sustained changes in neuronal phenotype and
function. Further elucidation of these mechanisms is essential for un-

entiation is a recognized strategy to impede cancer
differentiated cancer cells typically exhibit reduced proliferative lates
and increased susceptibility to therapeutic interventions. The
differentiation-inducing po:eunal of He extract offers a plomjsmg
avenue for i and other neurod

disorders.

While various differentiation protocols already exist, such as those
utilizing retinoic acid and TPA, their clinical translation is hindered by
several limitations, Retinoic acid, for example, is known to exhibit
teratogenic effects and has poor blood-brain barrier permeability,
limiting its therapeutic utility in neurological disorders. TPA, on the

derstanding the therapeutic potential of He extract and its implications
for neurobl o In lusion, our study d

that He extract promotes neuronal differentiation and reduces prolifer-
ation in SH-SY5Y neuroblastoma cells. The observed shift toward a
neuron-like phenotype, characterized by increased expression of
neuronal markers and enhanced voltage-gated sodium currents high-
lights the extract’s potential as a differentiation-inducing agent. Given
the known blood-brain barrier permeability of HE extract [61] and its
pronounced in vitro effects on neuronal differentiation, further in vivo
studies are currently being planned to evaluate its efficacy in neuro-
blastoma models. These investigations will also explore potential syn-
ergistic effects with existing therapies and assess the safety profile of

ates

other hand, is d with cy and infl posing
safety concerns for long-term use. In contrast, He extract is well-
tolerated and capable of crossing rhe blood-brain barrier, making it an
attractive lid: for th Furthermore, its
differentiation-inducing effects offer a safer and more efficacious alter-
native to existing protocols, potentially overcoming the translational
barriers associated with conventional agents. Voltage-gated ion chan-
nels play a pivotal role in neuronal differentiation and maturation, with
their expression and activity dynamically regulated during
development.

Voltage-gated calcium channels (VGCCs) are crucial for mediating
caleium influx, which drives processes such as neurotransmitter release,
gene expression, and neurite outgrowth. However, their expression
tends to decrease as neurons mature, reflecting a shift in ion channel
functionality during differentiation. For instance, high-voltage-
activated caleium currents decrease during cerebellar granule cell
development in situ [43,44], while inwardly rectifying potassium cur-
rents and VGSC expression pattemns emerge distinctively during differ-
entiation [43]. These changes underscore the critical shift from voltage

inter
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Abstract: This study presents the first comprehensive proteomic profile of an Italian strain
of Schizophyllum commure, a highly heterogeneous white-rot fungal species with significant
potential for industrial, nutraceutical, cosmeceutical, and clinical applications. Three
protein extraction methods and their impact on yield and resulting protein composition
have been compared. Results revealed that the combination of Tris-Cl and urea increases
the total protein yield and the variety of enzymatic species related to pivotal pathways.
Notably, over 2000 proteins were identified, including enzymes involved in the growth
and development of mycelium, trehalose biosynthesis, and different types of carbohydrate-
active enzymes (CAZymes). These enzymes are crucial for nutraceutical and agro-industrial
applications of S. comtune. The multiple-step proteomic approach used could be a model
for investigating other fungal species.

Keywords: protein isolation; proteomics; extraction method; medicinal mushroom; mycelium

1. Introduction

Medicinal mushrooms (MMSs) have been used for centuries for their therapeutic and
nutritional benefits, thanks to their bioactive compounds like polysaccharides, terpenoids,
and proteins [1,2]. Known for their immunomodulatory, anticancer, antiviral, and anti-
inflammatory properties, they are a key research focus [3]. Among the MMs, Schizophylium
comnune Fr. is a widespread saprotrophic basidiomycete found on broadleaf trees. Tt has
diverse biological effects, including anti-inflammatory, antimicrobial, antioxidant, and
anticancer properties [4]. A hallmark molecule of this mushroom is the schizophyllan
(SPG), a p-(1-3)/(1-+6)-glucan extracellular polysaccharide [5]. Schizophyllan is valued
for its immunomodulatory, antitumor, and potential wound-healing properties, acting
as a biological respense modifier [6] and exhibiting antioxidant effects [7]. S. comnmune
produces bioactive compounds, including polyphenols, which have antioxidant and anti-
inflammatory effects by neutralizing free radicals and reducing oxidative stress [8].

As a lignicolous fungus, S. commune plays a vital role in nutrient cycling by de-
composing lignocellulosic materials through a variety of hydrolytic enzymes, including
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cellulases, endoglucanases, [3-glucosidases, and hemicellulases such as xylanases [9,10].
The wood-degrading ability of 5. commuite could be crucial for industrial applications such
as bioremediation and biofuel production [11,12]. Oxidoreductases, including laccases and
various peroxidases, are responsible for their roles in lignin degradation, dye decolorization,
and synthesis of valuable aromatic compounds [13]. Under laboratory conditions, 5. com-
mune easily grows on various media, forming fluffy-white mycelia. It is used as a model
organism in functional genomics [14] and for applications in mycomaterials [15]. Despite
these potential applications, the protein profile of S. conumune remains partially unknown.

A critical part preceding fungal proteome analysis is the extraction process. Efficient
protein extraction methods are essential for mushrooms due to their complex tissue struc-
ture and robust cell walls composed of chitin, glucans, and proteins. Common approaches
include mechanical disruption, such as grinding tissues in liquid nitrogen or using bead-
beating techniques to break the cell walls and release intracellular contents. Chemical
treatments with detergents (e.g., SDS, Triton X-100), chaotropic agents (e.g., urea, thiourea),
and various solvents (e.g., ethanol, methanol, acetone) are often employed to solubilize
proteins. Additionally, protease inhibitors are used to minimize protein degradation during
the extraction process. These techniques, tailored to the unique properties of mushrooms,
provide the foundation for robust proteomic analyses. While efficient protein extraction
is critical due to the complexity and robustness of mushroom tissues, the indiscriminate
use of a full range of chemical and mechanical approaches should be avoided. Tnstead,
extraction methods should be tailored to the specific objective, avoiding unnecessary steps
and minimizing the use of solvents and reagents. This approach aims to combine both
simplicity and efficacy in the extraction process [16].

Currently, integrating data from proteomics, transcriptomics, and metabolomics pro-
vides insights into enzyme families, regulatory networks, and specific molecular pathways.
Recent advances in proteomics have enabled the detailed analysis of fungal metabolism,
supported by complete genomes and extensive genomic data. Early research primarily
focused on human pathogens, especially filamentous ascomycetes, in which specific pro-
teins play key roles in host recognition and virulence [17,18]. Proteomics studies on MMs
began around the 2000s, mainly on Ganoderma lucidum (Fr.) P. Karst., driven by a growing
interest in their biological properties and potential biotechnological use [19]. Proteomics
has also been successfully applied to cultivable fungi and wood decayers such as the model
species Phanerochaete chrysosporium Burds. The focus of these studies was to understand
the enzyme patterns involved in the degradation of lignocellulose and persistent organic
pollutants [20,21]. This highlights the potential of proteomics to reveal insights beyond
transcriptomics, particularly under varying growth conditions that significantly influence
enzymatic networks like those involved in lignocellulose degradation [22,23]. Proteomics
is essential for characterizing protein expression under specific conditions, aiding in the
selection of fungal strains with desirable biotechnological traits. However, proteomic
profiles are highly sensitive to experimental variables, including culture conditions and
protein extraction methods [24,25].

A few studies on the S. conzmune protein profile, under peculiar environmental condi-
tions, have focused on specific aspects such as secreted proteins related to wood degrada-
tion [26] and protein expression profiles in response to the mycoparasite Trichoderma viride
Pers. [27], and various metabolic pathways for metal tolerance [28]. Leucaena leucocephala
wood (LLW) was used as a substrate for S. commune ISTLO4 to produce extracellular pro-
teins and schizophyllan under submerged fermentation [26]. Proteome analysis involved
SDS-PAGE separation and nano LC-MS/MS profiling, identifying 79 extracellular proteins
classified by their biological roles. Maximum production was observed on day 18, yielding
8.53 mg mL~! of sugar, 391 mg L ™" of extracellular protein, and 42 g L1 (0.21 g g~ LLW)
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of exopolysaccharide (EPS). EPS, identified as schizophyllan, was characterized using FTIR
and GC-MS. Another study investigated protein profile changes in S. commune when paired
with the biocontrol fungus Trichoderma viride for 48 h [27]. Using two-dimensional (2D)
protein gel electrophoresis and matrix-assisted laser desorption /ionization time-of-flight
mass spectrometry, they revealed significant proteomic changes. S. commune showed a
61% increase in proteins related to transcription and translation, along with a 17% rise in
proteins for cell walls and hyphal biogenesis, while metabolism-related proteins decreased
by 64%. Meanwhile, T. viride exhibited mycoparasitic behavior, with elevated levels of
proteins linked to proteolysis and carbohydrate metabolism. These findings highlight
the S. commune upregulation of mechanisms to counteract T. viride mycoparasitic activity,
particularly cell wall lysis and antibiosis. This study provides insights into natural resis-
tance mechanisms and has implications for the design of improved biocontrol strategies.
Finally, the investigation of inositol phosphate signaling in S. commune highlighted its
role in growth, sexual reproduction, and metabolic adaptation [28]. Overexpression of
the corresponding gene revealed its involvement in cell wall integrity, intracellular traf-
ficking, and significant impacts on mushroom formation and metabolism, as evidenced
by proteomic analyses. Altered inositol signaling also enhances metal tolerance (e.g., to
cadmium, cesium, and zinc), with metal exposure reducing intracellular calcium levels and
influencing kinase and phosphatase expression within the inositol eycle.

These examples of research demonstrate considerable diversity, especially in the
method of extracting and identifying proteomic profiles. In this study, the proteomic
profile of S. conmune mycelium was investigated to identify functional metabolic pathways
with potential applications in agro-waste recycling, industrial production, and human or
animal health. The culture medium (malt extract) and extraction procedures were chosen to
minimize the loss of proteins possibly involved in crucial biological pathways. We suggest
that the multiple-step proteomic approach described, integrating different databases, could
be used as a model for investigating other fungal species.

2. Materials and Methods
2.1. Fungal Strain Isolation, Identification, and Conservation

The basidiome of 5. commine was collected from Populus alba L. in Bereguardo (Pavia,
Italy) and isolated in pure culture in Petri dishes containing 2% w/v Malt Extract Agar
(MEA). The strain was identified by macro- and micro-morphological characteristics fol-
lowed by molecular analysis. Total genomic DNA from lyophilized mycelium was extracted
using the Nucleospin Plant II kit (Macherey-Nagel, Diiren, Germany). The primer pair
ITS1-ITS4 was used to amplify the Internal Transcribed Spacer (ITS) region by Polymerase
Chain Reaction (PCR) as reported in the method [29]. The fungal strain in pure culture is
cataloged as MicUNIPV_S.c.1 in the Fungal Research Culture Collection (MicUNIPV) of
the Mycology Laboratory at the Department of Earth and Environmental Sciences (DSTA)
(University of Pavia, Italy). The strain is maintained both at 4 °C in MEA and —80 “Cina
water-glycerol solution for long-term conservation [30].

2.2, Mycelium Growth

S. comnmine mycelium was grown in MEA Petri dishes for 15 days at 25 *C in the dark.
From the fully colonized plate, 10 portions of colonized medium (surface about 0.25 cm?
each) were sterilely withdrawn and inoculated into flasks (capacity of 1 L) containing
400 mL of 2% w/v ME. Before inoculation, flasks were sterilized by autoclave (121 °C,
20 min) and sealed with raw cotton to facilitate gaseous exchange. Incubation was carried
out in dark and static conditions at 25 °C. After 15 days, mycelium was washed with sterile
deionized water, lyophilized for 24 h at —50 “C and 1 mbar and finally stored at —20 “C.
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2.3. Protein Extraction Procedures

The extraction procedures were developed based on a previous study [31], combining
mechanical disruption using a bead mill with extraction of both soluble and insoluble
protein fractions using different buffers. Lyophilized mycelium was frozen in liquid
nitrogen for 60 s and then finely grounded using a pestle and mortar. The resulting powder
was subjected to three distinct extraction methods (A1, A2 and B).

Method Al: 100 mg of fungal powder was suspended in 1 mL of 10 mM Tris—Cl buffer
pH 8 and homogenized with 100 mg of glass beads (diameter mechanical ~500 pum), using
a FastPrep-24 (MP Biomedicals, Irvine, CA, USA for 4 cycles of 30 s at 6.5 m/s speed). The
sample was then centrifuged (15 min, 14,000 < g, room temperature) to separate the soluble
and insoluble fractions. The soluble fraction was named sample Al.

Method A2: The insoluble fraction obtained with Method Al was washed twice with
acetone, resuspended in a solubilization buffer (8 M urea in 10 mM Tris—Cl buffer, pH 8)
and incubated at room temperature for 24 h before brief centrifugation was applied to
remove particulate matter and glass beads. This fraction was named sample A2.

Method B: 100 mg of the fungal powder was suspended in 1 mL of 10% (v/v)
trichloroacetic acid (TCA) for protein precipitation. The sample was homogenized as
previously described (FastPrep-24—MP Biomedicals, [rvine, CA, USA—4 cycles of 30 s at
6.5 m/s speed, in the presence of glass beads) and centrifuged (15 min, 14,000x g, room
temperature). The resulting pellet was washed twice with acetone, resuspended in a solubi-
lization buffer (8 M urea in 10 mM Tris—Cl buffer, pH 8) and incubated at room temperature
for 24 h. After incubation, the sample was briefly centrifuged to remove particulate matter
and glass beads.

Briefly, the use of three distinct extraction methods resulted in the generation of
three types of samples: Al (soluble fraction from Method A1), A2 (insoluble fraction
from Method Al), and B (pellet from Method B). The protein content of each sample
was quantified by absorbance spectroscopy employing a Bradford assay (with absorbance
calibrated against a bovine serum albumin standard). Protein composition was assessed
by loading 10 uL of each sample on a 14% SDS-PAGE gel, run on a mini-gel apparatus
(Bio-Rad, Berkeley, CA, USA), according to the Laemmli method [32].

2.4. LC-MS/MS Analysis

Samples A1, A2, and B were diluted to a final concentration of 10 mM Tris—Cl buffer
(pH 8) and 4 M urea. The extracted proteins were reduced with 10 mM dithiothreitol,
alkylated with 50 mM iodacetamide and digested with trypsin 16 h at 37 °C (with urea
diluted to a final concentration of 2 M). The resulting peptides were desalted using Ziptip
C-18 columns, lyophilized and suspended in 0.1% formic acid. The samples were then ana-
lyzed by LC/MS using an Orbitrap Fusion instrument (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with an HPLC system (EASY-1000). Peptides were separated on
a 50 em C-18 column (Thermo Fisher Scientific, Waltham, MA, USA) using a 120 min
gradient (solvent A: 100% milliQ water, 0.1% formic acid; solvent B: 20% milliQ water,
80% acetonitrile, 0.1% formic acid). Detection was performed in the orbitrap analyzer, and
fragmentation occurred in the ion trap analyzer using high-energy collision dissociation
(HCD) with helium gas. Two technical replicates were performed for each sample.

2.5. Protemn Identification, Functional and Statistical Analysis

Protein identification was performed with MaxQuant 2.0.3.0 [33] against the 5. com-
nune database downloaded from Uniprot in April 2023. All parameters were set at default
values except for the following. Mass search tolerances were set to 10 ppm for MS and
0.6 Dalton for MS/MS. Carbamidomethylation of cysteines was set as a fixed modifica-
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tion, while methionine oxidation was set as a variable modification. The possible missed
cleavages for trypsin/P were set to 3. The false discovery rate was set to 1% at peptide
and protein levels based on a target/decoy search. Unique and razor peptides were used
by Peptide Spectrum Match (PSM) to quantify proteins. For each individual technical
replicate, the extracted proteins, taking into account the average spectral count among the
three replicates, were quantified.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository [34] with the dataset identifier PXD048036
and 10.6019 /PXD048036.

Perseus was used for post-processing data and statistical analysis. The sample com-
parison of the enriched Cellular Component terms was performed with FunRich using
the Uniprot Database [35]. DAVID was used for functional analysis and for statistical
analysis of the enrichment of Gene Ontology terms, and a p-value < 0.01 was considered
significant [36]. The enriched terms were then clustered according to semantic similarity
using Revigo [37].

3. Results
3.1. Different Protein Content and Proteontic Identification in the Three Extracis

The three samples resulting from the extraction procedures (Al, A2, and B) con-
tained different total protein amounts according to Bradford assay and SDS-PAGE analysis
(Figure S1). Specifically, sample Al corresponds to soluble proteins extracted under native
conditions using an aqueous buffer containing 10 mM Tris—Cl at pH 8, while sample A2 rep-
resents the insoluble proteins that were subsequently extracted with urea in the same buffer.
Sample B, on the other hand, consists of proteins precipitated with trichloroacetic acid
(TCA) and then solubilized in urea, representing a different extraction approach targeting
both soluble and insoluble fractions.

Sample Al contains about four times the total protein content (3.1 & 0.1 mg/mL)
compared to A2 (0.81 £ 0.08 mg/mL) and 10 times that of sample B (0.35 = 0.05 mg/mL).
Interestingly, the number of different proteins identified through the proteomic approach
did not correlate with the total protein content measured by the Bradford assay. This
means that, despite its higher protein content, sample Al exhibits lower protein diversity
compared to the other samples. Such a discrepancy is unlikely to stem from an artifact in
the protein concentration measurement arising from the diverse detectability of specific
proteins owing to their composition or size. The Bradford assay applied to complex protein
mixtures is generally robust and less prone to significant biases of this nature.

As shown in the Venn diagram (Figure 1), a total of 2465 proteins were identified
in the three samples (File 52). Around 30% of these proteins (713) were common in all
three samples, confirming the presence of a protein core that was extracted independently
from the extraction procedure (Figure 1).

Sample Al yielded the lowest number of identified proteins (n = 1084). Of these,
297 proteins were only shared with sample A2, 27 with sample B, and 47 were unique
to Al. Sample A2 had the highest number of identified proteins (n = 2105). Apart from
those shared with Al, A2 also had a significant overlap with sample B (n = 583) and
512 proteins unique to it. Sample B yielded a number of n = 1609 identified proteins, of
which 286 proteins are unique for this sample (Figure 1).
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Figure 1. Venn's diagram shows the number of identified extracted proteins in samples A1, A2, and B.
Around 30% of the proteins were identified in all samples (713 proteins), indicating a core of proteins
easily extracted with all three methods. Sample A2 showed the highest number of unique proteins,
which were not identified in the other samples (512 proteins).

3.2. Celtular Compartmentalization of the Extracted Proteins: The Gene Ontology Cellular
Component Analysis

Enrichment analysis based on the Gene Ontology Cellular Component (GO-CC) terms
was assessed to identify the cellular compartment of the proteins identified, comparing
with the list of proteins in the S. contne reference proteome database. GO-CC terms
were found for 906 out of the total 2465 proteins identified (about 37%). Considering each
sample separately, the number of proteins to which a GO-CC term was assigned was 394
for sample Al (~37%), 815 for sample A2 (~38%), and 562 for sample B (~35%).

In particular, in 12 cellular components, at least one extract showed a statistically
significant enrichment compared to the whole proteome of S. commuine (Table 1). Notably,
cytoplasm and ribosomal proteins were enriched in all three samples, but a higher number
of proteins were found in extract A2. The three methods clearly differ in extraction power,
with sample A2 showing the highest enrichment of the 12 CC terms selected (Table 1). The
analysis of GO-CC was focused on the differences among the three extracts (Table 1).

Table 1. GO-CC terms statistically enriched in at least one of the samples, A1, A2, and B, when
compared to the whole proteome. For each sample, the total number of proteins for cach GO-CC
is reported in the first column. The p-values were calculated in DAVID using Fisher’s Exact test.
p-values < 0.01 are considered significant of an enrichment (indicated by the symbol *).

Sample Al Sample A2 Sample B
Cellular Component # Proteins p-Value # Proteins p-Value # Proteins p-Value
Cytoplasm 71, 8.39 x 10712% 139 4.03 x 10726 99 253 x 10717+
Ribonticléoprotein 51 1155 10718 59 821 % 10710+ 37 8.88 x 104+
complex
Ribosome 52 546 x 1072~ 56 438 x 10712+ 38 rn s
Mitochondrial inner 12 100 3 623 x 104+ 1 100

membrane
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Table 1. Cont.

Sample Al Sample A2 Sample B
Cellular Component # Proteins p-Value # Proteins p-Value # Proteins p-Value
. Eearyotcmngaton 5 1.00 1 174 x 105+ 8 9.40 x 103 *
initiation factor 3 complex
Filkaryonic s 3 1.00 9 373 % 1047 7 002
preinitiation complex
Proteasome regulatory 8 4.06 % 10 5% 9 373 %10 44 7 0.02
particle, base subcomplex
Lilaryoue 05 3 100 9 373 % 1074% 7 0.02
preinitiation complex
Chaperanin confaining 0 100 8 173 %10 3+ 8 569 %10 3
-complex
p
Proteasome core complex, 7 480 x 105+ 7 709 % 103+ 7 5.85 % 10—+ *
alpha-subunit complex
Proteasome core complex, 6 462 % 10-4+ 6 0.04 5 0.14
beta-subunit complex
Proteasome complex 6 462 x 1074* 6 0.04 5 0.14

The percentage of annotated proteins for each GO-CC term is calculated on the ratio
between the number of proteins annotated for that GO-CC term and the total number
of annotated proteins in the sample (394 for sample A1, 815 for sample A2, and 562 for
sample B, Figure 2).

Cytoplasm *
Ribonucleoprotein Complex . *
T —————
Ribosome *
%
Mitochondrial Inner Membrane promm— _
Eukaryotic Translation Initiation Factor 3 Complex |
4 P —
Eukaryolic 485 Preinitiation Complex [
— m Sample A1
Proteasome Regulatory Particle, Base Subcomplex -_— P
Eukaryotic 43S Preinitiation Complex - * Sam ple A2
Chaperonin-Containing T-Complex * - Sample B
*
Proteasome Core Complex, Alpha-Subunit Complex e
Proteasome Core Complex, Beta-Subunit Complex -_*
—
Proteasome Complex =y
0 5 10 15 20

% of Annotated Proteins

Figure 2. Percentage of annotated proteins for each GO-CC term. For each sample, the percentage
has been calculated as the ratio between the number of proteins annotated for GO-CC terms and the
total number of annotated proteins in the sample (394 for sample A1, 815 for sample A2, and 562 for
sample B). The significant enrichment in the samples with respect to the whole proteome (as reported
in Table 1) is indicated by the symbol * beside the bars (p-value < 0.01).

189



List of original manuscripts

J. Fungi 2025, 11,120 8of 20

To identify in detail the differences in protein abundances as detected by CCs in all
three samples, the Peptide Spectrum Matches (PSMs) were assessed. PSMs (or spectral
count) allow the comparison of protein abundances without using any labeling in the
preparation of samples and are based on the number of peptides identified for each protein
group. When comparing sample A2 with sample A1, an increase in the abundance of
membrane proteins, including mitochondrial, Golgi apparatus, and endoplasmic reticulum
membranes, was observed (Table 2). In agreement with the biophysical and chemical
characterization of membrane proteins, a huge number of proteins were insoluble in
aqueous solutions and thus extracted by urea.

Table 2. Number of proteins, quantification (total PSMs), and fold change values (calculated with
FUNRICH) for samples A2 and Al, divided per cellular component. The fold change value is the
ratio of protein expression based on PSMs. When comparing samples A2 and Al, a fold change value
greater than 1.0 indicates a protein overexpressed in A2, CC terms with at least six proteins identified
and over 20 PSMs in sample A2 and with a fold value equal to or higher than 1.0 (relative to sample
Al) are shown. The cellular components “Cytoplasm” and “Membrane” were assigned to proteins
where no more specific cellular component was available.

T — # Identified Proteins Quantification (PSMs) Fold Change
Sample A2 Sample Al Sample A2 Sample A1 Value
Chaperonin-Containing T-Complex 8 0 1475 0 3280.7
Microtubule 9 3 73.5 24 70
Arp2/3 Protein Complex a 3 21.9 1.3 BT
Eukaryotic 433 Preinitiation Complex 9 3 72 43 37
Eukaryotic 485 Preinitiation Complex 9 3 72 43 37
7 Eukaryotic Translation Initiation 1 5 841 53 35
Factor 3 Complex
Golgi Membrane 14 5 85.6 5.6 3.4
Mitochondrial Inner Membrane 31 12 129.2 14.1 2.0
Plasma Membrane 17 6 106.5 12.3 1.9
Proteasome l;el%l:i.;t\cglifarticle, Base 9 8 1207 157 17
Cytosol 10 3 421 7 13
Endoplasmic Reticulum Membrane 24 8 75.1 12.5 13
Proteasome Complex 6 6 42 7.3 1.2
Nucleus 81 38 392.6 70 12
Spliceosomal Complex 16 7 32.7 6 1.2
Mitochondrion 29 17 207.9 41.3 1.1
Respirasome 9 3 287 57 11
Cytoplasm 139 71 1051.5 210 11
Membrane 183 76 601.2 124 HES |

The same pattern was observed when comparing samples A2 and B (Table 3). The
proteins associated with respirasome, ribosome, and various organelle membranes (En-
doplasmic Reticulum, Golgi, and Mitochondria) showed the highest fold change values,
meaning that the proteins from these compartments were more expressed in sample A2,
Consequently, it appears that the method used for sample A2 is the most effective for isolat-
ing proteins from membranes among the different extraction methods under investigation.
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Table 3. Number of proteins, quantification (total PSMs), and fold change values (calculated with
FUNRICH) for samples A2 and B, divided per cellular component. The fold change value is the
ratio of protein expression based on PSMs. When comparing samples A2 and B, a fold change value
greater than 1.0 indicates a protein overexpressed in A2. CC terms with at least six proteins identified
and over 20 PSMs in sample A2 and with a fold value equal to or higher than 1.0 (relative to sample B)
are shown.

# Identified Proteins Quantification (PSMs)
Cellular Component Fold Change
Sample A2 Sample B Sample A2 Sample B Value

Respirasome 9 3 287 5 3.0

Endoplasmic Reticulum Membrane 24 9 75.1 17.2 2.3

Golgi Membrane 14 9 83.6 20.7 22

Ribosome 56 38 449.7 108.9 22

Ribonucleoprotein Complex 59 37 438.8 109.6 21

Mitochondrial Inner Membrane 31 11 129.2 30.4 1.9

Cellular Anatomical Entity 7 5 534 16.2 1.7

Mitochondrion 29 20 207.9 63.2 17

Spliceosomal Complex 16 7 327 10 1.7

Chaperonin-Containing T-Complex 8 8 147.5 47.7 16

Small Ribosomal Subunit 7 6 78.8 25.7 1.6

Cytoplasm 139 99 10515 438.6 13

Eukaryotic Translation Initiation 1 8 841 6.8 12
Factor 3 Complex

Eukaryotic 435 Preinitiation Complex 9 7 72 317 1Z

Eukaryotic 485 Preinitiation Complex 9 7 72 317 12

Proteasome Regulatory Particle, Base 9 7 1207 537 12

Subcomplex

Membrane 183 109 601.2 289.8 1.1

Microtubule 9 7 755 37 1.1

Plasma Membrane 17 15 106.5 53.4 1.1

Endoplasmic Reticulum 13 ] 92 47 1.0

3.3. Functional Analysis and Characterization of the Extracted Proteins

A functional analysis was performed to understand which metabolic pathways are
present in the three extracts. Proteins identified in the three samples (2465 proteins)
were pooled together and processed with DAVID https:/ /david.nciferf. gov/ (accessed on
3 February 2025) [36]. Considering all samples, 47 Gene Ontology Biological Process terms
were found to be enriched (File S3). Consequently, the software Revigo was employed to
remove redundant GO terms, cluster them by similarity, and visualize data in a treemap.
Enriched terms could be classified into 10 superclusters indicated by different colors
(Figure 3). Fach supercluster is composed of semantically and functionally related GO-BP
terms or clusters of semantically similar GO-BP terms. These are represented by rectangles
whose size is proportional to the fold enrichment in protein expression with respect to
the whole proteome. Fold enrichment is the ratio quantifying how much more (or less) a
specific category is represented in a protein subset compared to what would be expected
by chance in the entire dataset. This metric highlights biological processes, molecular
functions, or cellular components that are statistically overrepresented and thus relevant to
the biological context of the analyzed subset, aiding in the interpretation of proteomics data.
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GO0006897
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GO0016192 GO1902600
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Figure 3. Treemap view clustered with REVIGO of GO Biological Process terms associated with
fungal proteins. Bach rectangle is a single GO term or a representative term of a cluster of semantically
similar GO terms (indicated by r in brackets) with size related to the fold enrichment with respect to
the whole proteome. The “superclusters” of related terms are visualized with different colors.

The treemap exhibits that the green supercluster is the one that comprises more GO-BP
terms related to the biosynthesis and degradation of proteins and polysaccharides. It
is important to note the presence of clusters of trehalose biosynthesis (GO:0005992) and
carbohydrate catabolic processes (GO0016052) within the green supercluster. Trehalose
production plays a vital role in fungal metabolism, supporting the growth and devel-
opment of mycelium while also acting as a thermo-protector. Carbohydrate catabolic
processes involve a range of enzymes responsible for the biosynthesis, modification, bind-
ing, and breakdown of carbohydrates, collectively known as carbohydrate-active enzymes
(CAZymes or CAZy) [38]. Furthermore, considering the GO-BP terms, an enrichment
of proteins involved in intra- and extracellular transport (light blue supercluster) and in
response to oxidative stress (orange supercluster) were observed too.

The light sea green supercluster consists of two important metabolic processes: the
pentose-phosphate shunt and the tricarboxylic acid cycle. It is important to emphasize
the significance of these pathways, with a particular focus on the tricarboxylic acid cycle,
which is linked to the growth and development of mycelium. The key enzymes involved
in this metabolic pathway, isocitrate lyase and malate synthase, are part of the glyoxylate
cycle enzyme. This cycle appears to be involved in the transition phase between vegetative
growth and the development of the fruiting body [39,40]. Across the other superclusters, a
wide range of activities were observed, including metabolic processes, protein folding, cell
division, and gene control processes, protein folding, cell division, and gene control.

Among the biological processes enriched for S. commune, the attention was then
focused on the metabolic pathways that are promising for industrial and health applications
(Table 4). The most interesting molecular pathways considered were trehalose biosynthesis,
response to oxidative stress, pentose-phosphate shunt, tricarboxylic acid cycle, CAZymes
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and inositol phosphatase dephosphorylation. A quantitative comparison (based on PSMs)
of the expression of enzymes related to these processes in the three samples was performed.
In each metabolic pathway, specific enzymes known as “key enzymes” (indicated in bold
and underlined) have been identified based on literature data. These enzymes are of
significant scientific interest due to the crucial role they play in the pathway and their
potential applications in various fields. Significantly higher amounts of most proteins,
particularly key enzymes, were observed in sample A2 across all the metabolic pathways
under investigation.

Table 4, The enzymes involved in the six molecular pathways investigated are listed in the table, and
the difference in expression between the three samples is compared. For each enzyme, the UniProt
Accession Number {first column) is indicated, the recommended name, EC number, and alternative
name (second column), and the average PSMs for each sample (third, fourth, and fifth columns).
The enzymes indicated with an asterisk in the A1 and B columns show a significant decrease with
respect to A2 (t-test, p-values < (.01 are considered significant). The molecular pathways in which the
proteins of interest were identified are indicated in bold. Proteins that were detected at the highest
concentration using the A2 extractive method are highlighted in both bold and underlined.

. . PSMs PSMs g
Key Enzyme Trehalose Biosynthesis Sample A1 Sample A2 PSMs Sample B
Trehalose-6-phosphate synthase (EC 2.4.1.15)
D8QC44 (UDP-glucose-glucosephosphate 0.0* 10.7 20%
glucosyltransferase)
DBQIAT Trehalase (EC 3.2.1.28) (Alpha-trehalose 0.0 93 00
glucohydrolase)
Q2HZZ3 ‘Trehalose phosphorylase (EC 2.4.1.231) 13.7 % 42.0 23.0*
35 i PSMs PSMs Sample Ty
Response to oxidative stress Sample Al A2 PSMs Sample B
DS8PT51 Superoxide dismutase (EC 1.15.1.1) 83+ 20.0 3.0%
DBQ7V6e Superoxide dismutase (EC 1.15.1.1) 17 8.0 0.0
S5VRV3 Superoxide dismutase (EC 1.15.1.1) 0.7 23 0.0*
DEPMW1 Catalase (EC 1.11.1.6) 0.0 27 4.3
DsPTL6 Catalase (EC 1.11.1.6) 1.3+ 23.0 4.0*
D8QLS5 Heme peroxidase 0.0 1.3 0.0
DSQBRO Peroxidase (EC 1.11.1.-) 1.0* 12.7 57*
PSMs DPSMs A
Pentose-phosphate Shunt Sample Al Sample A2 PSMs Sample B
6-phosphogluconate dehydrogenase, sy 3
DBEMS0 decarboxylating (EC 1.1.1.44) iy 257 143
D8Pros Ribulose-phosphate 3-epimerase (EC 5.1.3.1) 17 2.0 27
DSPNVA Glucose-6-phosphate 1-dehydrogenase (EC 07+ 157 1w
11.1.49)
DEPNV6 Glucose-6-phosphate 1-dehydrogenase (EC 10 37 00*
1.1.1.49)
D8PN33 6-phosphogluconolactonase (6PGL) (EC 3.1.1.31) L7 5.0 0.0
DSPXY7 Transaldolase (EC 2.2.1.2) 143 227 217
DSPWF8 Transketolase (EC 2.2.1.1) 57 24.0 43*
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Tricarboxylic acid cycle Sarziﬁs Al Saﬁ‘spﬁs A2 PSMs Sample B
D8QDQ7 Isocitrate dehydrogenase [NADP] (EC 1.1.1.42) L 53 0.0~
D8Q9D5 Malate synthase (EC 2.3.3.9) 973 337 14.7*
Ds8Q486 Oxalate oxidase 33* 133 10.3%
D8QFS7 Malate dehydrogenase (EC 1.1.1.37) 3.0 153 217%
DSQLHY Malate dehydrogenase (EC 1.1.1.37) 3.0 157 19:3.%
DBQB25 Citrate synthase 6.7 22.7 20~
D8PX28 Citrate synthase 0.0* 8.7 07"
DsPMFP1 Isocitrate lyase 17 17 0.0*
D8Qo077 Isocitrate lyase 8.7+ 26.7 13.7*
D&PZN4 Trehalase (E;:‘;iﬁ&fr)‘j({:slep)ha-tmhalme 67+ 27 00+
Carbohydrate-Active Enzymes (CAZymes)
. PO e PS
Carbuhydra(tce; 1-1';1;3z.laill:nsusl)l: processes B [ln E;IE@AI & ,[n E;)l:isAz PSMs Sample B

DAEPUKY Glycoside IL)S;;I?ZZ:;IS;L);B] protein/ a7 120 157
DSPIYS Glycoside hydrolase family 125 protein 0.3 4.7 6.7
DBPK12 Glycoside hydrolase family 43 protein 0.0 0.0 1.0
DSELbS carbDhi‘lzl);:t,:—igicn:lﬁfgr?:;ﬁ‘:?al31’1?1?.’?ir;dpmtein 13 1 2
DBPLY0 Glycoside hydrolase family 76 protein 0.0 0.3 0.7
D8PMG3 Glycoside hydrolase family 92 protein 1.7 6.0 80
D8PMGe Glycoside hydrolase family 92 protein 0.3 3.0 47
DSPMH4 Glycoside hydrolase family 2 protein 1.7 1.7 0.0*
DBPPV4 Glycoside hydrolase family 92 protein 3.3 0.7 5.7%
D8PS75 Glycoside hydrolase family 18 protein 1.0+ 5.0 33
DEPSJ0 Glycoside hydrolase family 2 protein 0.0 0.0 0.7
D8PVQ7 Glycoside hydm}l}a:tz_:lr:lfsiig:min/ glucan 1,3- 07 0.7 10
DSPXL2 Glycoside hydro.lb.aest:-zlr:‘lli]u};fd}::tein/ glucan 1,3- 03 0.0 00
D8PXU7 Glycoside hydrolase family 15 protein 17 4.0 07>
DBQTY6 Glycoside hydrolase family 95 protein 0.0 1.0 15
DSPIVO Beta-glucosidase (EC 3.2.1.21) 0.0 1.3 0.0
s L
DEPNWS5 Beta-glucosidase 0.0 1.3 23
D8PQri1 glucan 1,3-beta-glucosidase 0.7+ 3.7 0.0*
D8PU51 Beta-glucosidase 53 10.0 220*
D8PUK?9 Beta-glucosidase 273 12.0 157
D8Q8Q6 Beta-glucosidase 0.0 20 0.0
D8Q3Q9 Beta-galactosidase (EC 3.2.1.23) 10 7.3 8.0

194



List of original manuscripts

J. Fungi 2025, 11,120 13 of 20
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D8PK76 Beta-galactosidase (EC 3.2.1.23) 20 5.7 7.7
D8PM67 Beta-galactosidase (EC 3.2.1.23) 0.0 0.3 0.3
D8Q3Q9 Beta-galactosidase (EC 3.2.1.23) 1.0 73 8.0
D8PQ92 Alpha-galactosidase (EC 3.2.1.22) (Melibiase) 33* 123 15.7
D8QGJ4 Alpha-mannosidase (EC 3.2.1.24) 16.7 32.0 73*
Carbohydra(té EE::;CS':[C processes Sarl;iﬁsAl & riil;/:e«AZ PSMs Sample B
D8Q7P4 Glycosyltransferase family 32 protein 0.0 1.0 0.0
DSQHQ3 Glycosyltransferase family 20 protein 03* 107 0.0*
D8PXY7 Transaldolase (EC 2.2.1.2) 143 227 217
Inositol phosphatase dephosphorylation Sa;?:]}gsAl Sa:‘i};fA2 PSMs Sample B
D8PM90 Inositol-1-monophosphatase (EC 3.1.3.25) 20 1.7 3.0

As shown in the table, sample A2 appears to be the richest not only in the quantity of
extracted proteins but also in the variety of enzymatic species related to pivotal pathways.
In particular, some enzymes that are present in Table 4 will be described for their application
in the discussion. This section may be divided by subheadings. Tt should provide a
concise and precise description of the experimental results, their interpretation, and the
experimental conclusions that can be drawn.

4. Discussion

This study represents the first proteomic analysis of an Ttalian strain of S. com-
niune, a species that shows remarkable morpho-physiological and molecular variability.
It is expected that traits specific to this population can be identified using proteomic
analysis [41,42].

Mycelium grown in a nutrient-rich medium (ME 2% /) resulted in the identification
of over 2000 proteins involved in different metabolic pathways.

In proteomic analyses, the extraction procedure is a crucial step in obtaining reliable
and reproducible results since it significantly influences both the yield and diversity of the
proteins obtained. In this study, to minimize protein loss, the mycelium of 5. commune was
first subjected to bead milling, a mechanical lysis method for protein extraction generally
recognized as non-selective [43]. The following extraction was carried out under different
conditions: (i) native conditions, separating the soluble fraction (sample Al) and the
insoluble fraction extracted with urea (sample A2), or (ii) in the presence of TCA (sample B).
Each sample differs not only in protein extraction yield but also in the diversity of the
identified proteins.

In particular, sample A2, representing the insoluble fraction subsequently extracted
with urea and Tris-Cl, showed the highest number of identified proteins (2105), with
a significant number of unique proteins not found in the other samples. Sample A2
had the highest number of proteins, indicating that urea was a more effective agent for
protein extraction.

Qur results are consistent with those of other studies. Taunk et al. [44] showed that the
combination of urea and Tris-Cl maximizes the yield of protein extraction in mammalian
cells. Chi and Cho [45] showed that in soybean meal samples, the use of urea increased
protein extraction efficiency by 90%.
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Furthermore, TCA (used for sample B), traditionally used for protein isclation, re-
sulted in an overall decrease in the protein yield. Even with the inclusion of appropriate
detergents, TCA was found to be less effective for total protein extraction compared to
other reagents [46,47].

It should be noted that the choice of extraction method affects not only the total yield
but also the proteins that can be recovered. In particular, sample A2 showed enrichment of
proteins from various cellular compartments, including the cytoplasm, membranes, and
ribosomes, highlighting the importance of selecting the most effective method for isolating
proteins from complex samples. Notably, no enzymatic treatments were used to digest the
cell wall to keep the extraction process as simple and reproducible as possible.

Relatively few transcriptomic and proteomic analyses on S. commune have been per-
formed so far [26-28,48]. In contrast to a previous study that evaluated the degradative
activity of S. commune 1STLO4 through the analysis of extracellular enzyme expression [26],
our study focuses on characterizing the intracellular proteome of 5. commune under stan-
dard growth conditions without external stimuli that could influence enzyme expression.
Other proteomics studies focused on the relationship between S. commune and the an-
tagonist Trichoderma viride, investigating their defense mechanisms [27] and on a single
metabolic pathway, the inositol phosphate, and its impact on fungal metabolism [28]. In
our work, the broad range of extracted proteins allows for the investigation of multiple
metabolic pathways by using widely employed databases, such as Gene Ontology and
Uniprot. Consequently, our experimental design is more easily replicable. Since the fungus
is not induced to produce specific enzymes or activate specific metabolic pathways, the
extracted proteins are more abundant in both total number and diversity.

Several proteins enriched in metabolic pathways under the growth conditions em-
ployed were examined in depth. First, attention was placed on the trehalose biosynthesis
pathway [49] since this carbohydrate is known as a food stabilizer and protective agent
against oxidative stress, holding substantial value in the industry [50,51]. In our samples
of S. cormmaiiie, the following key enzymes have been successfully identified: trehalose
synthase (UniProt accession number D8QC44), trehalase (D8QLA1), and trehalose phospho-
rylase (Q2HZZ3) (see Table 4). It is worth noticing that only method A2 allowed for the
extraction of these enzymes in sufficient quantities to enable their subsequent identification.
This underscores the importance of using a reliable extraction procedure to avoid the loss
of important biological information. Trehalose is known for its effectiveness as a food
stabilizer and a protective agent against oxidative stress. It holds substantial value in the
industry, with applications extending to the pharmaceutical and cosmetic sectors due to its
thermal-protective properties [52,53]. The expression of enzymes involved in the trehalose
biosynthesis pathway by S. commuine shows potential for the development of the enzymatic
synthesis of trehalose with significant cost savings and reduced production ime compared
to the expensive and complex chemical synthesis currently in use.

The present proteomic analysis also detected 2 out of 6 major classes in the family of
CAZy family carbohydrate-active enzymes [54,55]: glycosyl hydrolases (GHs) and glycosy!
transferases (GTs). On the other hand, polysaccharide lyases (PLs), carbohydrate esterases
(CEs), carbohydrate-binding modules (CBMs) and auxiliary activities (AAs) did not exceed
the detection limit. In mushrooms, CAZymes play vital roles in the development of fruiting
bodies [56], in cell wall formation, and in nutrient uptake, as well as in the breakdown of
lignocellulosic substrates [40]. Researching CAZymes can enhance our understanding of
biological processes and improve fungal cultivation [51]. CAZymes are crucial for breaking
down complex carbohydrates, aiding digestion, and promoting nutrient absorption in
the human gut microbiota, where the human genome encodes only 17 such enzymes.
Specifically, glycoside hydrolase (GH) and glycosyl transferase (T) enzymes are vital for a
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healthy microbiome [57-59]. CAZymes also play a role in immune defense and reducing
inflammation, with decreased expression linked to various diseases. Therefore, we aimed to
investigate which CAZymes are expressed by S. commune under specific growth conditions.

Among the various GH enzymes, alpha-mannosidase (D8QGJ4) was found in higher
amounts in the extract A2. This CAZyme has been identified as a potential target for
tumor and cancer treatment [60] and is involved in the post-translational modification
of secreted proteins [61]. Other GH enzymes significantly expressed in 5. comnune are
1,4-alpha-glucan (D8PS34) and trehalose phosphorylase (Q2HZZ3), both of which are
implicated in the biosynthesis of Trehalose. Also, in this case, sample A2 showed a higher
presence of these two enzymes, which play a crucial role in the food industries [62]. In
Hypsizygus marmoreus (Peck) H.E. Bigelow, the expression of 1,4-alpha-glucan and trehalose
phosphorylase was observed during the primordium phase of growth and not during the
mycelia growth [63]. In contrast, the expression of these enzymes was high as early as the
mycelial growth stage of the 5. commiune used in this study.

Finally, beta-glucosidase enzymes (D8PJV0, DBPU51, D8PUKS, D8QBQ6) are relevant
due to their hydrolytic action in degrading lignocellulosic components, thereby facilitating
the growth and subsequent development of mushrooms [63,64]. Recently, B-glucosidase
has gained attention in the industrial sector as a valuable enzyme for repurposing food
waste [65]. Hence, it can be deduced that extract A2 contains the highest amount of all the
CAZymes previously discussed.

Among the CAZy family, two enzymes belonging to the GTs class were identified:
o-galactosidase (D8PQI2) and [-galactosidase (D8Q3QY, DBPK76, DSPME7, and D8Q3Q9).
Alpha-galactosidase can break down galactose residues found in oligosaccharides, such as
raffinose-family oligosaccharides. Nowadays, it is used to reduce stachyose and raffinose
in soybean flour for industrial applications in the food and feed industries [66]. However,
these enzymes could be applied in agriculture, food production, and biomedicine [67,68].

Beta-galactosidases derived from fungi find innovative applications in the production
of prebiotic compounds, recycling agro-industrial wastes and removing lactose from dairy
products [69-72]. Based on promising preliminary results, mushroom-derived mixtures
containing -galactosidases may offer more economical solutions for bioethanol production
from cheese whey [23].

Among the 10 superclusters presented in the treemap, significant enrichment was
also observed in the pentose-phosphate shunt. This metabolic pathway is crucial for
the biosynthesis of erythritol [73]. This molecule influences not only mycelial growth
but also the formation of the fruiting body [74]. The main enzymes involved in this
metabolic pathway are 6-phosphogluconate dehydrogenase-decarboxylating (Uniprot
D8PMS0), transketolase (D8PWES8), and transaldolase (DSPXY7), [73,75]. All identified
enzymes were significantly enriched in sample A2. Erythritol is becoming increasingly
popular as a natural sweetener, used in low-calorie foods and beverages, and as an additive
with artificial sweeteners. Research has focused on reducing production costs through
fermentation optimization to meet the rising demand in various industries [73].

Sample A2 showed a higher amount of enzymes involved in the tricarboxylic acid
cycle, another relevant pathway closely connected with oxaloacetate biosynthesis. The
production of oxalic acid in wood decay fungi is essential during the vegetative phase to
derive energy from glucose oxidation [38]. Moreover, the production of oxalic acid prevents
the inhibition of ligninolytic enzymes caused by an increase in reactive oxygen species [76].
The main enzymes involved in this pathway are malate synthase (D8Q9D5), oxalate oxidase
(D8Q486), and isocitrate lyase (D8QO77), which are expressed at significantly higher levels
in sample A2 tan in samples Al and B.
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Finally, the biosynthesis of inositol-phosphate is one of the most complex metabolic
pathways related to growth and metabolic adaptation, as well as upregulation during
sexual development [77]. Inositol-1-monophosphatase (EC 3.1.3.25) was also identified in
the mycelium of S. commiune, but there were not many differences in its expression among
the three extraction methods: Al, A2 and B.

Activation of these metabolic processes leads to the production of reactive oxygen
species. The proteomic profile of S. comnune clearly indicates the expression of various
enzymes involved in detoxifying reactive species, such as superoxide dismutases, catalases,
and peroxidases [78]. However, it should be noted that in wood-decay mushrooms, peroxi-
dases, in turn, include both enzymes involved in detoxification and lignin degradation, the
latter providing self-protection in the fungal organism [22]. In the present study, no lignin
was added to the culture medium and peroxidase activity was, therefore, related to basic
metabolic functions.

5. Conclusions

This study highlights the significance and innovation of utilizing enzymes extracted
from a fungal species renowned for its dual roles in medicinal applications and myco-
remediation. By conducting the research under standardized growth conditions, we
achieved a “general” enzymatic characterization free from the influence of internal or
external stressors, thereby capturing the intrinsic metabolic potential of this species. The
extraction method A2 proved critical in maximizing the yield and diversity of isolated
enzymes, facilitating the recovery of proteins from various cellular compartments, and
ensuring a comprehensive proteomic profile. This approach enabled the identification of
enzymes with high industrial and nutraceutical and myco-remediation relevance, includ-
ing trehalose synthase and trehalase, critical for trehalose biosynthesis, a process that is
currently complex and costly. These fungal-derived enzymes could streamline the study of
trehalose biosynthetic pathways in specific fungal species.

Additionally, this study identified significant levels of peroxidases and catalases,
enzymes well-known for their antioxidant properties. Further investigations are needed to
determine their potential medical applications, especially in oxidative stress management.
Notably, the presence of CAZy enzymes is of particular interest for the dietary use of
S. commune, as they may positively influence gut flora and enhance intestinal health. With
the growing demand for bioactive-enriched products, 5. commuiie could be considered a
valuable source of proteins and bioactive molecules for novel food production.

In conclusion, given this fungal species” high enzymatic potential under standard
growth conditions and the demonstrated advantages of the A2 extraction method, future
research could focus on optimizing the expression of industrially and nutraceutical-relevant
enzymes. This research establishes a foundation for utilizing this fungal species as a
sustainable source of bioactive enzymes with extensive applications in biotechnology,
medicine, and environmental science.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article /10.3390/jof11020120/5s1, Figure S1. SDS-PAGE analysis of S. commune
protein extracts obtained using three methods. Lane 1: Molecular weight marker (MWM); Lane 2:
Soluble fraction extracted with Method A1 (Tris buffer, mechanical disruption); Lane 3: Insoluble
fraction solubilized with Method A2 (urea-based buffer); Lane 4: Protein extract obtained with
Method B (TCA precipitation and urea-based solubilization). Equal volumes of each sample were
loaded. File 52. Protein list of all identified proteins in the three technical replicates (TR1, TR2,
TR3) for the three samples (Al, A2, B). In the table for each protein these attributes are indicated:
UniProt Accession, Protein Name, Gene Name, Peptide Spectrum Matches (PSMs) for each technical
replicate, Average of PSMs for each sample. File 53. List of enriched Gene Ontology Biological
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Process (GO-BP) terms considering all identified proteins. For each term in the table are reported:
GO-BP term; number of identified proteins annotated in the sample; UniProt Accession of identified
proteins; total number of annotated proteins in sample; number of 5. commune proteins annotated;

total number of 5. conmune annotated with GO term; fold enrichment.
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The following abbreviations are used in this manuscript:
BP Biological process
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ME Malt Extract

MEA Malt Extract Agar
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Diabetes mellitus (DM) is a metabolic disorder characterized by high blood
sugar levels due to insufficient insulin production or insulin resistance. Recently,
metabolic biomarkers, such as glycated albumin (GA) and methylglyoxal
(MGO), have been successfully employed for the management of diabetes
and its complications. The main goal of this study was to investigate the
relationship between metabolic parameters, related to diabetic conditions,
and the recognition memory, a declarative episodic long-term memory,
in a streptozotocin (STZ)-induced diabetes mouse model. The longitudinal
experimental plan scheduled five experimental timepoints, starting from
9 months and lasting until 19 months of age, and included different
evaluations: i) fasting serum glucose, GA, and MGO, ii) recognition memory
performance; iii) histological examinations of pancreas and hippocampus.
At 13 months of age, mice were randomly divided into two groups, and
STZ (50 mg/kg i.p.) or vehicle was administered for 5 consecutive days.
Mice were fed with a normal diet but, starting from 14 months, half of
them were given water with a high sugar (HS) to explore the potential
detrimental effects of HS intake to hyperglycemia. Our main outcomes
are as follows: i) HS intake alone does not contribute to worsened
diabetic condition/hyperglycemia; i) GA emerges as a reliable biomarker for
monitoring diabetic conditions, consistently increasing with hyperglycemia;
iii) diabetic conditions correlate with a worsening of recognition memory;
iv) diabetic mice display mild-to-severe insulitis and injured hippocampal
cytoarchitecture, detectable in Ammon’s horns regions CA1 and CA3; v)
correlation among recovered normal fasting glycemic level and recognition
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memory, partial regaining of physiological pancreatic morphology, and
hippocampal cytoarchitecture.

diabetes, MGO, glycated albumin, recognition memory, hippocampus, pancreas,

streptozotocin-induced

1 Introduction

Diabetes mellitus (DM) is a metabolic condition leading
to chronic high blood sugar levels due to insufficient insulin
production or ineffective effects of insulin on target cells. Two
primary forms of diabetes have been characterized. Type 1
diabetes (TIDM) is typically diagnosed during childhood and is a
multifactorial disease with a strong genetic component in which the
pancreatic cells stop producing insulin. Type 2 diabetes (T2DM) is
generally diagnosed in adulthood and is instead related to lifestyle
factors. Both types result in long-term high blood sugar levels.
T2DM is less severe, but it accounts for 90% of diabetes cases. It does
not always require insulin for treatment and, therefore, is called an
“insulin-independent” form of diabetes. The condition is primarily
caused by long-term consumption of a high-calorie, high-sugar
diet, which results in frequent and significant insulin spikes that
eventually desensitize target cells, causing prolonged hyperglycemia
(Guthrie and Guthrie, 2004; Nowotny et al., 2015).

One significant consequence of prolonged hyperglycemia is the
increased formation of advanced glycation end products (AGEs),
which activate AGE receptors (RAGE), leading to oxidative stress
and increase in inflammation (Bierhaus et al., 2001; Soares et al.,
2013; Meireles et al., 2015; Bettiga et al., 2019; Mori et al., 2024;
Oliveira et al., 2024). This AGE-RAGE pathway is implicated
in the development of diabetes-related complications such as
cardiovascular disease, kidney damage, and neurodegenerative
disorders (Giacco and Brownlee, 2010; Srikanth et al., 2011). DM
is diagnosed and classified using blood biomarkers such as glucose
and glycated her lobin (HbA Ic), through various tests
(Ramachandra Bhat et al., 2019). Monitoring these biomarkers
is critical for preventing or managing the adverse physiological
effects of diabetes (Yazdanpanah et al., 2017), and other emerging
biomarkers like glycated albumin (GA) and methylglyoxal (MGO)
are gaining attention (Kouzuma et al., 2002; Freitas et al., 2017;
Piuri et al., 2020; Belinskaia et al., 2021).

GA is linked to organ damage, including kidney disease and

| lerosi insulin resi through reactive
oxygen species (ROS) generation (Wu et al., 2016; Paradela-
Dobarro et al., 2019). 1t offers a viable alternative to HbAlc for
assessing glycemic balance over shorter time periods, particularly
when HbAlc cannot be measured (Freitas et al., 2017; Krha¢ and
Lovren¢i€, 2019). MGO, a reactive byproduct of glucose metabolism,
serves as a precursor to AGEs and plays a pivotal role in the
development of diabetic complications. Its accumulation contributes
to vascular dysfunction, insulin signaling disruption, and chronic
inflammation (Kong et al., 2020; Bhattacharya et al., 2023). High
levels of MGO have been detected in diabetic patients (in plasma,
pancreas, muscle, and adipose tissue) and correlated to a reduction
in glucose and glutathione transporters. These disruptions impair
vascular health and exacerbate diabetes-related complications such

and

P
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as chronic kidney disease and cognitive deficits (Ogawa et al.,
2010; Li et al., 2012; Cai et al., 2014; A; Shamsaldeen et al., 2016;
Gill et al., 2019; Ramachandra Bhat et al., 2019; Sutkowska et al.,
2023). The role of AGEs in diabetes-induced cognitive decline is
still unknown (Momeni et al., 2021).

Under physiological circumstances, MGO is detoxified by the
glyoxalase system, which consists of glyoxalase I and II (Glo1 and
Glo2), preventing excessive formation of AGE. The biochemical
pathways through which MGO is linked to the development of
diabetes, vascular complications of diabetes, and other age-related
diseases have been described (Schalkwijk and Stehouwer, 2020).

Several epidemiological studies show that diabetes is the major
risk factor for neurodegeneration: approximately 29% of people with
T2DM experience cognitive decline and neurodegeneration. This

iation unc the sy ic nature of diabetes, which not
only affects peripheral organs, but it also has profound effects on
the central nervous system. Insufficient insulin uptake appears to
be the main trigger for neurodegenerative mechanisms, particularly
in the hippocampus, where insulin resistance induces cognitive
decline d with d (Shieh et al., 2020). It has
been found that diabetes can speed up the progression from mild
cognitive impairment (MCI) to severe dementia (Patel et al., 2016;
Farajpow et al., 2017; Dove et al, 2021; Ding et al., 2024). Recognition
memory, a declarative long-term episodic form of memory. is one
of the most important features of human personality that is lost
owing to MCI. A decline in recognition memory is observed in
rodents with diabetes using various cognitive tasks, such as novel
object recognition (NOR) or placement tests (Patel et al., 2016;
Farajpour et al., 2017; Kassab et al., 2019; Presta et al., 2024).
Cognitive decline is defined as a deterioration in cognitive functions,
including difficulty with language and memory loss. Over time,
cognitive decline can lead to disorders such as MCI or senile
dementia. Specifically, one of the most studied diseases concerning
glucose intake is Alzheimer’s disease (AD), which some authors
define also as type 3 diabetes, for its suggested metabolic component
(Yazdanpanah et al., 2017; Nguyen et al., 2020; Michailidis et al.,
2022). The hippocampus plays a central role in memory and
learning, making it a critical area affected in both dementia and
A i (Raoetal2022). Hyp iaind idative
stress, inflammation, and neuronal damage, particularly impacting
the hippocampus, a key region for memory and learning. Insulin
resistance in the brain further disrupts hippocampal-dependent
memory processes, contributing to cognitive decline as observed
in MCI, dementia, and A s disease. ition memory
deficits, commonly assessed through the novel object recognition
(NOR) task, serve as a marker of early cognitive changes (Hu et al.,
2019; Li et al., 2020; Barone et al., 2021 ; Aderinto et al., 2023).

High sucrose consumption has been shown to induce glucose
intolerance, hyperinsulinemia, and hyperglycemia in different
animal models (Oliveira etal,, 2014; Flister et al,, 2018; Melo et al.,
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2019; Seshadri et al. 2019). Alterations in metabolic profiles
(hypertriglyceridemia and hyperinsulinemia) as well as increased
liver lipogenic gene expression, oxidative stress, and inflammatory
markers were evinced in rats fed for less than 21 days with
10% sucrose in their drinking water (Castro et al., 2024).
The metabolic disturbances caused by high sugar intake, such
as hypertriglyceridemia and oxidative stress, are paralleled by
neurcinflammation and cognitive decline, suggesting that diet
plays a pivotal role in the interplay between diabetes and
neurodegenerative diseases (Coirini et al., 2022). Diets rich in
refined sugar not only contribute to obesity but also impair cognitive
functions like memory and cognitive flexibility (Kalaria et al., 2008;
Kanoski and Davidson, 2011; Cheke et al.. 2016). In particular, the
effect involved hippocampal recognition memory performance in
rodents, particularly during the early stages of cognitive decline
(Beilharz et al., 2016). Furthermore, consumption of 35% sucrose-
sweetened water for 9 weeks can lead to pre-diabetes and glucose
intolerance in mice (Burgeiro et al., 2017). In a transgenic mouse
model of AD, sucrose intake has been shown to exacerbate insulin
resistance and amyloidosis, both of which contribute to memory
deficits (Cao et al., 2007; Orr et al., 2014).

The antibiotic streptozotocin (STZ) selectively destroys
pancreatic f-cells, which induces diabetes, thus providing valuable
insights into the pathophysiology of diabetes. In particular, a high-
dose STZ protocol induces the complete destruction of pancreatic
p-cells, reproducing TIDM. On the contrary, a low dose of STZ
induces a gradual death of pancreatic f-cells, mimicking the
pathogenesis of T2DM (Hahn et al., 2020; Furman, 2021; Baver et al.,
2023a). These models have allowed scientists to explore the

lecul underlying diabet lated complications.
especially the role of hypergly ia in disease p The STZ-
induced diabetes model was chosen to monitor the progression of
DM over time, with the goal of identifying new biomarkers involved
in the onset and diagnosis of the disease. A preclinical animal model
of diabetes was developed, opening the question of a long-term
induction of type II diabetes with multiple low doses of STZ.

This study focuses on several key points: the potential use
of new biomarkers for T2DM, such as GA and MGO, and the
relationship between those peripheric metabolic biomarkers and
coganitive functions. Specifically, we explore how these biomarkers
are linked to cognitive performance, including declarative memory.
focusing on recognition memory. a long-term form of memory.
Furthermore, the experimental model has allowed us to assess
the recovery in time of both peripheric metabolic biomarkers and
cognitive performance, thus obtaining a confirmation of their direct
relationship.

2 Material and Methods
2.1 Animals

Thirty-five 9-month-old wild-type male mice (strain C57BL-
6J) were maintained on a 12-h light/dark cycle in single cages in
the Animal Care Facility at the University of Pavia. Water and
food were provided ad libitum. All experiments were carried out
according to the guidelines laid out by the institution’s animal welfare

the Ethics C of Pavia University (Ministry of
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TABLE 1 Nutritional composition of control diet pellets (ND). The energy
value was 387 6 Kcal/100 g

Composition g/100g

Carboliydrate 4263
Sugar 368
Protemn 18 50
Fat 300
Fiber 600

Health, License number 220/2022-PR), also in compliance with the
European Council Directive 2010/63/EU on the care and use of
laboratory animals.

Mice were fed the animal facility’s diet (normal diet or ND),
which was a standard 4RF21 pellet supplied by Mucedola Srl. The
pellet was prepared following the standard pelleting procedure,
which involved using dry saturated steam, a drying phase, and
subsequent cooling.

Table 1 shows the nutritional composition of the ND pellet.

2.2 In vivo longitudinal study

The investigational design scheduled five experimental timepoints
(Figure 1), starting from 9 months (T0) and lasting until the mice
reached 19 months of age. TO: at 9 months, all animals were fod the ND;
fasting glycemia, glycated albumin (GA), and methylglyoxal (MGO)
were measured, and spontaneous behavioral tests were performed.
TL: 13-month-old mice were randomly divided into two groups: i)
17 control animals (CTRL) were intraperitoneally (i.p.) injected with
physiological saline (0.9% sodium chloride) for 5 consecutive days,
while ii) the other 18 mice (namely, DM) were i.p. injected with an
STZ solution to induce diabetes (namely, STZ induction, see detailed
protocols described in the following paragraph). One month after
the injections (T2), fasting glycemia, GA, and MGO were assessed
in all mice to verify the efficacy of STZ induction. Starting at T2,
half of the mice belonging to each group, both CTRL and DM, were
supplemented with 10% sucrose water ad libitum as their only source
for drinking (high-sugar group or HS). Therefore, mice were divided
into four groups: CTRL fed with ND (CTRL-ND), CTRL watered with
HS(CTRL-HS), DMfedwith ND(DM-ND), and DMwateredwith HS
(DM-HS). After 16 months (T3) and 19 months (T4), fasting glycemia,
GA, and MGO were monitored, and spontaneous behavioral tests
‘were performed. All animals were sacrificed at the last experimental
timepoint (T4), and organs were collected as described (see section
Material and Methods Section 2.6).

2.3 Diabetes induction
Diabetes was chemically induced by intraperitoneal injection

of STZ for 5 consecutive days, according to Animals Models of
Diabetic Complication Consortium (AMDCC) (Wu and Huan,
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FIGURE 1
Experimental plan.

2008; Furman, 2021). Most papers reported diabetes induction
performed at murine ages ranging from 8 to 12 weeks (3 months),
equivalent to approximately 20 human years, which corresponds
to the early/juvenile adulthood phase in humans (Holstad and
Sandler, 1999; Norgaard et al., 2020; Furman, 2021). Differently,
in our current investigation, diabetes has been induced at 13
months of age (T1), approximately equivalent to 43 human years,
corresponding to the late adulthood phase. We specifically selected
this age, which p to the late d phase, to mimic
the pathology of human type 2 diabetes and its distinctive onset,
which typically develops in adulthood at the age of 45 years
(Reed et al., 202 1; Carrillo-Larco et al., 2024). It should also be taken
into careful consideration that the choice of diabetes induction at
13 months of age allowed us to minimize the impact of synaptic
plasticity ph iated with memory during
the juvenile phase.

In brief, to induce diabetes, a 50-mg/kg STZ dose, dissolved
in 100 mM citrate buffer solution. was administered daily by

dulth
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i.p. injection to mice belonging to the DM group (namely, STZ
mice), while control animals received physiological saline (0.9%
NaCl). At T2, 1 month after the last treatment. blood glucose was
measured by tail vein sampling, both in CTRL and STZ animals
which have been fasted for 4 h. The STZ mouse was considered
diabetic if the fasting blood glucose exceeds 300 mg/dL for three
consecutive measurements. In the mouse model, fasting blood
ghicose level exceeding 300 mg/dL up to 600 mg/dL (16.7 mmol/L to
33.3 mmol/L) is considered a criterion for elassification of diabetes
(Graham et al., 2011; Furman, 2021).

24 Measurement of fasting glycemia, GA,
and MGO

Mice were fasted for 12-16 h before fasting glycemia, GA,
and MGO Blood was collected from the tail vein.
Specifically, a drop of blood was taken to assess blood glucose,
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run on a reactive strip, and then read using a OneTouch Verio
Reflect) glucometer (Lifescan Italy Srl).

To assess fasting blood sample collection to measure serum
GA and MGO, 200 pL of blood was collected using synthetic
swabs and analyzed by the GEK Lab laboratory using a specific
ELISA kit. In particular, the human GA concentrations in plasma
samples were determined using a Mouse Glycated Albumin (GA)
ELISA Kit (LLD 11.3 pmol/mL, Abbexa Ltd., Cambridge Science
Park, Cambridge, UK.), and the MGO was determined using the
OxiSelect™ Methylglyoxal Competitive ELISA Kit (lower range of
detection 0 ug/mlL, Cell Biolabs, San Diego. CA, USA), which is an
enzyme immunoassay developed for the detection/quantitation of
protein adducts of methylglyoxal-derived hydroimidazolone (MG-
H1) (Nowotny et al., 2015).

2.5 Behavioral test and cognitive frailty
index

A spontaneous behavioral test was performed to assess murine
recognition memory. In particular, mouse activity was quantified by
a SMART video tracking system with a selected sampling time of
40 ms/point (2Biological Instruments, Besozzo, Varese, Italy) and a
Sony CCD color video camera (PAL). At selected timepoints, i.
TO, T3, and T4, all mice performed the novel object Recogni
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head/body of the pancreas and the brain were immediately excised,
washed in 0.9% NaCl, fixed by immersion for 7 and 48 h at room
temperature in 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4), and post-fixed in the same fixative medium at 4°C for
1.5 h. Then, tissues were kept in absolute ethanol for 1 h, followed
by acetone, and finally embedded in Paraplast X-TRA (Sigma-
Aldrich, Milan, Ttaly). Using a manual rotatory microtome, 6-um-
thick pancreatic and 8-pm-thick brain coronal sections were cut

serially and collected on silane-coated slides.

26.1 Light microscopy: H&E
To re\real the palhophysmlogy md estimate potential structural
and hipp pus ylin and eosin
(H&E) staining was performed as previously described (Kadar et al.,
2009; Lattoufet al., 2014; Roda etal., 2017; Lucaetal., 2023).

In particular, since both the pancreas and CNS possess more
complex specialized structures compared to other tissues, the H&E
allows for an overview of tissue structures, anatomical order, and
area-specific settings (Jordan et al., 2011; Zhang and Xiong, 2014;
Roda et al.. 2019; Longnecker, 2021; Li et al., 2022). Therefore,
using the brightfield exammatmn of H&E-stained samples at low
magnification, p tic and hippocampal site identifi was
achieved, allowing the identification of precise brain sections and
also distinguishing typical pancreatic microanatomy. In particular,

(NOR) task, which is a highly validated test for assessing recognition
memory, to evaluate their ability to recognize a novel object in
the environment, hence assessing the efficacy of their memory for
the objects.

2.5.1 Novel object recognition (NOR) test

The novel object recognition task was carried out as previously
described (Brandalise et al., 2017; Ratto et al., 2019; Roda et al.,
2022); in particular, the procedure consisted of three primary phases:
open arena, familiarization, and test. During the test phase, the
number of approaches and the time of approaches to the familiar
and the novel objects were measured as cognitive parameters. To
evaluate the discrimination between novel and familiar objects, the
mean novelty discrimination index (DI) was calculated by using the
following formula (Silvers et al., 2007):

=N+

‘where (n) is the average time or number of approaches to the
novel object and (f) is the average time or number of approaches
to the familiar object (Table 1). The DI ranged from —1 to 1, where
—1 means a complete preference for the familiar object, 0 means no
preference. and 1 means a complete preference for the novel object.

For each parameter, the corresponding locomotor frailty index
(FI) was calculated by using the following formula (Parks etal., 2012):

FI = (Value — Mean Value at T0)/(SD at T0) x 0.25.

2.6 Morphological evaluation of the
pancreas and hippocampus

conceming the pancreas, the coronal aspect was determined
by ining the phology of p ic ducts and islets
of Langerhans. Specifically, in case of a spherical-shaped duct
lined with the cuboidal epithelium, the coronal plane orientation
was assumed.

Sections were observed using a Leica DM6B WF microscope
(Leica Microsystems, Buccinasco, MI, Italy). The images were
acquired using a Leica DFC 7000 t CCD camera (Leica
Microsystems, Buccinasco, MI, Italy) and stored on a PC running
the Leica Application Suite X (LAS X) software (version 5.1.0). The
imaging system (LAS X Navigator) and the merge function were
used to reconstruct the whole hippocampus.

26.11 Insulitis scoring

H&E-stained pancreatic tissue sections were then observed for
the assessment of lymphocytic infiltrates in the pancreatic islets
of Langerhans. A minimum of 30 islets/group were scored for
insulitis. Scoring was performed under double-blinded conditions.
The degree of insulitis was graded according to the following criteria:
normal islet, score 0: perivascular/periductal infiltration, score 1;
peri-insulitis, score 2: mild insulitis (<25% of the islets infiltrated),
score 3; and severe insulitis (more than 25% of the islets infiltrated),
score 4 (Pejnovic ef al., 2013; Pavlovic et al., 2018).

26.12 Hippocampal injury evaluation

For histopathological evaluation, five slides (approximately
20 sections) per mouse were examined, The most representative
figures of the hippocampus were selected and are shown. In
particular, the dentate gyrus (DG) and Ammon’s horn region were
scrutinized. Concerning the quantitative evaluation, the following
were measured: i) whole thickness of the DG layer; ii) pyramidal
cell layert of CA subdivisions; iii) cell density (number of

At T4, all mice were deeply anesthetized before d
using isoflurane inhalation (Aldrich, Milwaukee, WI, USA). The
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cells/area in mm?2).
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2.7 Statistics

The values obtained were expressed in terms of the mean +
standard error of the mean (SEM, standard error of the mean).
The statistical analysis of Kaplan-Meier graphs was obtained with
a log-rank (Mantel-Cox) test. To evaluate the statistical differences
between different experimental groups in fasting glycemia, GA,
MGO, weight, global DI, global FI, and quantitative analysis of
hippocampus tissue, the y ANOVA test was used, followed
by the Bonferroni post hoc test. The repeated measures ANOVA
test followed by the Bonferroni post hoe test was carried out for
the comparison of glycemia, GA, and MGO in CTRL and DM
experimental groups. Microsoft Excel and Prism 9 (GraphPad
Software, San Diego, CA, USA) were used for statistical analysis.
Statistical significance was determined by the following p-values: P
<0.05;P<0.01;P <0.001.

3 Results

3.1 Non-diabetic mice: the influence of
time, aging, and high sugar water intake on
metabolic parameters

Using a longitudinal approach, glycemia, glycated albumin,
and methylglyoxal levels were monitored from adulthood (TO,
9 months) to senescence (T4, 19 months), as illustrated in the
experimental design (Figure 1). At T1, mice were repeatedly injected
with either NaCl 0.9% (CTRL, n = 17) or STZ (50 mg/kg). STZ to
induce diabetic conditions (DM, n = 18) (for details, see Materials
and Methods, 2.3). Starting from T2, animals were randomized into
two experimental groups: half of the mice were given with high-
sugar water (CTRL-HS mice, n= 9; DM-HS mice. n=9), while the
remaining mice were continued with the normal diet of the animal
facility (CTRL-ND mice, n =8; DM-ND, n=9). The two regimens
were maintained for 5 months and monitored at chosen timepoints
i.e., T3 and T4, 2 and 5 months after 1.p. injections, respectively.

In CTRL mice, 1 month after i.p. injections of the physiological
solution (T2), the mean glycemic value (10445 = 2.94 mg/dL,
n = 8) was statistically comparable to that measured at TO
(98.44 = 2.83 mg/dL, n = 35; Figure 2A). In addition, regarding
GA, any difference recorded at T2 (35.05 £ 1.65 pmol/mL, n
= 8) was comparable to that in TO (29.13 =+ 1.81 pmol/mL, n
= 35; Figure 2B). Finally, the MGO mean value at T2 (2.04 +
0.22 ug/ml., n = 8) was comparable to that calculated at TO (2.72
+0.21 pg/ml, n=35; Figure 2C).

At T3, the mean glycemic value of the CTRL-HS group (98.78 =
5.76 mg/dL, n = 9) was comparable to that assessed in the CTRL-
ND group (94.50 = 5.15 mg/dL. n = 8). These data were further
confirmed at T4, when the mean glycemic value of the CTRL-HS
group (86.78 = 5.06 mg/dL, n =9) was comparable to that measured
in the CTRL-ND group (97.29 = 8.58 mg/dL, n = 8; Figure 2A).
Hence, it follows that S-month lasting (T4) HS supplementation
did not elicit differences in fasting glycemic values, which were
comparable to those determined in mice fed with a normal
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FIGURE
Comparison between normal (ND) and high sugar (HS) diet in control
mice (CTRL) at different experimental time points. Fasting glycemia
(A}, glycated albumin (B), and methylglyoxal (C) levels were measured
at T0and T2 in CTRL mice and at T3 and T4in CTRL-ND and CTRL-HS
animals. Statistical significance (one-way ANOVA followed by
Bonferroni post hoc test) *vs. T0, #vs. T2, £vs. T3ND, Svs. T3HS §
vs. T4 ND. For all symbols reported, p < 0.05 (*, #. £, $, and §); p< 0.01
(=*, #4, ££, 35, §§); p < 0.001 (++=, ###, £EF, 358, and §§§).
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diet. Furthermore, from adulthood to senescence, any statistically
significant difference in fasting glycemia was documented both in
CTRL-ND and CTRL-HS groups.

Concerning the GA values, in CTRL-ND mice, any statistically
significant difference was measured throughout the whole
experimental duration, namely, from TO to T4. At T3, the mean
GA value in CTRL-HS animals (27.76 + 8.0 pmol/mL, n = 9)
was comparable to that calculated in CTRL-ND mice (14.77 £
0.81 pmol/mL, n = 8). Notably, at T4, the mean GA value in CTRL-
HS animals (78.08 + 15.08 pmol/mI, n = 9) was statistically higher
than that assessed in CTRL-ND mice at the same experimental
timepoint (26.66 = 2.62 pmol/mL, n = 8, p-value < 0.001; Figure 2B).
Thus, the HS diet seemed to trigger a detrimental effect on GA values
at T4 in the late senescence phase; notably. this mean value was
statistically different from those measured at all the experimental
timepoints in CTRL-ND mice (see Supplementary Table 1A).

Glycemic and GA mean values did not change during the
lifespan, from adulthood to the senescence, as evidenced by
comparing data gauged at all timepoints in CTRL mice fed with
normal diet; differently, MGO significantly decreased during aging,
as clearly detectable comparing mean values measured at TO with
those assessed at later timepoints (T0: 2.72 + 0.21 pg/mL, n =
35; T2: 2.04 + 022pug/ml, n = 8 T3: 1.26 = 027 pg/ml, n
= 8, p-value = 0.017; T4: 1.22 = 0.15pug/mL, n = 8, p-value
= 0.023; Figure 2C; Supplementary Table 1B). The same result
was revealed in CTRL-HS mice (T3: 1.18 = 0.24 pg/ml, n =
9, p-value = 0.005; T4: 0.64 = 0.14 pug/ml, n = 9, p-value <
0.001, Figure 2C; Supplementary Table 1B). Interestingly, the mean
MGO value measured in CTRL-ND mice was comparable to that
determined in CTRL-HS animals.

Taken together, all the above reported data indicate that a 10%
high sugar water intake alone did not exert detrimental effects on the
three metaboli luated p until T3. Nonetheless, when
prolonging intake of HS water for additional 3 months, the albumin
glycation process increased significantly without any change in
glycemic values, suggesting that the former is more sensitive to long-
lasting HS intake. The decrease in MGO values during aging also
persisted in animals belonging to the HS regimen group.

3.2 STZ-induced diabetes: the influence of
time, aging, and high sugar water intake on
metabolic parameters

STZ induction was performed at T1 giving five consecutive
ip. injections during 5 subsequent days (DM-ND, n = 18). One
month after STZ induction (T2), all STZ-induced mice displayed
a dramatic statistically significant increase in the glycemic fasting
values (on the mean, DM 421.5 =21.63 mg/dL, n= 18; Figure 3A)
compared to TO (98.44 + 2.83 mg/dL, p-value < 0.001). It should
be noted that all mice had a glycemic value higher than 300 mg/dL
for three consecutive fasting measures in succeeding days, in
accordance to literature data reporting a similar threshold value
for the STZ-induced diabetic animal model (Graham et al., 2011;
Liu et al., 2020; Furman, 2021). Hence, it was possible to classify
these animals as diabetic mice (DM) in accordance with the Animal
Models of Diabetic Complications Consortium (AMDCC). Notably.
1 month from STZ induction, the fasting glycemic mean value

Frontiers in Physiology

o7

List of original manuscripts

10.3389/phys 2025 1455434

was definitely higher (412.7%) than that measured before the
induction protocol.

Remarkably, at T2, the GA mean value was further
dramatically increased (113.37 + 26.39 pmol/mL, n= 18) compared
to that assessed at TO (29.13 = 1.81 pmolmL, n = 35, p-
0.0062; Figure 3B), even reaching a 389.6% increase
in DM mice.

Diversely, the MGO mean value measured at T2 in the DM
group (3.12 = 0.66 ug/mL, n= 35) was comparable to that calculated
atT0 (2.72£0.21 pg/mL, n=18).

Therefore, 1 month after STZ induction, both glycemia and GA
increased compared to TO, while the mean MGO value remained
relatively constant.

Notably, at T3, 2 months after the HS diet both DM-HS (342.78
+ 61.41 mg/dL, n = 9) and DM-ND mice (332.22 £ 46.40 mg/dL,
n = 9; Figure 3A) showed a decrease in glycemic mean values,
even though the value still remained statistically greater than that
measured at TO (p-value < 0.001: see Supplementary Table 2A). The
glycemic mean value was further diminished at T4, after 5 months
of HS diet, in both DM-HS (152.60 + 33.25 mg/dL) and DM-ND
(217.33 £ 54.54 mg/dL) mice, when compared with those assessed at
T2 (Figure 3A; Supplementary Table 2A); any statistical significance
was d when comparing btained at T4 with the
mean value calculated at T0. The mean glycemic values assessed
at T3 and T4 were not statistically different when comparing DM-
ND and DN-HS mice. In conclusion, the effect of STZ induction
on the glycemic value of DM mice was partially reversed 3 months
after repeated injections, and the high sugar water intake had no
detrimental effect on glycemic values at all checked experimental
timepoints.

After an initial increase at T2, the GA mean value did not further
change in a statistically si ‘manner at sut imepoi
namely, T3 and T4, in DM-ND (93.62 = 36.61 pmol/mL, n = 9)
and DM-HS mice (93.04 = 58.61 pmolimL, n = 9) and in DM-
ND (71.22 = 21.45 pmol/mL, n = 9) and DM-HS animals (97.16
29.27 pmol/mL, n = 9), respectively (Figure 3B). In particular, the
GA mean value still remained 3—4 times higher than that measured
before STZ induction. Therefore, GA serves as a good biomarker
for DM mice, mirroring the fasting glycemic value until T3. At T4,
contrary to fasting glycemic values, GA did not decrease.

As in control mice, a tendency to decrease with time was
revealed in DM animals, whose MGO mean values diminished from

dulthood to without hing statistical si

At T3, a significant increase in MGO was measured in DM-
HS mice (3.57 = 0.48 pug/mL, n = 9) compared to DM-ND
(2.03 = 0.21 pg/mL, n = 9, p-value = 0.01). At T4, following
an additional 3 months of high sugar water intake, the MGO
mean value significantly decreased in DM-HS mice (0.64 =
0.18 pg/mL) compared to that measured in the same animals at
the previous timepoints (T3) (1.32+ 0.10 pg/mL, p-value = 0.0009;
Figure 3C; Supplementary Table 2B).

As previously described, HS had no statistically significant effect
on glycemic values both in CTRL and DM mice. Therefore, we
pulled together the data regardless of the diet regimen at T3 and
T4 to detect the differences within the two experimental groups
CTRL and DM (Figure 4), analyzing the data by repeated measures
ANOVA followed by the Bonferroni post hoc test from TO to T4. For

value =
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FIGURE 3

Comparison between normal (ND) and high sugar (HS) diet in control
(CTRL) and diabetic mice (DM) at different experimental time points.
Fasting glycemia (A), glycated albumin (B), and methylglyoxal (C)
levels were measured at T2 in DM mice (n = 18) and at T3and T4 in
DM-ND and DM-HS animals. All data were compared to each other
and compared to the value measured at TO (n = 35). The value is
reported as the mean + standard error of the mean (SEM). Statistical
significance: (one-way ANOVA followed by Bonferroni post hoc
tast):*vs. TO, #vs. T2DM, £vs. T3DM-ND, $ vs. T3DM-HS, §vs. T4
DM-ND. For all symbols reported, p<0.05(+, #, £, $, and §); p < 0.01
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this reason, the dead animals at T4 were excluded from the analysis
(CTRL: n=16; DM: n= 14).

In the CTRL group, no significant variations were observed
across TO (97.5 + 405 mg/dL, n = 16), T2 (103.31 + 3.02 mg/dL,
n = 16), T3 (97.75 + 3.91 mg/dL, n = 16), and T4 (9137 =
4.73 mg/dL, n = 16), indicating stable fasting glycemia throughout
the experimental period (Figure 4A). Conversely, the DM group
exhibited a marked and statistically significant increase in glycemia
at T2 (419.87 = 3238 mg/dL, n = 14) compared to TO DM
(103.64 = 7.69 mg/dL, n = 14, p-value < 0.001; Figure 4B) and
also compared to CTRL animals at the same timepoint (p-value
< 0.001; Supplementary Table 3A; Supplementary Figure 2A). At
T3, the mean glycemic value decreased in DM mice (296.57
+ 3261 mg/dL, n = 14) compared to both TO (p-value <
0.001) and T2 DM (p-value < 0.001), nonetheless differing
from that assessed in CTRL mice at the same time point (p-
value <0.001; Supplementary Table 3A; Supplementary Figure 2A).
Furthermore, at T4, the mean glycemic values in DM mice (194.21
+ 37.04 mg/dL, n = 14) further decreased compared to those at
T2 (p-value < 0.001) and were also significantly different from
those of CTRL mice at the same time point. In contrast, no
statistically significant difference was assessed when compared to TO
(Supplementary Table 3A; Supplementary Figure 2A)

Regarding mean GA values, the CTRL group showed a
significant increase at T4 (59.46 + 12.89 pmol/ml) compared
to TO (29.37 = 2.33 pmol/mL, p-value = 0.007). In contrast. no
significant changes were detected at T2 (33.03 £ 2.36 pmol/mL), and
a statistical decrease was observed at T3 (17.76 = 1.35 pmol/mL)
compared to both TO and T2 (p-value < 0.001 and p-value =
0.03, respectively; Figure 4C). Remarkably, as described previously,
the CTRL GA value was mainly affected by the HS regimen
at T4. In the DM group, a significant increase in GA levels
was observed at T2 (76.59 = 20.87 pmol/mL) compared to TO
(33.29 = 547 pmoVmL, p-value = 0.02) and CTRL mice at
the same time point (p-value = 0.0064; Supplementary Table 3B;
Supplementary Figure 2B). GA levels were subsequently decreased
at T3 (75.82 = 25.08 pmol/mL) and T4 (63.07 = 12.76 pmol/mL)
in DM mice, although statistical significance was not maintained
across all time points (Figure 4D). However, a statistically significant
difference was revealed between DM and CTRL mice at T3 (p-value
=0.043; Supplementary Table 3B; Supplementary Figure 2B).

Regarding the mean MGO value, the CTRL group showed a
significant reduction at T3 (0.98 £ 0.21 pg/mL) and T4 (0.84 =
0.17 pg/mlL) compared to TO (2.27 + 0.30 ug/mL, p-vaiue = 0.009
and p-value = 0.03, respectively). while no significant change was
detected at T2 (1.73 +0.29 pg/mL; Figure 4E). Similarly, in the DM
group, MGO levels significantly decreased at T4 (1.07 = 0.12 pg/mL)
compared to TO (2.77 = 0.40 pg/mL, p-value = 0.01; Figure 4F).
Furthermore, no statistically significant increase was measured at
T2 in DM mice (4.09 £ 1.18 pg/mL) compared to CTRL mice.
However, at T3, a statistically significant increase was assessed in
DM animals (2.58 £ 0.41 pg/mL) compared to CTRL mice (p-valie =
0.0003; Supplementary Table 3C; Supplementary Figure 2C). At T4,
the mean MGO value in DM mice was compared to that calculated
in CTRL animals. It should be underlined that at T3, the mean MGO
value was primarily affected by the HS regimen in DM mice, as
previously reported.
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FIGURE 5

Waight monitoring and Kaplan-Meier survival analysis. Panel (A): weight measured at TO in controls (CTRL), at T2 in GTRL and diabetic (DM) mice, and
at T3in CTRL and DM both in normal (ND) and high sugar (HS) diet conditions. Values are presented as mean + SEM. Panel (B). Kaplan-Meier survival
analysis showing survival curves of CTRL and DM mice, fed with either ND or HS diet. It should be noted that the DM-ND and CTRL-HS symbols are

overlapped. In the lower part of panel B, the whole number of mice (n) and

the number of dead mice (in brackets), at different ages, are reported. Panel

(C): Kaplan-Meier analysis presenting survival curves of DM mice, fed with sither ND or HS diet, relative to the glycemic value assessed at 18 months of
age (T3). In the lower part of panel C, the number of alive mice (n) and the number of dead mice (in brackets) are listed. Statistical significance for data
presented in Panel A (two-way ANOVA followed by Bonferroni post hoc test).*vs. TO, # vs. T2 CTRL-ND, £ vs. T2 DM-ND, $ vs. T3 CTRL-HS, §vs. T3
DM-ND, € vs. TADM-HS, fvs. T4 CTRL-ND, and ¥ vs. T4 CTRL-HS. For all symbols reported, p< 0.05 (*, #,£, §,§, €, 1, and ¥); p<0.01 (*= ##, ££, $3, §§

€€, 11, and Y ¥), p < 0.007 (===, ### EFF $39, §8§, €€C, 11T, and ¥ YY)
(Mantel-Cox) test.

3.3 Diabetic condition influenced weight,
drinking, and survival probability

The influence of diabetic conditions on body weight was
investigated in all experimental groups at different timepoints (T0,
T2, T3, and T4; Figure SA).

At9 months of age (T0). mice weighed 30.89 +0.33 g (n =35).
During aging, from adolescence to senescence, mice fed with the
animal facility’s ND displayed an increase in weight gain (T2:33.6 =
0.58 g.n=17;T3:34+093 g.n=8: and T4: 36.14 £2.10 g), and this
increase was gaged statistically significant at T4 compared to TO (p-
value< 0.001). On the contrary, DM mice fed with the same ND lost
weight during aging (T2:31.72+0.61 g,n=18;T3:3044+0.80 g,
n=9), and this decrease became statistically significant at T4 (30.00

Frontiers in Physiology

Panel (B, C): statistics for Kaplan-Meier analysis was obtained with a log-rank

+1.13 g, n= 9) when compared to CTRL-ND mice evaluated at the
same experimental time point (p-value = 0.0086).

During aging, both at T3 and T4, the weight of CTRL mice
fed with HS tended to increase more than that measured in CTRL-
ND mice, but any statistical significance was determined (CTRL-
HS:35.44 = 1.19 g and 39.11 = 1.46 g at T3 and T4, respectively)
(Figure 5A; Supplementary Table 4). During aging, any statistically
significant weight change was assessed in DM mice fed with HS
(T3: 32.11 £ 1.40g, n = 9; T4: 35.80 = 231 gn = 5), suggesting
that HS water intake counterbalanced the weight loss seen in DM-
ND mice.

The water intake of diabetic mice (about 9 mL/day) increased
by two-fold compared to that of control mice (approximately
4mlL/day). The weight loss and the higher water intake
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212



Venuti et al

confirmed that this preclinical model had the same features of
human diabetes (Liu et al., 2019).

The Kaplan—Meier survival analysis was performed in all
experimental conditions during the mouse lifespan (Figure 7B) to
monitor the survival probability (%). Comparing CTRL-ND, CTRL-
HS, DM-ND, and DM-HS survival curves, a statistical significance
was evidenced (p-valie = 0.0241), indicating that both variables, i.e.,
HS water intake and diabetes induction, were crucial for survival
probability.

It should be noted that the survival probability obtained by a
direct comparison between CTRL-ND and DM-ND mice is similar,
suggesting that diabetes alone was insufficient to influence the
survival of animals up to the senescence phase (19 months of
age). Furthermore, the survival probability obtained by a direct
comparison between CTRL-ND and CTRL-HS mice indicated that
HS alone did not alter the survival of control animals. Furthermore,
a statistically significant difference between DM-ND and DM-HS
mice was gaged (p-value = 0.0275), showing that HS affected the
survival of diabetic animals. Additionally, a statistically significant
difference was determined in survival rates while comparing CTRL-
HS and DM-HS mice (p-value = 0.0275), indicating that diabetes
modified the survival of animals treated with HS.

Therefore, we can conclude that the association between the
diabetic condition and HS water intake affects animals” survival, with
DM-HS mice displaying a lower survival likelihood compared to
all other experimental groups. Specifically, at 18 months of age, the
survival probability in the DM-HS group was 55.55%.

We investigated more in-depth the relationship between the
Kaplan—Meier survival probability considering the fasting glycemic
level at T3 and the mice’s fate. Comparing DM-ND and DM-HS
survival curves, a statistical significance was revealed. indicating
that the fasting glycemic values influenced the survival of diabetic
animals (p-value = 0.0295; Figure 5C).

In particular, only DM mice displayed a fasting glycemic value
ranging between 500 and 600 mg/dL (n =35). The survival probability
measured for DM-HS mice (n = 0/3) was 0%, while settled on
a percentage of 100% for DM-ND (n = 2/2), demonstrating the
detrimental effect of HS in DM mice. Therefore, fasting glycemic
values were not sufficient to illustrate the death of diabetic mice.

3.4 Reversal of STZ-induced diabetes

Furthermore, with the aim of deepening the comprehension and
clarifying the relationship between glycemia, GA, and MGO, the
values assessed in DM mice (as the sum of DM-ND and DM-HS)
are shown in Figure 6. The analysis revealed the scattering of data in
both GA and MGO values.

According to the individual glycemic value and considering a
threshold value of 300 mg/dL at T3, DM mice were divided into two
groups: the DM-REC group (DM mice recovering normal glycemia)
consisted of animals with glycemic values lower than the threshold
level (mean value: 215.90 = 15.82 mg/dL, n = 10, T3 DM RECA),
whereas the DM group consisted of diabetic mice with a glycemic
value greater than the threshold level (489.50 + 35.81 mg/dL, n
= 8, T3 DM; Figure 6). ly. at T3, the gly
DM mice were significantly different compared to those measured
in DM-REC mice (p-value < 0.001).

ic values in
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Comparison between diabetic mice (DM) and diabetic-recovery
(DM-REC) animals at chosen experimental time points. Mice were
divided into two subgroups: DM, with fasting glycemic values higher
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than 300 mg/dL- (A) fasting glycemic values, (B) fasting GA values, and
(C) MGO values. Graphs showing the mean value line and the standard
error of the mean (SEM) error bars. Statistical significance (unpaired
T-test):*vs. T3 DM, # vs. T3 DM-REC, £ vs. T4 DM. For all symbols
reported, p < 0.05 (+, #, and £); p < 0.01 (==, ##, and £F); p < 0.001 (
### and £EF)
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Notably, at subsequent time points, namely, T4, only two mice
maintained a glycemic value over the threshold (481 + 108 mg/dL, n
=2, T4 DM). The remaining mice displayed a statistically significant
decrease in glycemic values (146.42 = 16.16 mg/dL,n=12, T4 DM-
REC, p-value =< 0.001; Figure 6A; Supplementary Table 5).

To verify if the glycemic value assessed at T3 was correlated
to GA or MGO, the two above identified groups are plotted in
Figures 6B, C. Any statistical difference was recorded for GA among
the following: DM mice at T3 (161.79 = 69.46 pmol/mL), DM-
REC animals at T3 (93.96 = 40.47 pmol/mL), DM mice at T4
(148.67 + 88.54 pmol/mL), and DM-REC animals at T4 (69.12 =
14.01 pmol/mL; Figure 6B). It should be noted that GA decreased at
both T3 and T4 in DM-REC mice d to DM mice; ho T,
due to the scattered nature of the data, no statistical significance
was observed.

On the contrary, MGO partially mirrored the glycemic effect,
becoming significantly lower in DM-REC mice at T4 (1.03 =
0.14 pg/mL) compared to those measured in DM animals at T3 (2.49
+ 034 pg/mlL, p-value = 0.046) and DM-REC mice at T3 (298 £
0.54 ug/mL, p-value = 0.002; Figure 6C).

3.5 Histological investigation of pancreatic
islets revealed DM insulitis

Coronal pancreatic sections from CTRL, DM, and DM-REC
mice were obtained at T4 and further processed for histological
evaluation using H&E staining to estimate the potential DM-
induced i i A sem ive analysis has been
conducted: a scoring system was utilized to evaluate the extent
of tissue damage using ¢ 1 brightfield mi py on a
semiquantitative scale ranging from undetectable (0) to severe (4),
according to Pavlovic et al. (2018).

In detail, the degree of lesions was recorded and graded as
follows: score 0, normal islets; score 1, perivascular/periductal
infiltration: score 2, peri-insulitis; score 3, mild insulitis (<25% of
the islet infiltrated); score 4, severe insulitis (more than 25% of the
islets infiltrated).

The examination showed a well-preserved ph:
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which was partially recovered in the histological profile assessed in
DM-REC mice (Figures 7A, B).

3.6 Recognition memory and metabolic
parameters: is there any relationship?

To study the possible relationship between changes in metabolic
parameters, diabetes induction, and recognition memory’s
“knowledge p bel
at different experimental time points (see Materials and Methods).
To match the chosen metabolic parameters with recognition
performance parameters, the above reported longitudinal approach
and experimental time points (i.e., TO, T3, and T4) were maintained.
Conceming behavioral tests in CTRL and DM mice, similarly
to the trend obtained for metabolic parameters, any difference
was assessed neither in ND nor in HS diet condition (data not
shown). Hence, collecting data together regardless of the diet
regimen, the two experimental groups, namely, CTRL and DM were
compared. Furthermore, considering DM mice and the previously
reported difference in fasting glycemic values measured at T3,
mice were divided into DM (fasting glycemic value higher than
300 mg/dL) and DM-REC groups (fasting glycemic value lower than
300 mg/dL) (Figure GA).

The discrimination index (DI) of the parameters obtained
from the NOR task (see Materials and Methods) was analyzed,
and subsequently, a global DI was generated (Figure 8A) together
with the corresponding global frailty index (FI) (Figure SB).
Furthermore, Figure 8 presents examples of movement tracking
for a single mouse at T3 in CTRL (Figure 8C), DM (Figure 8D),
and DM-REC (Figure SE) groups, and at T4 in CTRL (Figure 8F)
and DM-REC (Figure 8G) groups.

During aging, from adulthood (T0) to senescence (T4), the
expected physiological decline in recognition memory was recorded
in CTRL mice (Ratto et al, 2019), in which the global FI changed
from0.00 = 0.04 at TO (n=35),0.21=0.11 at T3 (n = 12), and 0.64
+0.13 at T4 (n = 12) (Figure 8B).

After 3 months (T3), STZ induction caused a decline in
the recognition memory performance of DM mice, influencing

* specific al tests were performed

pancreatic cytoarchitecture in CTRL mice characterized by a high
percentage (82.82%) of normal islets (score 0); differently, a low
percentage (6.94%) of normal islets were assessed in DM mice.
Notably, a partial recovery of regular islets (58.53%; Figures 7A. B)
was recorded in DM-REC animals.

The occurrence of mild and severe insulitis was revealed in DM
2% and 30.56% for scores 3 and 4, respectively). while
the infiltration decrease led to a percentage decrease in DM-REC
animals (2.68% and 4.52% for scores 3 and 4, respectively). Finally,
perivascular/periductal infiltration was documented in CTRL mice
(13.37%) but enhanced in DM mice (26.96%) before decreasing
again in DM-REC animals (20.41%).

Nevertheless, a comparable percentage of peri-insulitis (score 2)
was determined in DM mice and DM-REC animals (13.89% and
13.87% for DM and DM-REC., resp ly). whereas the p
was definitely lower in CTRL mice (2.51%). Therefore, in DM
mice, the harsh and time-persistent effects of STZ accounted for
a high percentage of high-score insulitis in pancreatic sections,

Frontiers in Physiology 12

both di 1 and the frailty index (Figures SA. B). In
particular, the global frailty index in DM mice at T3 (0.54
= 0.09, n = 8) was significantly different compared to that
measured in CTRL mice at the same time point (p-value = 0.04)
(Figure 8B; Supplementary Table 6). Concerning DM-REC mice at
T3, arecovered global FI (0.21=0.15, n= 10) was determined, which
is comparable to that measured in CTRL mice at the same time point.
At T4, most STZ-induced mice exhibited recovery in glycemic
(DM-REC mice) values, which was paralleled by recognition
memory performance similar to that recorded in CTRL mice at the
same time points (Figure 8B). Moreover, the detrimental effect of
STZ induction was partially reverted as deductible by examining
both the discrimination and global frailty index of the NOR test
(0.53 + 0.09, n = 12) (Figures 8A, B; Supplementary Table 6). The
remaining DM mice (n = 3) displayed extremely low locomotor
activity, approaching novel and familiar objects for 1-2 times
in 5 min for less than 3 s each time. Therefore, the decrease in
locomotor activity in DM mice at T4 prevented calculation of the
frailty index.
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FIGURE 7

Recovering pathophysiology of pancreatic tissue in DM-REC mice after 6 months from STZ injections. Histological characterization via H&E staining.
(A)Rep i phs showing p from different groups. Black arrows for each micregraph indicated the alterations observed for each
score. Light micrascopy magnification: x40. Scale bars 145.2 m. (B) Insulitis was reduced in DM-REC mice compared to DM animals. Semiquantitative
scale ranging from undetectable (0) to severe (4) tissue damage. In particular, degree of lesions was recorded and graded as follows: 0, normal islet; 1,
perivascularperiductal infiltration; 2, peri-insulitis, 3, mild insulitis (<25% of the islet infiltrated); 4, severe insulitis (more than 25% of the islets infiltrated)

3.7 Histological investigation of the
coronal hippocampus section

Coronal brain sections from CTRL, DM, and DM-REC mice
were obtained at T4 and further processed for histological evaluation
using H&E staining to estimate the potential alterations in the
hippocampus, being crucially involved in recognition and spatial
memory, caused by STZ induction. The examinations focused on
the dentate gyrus (DG) and the Ammon’s hom region, including
CAI-CA3 subdivisions. Representative H&E micrographs are
illustrated in Figure 9A.

The physiological gross morphology of the whole hippocampus
was preserved in both experimental groups. The Ammon’s hom
region was typically divided into four areas, mamely, CAl,
CA2, CA3, and CA4, the last of which was included in the
V-shaped DG region. High-magnification images of DG from
CTRL, DM, and DM-REC mice showed typical three well-
defined layers, namely, molecular layer (ML), granule cell layer
(GL). and pleomorphic layer (PL). Regarding the CA region, the
characteristic three-layer ization was d d isting of
the outer polymorphic layer (stratum oriens. SO), the middle
pyramidal cell layer (stratum pyramidale, SP), and the inner
molecular layer (stratum radiatum, SR).

Frontiers in Physiology 13

Notably, the quantitative investigation evidenced area-specific
alterations, evaluated in terms of both layer thickness and cell
density, mainly localized in the CA1 and CA3 regions (Figure 9),
while DG and CA?2 remained unaffected (data not shown).

In detail, a significant decrease in the thickness of both CAl
(p-value < 0.001) and CA3 (p-value = 0.0113) of DM mice was
revealed compared to CTRL animals. Simultaneously, a significant
increase was measured in the thickness of both CAl (p-value <
0.001) and CA3 (p-value = 0.0053) in DM-REC mice compared
to DM mice (Figures 9B, C).

The calculation of cell density in the CAl and CA3 regions
evidenced a significant cell loss in DM mice compared to CTRL
mice in both areas (p-valtie < 0.001 and 0.0011 for CAl and CA3,
respectively). Differently, the cell density increased in DM-REC
animals compared to DM mice, both in CAl (p-value =0.0003) and
in CA3 (p-vahie = 0.007) regions (Figure 9D).

4 Discussion

The present experimental work addresses the following five main
key-points on STZ-induced diabetic mice model:

1. Monitoring fasting glycemia levels over time.
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A mouse model of type 2 diabetes was reproduced using the
low-dose streptozotocin (STZ) induction protocol according to the
Animal Models of Diabetic Complications Consortium (AMDCC)
(Bolzdn and Bianchi. 2002; Burdo et al., 2009). STZ is an antibiotic
that causes partial or complete death of pancreatic p-cells and is
widely used to induce diabetes in animal models. The high-dose

Frontiers in Physiology 14

*vs T0, # vs T3CTRL, £ vs. T3DM, $vs. T3 DM-REC, § vs. T4 CTRL For

STZ protocol induces a complete destruction of pancreatic B-cells,
reproducing T1DM. On the contrary, low-dose STZ administration
induces a gradual death of pancreatic B-cells, mimicking the
pathogenesis of DM (Cassano et al., 2020; Furman, 2021; Lai etal ,
2024). In the literature, several experimental protocols are described,
which combine different STZ doses, number of intraperitoneal
injections, and dietary regimens (Wu and Huan, 2008; Ventura-
Sobrevilla etal., 201 1; Cassano et al., 2020; Furman, 2021; Liu etal,,
2021; Chen et al., 2022; Bauer et al., 2023b; Lai et al., 2024).

In this animal model, diabetes was induced using low doses
of STZ at 13 months of age, corresponding to the late adulthood
phase (T1), approximately equivalent to 43 human years (Dutta and
Sengupta, 2016). One month later, at 14 months of age (T2) and still
in the adulthood phase, comparable to 46 human years, all mice
fed with ND (DM-ND) exhibited diabetic fasting glycemic levels
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to the reproductive senescence phase (16 months of age in mice
and equivalent to approximately 53 human years), 55.55% of the
mice (n = 10/18) in both experimental groups DM-ND and DM-
HS showed partial recovery, achieving fasting glycemic levels below
the diabetic threshold (lower than 300 mg/dL). By T4, during the
senescence phase (19 months of age in mice and roughly equivalent
to 62 human years), 88.9% of the mice in DM-ND and DM-HS
groups (n = 16/18) had recovered fasting glycemic levels below
the diabetic threshold, which was statistically comparable to the

Frontiers in Physiology 15

results d before induction. These findings indicate that the
diabetic mouse model remains stable in fasting glycemic values
for 1 month, corresponding to three human years (from 43 to 46
‘years). During this timeframe, our results show a clear correlation
‘with human data. However, as highlighted in the study. over the
subsequent 2 months (equivalent to 7 human years, from 46 to 53
years), approximately 55% of the mice exhibited partial recovery
of fasting glycemic levels, resulting in a reduced correlation with
‘human data. Beyond this point, the correlation with human data was
completely lost. In 1 this longitudinal study d
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that the diabetic mouse model maintains stability for a specific
period but later exhibits biological variability, with some mice
recovering glycemia by “itself.” This unexpected result could pave
the way for further investigation into the cellular and molecular
mechanisms underlying glycemic recovery, potentially uncovering
novel therapeutic strategies for diabetes.

It should be noted that, as measured at T3 and T4, the
HS diet did not exert any detrimental effect on the fasting
glycemic levels, according to data on previous studies on
adult mice (Coirini et al., 2022).

The STZ-induced diabetic mouse model has, therefore, a disease
reversible over time, as demonstrated by the diabetic condition
which is maintained in a short time window of only 3 months.

In parallel with the glycemia, we monitored the blood levels of
GA and MGO. GA is the higher glycated portion of fructosamine
and reflects short-term glycemic changes, which occur over a
3-week period (Freitas et al., 2017; Piuri et al, 2020). GA is
evaluated in particular clinical conditions such as pregnancy or
hemoglobinopathy or chronic kidney disease. In the last decades,
based on the easy and fast dardized enzymatic methodology, GA
has been suggested as a marker of DM screening and monitoring,
as well as a predictor of long-term diabetic outcomes (Freitas et al..
2017). Our data indicate that, despite glycemic values in control
animals remaining stable over time regardless of the dietary
regimen, GA was statistically higher after 5 months of HS,
suggesting that glycated albumin was affected by a long-term effect
of HS water intake. In diabetic mice, GA was statistically increased
1 month after STZ i.p. injections and remained stable over time
until T4, even though glycemic level decreased and recovered to
a normal fasting value in most mice. Hence, GA seems to be a
good blood biomarker with the same early onset of glycemia and a
long-lasting response compared to fasting glycemia. GA measured
in STZ-induced mice was similar in both DM-HS and DM-ND
animals, suggesting that diabetes induction had a greater impact
on HS water intake. These data suggest that even as glycemia
normalized, ongoing metabolic disturbances persisted. GA serves
as an important biomarker of short-term glycemic control, and its
elevation indicates that chronic hyperglycemic conditions lead to
prolonged protein glycation processes.

MGO is a highly reactive dicarbonyl compound, mainly
formed as a byproduct of glucose metabolism. MGO is the
major precursor of nonenzymatic glycation of proteins and DNA,
subsequently leading to the formation of advanced glycation
end products (AGEs). MGO is an emerging biomarker of DM
due to its strong with protein glycation and insulin
resistance (Ramachandra Bhat et al., 2019). Therefore, monitoring
plasma MGO levels could be useful for investigating disease-
related complications in diabetic patients. In particular, high MGO
levels correlate with chronic kidney disease, macroangiopathy, and
cognitive deficits (Ogawa et al, 2010; A; Shamsaldeen et al., 2016).

Surprisingly, in control mice, ﬁistmg MGO serum levels tended
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and can bond with endogenous nucleophilic substances and can
be eliminated by the glyoxalase system or form stable AGEs in
the cell. In particular conditions, when the glyoxalase system
function is compromised, intracellular MGO levels increase and
produce intracellular AGEs, leaving little MGO in plasma or serum
(Dhar and Desai, 2012; Kold-Christensen and Johannsen, 2020).
Furthermore, some investigations reported that patients with type
1 and type 2 diabetes have higher MGO plasma levels compared
to healthy individuals (McLellan et al., 1994; Wang et al., 2007).
Interestingly, MGO serum levels increased in DM-HS evaluated at
T3, correlating the described decrease with aging in CTRL mice,
At T4, when glycemic levels recovered to the normal value, MGO
decreased, mlrronng the famng chennc trend.

Conceming histological the of pancreatic
tissue sections confirmed that the STZ-induced diabetic condition
was characterized by pathological infiltration leading to insulitis.
Interestingly, in DM-REC mice, the recovery inglycemia was mimored
by a partial recovery of normal histological features. This partial
recovery could indicate ongoing B-cell regeneration mechanisms,
which may include p-cell replication, neogenesis, and inhibition of
apoptosis (Trucco, 2005; Levine and Itkin-Ansari, 2008). Studies
suggest that the recovery could be caused by different mechanisms,
including proliferation via pathways like IRS2/PI3K/Akt (Jiet al.,
2022), neogenesisfromprecursorcells(Shahediet al., 2024), andtrans-
differentiation of a-cells into B-cells (Dor et al.. 2004). Additionally, an
antiapoptoticmechanisn i fulation, possiblyi ing
the spleen, could play an indirect role in promoting regeneration (Yin
etal., 2006). Our murine model of diabetes appears to be particularly
useful for studying and further exploring the mechanisms involved in
the recovery from the diabetic condition.

The combination of diabetes and HS has a greater impact on
decreasing the survival probability. In fact, the survival probability
measured in 18-month-old DM-HS mice was 55.55%. In particular,
the survival probability of mice with fasting glycemic value in the
range 500-600 mg/dL was 0%. Otherwise, DM-ND mice with a high
glycemic value survived, indicating that diabetic animals on the HS
dietary regimen have a lower survival likelihood compared to other
experimental groups evaluated in the study.

In the novel object recognition task, the recognition memory
performance was dramatically impaired in DM mice at T3,
underlying the strong relationship between diabetes and cognition.
In particular, the global FI at T3 in DM mice was more than
doubled compared to that calculated in control animals at the
same age, reaching a value comparable to that estimated at T4,
which reflects cognitive decline similar to that observed in late
senescent non-diabetic mice. Interestingly, at T3, DM-REC mice
recovered the memory task performance, obtaining a global FI
comparable to that measured in CTRL mice at the same time point.
This finding suggests that the STZ-induced decline in recognition
memory could be reverted if glycemia is reverted, possibly through

to decrease during aging in a manner,
regardless of the dietary regimen followed Under physiological
circumstances, MGO is detoxified by the glyoxalase system
consisting of glyoxalase I and IT (Glo1 and Glo2). We can speculate
that the serum MGO level is inversely correlated to the intracellular
MGQO level. Few studies have been conducted to explore the effects
of aging on MGO serum levels in mice. MGO is highly reactive
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I d neuroprotective mechanisms or neurogenesis. At T4,
DM mice became phenotypically frail with a dramatic decline in
the locomotor activity. The hippocampus is a crucial anatomical
structure that plays a significant role in learning, memory. and
various cognitive functions. Hence, the study of this brain area is
crucial for assessing cognitive dysfunction associated with diabetes
(Huetal., 2019; Li et al., 2020).
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Based on histological examination, our data in DM mice
evidenced STZ-induced cytotoxic injuries, mainly detectable in
the hippocampal CAl and CA3 regions, as demonstrated by both
thickness reduction and cell density decrease. Interestingly, the
detrimental effect of STZ was reverted in the DM-REC mice, with an
increase in both thickness and cell density, in line with the recovery
phenomena measured by fasting glycemia and recognition memory
performance. Thus, these findings further d d the neural
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5 Conclusion

In conclusion, the currently described STZ induction protocol
induces a non-lasting diabetic condition, as evidenced by fasting
glycemia and glycated albumin increase. GA should be considered a
novel and emerging biomarker for diabetic conditions in mice, with
a similar early onset of hyperglycemia but with a longer duration.
The survival probability is inversely related to both HS and diabetic
conditions. The two hallmarks of the diabetic condition are the
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Abstract: Glioblastoma (GBM) is the most malignant form of primary brain tumor. It is characterized
by the presence of highly invasive cancer cells infiltrating the brain by hijacking neuronal mechanisms
and interacting with non-neuronal cell types, such as astrocytes and endothelial cells. To enter the
interstitial space of the brain parenchyma, GBM cells significantly shrink their volume and extend
the invadopodia and lamellipodia by modulating their membrane conductance repertoire. However,
the changes in the compartment-specific ionic dynamics involved in this process are still not fully
understood. Here, using noninvasive perforated patch-clamp and live imaging approaches on various
GBM cell lines during a wound-healing assay, we demonstrate that the sodium-calcium exchanger
(NCX) is highly expressed in the lamellipodia compartment, is functionally active during GBM cell
migration, and correlates with the overexpression of large conductance K+ channel (BK) potassium
channels. Furthermore, a NCX blockade impairs lamellipodia formation and maintenance, as well as
GBM cell migration. In conclusion, the functional expression of the NCX in the lamellipodia of GBM
cells at the migrating front is a conditio sine qua non for the invasion strategy of these malignant cells

and thus represents a potential target for brain tumor treatment.

Keywords: glioblastoma; NCX; BK channel; cell migration; brain tumor

1. Introduction

Glioblastoma (GBM) is the most common and aggressive primary brain tumor [1].
Patients have a median survival rate of 14.6 to 16.7 months and a progression-free survival
rate of 6.2 to 7.5 months [2,3]. Only 30% of GBM patients survive longer than one year after
diagnosis [2]. GBM represents 30% to 60% of all the central nervous system (CNS) primary
tumors [4]. Compared to other CNS cancers, GBM is characterized by a pronounced inva-
siveness that contributes to a poor prognosis [2]. GBM is resistant to the currently available
therapies, including surgical resection accompanied by chemotherapy and radiotherapy [5].
Indeed, the aggressive invasiveness and infiltrative behavior of glioma cells precludes
complete surgical resection, with a consequent rapid relapse [6].

Numerous genetic mutations have been found to be associated with GBM, affecting
oncogenes and tumor suppressor genes [6]. Interestingly, mutations affecting ion channels
and pumps have been found in 90% of GBM cases [7] and seem to be responsible for their
highly proliferative rate, as well as for the migratory behavior and invasiveness of these
tumoral cells [8,9]. For this reason, the term oncochannels has been coined to define the ion
channels most commonly related to tumor development [8-10], which therefore constitute

Int. |. Mol. Sci. 2023, 24, 12673, hitps:/ /doi.org /10.3390/ijms241612673

https:/ /www.mdpi.com/journal /ijms

223



Int. ]. Mol Sci. 2023, 24, 12673

List of original manuscripts

20f24

a potential pharmacological target for future treatment. Members of the Ca®*-activated K*
channel family, such as KCa3.1 (intermediate conductance K* channel or IK) and KCal.1
(large conductance K* channel or BK), are especially involved in the development of
gliomas by determining their uncontrolled growth, cell volume variation, and tumor cell
migration [11]. An overexpression of BK channels has been reported in cell lines of GBM
and in biopsies from GBM patients [12]. Tn addition, the BK channel structure is altered
in GBM cells because of the expression of a splice variant producing the so-called gBK
channel that displays an increased sensitivity to the intracellular calcium concentration
([Ca®1i) [13].

The fine regulation of the intracellular Ca?* and Na* concentrations is a key physio-
logical process. Intracellular Ca works as a crucial signaling ion in both cytosolic and
nuclear compartments, whereas Na* plays an essential role in regulating cellular osmolar-
ity and cytoskeletal remodeling [14,15]. In parallel with voltage-gated ion channels and
ATP-dependent pumps, the Na* /Ca®* exchanger (NCX) also contributes to maintaining
the physiological concentrations of Na* and Ca** by mediating their bidirectional flux [16].
NCX has been already subject to investigation in GBM—in particular, related to the activity
of the TRPC channel [17] or to Ca®*-mediated cell death [18]. However, there is a paucity
of reports on its role in GBM cell migration. The generally accepted stoichiometry of the
NCX is an influx of three Na* ions for the extrusion of one Ca®* ion. However, depending
on the intracellular concentrations of Na™ and Ca?*, it has been demonstrated that the NCX
ionic flux ratio can vary from a mininmum of 1:1 to a maximum of 4:1 [19,20]. When the in-
tracellular Ca* concentration rises, the return of the Ca?* concentration to the resting level
is promoted by the forward mode of operation of the exchanger, coupling the influx of Na*
to the uphill extrusion of Ca?*. If the intracellular Na* concentration rises or membrane
depolarization occurs, the reduced transmembrane electrochemical gradient for Na* leads
the NCX to mediate the extrusion of intracellular Na* and the influx of Ca®*, thus acting in
reverse mode.

Three dominant genes comprising the NCX family have been identified in mammals,
coding for the NCX1, NCX2, and NCX3 proteins. The NCX1 isoform is expressed in several
tissues, including neurons and glial cells [21], whereas the NCX2 and NCX3 proteins have
been found exclusively in neuronal and skeletal muscle.

Herein, we investigated the changes in the membrane conductance repertoire adopted
by GBM cells during lamellipodia formation and their consequent migration in an in vitro
model of invasion by using a battery of complementary assays and methods, e.g., the
wound-healing assay, real-time time-lapse microscopy, immunofluorescence, and the non-
invasive perforated patch-clamp technique. In particular, we focused on the functional
expression of NCX in cells located within the migrating front, employing different GBM
cell lines, i.e., U251 and U87, and a primary human glioblastoma culture enriched in stem
cells (GSCs). Finally, we speculate about the osmotic and ionic mechanisms involving the
NCX in promoting the formation of the migrating front during invasion.

2. Results
2.1. Cell Migration during a Wound-Healing Assay

We studied the behavior of U251 cells during 2D migration in a wound-healing scratch
assay in monolayer confluent cultures, monitoring migration using real-time time-lapse
microscopy throughout a 20 h time window. We recognized migrating cells based on their
typical “polarized phenotype” characterized by digitiform and lamellipodia-like structures,
oriented toward the empty area. We defined these cells as “edge cells”, meaning cells at the
edge of wound healing (for a comparison of cell morphologies, see the inserts in Figure 1a).
Through time-lapse microscopy, we observed that cells at the edge of the scratch migrated
longitudinally towards the empty area, causing a significant increase in wound closure
from 31.60% after 5 h to 88.47% after 15 h. The wound area produced by the scratch was, on
average, 400 um wide before the start of migration, and complete closure of the wound area
was obtained 20 h after the scratch (Figure 1b). Subsequently, we analyzed the movements
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of these cells during migration, focusing on their position and trajectory at different time
points. Cells at the edge of the scratch initially moved following a straight X-positive
direction; then, after covering about 100 wm, they started to move in both the X-positive
and Y-positive directions, toward the empty residual scratch area (Figure 1; see multimedia
Video S1 in the Supplementary Materials). The dynamic of the migration process suggested
that intercellular interactions during cell invasion played a significant role when the cells at
the migrating front were at 100-200 um from each other [22].

b Wound closure [ Coll trajoctory
250
£ 200
H E 10
2 > 100
g 50
p—
o 5 15 20 -100 100 200 300 400
“Time aftar scratch (hours) 50 i
d Mean cells trajectory e Cell speed

10 wh

«Edge.
«Extra

10010 T T vy
Figure 1. Time-lapse microscopy of cell migration in the wound-healing assay on U251 GBM cells.
(a) Tracking of individual cells located in the extra-scratch (blue) and at the edge of the wounded
area (green). Image shots at 0, 5, 15, and 20 h after the wound scratch. Scale bar: 100 um. Inserts
presenting high-magnification images of cells in different positions of the scratch and also showing
a lamellipodia as a typical feature of the cells localized at the edge of the scratch. Scale bar: 10 um
(b) Wound closure percentages at 0, 5, 15, and 20 h after the wound scratch. (¢) Plotting of the
trajectories of one individual cell located outside (extra, blue) and one individual cell at the edge of
the scratch (edge, green). Images were analyzed using the Chemotaxis Tool Image] software plugin
(Version 2.0). (d) Mean trajectories of the cells outside (extra, blue, n = 40 cells) and at the edge of
the scratch (edge, green, n = 40 cells). () Scatter plot of the velocity (um/min) of single cells outside
(extra, blue, n = 40 cells) and at the edge of the scratch (edge, green, n = 40 cells). p-values: * p <0.05,
= p < 0.001, and **** p < 0.0001.

225



Int. ]. Mol Sci. 2023, 24, 12673

List of original manuscripts

dof24

Cells at the edge moved with an average speed of about 0.6 um/min, whereas cells
located outside the wounded area moved slower, at an average speed of about 0.2 pm/min,
and followed a random trajectory (Figure 1a,c,d). The speed difference between cells in the
two scratch positions was highly statistically significant (extra-scratch: 0.18 + 0.01 pm/min,
n =40; edge: 0.57 + 0.02 pm /min, n = 40, p-value = 2.93 x 10-%; Figure Te), indicating that
cells at the edge of the wounded area were committed to migration, and their direction and
speed were directed to fill the empty area. Furthermore, in the light microscopy phase contrast,
these cells at the edge of the wounded area displayed a typical “polarized phenotype” with a
digitiform structure oriented towards the empty area (insert in Figure 1a, 5 h).

The migrating front can be appreciated in the time-lapse microscopy video (see
multimedia Video S1 in the Supplementary Materials).

2.2. Noninvasive Perforated Patci-Clamp Recordings Reveal Dramatic Changes in the Physiology
of GBM Cells at the Edge of the Migrating Front

Noninvasive perforated patch-clamp recordings achieved by adding amphotericin in
the patch pipette were chosen to avoid intracellular dialysis and changes in the physiologi-
cal intracellular ions. Whole-cell perforated patch-clamp recordings were performed 1-4 h
after the scratch procedure.

2.2.1. Electrophysiological Passive Properties

Perforated patch-clamp recordings were performed on cells located in different po-
sitions of the scratch area: outside (extra, n = 25), inside (intra, n = 39), and at the edge
of the scratch area (edge, n = 23; Figure 2a). GBM cells were classified as “edge cells”
when, in a bright field, they showed a typical phenotype characterized by digitiform and
lamellipodia-like structures polarized towards the wound healing but they did not yet
enter inside the scratch (see Figure 1a). “Extra” cells were classified as cells that did not
enter the scratch and did not have a lamellipodia-like structure (they usually had a typical
bipolar morphology). “Intra cells” were classified as the ones that had already entered the
wound healing.

Recording position Vm (mV) €m (pF) Rm (GQ)
Extra -37.65+2.11 6.71£0.51 1.14 £0.10
Intra -30.10 + 1.48 28.82+3.19 0.72+0.08
Edge -3260+296 37.41+2.57 0.23 £ 0.02
c vm d Cm
= . 0 S
10 san i =
20 E ‘g 60 H
0] sssae = 5 o
Z0 ol T he 5
Y
S04 %eee o -9 2. faugt
o] e ul . af ay
-70- 10- h‘l l_“.
Extra Intra Edge Extra nira Edge " Erwa Intra Edge

Figure 2. Passive parameters of the cells recorded outside (“Extra”; blue dots), within (“Intra”;
green squares), and at the edge (orange triangles) of the wound area. (a) Example of a patch pipette
approaching a cell at the edge of the scratch. Scale bar: 10 um. (b) Resting membrane potential
(Vm), membrane capacitance (Cm), and membrane resistance (Rm) mean values of cells recorded at
different positions of the scratch, Scatter plots of the resting membrane potential (Vm; (¢)), membrane
capacitance (Cm; (d)), and membrane resistance (Rm; (e)). Number of cells: outside (n = 25), inside
(n =39), and at the edge of the scratch area (n = 23). p-values: * p < 0.05, ** p < 0.01, *** p < 0.001, and
< 0.0001.
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The passive parameters were measured by analyzing the capacitive transient (see
Section 4), and scattered values were reported (Figure 2).

The membrane potential (Vm), membrane capacitance (Cm), and membrane resistance
(Rm) of the cells recorded within (intra, n = 39) and outside (extra, n = 25) the wounded
area were significantly different (p-value = 0.043, 1.24 x 1077, and 0.0012, respectively), in
accordance with what has been reported previously [8] (Figure 2). In particular, the Vm
was more depolarized, Cm higher, and Rm lower for the cells recorded within the scratch
compared to those located outside [8] (Figure 2). As concerns the cells recorded at the edge
of the wounded area taking part in the migrating front, the Vm value was not statistically
different from those of the other two groups (Figure 2c). The Cm of cells recorded at
the edge were similar to the values of cells recorded within the wounded area and about
five times higher compared to the cells recorded outside (Figure 2d, p-value = 5.17 x 10-19).
Furthermore, the Rm of the cells recorded at the edge of the wounded area were significantly
lower than the Rm of the cells derived both within (p-value = 0.0001) and outside the
wounded area (p-value = 9.04 x 10717, Figure 2e). Therefore, the high Cm and low Rm
correlated with a larger cell surface and a bigger membrane conductance in the cells
committed to migration.

2.2.2. Residual Inward Rectifier Potassium Current

Voltage-dependent currents were investigated in GBM cells recorded at different
locations of the scratch area. Firstly, we used a hyperpolarizing voltage steps protocol
where we applied consecutive —10 mV steps, from a holding potential of —40 mV down to
—120 mV.

The cells inside the scratch displayed a residual inward rectifier current (Figure 3b)
that was also present, although reduced in amplitude, in a fraction of the “edge” cells
(n =13/23; Figure 3c and Table 1). No current was recorded outside of the wounded area
(Figure 3a and Table 1 [8]).

Cantrol Barium Barium.sensitive
L =
a Extra
f f r
b Intra !
¢ Edge | i

@

H{p&)
Current density (PARF)

o
Extra Intra Edge Extra Intra Edge

Figure 3. Hyperpolarizing protocol for investigating the inward rectifier current. (a,b) Experimental
traces obtained using a hyperpolarizing voltage step protocol (bottom) in the cells recorded extra-
scratch (a), intra-scratch (b), and at the edge (c) of the wounded area in the control conditions (left)
and after perfusion with barium 1 mM (center). The barium-sensitive current was obtained by digital
subtraction (right). (d) Scatter plot of the amplitude of the Kig current measured at —120 mV from
individual cells at different locations of the scratch area. (e) Scatter plot of the current density of
the K current measured at —120 mV from individual cells at different locations of the scratch area.
p-values: ** p < 0.001, and **** p < 0.0001.
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Table 1. Mean amplitude of the BK and KIR currents, measured at +140 mV and —120 mV, respectively,
in cells recorded extra, intra, and at the edge of the wounded area. N.P. = not present.

Recording Position BK (pA) BK (pA/pF) Kir (pA) Kir (pA/pF)
Extra 113.84 +=19.79 (n = 25) 11.59 + 1.08 (n = 25) N.P. N.P.
Intra 547.41 + 8146 (n=37) 1936 +186(n=37) 8781 +1241(n=37) —4.62+067(n=37)
Edge 82064 49239 (n=23) 27204221 (n=23) —37.944671(n=19  —0.88 +0.20(n=19)

The residual inward rectifier current was blocked by 1 mM barium (Figure 3b,c, central
panel), and its biophysical properties suggested the involvement of Kir4.1 channels [8].

In particular, the amplitudes of the inward current recorded at —120 mV were signifi-
cantly higher in the cells inside the scratch compared to the other experimental conditions
(Figure 3d; extra n = 25; intra n = 37; edge n = 19; extra vs. intra p-value = 3.02 x 10~8; extra
vs. edge p-value = 0.33 (not significant); intra vs. edge p-value = 0.00026). In accordance,
the inward current density recorded at —120 mV was also significantly higher in the cells
inside compared to the other conditions (Figure 3e; extra n = 25; intra n = 37; edge n = 19;
extra vs. intra p-value = 3.11 x 10 %; extra vs. edge p-value = 0.99 (not significant); intra vs.
edge p-value = 0.0000195).

2.2.3. “Edge” GBM Cells Expressed BK Channels and Expressed a Peculiar Inward Current

Voltage-dependent currents elicited by +10 mV depolarizing voltage steps from a
holding potential of —60 mV up to +140 mV were subsequently investigated in GBM cells
located at different locations of the scratch area.

Cells recorded outside the scratch (“extra”) exhibited a small outward current in re-
sponse to consecutive depolarizing steps (Figure 4a; n = 25), while cells recorded within the
wounded area showed a greater outward rectifier current that was TEA- and clotrimazole-
sensitive, confirming previously published data [8,9] (Figure 4b,c and Table 1). Notably,
cells recorded at the edge of the scratch displayed a larger outward rectifier current com-
pared to the cells recorded both inside (p-value = 0.038) and outside (p-value = 1.23 x 1077)
the wounded area.

Surprisingly, during the depolarizing protocol, a constitutive inward current was
recorded in the cells located at the edge of the wounded area (see the arrow in Figure 4c). In
cells recorded at the edge, at test potentials more positive than +50 mV, the inward current
was followed by an outward rectifier current (n = 18/20, Figure 4c, left traces). Therefore,
to isolate the inward current from all the possible outward potassium currents, we locally
perfused TEA and clotrimazole (Figure 4c, middle traces), blockers of both the BK and
IK potassium channels. The experimental traces for the TEA- and clotrimazole-sensitive
current, obtained by digital subtraction (Figure 4c, right traces), were used to quantify
the outward currents. The amplitudes of the outward currents recorded at +140 mV were
significantly different among the three groups of cells at different locations of the scratch
area (Figure 4d; extra n = 25; intra n = 37; edge n = 23; extra vs. intra p-value = 0.00025;
extra vs. edge p-value = 0.00000012; intra vs. edge p-value = 0.038). Accordingly, the
outward current densities recorded at +140 mV were significantly different among the three
groups of cells at different locations of the scratch area (Figure de; extra n = 25; intra n = 37;
edge n = 23; extra vs. intra p-value = 0.00795; extra vs. edge p-value = 0.00000042; intra vs.
edge p-value = 0.00819).

In addition, the averaged current-voltage relationship was computed for the currents
recorded in cells at the edge of the scratch, both in the control conditions, and after TEA and
clotrimazole local perfusion (Figure 4f). The inward current found in these cells displayed
a peculiar current-voltage relationship, increasing proportionally to the depolarized test
potentials. We further investigated this inward current to examine its biophysical and
pharmacological properties.
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Figure 4. Expression of BK channels, and expression of a peculiar inward current elicited by a
depolarization protocol in the “edge” GBM cells. (a—¢) Currents elicited by depolarizing steps, from
the holding potential of —60 mV, in cells recorded outside (a), within (b), and at the edge (c) of the
wounded area in the control condition (left traces) and after clotrimazole 10 uM and TEA 3 mM local
perfusion (central traces). Digital subtraction shows TEA- and clotrimazole-sensitive currents (right
traces). The depolarizing voltage step protocol is shown at the bottom. Arrows indicate the inward
current present in the control condition and after TEA and clotrimazole local perfusion in the cells
recorded at the edge. (d) Scatter plot of single cell values showing the absolute values of BK currents
at +140 mV recorded outside (extra, n = 25, blue dots), within (intra, n = 37, green squares), and at
the edge (edge, n = 23, orange triangles) of the wounded area. (e) Scatter plot of single cell values
showing the BK current density at +140 mV recorded outside (extra, n = 25, blue dots), within (intra,
n =37, green squares), and at the edge (edge, n = 23, orange triangles) of the wounded area. (f) Mean
1=V relationship in the cells (n = 8) recorded at the edge of the wounded area in the control conditions
(CTR) and after the local perfusion of TEA + clotrimazole. p-values: * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.
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2.2.4. Electrophysiological Characterization of the Depolarization-Mediated Inward
Current in “Edge” GBM Cells

To further characterize the unknown inward current recorded from migrating cells at
the edge of the wound, we tested different depolarizing step protocols.

Tt should be noted that, at test potentials where the BK current activates, the total
current recorded corresponds to the algebraic sum of the inward and the outward BK
rectifier current. To reduce or avoid contamination of the BK current, and to enlarge the
interval of potentials to be studied, we elicited the steps from —120 mV.

Furthermore, to verify whether the inward current was present in different cell lines,
we repeated the same wound-healing assay on a human glioblastoma primary culture
enriched in stem cells (GSCs) and on the U87 cell line. Cells were recorded at the edge of the
wound healing and chosen following the above-mentioned criteria: the position at the edge,
the “polarized phenotype”, and the presence of the digitiform structure, lamellipodia-like.
After eliciting the same depolarizing protocol from —120 mV, 1-4 h after the scratch, an
inward current was recorded in 87.15% (n = 14/16) of U251 cells, 83.3% of G5Cs (n=10/12),
and 83% of US7 cells (n = 8/10) (Figure 5).
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Figure 5. Detection of the inward current at the edge of the wounded area in different cell lines.
(a—c) Left: experimental traces elicited by the application of a depelarizing protocol of the voltage
steps (shown at the bottom) from a holding potential of ~120mV to + 40mV in U251 (a), mesenchymal
GSCs (b), and US7 cells (c). Center: mean I-V relationship for U251 (n = 14 cells, (a)), mesenchymal
GSCs (n = 10 cells, (b)), and U87 (n = 8 cells, (c)). Right: average inward current activation time to
peak measured at different test potentials for U251 (n = 14 cells, (a)), mesenchymal GSCs (n = 10 cells,
(b)), and U87 (n = 8 cells, (¢)). (d) Averaged amplitudes of the inward current at +40 mV, measured
by means of a depolarizing step from a holding potential of —120 mV, recorded in different cell lines
at the edge of the wounded area.
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The similarity among the three cell lines, in terms of the current—voltage relationship
and time to peak values (Figure 5, central and right panels), revealed that, in edge cells,
all the lines expressed this depolarization-mediated inward current, suggesting that this
current is a common feature in GBM migrating cells. Figure 5d shows the mean amplitude
of the inward current recorded at +40 mV in U251 (n = 14), U87 (n = 8), and mesenchymal
GBM (n = 10) edge cells. The amplitudes were not statistically different among the three
tested cell lines.

Noteworthy is the consistency of the current-voltage relationship among the three
tested cell lines (middle panels in Figure 5a—), as well as the similarity in the time to peak
values and voltage independence of this parameter (right panels in Figure 5a—).

2.2.5. The Inward Current of the Edge Cells [s Sensitive to a Reduction of Extracellular Na*
Consistent with Activation of the Sodium-Calcium Exchanger (NCX)

The inward current recorded from cells at the edge of the scratch showed a pecu-
liar current—voltage relationship that did not correspond to a voltage-dependent current
(Figure 5, middle panels). We hypothesized that this current could arise by the activation of
specific pumps or exchangers involved in the complex modulation of the GBM migrating
cells. Specifically, we hypothesized a crucial role for the sodium-calcium exchanger (NCX)
in the generation of this peculiar current.

‘We therefore performed a set of experiments aimed at testing this idea by analyzing
the effects of blocking the NCX in the inward current.

A "Na-free” extracellular solution was applied to block NCX activity [23]. The inward
current amplitude was at first assessed under the control conditions in U251 edge cells;
the subsequent perfusion of the “Na-free” solution (see Section 4) robustly inhibited the
inward current (Figure 6a). On average, the amplitude recorded at +40 mV decreased from
—368.14 £ 75.99 pA to —109.74 £ 59.56 pA (n =5, p-value = 0.022, Figure 6b).

control

10 ms —— control
-450{ —— Nafree

120 80 40 0 40

Vm (mV)

Figure 6. Significant reduction of the inward current detected in the U251 edge cells following the
perfusion of a Na-free solution. (a) Experimental traces elicited by depolarizing the voltage steps
from —120 mV to +40 mV before (black traces) and after local perfusion of the extracellular Na-free
solution containing lithium chloride (LiCl, red traces) instead of sodium chloride (NaCl). (b) Mean
1-V relationships before and after LiCl local perfusion (n = 5)

2.2.6. Pharmacological Identification of the Sodium-Calcium Exchanger (NCX) and Its Role
in the Migration Process

To confirm the involvement of the NCX, we performed an extensive pharmacological
characterization of the inward current, administering drugs that specifically interfered with
NCX activity. NCX is inhibited by the external perfusion of nickel [24,25]. To isolate the
putative NCX-mediated component of the inward current, we recorded “edge” U251 cells
before and after nickel local perfusion (1 mM). In this case, the recordings were performed
in the presence of clotrimazole 10 uM and TEA 3 mM to be sure to isolate the sole inward
current and then accurately isolate the nickel-sensitive component. The nickel application
significantly reduced the inward current, as shown in Figure 7a. At +140 mV, the current
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was reduced from —222.39 4 32.59 pA to —22.01 + 53.06 pA (n = 5; p-value = (.042; paired
t-test, Figure 7b). The time constant of the inward current was consistent with the pool
recorded in Figure 5 (n = 5; Figure 7c).
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Figure 7. Sensitivity of the inward current recorded in the U251 edge cells to T mM nickel extracellular
perfusion. (a) Experimental traces elicited by depolarizing the voltage steps of +10 mV from the
holding potential of —60 mV to +140 mV (protocol shown at the bottom) in the control conditions
(left traces) and after the local perfusion of 1 mM nickel (central traces). Digital subtraction shows the
nickel-sensitive current (right traces). Inset: The PN leak subtraction method (see the Section 4) does
not significantly alter the I-V plot of the inward current. (b) Mean -V relationships before (black
dots) and after (gray rhombuses) the local perfusion of nickel (n = 5 cells). (¢) Average inward current
activation time to peaks measured at different test potentials.

To further prove the NCX-mediated nature of the recorded inward current, we tested
the effect of 5 min of the local perfusion of bepridil (100 uM), an antagonist of the NCX.
Figure 8 illustrates experimental traces recorded in the control conditions and after the local
perfusion of bepridil (100 pM). In the presence of bepridil, the average amplitude recorded
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at +40 mV decreased from —300.09 + 85.95 pA to +34.19 + 19.71 pA (n = 6, p-value = (.049).
The administration of the NCX antagonist almost abolished the inward current.
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Figure 8. Inhibition of the inward current detected in the U251 edge cells by 100 uM bepridil, a
competitive antagonist of the NCX. (a) Experimental traces elicited by depolarizing the voltage steps
from —120 mV to +40 mV before (black traces) and after the local perfusion of bepridil (light grey
traces). Inset: The PN leak subtraction method does not significantly alter the I-V plot of the inward
current. (b) Mean [-V relationship before and after bepridil local perfusion (n = 6 cells).

We also evaluated the effects of bepridil on the passive properties of the investigated
cells. The membrane capacitance was significantly reduced when bepridil was added to
the medium compared to the control conditions (control: 51.4 + 4.6 pF, n = 5; bepridil:
40.9 + 5.2 pF; p-value = 0.02), consistent with a reduction in the cell surface area. The
membrane resistance was not significantly altered (control: 379.6 + 14.0 M(), n = 5; bepridil:
163.1 + 11.4 M(); p-value = 0.18).
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2.2.7. Effect of the Block of Na-K ATPase on the NCX Inward Current and the BK
Outward Current

The NCX activity is strictly dependent on the intra- and extracellular Na* and Ca®
concentrations, whereas the BK current is sensitive to the intracellular Ca?* concentration.
We tested the effect of the Na-K ATPase blocker ouabain on the currents elicited by depo-
larization by applying two different protocols: (i) the first protocol started from a holding
potential of —120 mV (Figure 9); (ii) the second protocel started from a holding potential
of —60 mV (Figure 10). The former depolarizing protocol was chosen to study the NCX
current and the latter to evaluate a possible effect of the Na-K ATPase blocker ouabain on
the outward BK current [26].

Control Ouabain Ouabain-sensitive
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-150

1(pA)

-250
== (TR de= QUABAIN

Figure 9. Effect of the Na-K ATPase blocker ouabain (perfused for about 10-15 min) on the NCX
current in the U251 edge cells. (a) Experimental traces elicited by applying a voltage step depolarizing
protocol from a holding potential of —120 mV (protocol shown at the bottom) in the control conditions
(left traces) and after the local perfusion of ouabain 500 uM (central traces). The ouabain-sensitive
current was obtained by digital subtraction (right traces). (b) Mean I-V relationships (n = 5 cells)
recorded in the control conditions (CTR, black dots) and after the perfusion of ouabain (gray triangles).

Figure 9 shows experimental traces recorded in the control conditions and after the
local perfusion of cuabain (500 uM) during the application of the first protocol starting
from the —120 mV holding potential. Digital subtraction of the traces for the isolation of
the ouabain-sensitive component is also displayed. After the local perfusion of ouabain,
the amplitude at +40 mV decreased from —184.45 £ 30.29 pA to —59.31 £ 531 pA (n =5,
p-value = 0.018).
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Figure 10. Effect of the Na-K ATPase blocker ouabain (perfused for about 10-15 min) on the BK
current in U251 edge cells. (a) Experimental traces elicited by applying a voltage step depolarizing
protocol from a holding potential of —60 mV (protocol shown at the bottom) in the control conditions
(left traces) and after the local perfusion of ouabain 500 uM (central traces). The ouabain-sensitive
current was obtained by digital subtraction (right traces). (b) Mean I-V relationships (n = 5 cells)
recorded in the control conditions (CTR, dots) and the ouabain condition (ouabain, triangles). Insert
shows the averaged 1-V in the interval range between —40 mV and +40 mV at higher magnification
to show the -V shift after the local perfusion of ouabain.

Because the block of the Na-K ATPase is associated with a reversed mode of the
exchanger, which normally extrudes calcium from the cell [26], we tested a possible effect
of changes in the Ca?" concentration on the BK channels. To this end, we performed
experiments using the second protocol, starting from the —60 mV holding potential, as
shown in Figure 10. Following the perfusion of 500 pM ouabain, the I-V relationship
shifted from inward to outward at the most hyperpolarized steps to +80 mV (see also the
insert in Figure 10), and the amplitude of the outward current at +140 mv changed from
846.95 + 282.79 pA to 1676.6 = 629.57 pA (n = 5, p-value = 0.11, not significant) (Figure 10).
The insert in Figure 10 shows the averaged I-V magnified in the interval range between
—40mV and +40 mV to make more visible the -V shift from inward to outward after the
local perfusion of ouabain.

Therefore, these data suggest that a reduction in the forward mode of the NCX and

the decrease in the Ca®* extrusion may indeed positively activate the BK and gBK currents.
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Figure 10. Effect of the Na-K ATPase blocker ouabain (perfused for about 10-15 min) on the BK
current in U251 edge cells. (a) Experimental traces elicited by applying a voltage step depolarizing
protocol from a holding potential of —60 mV (protocol shown at the bottom) in the control conditions
(left traces) and after the local perfusion of ouabain 500 uM (central traces). The ouabain-sensitive
current was obtained by digital subtraction (right traces). (b) Mean I-V relationships (n = 5 cells)
recorded in the control conditions (CTR, dots) and the ouabain condition (ouabain, triangles). Insert
shows the averaged 1-V in the interval range between —40 mV and +40 mV at higher magnification
to show the -V shift after the local perfusion of ouabain.

Because the block of the Na-K ATPase is associated with a reversed mode of the
exchanger, which normally extrudes calcium from the cell [26], we tested a possible effect
of changes in the Ca?" concentration on the BK channels. To this end, we performed
experiments using the second protocol, starting from the —60 mV holding potential, as
shown in Figure 10. Following the perfusion of 500 pM ouabain, the I-V relationship
shifted from inward to outward at the most hyperpolarized steps to +80 mV (see also the
insert in Figure 10), and the amplitude of the outward current at +140 mv changed from
846.95 + 282.79 pA to 1676.6 = 629.57 pA (n = 5, p-value = 0.11, not significant) (Figure 10).
The insert in Figure 10 shows the averaged I-V magnified in the interval range between
—40mV and +40 mV to make more visible the -V shift from inward to outward after the
local perfusion of ouabain.

Therefore, these data suggest that a reduction in the forward mode of the NCX and

the decrease in the Ca®* extrusion may indeed positively activate the BK and gBK currents.
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in bepridil vs. extra control 0.18 + 0.01 um/min, n = 40 for both experimental condi-
tions, p-value =2.00 x 10" '%; edge: 0.25 & 0.02 um/min in bepridil vs. edge control
0.57 4 0.02 um/min, n = 40 for both experimental conditions, p-value = 1.36 x 107%; un-
paired i-test; Figure 14d). The difference in values between “extra” and “edge” cells in the
presence of bepridil was statistically significant (p-value = 4.13 x 107205 unpaired f-test;
Figure 14e).

a

Cytoplasm Lamellipodia

[]
|3

7 5
8 g
g g
z z
] ]
£ £
H H
3o T
2 -3
o o

G a5 H H GO s i H
Time after scratch (hours) Time after scratch (hours)
Lamellipodia
Time after scratch & Statistical significance {p-value)
(hours) 05 1 2 3

R | 677£018 | 1210% | <1x10™ | <1a0™ | <1x0*

05 8931029 1140a0% | <1ag™ | <1a0*

1 11244030 | 1sx10% | <c1nao®

2 13794038 <1x10%
a 21.86+0.40

Figure 11. NCX1 expression in U251 cells was specifically upregulated in the lamellipodia after
the scratch. (a) Representative micrographs showing NCX1 immunopositivity (green signal) in the
cytoplasm and lamellipodia of cells located at the edge of the scratch in the control conditions (CTR)
and 0.5, 1, 2, and 4 h after the scratch. Nuclear counterstaining with Hoechst 33258 (blue). Scale
bar: 20 pm. Lower right panel: high-magnification (180 ) micrograph showing the lamellipodia
4 h after the scratch. Scale bar: 10 pm. (b,c) Optical density (OD) scatter plots illustrating single-cell
measurements acquired in the cytoplasm (b) and lamellipodia {c) in the control conditions (CTR) and
atdifferent time points after the scratch. Data are expressed as the mean + SEM. (d) Lamellipodia
mean OD values and relative statistical significance in the basal conditions (CTR) and 0.5, 1, 2, and
4 h after the scratch. Data are expressed as the mean + SEM. p-values were calculated using one-way

ANOVA, followed by the Bonferroni post hoc test.
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Figure 12. Blockade of NCX1 with nickel in U251 cells” impaired migration trajectory and speed in
the wound-healing assay. (a) Tracking of individual cells located in the extra-scratch (blue) and one
at the edge of the wounded area (green) in the presence of nickel 200 pM. Images captured at 0, 5, 15,
and 20 h after the wound scratch. Scale bar: 100 pm. Inset: a typical lamellipodia of a cell localized at
the edge of the scratch; lamellipodia can be detected 5 h after the scratch, but they are less visible over
time. Scale bar: 10 um. (b) Wound closure percentage at 0, 5, 15, and 20 h after the wound scratch
in the nickel condition. (c) Plotting of the trajectories of one individual cell located outside (extra,
blue) and ene individual cell at the edge of the scratch (edge, green). Images were analyzed with
the Chemotaxis Tool Image] software plugin (Version 2.0). (d) Mean trajectories of the cells outside
(extra, blue, n = 40 cells) and at the edge of the scratch (edge, green, n = 40 cells). (e) Scatter plot of
the velocity (um/min) of single cells outside (extra, blue, n = 40 cells) and at the edge of the scratch
(edge, green, n = 40 cells). p-values: *** p < 0.001, and **** p < 0.0001.
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Figure 13. Effects of bepridil on cell viability / proliferation of U251 cells. Data obtained with the MTT
vitality assay after 24 h exposure to increasing concentrations (20, 50, 70, and 100 uM) of bepridil.
The relative cell viability is expressed as a percentage relative to the untreated control cells. Data are
expressed as the mean + SEM. p-values: *** p < 0.0001 compared to the control (100% cell viability).
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Figure 14. Blockade of NCX1 with bepridil in U251 cells’ impaired migration trajectory and speed in
the wound-healing assay. (a) Tracking of individual cells located in the extra-scratch (blue) and at the
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edge of the wounded area (green) in the presence of bepridil 50 uM. Images captured at 0, 5, 15, and
20 h after the wound scratch. Scale bar: 100 um. Inserts (scale bar: 10 um) depicting lamellipodia
as typical features of cells localized at the edge of the scratch; lamellipodia are evident 5 h after the
scratch, but they are no longer detectable over time, i.e., 15 and 20 h after the scratch. (b) Wound
closure percentage at 0, 5, 15, and 20 h after the wound scratch in the bepridil condition. (¢) Plotting of
the trajectories of one individual cell located outside (edge, blue) and one individual cell positioned
at the edge of the scratch (edge, green). Images were analyzed by the Chemotaxis Tool Image]
software plugin (Version 2.0). (d) Mean trajectories of cells outside (extra, blue, n = 40 cells) and
at the edge of the scratch (edge, green, n = 40 cells). (e) Scatter plot of the velocity (um/min) of
single cells outside (extra, blue, n = 40 cells) and at the edge of the scratch (edge, green, n = 40 cells).
p-values: *** p < 0.001, and **** p < 0.0001.

3. Discussion

Glioblastoma is characterized by its unique ability to grow in a confined space and
to infiltrate the cerebral parenchyma. The characterization of ion channels, exchangers,
and transporters contributing to the devastating invasiveness of GBM is a crucial task that
requires further investigation.

Available data describing ion channels, transporters, and exchangers in GBM hy-
pothesize two main processes to explain their role in cell invasion: (i) the formation of
a hyperosmotic intracellular environment that triggers a water influx with a consequent
cellular volume increase at the leading edge of the cells; (i) cell shrinkage of the posterior
edge of the cell achieved by an efflux of salt, followed by a reduction in the cytosolic
water content [11,14,27,28]. In particular, the current assumptions suggest that, through
NKCCl and Na-K ATPase, CI" and K* both accumulated intracellularly, giving rise to the
electrochemical driving force needed for triggering these osmotic effects [11,14,27,28]. More
recently, other conductance has been described to play a major role in the regulation of the
chloride dynamics, such as the volume-regulated anion channel (VRAC/LRRCS) [29,30].
However, the importance of the VRAC/LRRCS8 channel in GBM migration is still under
debate [31] due to possible variabilities in both the cell line adopted between these works
and the migration model used.

One of the strategies adopted by tumor cells to improve proliferation and survival is
the up- and downregulation of intracellular Ca?* levels, thus gaining control of intracellular
signaling and the metabolism [32]. To this aim, the expression, function, and localization of
Ca?* pumps, channels, and exchangers are strongly modulated in cancer cells, although the
molecular pathways recruited for these detrimental alterations are still poorly understood,
and further research is needed.

Hereln the current study we demonstrated, for the first time, the involvement of the
sodium-calcium exchanger (NCX) in GBM-invasive processes, and we tried to elucidate
the possible mechanisms responsible for its alteration.

NCX is ubiquitously expressed in mammals, where it exists in three isoforms (NCX1,
NCX2, and NCX3), distributed in the plasma membrane. NCX plays a major role in the
homeostasis of the intracellular Ca®* concentration, presenting two distinct functional
modes: in the so-called forward mode, NCX provides an effective influx of three Na*
ions to the uphill extrusion of one Ca®*, whereas, in the reverse mode, it promotes a
Ca?* influx against the Na™ efflux. Intriguingly it has also been shown to be involved
in the regulation of the migration of the microglia [33]. A large number of effectors
can modulate NCX expression and activity, from the pH and hypoxia to intracellular
phosphorylation [34,35]. This might explain the unexpected current-voltage relationship
of the exchanger at high depolarizing values described here, which we intend to examine
further in future investigations.

Several studies have shown the involvement of NCX in cardiac disease, and a thera-
peutic potential has been proposed for NCX inhibitors to treat heart injuries [36]. However,
the experimental evidence for the functional role of NCX in glioblastoma has not been fully
clarified [37]. To date, NCX has been reported to play a role mainly in proliferation and
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tumor growth [18,38], but little is known about its role in GBM cell migration. In prostate
cancer, melanoma, and leukemia, NCX preferentially works in the reverse mode, although
the lack of specificity of the KB-R7943 inhibitor used in these investigations complicates the
interpretation of the results [35,37].

Our data collected with time-lapse microscopy applied during the wound-healing
assay identified, at the edge of the scratch, cells committed to migration. These cells
displayed a characteristic feature, the lamellipodia, and were capable of migrating in a
specific direction and at high speed to fill in the empty space created by the scratch. We
recorded whole-cell currents from these cells by means of amphotericin-perforated patch-
clamp so as to avoid intracellular dialysis and alterations of the intracellular calcium and
chloride concentrations, as previously described [13].

We found that the cells committed to migration displayed a larger surface and a higher
conductance compared to the nonmigrating cells, as demonstrated by the higher Cm and
lower Rm, respectively. Upon the depolarizing steps, U251 cells showed a constitutive
outward BK current with the same biophysical and pharmacological properties previously
described [8,9]. The BK current recorded at the edge was significantly greater compared to
the current recorded within the wounded area.

Unexpectedly, 90% of the edge cells displayed, in addition to the BK current, a con-
stitutive inward current never recorded before, neither outside nor inside the wounded
area. This peculiar inward current was activated during depolarization, started to appear
at a membrane potential of about —20 mV, and displayed an “ohmic” I-V relationship
at all tested membrane voltages (up to +140 mV) without presenting a time-dependent
inactivation. The same inward current, with a similar amplitude, current-voltage relation-
ship, and time to peak, was also present in GBM cells derived from human glioblastoma
cultures enriched in mesenchymal stem cells (GSCs) and in U87 cells when recorded at the
edge of the wound-healing assay in a perforated patch-clamp configuration. Therefore, we
hypothesized that this inward current is a common feature of GBM.

Based on our pharmacological characterization of this peculiar inward current, we
concluded it was mainly mediated by the NCX. Indeed, we demonstrated that this inward
current was significantly reduced when recordings were performed in a sodium-free
solution. The inward current was also sensitive to bepridil, an antagonist of the NCX. Since
the NCX is inhibited by the external perfusion of nickel, we managed to isolate the NCX-
mediated component (i.e., the nickel-sensitive component). To avoid potential incomplete
blocks of the NCX, future experiments will also replicate our findings using a CRISPR /Cas9
KO model for the same cell lines. A large number of effectors can modulate the NCX
expression and activity, from the pH and hypoxia to intracellular phosphorylation [34,35].
This might be one of the reasons why the current-voltage relationship of the exchanger
at highly depolarized values has an unexpected trend. Additionally, it is possible that, at
higher depolarized holding potentials, other conductance is also activated along with the
NCX-mediated current. Further experiments are planned to investigate in greater detail the
modulatory mechanisms of the NCX occurring during the invasion by GBM cells. To further
confirm the role of NCX in glioblastoma, in vivo experiments should also be considered as
in 2D cultures, and by using the scratch assay, we might have a relatively limited predictive
value of glioblastoma cell behavior in a more complex and physiological environment.

We then confirmed the presence of NCX by immunofluorescence staining, showing
that, during migration, the expression levels of this exchanger increased over time in
the lamellipodia of the edge cells but not in the cytoplasm. Finally, a blockade of the
forward Na*/Ca®* exchanger by nickel and bepridil significantly slowed the time for
wound closure [18], confirming an active role for the NCX in the GBM invasion process. All
features of the migration process in the control conditions were impaired in the presence of
nickel or bepridil, and the cells at the edge no longer exhibited the typical lamellipodial
structures. Interestingly, in the presence of bepridil, the cells at the edge tended to emita
long “neurite-like structure”, and the soma was unable to cover a distance greater than
100 um while exhibiting a very low speed during the migration process.
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Subsequently, we demonstrated that NCX activity depended on a Na-K ATPase for
the maintenance of the sodium gradient. The reduction in NCX activity and the subsequent
increase in intracellular Ca®* may be responsible for the increase in the BK/gBK currents.
GBM cells can adopt other strategies to increase cytosolic calcium during migration, such
as the opening of mechanosensitive potassium channels through hypotonicity, as reported
in [39] (see also [25]). In conclusion, we propose that the Na*/Ca”* exchanger could
constitute a potential target in antitumor chemotherapy. The inhibition of the forward
mode or the stimulation of the reverse mode of the NCX may result in increased intracellular
Ca?* concentrations, which could, in turn, trigger intracellular mechanisms of cell death
in tumor cells. Tt is thus interesting to consider the possibility of modulating the aberrant
activity of normal or altered NCX isoforms, selectively expressed in cancer cells, to disrupt
intracellular Ca?* homeostasis and inhibit GBM progression.

4. Materials and Methods
4.1. Cell Cultures
4.1.1. Human U251 GBM Cell Line

Human U251 GBM cells (Sigma-Aldrich, Milan, Ttaly) were cultured in Eagle’s min-
imal essential medium (EMEM) supplemented with 10% fetal bovine serum (FBS), 1%
L-glutamine, 1% non-essential amino acid (NEAA), 1% sodium pyruvate, and 1% penicillin—
streptomycin. The cell culture was maintained in 25 or 75 cm? flasks at 37 °C in a humidified
atmosphere (95% air and 5% CQO;). All culturing reagents were acquired from Euroclone
S.p.a. (Pero, Milan, Italy).

4.1.2. U87 Cell Line

Human U87 GBM cells (Sigma-Aldrich, Milan, Italy) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) high glucose supplemented with 1% L-glutamine,
10% fetal bovine serum (FBS), and 1% penicillin-streptomycin (pen-strep) (Thermo Fisher
Scientific, Monza, Italy). The cell culture was maintained in 25 or 75 cm? flasks at 37 °Ciin a
humidified atmosphere (95% air and 5% CO,). All culturing reagents were acquired from
Euroclone Sp.a. (Pero, Milan, Ttaly).

4.1.3. Human GBM CSC Cultures

The human glioblastoma culture enriched in stem cells (GSCs) was kindly provided by
Professor T. Floric's laboratory at the University of Genova (Genova, Italy). Briefly, the cul-
ture was obtained from biopsy specimens from patients who underwent surgical treatment,
in the absence of previous therapies, at the Neurosurgery Department IRCCS-AOU San
Martino-IST (Genova, Italy) after obtaining informed consent and approval from the Institu-
tional Ethical Committee (IEC). Based on histological and immunchistochemical analyses,
the samples were classified as grade IV GBM (referring to the WHO classification) [40].

GSCs were grown in a stem cell-permissive medium, including 1:1 DMEM high
glucose and Ham’s F-12 Nutrient Mix GlutaMAX™ (GibcoTM, Thermo Fisher Scientific,
Rodano, MI, Italy) enriched with B27 supplement (GibCDTM, Thermo Fisher Scientific,
Rodano, MI, Ttaly), 10 ng/mL human basic fibroblast growth factor (bFGF), and 20 ng/mL
human epidermal growth factor (EGF) (Miltenyi Biotec, Bologna, Italy). Cells were cultured
as a monolayer on Matrigel (BD Biosciences, Milan, Italy), as previously described [40].

4.2. Cell Viability and Bepridil Cytotoxicity Determination Using the MTT Assay

To determine the optimal concentration of the NCX blocker bepridil (Sigma-Aldrich,
Milan, Italy) to be used in the wound-healing assay and time-lapse microscopy, U251 cell vi-
ability was determined using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay. Briefly, cells were cultured in a 25 cm? flask, seeded in a 96-well plate
at a density of 10,000 cells/well (0.2 mL per well), and incubated at 37 °C for 24 hin a
humidified atmosphere containing 5% of CO,. The day after, the culture medium was
replaced with fresh medium added with a range of bepridil concentrations (20, 50, 70, and
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100 uM). For the control condition, cells were incubated with the culture medium alone.
Twenty-four hours after exposure, the MTT solution (20 pL/well) was added to each well;
this operation was performed in darkness, and the plates were subsequently incubated for
about three hours at 37 °C. At the end of the incubation time, the quantification was per-
formed by measuring the samples” absorbance at 550 nm with the ELx808TM Absorbance
Microplate Reader (Bio-Tek Instruments, Inc., Winooski, VT, USA). Data were expressed as
a percentage of the control, and the cell viability percentage was calculated.

4.3. Wound-Healing Migration Assay and Time-Lapse Microscopy

U251, U87, and human GBM CSC cells were seeded on glass coverslips (22 mm x 22 mm)
and in a 6-well plate for the wound-healing assay and time-lapse microscopy, respectively.
Cells were grown in a complete medium and cultured until 90-95% confluence. A disposable
pipette tip (1 mL volume) was used to scratch wounds on the midline of the coverslip (mean
width: 350 um), which was carefully washed with the complete medium to remove floating
cells and clean the wound area.

Time-lapse imaging experiments were performed on the U251 cell line. The percentage
of scratch wound closure was monitored using an Olympus ScanR inverted microscope
equipped with a 10 x objective taking pictures every 5 min over 24 h. The entire assay was
performed using an environmental microscope incubator mimicking the culture conditions
(37 °C and 5% COy). The speed of scratch closure was calculated with LAS X—Leica
Microsystems CMS GmbH Software (Version 5.1.0). In addition, individual cell motility and
the percentage of area covered by the cells were analyzed in Tmage] using the Chemotaxis
Tool Image] software plugin (Version 2.0). Experiments were performed at least in triplicate.
Only cells that were present in the field of view (FOV) for the whole recording time were
included in the analysis of the time lapse for all the conditions applied. Usually, cells
located on the bottom left corner of the FOV and with an upward direction during the
migration were selected and tracked. For the bepridil and nickel datasets, recording began
right after the blocker was applied in the cell medium.

4.4. Electrophysiological Recording

Patch-clamp experiments were performed at room temperature as previously de-
scribed [8]. Briefly, whole-cell perforated patch-clamp recordings were performed using
an Axopatch-200B (Molecolar Devices, San Jose, CA, USA) patch-clamp amplifier at the
output cut-off frequency of 5 kHz. The extracellular solution contained 140 mM NacCl,
5 mM KCl, 10 mM HEPES, 10 mM glucose, 3 mM CaCly, and 1.2 mM MgSQOy, with a pH
of 7.4. For the “Na-free” experiment, the extracellular solution contained 140 mM LiCl,
5 mM KCl, 10 mM HEPES, 10 mM glucose, 3 mM CaCly, and 1.2 mM MgSO;, with a
pH of 7.4. Patch pipettes were filled with an intracellular solution containing 400 ug/mL
amphotericin (Sigma-Aldrich, M1, Italy), 140 mM KCl, 4 mM NaCl, 5 mM EGTA, 5 mM
HEPES, and 0.5 mM CaCl,, with a pH of 7.3. The series resistance (Rs =16 + 1.3 M(Y), input
resistance (Rm), and membrane capacitance (Cm, Figure 2) were measured as previously
described by eliciting a hyperpolarized step of —10 mV from the holding potential of
—60 mV [41,42]. The whole-cell perforated patch-clamp stability was assessed every 5 min
by monitoring the Rs. A depolarizing ramp from —120 to +140 mV was stimulated at a
rate of 0.077 mV /ms and at a sampling rate of 500 Hz. Other protocols were reported in
the figures. The hyperpolarizing protocol from —40 to —120 mV was elicited in steps of
10 mV at a sampling rate of 6.67 kHz, and the depolarizing protocols from —60 to +120 mV
or from —120 to +40 mV were elicited in steps of 20 mV at a sampling rate of 20 kHz. For
the depolarizing protocols, the PN leak subtraction of the Clampex program was used to
eliminate the effects of the leakage current on the whole-cell responses.

The junction potential between the patch pipette and the cytoplasm was +8.8 mV, as
caleulated according to Horn [43], and the current-voltage (I-V) relationships were shifted
to the left by this value.
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The following compounds were used in the patch-clamp experiments: clotrimazole
10 uM, TEA 3 mM, barium 1 mM, nickel 1 mM, bepridil 100 uM, and ouabain 500 uM.
Clotrimazole (5 mM), bepridil (100 uM), and ouabain (500 uM), as well as amphotericin,
were dissolved in DMSO. All reagents were purchased from Sigma-Aldrich (Milan, Italy),
except for bepridil, which was bought from Adooq Bioscience (Irvine, CA, USA).

4.5, Immunofluorescence Evaluations

The control and treated U251 cells were grown on coverslips (22 mm x 22 mm) placed
in cell culture dishes (35 mm x 10 mm) until 90% confluence, fixed with 4% formalin
(20 min), and post-fixed with 70% ethanol at —20 °C for at least 24 h.

The samples were rehydrated for 10 min in PBS and then incubated with 1% BSA
to block nonspecific binding sites. Subsequently, the cells were immunolabeled using
the anti-NCX1 isoform primary antibody (#MA3-926, mouse monoclonal anti-sodium-
calcium exchanger SLC8A1, Thermo Fisher Scientific, Monza, Italy) diluted 1:200 in PBS
(Sigma-Aldrich, Milan, Italy) for 1 h at RT in a dark, moist chamber. The specificity of the
antibody has been extensively described in different models [44-46]. Then, the cells were
washed with PBS and incubated for 45 min with the goat anti-mouse IgG (H + L) highly
cross-adsorbed secondary antibody, Alexa Fluor Plus 488, diluted 1:200 in PBS (Thermo
Fisher Scientific, Monza, Italy). DNA counterstaining was performed using 0.1 mg/mL of
Hoechst 33258 (Sigma-Aldrich, Milan, Italy). Lastly, the cells were mounted with a drop
of Mowiol (Calbiochem-Inalco, Italy) for microscopy visualization. Images were recorded
using an Olympus BX51 microscope equipped with an Olympus MagniFire camera system
and processed with Olympus Cell F and Image] software (Version 1.51) to analyze the mean
optical density (OD) (ratio of the mean of immunofluorescence intensity on the cell surface).
For each condition, 11 quadrants (about 50 cells) were evaluated for random analysis. The
channels of each fluorescence were split to obtain single images in grayscale, where the
minimum value was 0 (black) and the maximum value was 255 (white). Then, the QD
values were normalized to the lamellipodia and cytoplasm areas.

4.6. Statistical Analysis

All data were reported as the mean = standard error of the mean (SEM). The Bartlett
and Shapiro-Wilk tests were performed to determine the normal distribution of the datasets.
Statistical significance was determined using the i-test when comparing two experimental
groups and one-way analysis of variance (ANOVA) with the post hoc Bonferroni test when
comparing more than two experimental groups. p-values were considered statistically signif-
icant at * p < 0.05, ¥ p < 0.01, ** p < 0.001, and **** p < 0.0001. All statistical analyses were
performed with GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com /article /10.3390/ijms241612673/s1.

Author Contributions: Conceptualization, P.R. and EB.; methedology, M.R., E.P.,, EC.P,, D.R. and
M.T.V; software, EB, MR, E.C.P. and D.R;; formal analysis, M.R., E.P, EC.P and DR ; investigation,
MR, EP,ECP, DR and M.T.V; data curation, F.B. and PR ; writing—original draft preparation, F.B.
and PR; writing—review and editing, ER. and ET.; supervision, EB., ER, ET. and PR.; and funding
acquisition, PR. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by (i) the Italian Ministry of Health, Traiettoria 4 del Piano
Operativo Salute (POS) linea di Azione 4.1 “Creazione di Hub delle Scienze della Vita” Project
IMMUNOHUB,T4-CN-02; (i) the University of Pavia, Fondi Ricerca Giovani (FRG 2020), Department
of Biology and Biotechnology “L. Spallanzani”, University of Pavia; and (iii) the Italian Ministry
of Education, University and Research (MIUR): Department of Excellence Program (2018-2022),
Department of Biology and Biotechnology “L. Spallanzani”, University of Pavia.

Institutional Review Board Statement: Not applicable,

Informed Consent Statement: Not applicable.

244



List of original manuscripts

Int. ]. Mol Sci. 2023, 24, 12673 22of24

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are not publicly available.

Acknowledgments: We thank Tullio Florio for providing the primary GBM cell line and U87 cells.
We thank the 3Brain-The Massimo Grattarola Award for supporting the research of Brandalise’s Lab.
We thank Maria Grazia Bottone for providing the U251 cell line. We thank Urs Gerber for revising the
English form of the manuscript. The graphical abstract was created with BioRender.com (agreement
number: TY25F901GL).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thakkar, J.P.; Dolecek, T.A ; Horbinski, C.; Ostrom, Q.T; Lightner, D.D.; Barnholtz-Sloan, ].S.; Villano, J.L. Epidemiologic and
Molecular Prognostic Review of Glioblastoma. Cancer Epidensiol. Biomark. Prev. 2014, 23, 1985-1996. [CrossRef]

2 Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.].; Taphoorn, M ]J.B.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A; Fisher, B.;
Belanger, K.; et al. Effects of Radiotherapy with Concomitant and Adjuvant Temozolomide versus Radiotherapy Alone on
Survival in Glioblastoma in a Randomised Phase III Study: 5-Year Analysis of the EORTC-NCIC Trial. Lancef Oncol. 2009, 10,
459-466. [CrossRef]

3 Ohka, F; Natsume, A; Wakabayashi, T. Current Trends in Targeted Therapies for Glioblastoma Multiforme. Neurol. Res. Int. 2012,
2012, 878425, [CrossRef] [PubMed]

4. Berntsson, S.G.; Merrell, R.T.; Amirian, E.S.; Armstrong, G.N.; Lachance, D.; Smits, A.; Zhou, R.; Jacobs, D.I; Wrensch, M.R.;
Olson, S.H.; et al. Glioma-Related Seizures in Relation to Histopathological Subtypes: A Report from the Glioma International
Case-Control Study. |. Neurol. 2018, 265, 1432-1442. [CrossRef] [PubMed]

5. Sanai, N.; Polley, M.-Y.; McDermott, M.W.; Parsa, A.T.; Berger, M.S. An Extent of Resection Threshold for Newly Diagnosed
Glioblastomas. [. Nenrosurg. 2011, 115, 3-8, [CrossRef]

6. Maher, E.A.; Furnari, E.B.; Bachoo, RM.; Rowitch, D.H.; Louis, D.N.; Cavenee, W.K.,; DePinho, R.A. Malignant Glioma: Genetics
and Biology of a Grave Matter. Genes. Dev. 2001, 15, 1311-1333. [CrossRef] [PubMed]

7. Molenaar, RJ. lon Channels in Glioblastoma. ISRN Newrol. 2011, 2011, 590249, [CrossRef]

8 Ratto, D.; Ferrari, B; Roda, E; Brandalise, F; Siciliani, S.; De Luca, F; Priori, E.C.; Di Iorio, C.; Cobelli, F; Veneroni, ; et al.
Squaring the Circle: A New Study of Inward and Qutward-Rectifying Potassium Currents in U251 GBM Cells. Cell Mol. Neurobiol.
2020, 40, 813-828. [CrossRef] [PubMed]

9. Brandalise, F; Ratto, D.; Leone, R.; Olivero, F; Roda, E.; Locatelli, C.A.; Grazia Bottone, M.; Rossi, P. Deeper and Deeper on the
Role of BK and Kir4.1 Channels in Glioblastoma Invasiveness: A Novel Summative Mechanism? Front. Newrosci. 2020, 14, 595664,
[CrossRef]

10.  Huber, .M. Oncochannels. Cell Calcium. 2013, 53, 241-255. [CrossRef]

11, Turner, K.L; Sontheimer, H. C1~ and K* Channels and Their Role in Primary Brain Tumour Biology. Philos. Trans. R. Soc. Lond. B
Biol. Sei. 2014, 369, 20130095. [CrossRef] [PubMed]

12, Catacuzzeno, L.; Caramia, M.; Sforna, L.; Belia, 5.; Guglielmi, L.; D’Adamo, M.C.; Pessia, M.; Franciolini, E Reconciling the
Discrepancies on the Tnvolvement of Large-Conductance Ca(**)-Activated K Channels in Glioblastoma Cell Migration. Front. Cell
Nerrosci. 2015, 9, 152. [CrossRef] [PubMed]

13.  Ransom, C.B.; O'Neal, ].T,; Sontheimer, H. Volume-Activated Chloride Currents Contribute to the Resting Conductance and
Invasive Migration of Human Glioma Cells. ]. Neurosei. 2001, 21, 7674-7683. [CrossRef] [PubMed]

14.  Annunziato, L; Pignataro, G.; Di Renzo, G.F. Pharmacology of Brain Na' /Caz‘ Exchanger: From Molecular Biology to Therapeu-
tic Perspectives. Pharmacol. Rev. 2004, 56, 633—654. [CrossRef] [PubMed]

15. Roger, S; Gillet, L.; Le Guennec, |.-Y.; Besson, P. Voltage-Gated Sodium Channels and Cancer: Is Excitability Their Primary Role?
Front. Pharmacol. 2015, 6, 152. [CrossRef]

16.  Ottolia, M.; Philipson, K.D. NCX1: Mechanism of Transport. Adv. Exp. Med. Biol. 2013, 967, 49-54. [CrossRef]

17. Song, M,; Chen, D.; Yu, S.P. The TRPC Channel Blocker SKF 96365 Inhibits Glioblastoma Cell Growth by Enhancing Reverse
Mode of the Na* /Ca2* Exchanger and Increasing Intracellular Ca?, Br. J. Pharmacol. 2014, 171, 3432-3447. [CrossRef]

18. Hu, H.J; Wang, 5.-S.; Wang, Y.-X; Liu, Y.; Feng, X.-M_; Shen, Y.; Zhu, L.; Chen, H.-Z; Song, M. Blockade of the Forward Na*
/Ca?* Exchanger Suppresses the Growth of Glicblastoma Cells through Ca?* -Mediated Cell Death. Br. J. Pharmacel. 2019, 176,
2691-2707. [CrossRef]

19.  Fujioka, Y; Hiroe, K.; Matsuoka, S. Regulation Kinetics of Na+-Ca?! Exchange Current in Guinea-Pig Ventricular Myocytes. [.
Physiol. 2000, 529 Pf 3, 611-623. [CrossRef]

20. Kang, TM.; Hilgemann, D.W. Multiple Transport Modes of the Cardiac Na* /Ca?" Exchanger. Nature 2004, 427, 544-548,
[CrossRef]

21, Sheno, Y.; Kamouchi, M ; Kitazono, T; Kuroda, J.; Nakamura, K.; Hagiwara, N.; Qoboshi, H.; Ibayashi, S.; lida, M. Change in

Intracellular PH Causes the Toxic Ca®* Entry via NCX1 in Neuron- and Glia-Derived Cells. Cel! Mol. Neurobiol. 2010, 30, 453-460.
[CrossRef] [PubMed]

245



List of original manuscripts

Int. [. Mol. Sci. 2023, 24, 12673 240f24

22, Briickner, D.B.; Arlt, N.; Fink, A.; Ronceray, I; Rédler, ].O.; Broedersz, C.P. Learning the Dynamics of Cell-Cell Interactions in
Confined Cell Migration. Proc. Nafl. Acad. Sci. USA 2021, 118, €2016602118. [CrossRef] [PubMed]

23, Scheff, N.N; Yilmaz, E ; Gold, M.S. The Properties, Distribution and Function of N; at—Cat Exchanger Isoforms in Rat Cutaneous
Sensory Neurons, . Physiol. 2014, 592, 49694993, [CrossRef] [PubMed]

24, Hinde, A K; Perchenet, L; Hobai, LA.; Levi, AJ; Hancox, J.C. Inhibition of Na/Ca Exchange by External Ni in Guinea-Pig
Ventricular Myocytes at 37 Degrees C, Dialysed Internally with CAMP-Free and CAMP-Containing Solutions, Cell Calcium. 1999,
25, 321-331. [CrossRef] [PubMed]

25.  Liu, T O'Rourke, B. Regulation of the Na+/Ca2+ Exchanger by Pyridine Nucleotide Redox Potential in Ventricular Myocytes*. [.
Biol. Chemr. 2013, 288, 31984-31992. [CrossRef]

26. Skogestad, J.; Aronsen, .M. Regulation of Cardiac Contractility by the Alpha 2 Subunit of the Na*/K*-ATPase. Front. Physiol.
2022, 13, 827334. [CrossRef]

27.  Sontheimer, H. An Unexpected Role for Ion Channels in Brain Tumor Metastasis. Exp. Biol. Med. 2008, 233, 779-791. [CrossRef]

28, Caramia, M.; Sforna, L.; Franciolini, F; Catacuzzeno, L. The Volume-Regulated Anion Channel in Glioblastoma. Cancers
2019, 11, 307. [CrossRef]

29, Zhang, Y; Li, Y; Thompson, K.N; Stoletov, K.; Yuan, Q.; Bera, K.; Lee, S J.; Zhao, R ; Kiepas, A_; Wang, Y.; et al. Polarized NHE1
and SWELL1 Regulate Migration Direction, Efficiency and Metastasis. Nat. Commin. 2022, 13, 6128. [CrossRef]

30. Wong, R; Chen, W.; Zhong, X.; Rutka, | T; Feng, Z.-P; Sun, H.-S. Swelling-Induced Chloride Current in Glioblastoma Proliferation,
Migration, and Invasion. J. Cell Physiol. 2018, 233, 363-370. [CrossRef]

31.  Liu, T; Stauber, T. The Volume-Regulated Anion Channel LRRC8/VRAC Is Dispensable for Cell Proliferation and Migration. Inf.
J. Mol. Sci. 2019, 20, 2663. [CrossRef] [PubMed]

32, Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]

33.  Noda, M,; Ifuku, M.; Mori, Y.; Verkhratsky, A. Calcium Influx through Reversed NCX Controls Migration of Microglia. Adv. Exp.
Med. Biol. 2013, 961, 289-294. [CrossRef] [PubMed]

34. Chovancova, B.; Liskova, V.; Babula, P; Krizanova, O. Role of Sodium/Calcium Exchangers in Tumors. Biontolecules 2020, 10, 1257.
[CrossRef] [PubMed]

35, Loeck, T.; Schwab, A. The Role of the Na* /Ca2* -Exchanger (NCX) in Cancer-Associated Fibroblasts. Biol. Chem. 2023, 404,
325-337. [CrossRef]

36. Hobai, I.A.,; O'Rourke, B. The Potential of Na*/Ca2" Exchange Blockers in the Treatment of Cardiac Disease. Expert. Opin.
Investig. Drugs 2004, 13, 653-664. [CrossRef] [PubMed]

37. Rodrigues, T; F N.N; Tersariol, LL.D.S. Na* /Ca?* Exchangers: Unexploited Opportunities for Cancer Therapy? Biochens.
Pharmacol. 2019, 163, 357-361. [CrossRef]

38. Esteves, G.N.N.; Ferraz, LS Alvarez, M.M.P; da Costa, C.A_; de Mello Lopes, R ; Tersariol, I.L.D.5.; Rodrigues, T. BRAF and
NRAS Mutated Melanoma: Different Ca®* Responses, Nat/CaZ* Exchanger Expression, and Sensitivity to Inhibitors. Cell Calcium
2020, 90, 102241. [CrossRef]

39. Michelucci, A.; Sforna, L.; Di Battista, A.; Franciolini, F; Catacuzzeno, L. Ca2*-Activated K* Channels Regulate Cell Volume in
Human Glioblastoma Cells. . Cell Physiol. 2023, 2023, 1-15. [CrossRef]

40. Corsaro, A.; Bajetto, A.; Thellung, S.; Begani, G.; Villa, V.; Nizzari, M.; Pattarozzi, A ; Solari, A.; Gatti, M.; Pagano, A; et al.
Cellular Prion Protein Controls Stem Cell-like Properties of Human Glioblastoma Tumor-Initiating Cells. Oncotarget 2016, 7,
38638-38657. [CrossRef]

41, Rossi, P; D’Angelo, E.; Taglietti, V. Differential Long-Lasting Potentiation of the NMDA and Non-NMDA Synaptic Currents
Induced by Metabotropic and NMDA Receptor Coactivation in Cerebellar Granule Cells. Eur. J. Neurosci. 1996, 8, 1182-1189.
[CrossRef] [PubMed]

42, D'Angelo, E; Rossi, I; Taglietti, V. Voltage-Dependent Kinetics of N-Methyl-D-Aspartate Synaptic Currents in Rat Cerebellar
Granule Cells. Eur. J. Neurosci. 1994, 6, 640-645. [CrossRef] [PubMed]

43.  Horn, R.; Marty, A. Muscarinic Activation of lonic Currents Measured by a New Whole-Cell Recording Method. J. Gen. Physiol.
1988, 92, 145-159. [CrossRef] [PubMed]

44, Wan, H.; Gao, N.; Lu, W.; Lu, C; Chen, ].; Wang, Y.; Dong, H. NCX1 Coupled with TRPC1 to Premote Gastric Cancer via
Ca?*/ AKT/ p-Catenin Pathway. Oncogene 2022, 41, 4169-4182. [CrossRef]

45, Stern, M.D.; Maltseva, L.A.; Juhaszova, M.; Sollott, S.J.; Lakatta, E.G.; Maltsev, V.A. Hierarchical Clustering of Ryanodine
Receptors Enables Emergence of a Calcium Clock in Sinoatrial Node Cells. |. Gen. Physiol. 2014, 143, 577-604. [CrossRef]

46, Dan, P; Lin, E.; Huang, ] ; Biln, ; Tibbits, G.E. Three-Dimensional Distribution of Cardiac Na*-Ca?* Exchanger and Ryanodine

Receptor during Development. Biophys. [. 2007, 93, 2504-2518. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and /or the editor(s). MDFI and /or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

246



Journal of

Fungi

List of original manuscripts

Review

Hericium erinaceus in Neurodegenerative Diseases: From Bench
to Bedside and Beyond, How Far from the Shoreline?

Federico Brandalise 17, Elisa Roda 2, Daniela Ratto 3, Lorenzo Goppa *, Maria Letizia Gargano >,
Fortunato Cirlincione ¢, Erica Cecilia Priori 3, Maria Teresa Venuti 3, Emanuela Pastorelli 3, Elena Savino *

and Paola Rossi 3*

check for
updates

Citation: Brandalise, F.; Roda, E.;
Ratto, 2; Goppa, L.; Gargane, M.L ;
Cirlincione, E; Priori, EC.; Venuti,
MLT; Pastorelli, F.; Savino, . et al
Hericium erinaceus in
Neurodegenerative Diseases: From
Bench to Bedside and Beyond, How
Far from the Shoreline? [. Fungi 2023,
9,551. hitps:/ /doi.org/10.3390/
jof0S0551

Academic Editor: Mingwen Zhao

Received: 7 April 2023
Revised: 5 May 2023
Accepted: 9 May 2023
Published: 10 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland,
This article is an open access arlicle
d

ibuted under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org /licenses /by /

4.0/).

Department of Biosciences, University of Milan, 20133 Milano, Italy; federico.brandalise@unimi.it
Laboratory of Clinical & Experimental Toxicology, Pavia Poison Centre, National Toxicology Information
Centre, Toxicology Unit, Istituti Clinici Scientifici Maugeri IRCCS, 27100 Pavia, Italy; elisa.roda@icsmaugeri.it
Department of Biology and Biotechnology, University of Pavia, 27100 Pavia, Italy;

daniela.ratto@unipv.it (D.R.); ericacecilia.priori@unipv.it (E.C.I);

itadipavia it (M.T.V); empas97@icloud.com (E.F)

Department of Earth and Environmental Science, University of Pavia, 27100 Pavia, Italy;
lorenzo.goppa0l@universitadipavia.it (L.G.); elena.savino@unipv.it (E.5.)

5 Department of Soil, Plant, and Food Sciences, Via G. Amendola, 163/ A, 70126 Bari, Italy;
marialetizia.gargano@uniba.it

Department of Agricultural, Food and Forest Sciences, University of Palermo, Viale delle Scienze, Bldg. 5,
90128 Palermo, Italy; fortunato.cirlincione@unipa.it

Correspondence: paola.rossi@unipv.it; Tel.: +39-0382-986076

mariateresa.venuti0l

Abstract: A growing number of studies is focusing on the pharmacology and feasibility of bicactive
compounds as a novel valuable approach to target a variety of human diseases related to neurological
degeneration. Among the group of the so-called medicinal mushrooms (MMs), Hericium erinaceus has
become one of the most promising candidates. In fact, some of the bioactive compounds extracted
from H. erinaceus have been shown to recover, or at least ameliorate, a wide range of pathological
brain conditions such as Alzheimer’s disease, depression, Parkinson’s disease, and spinal cord injury.
In a large body of in vitro and in vive preclinical studies on the central nervous system (CNS), the
effects of erinacines have been correlated with a significant increase in the production of neurotrophic

factors. Despite the promising outcome of preclinical investigations, only a limited number of clinical
trials have been carried out so far in different neurological conditions. In this survey, we summarized
the current state of knowledge on . erinacens dietary supplementation and its therapeutic potential
in clinical settings. The bulk collected evidence underlies the urgent need to carry out further/wider
clinical trials to prove the safety and efficacy of H. erinacens supplementation, offering significant
neuroprotective applications in brain pathologies.

Keywords: Hericitum erinaceus; erinacines; hericenones; ergothioneine; NGF; BDNF; depression; aging,;
Alzheimer; mild cognitive impairment

1. Introduction

Among all the modifiable risk factors for age-induced cognitive impairment, diet
composition plays a crucial role [1] due to its capability to induce structural and functional
changes in brain connectivity [2], modulate the developmental programming of the brain
and behavior [3], as well as affect cognition and emotion [4]. The well-known nutritional
and culinary properties of mushrooms go hand in hand with their nature-based nutraceu-
tical value, specifically known to mitigate age-related cognitive disturbances typical of
neutodegenerative disorders, such as Alzheimer’s disease (AD).

|- Fungi 2023, 9, 551. hitps://doi.org /103390 /jof9050551
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The relationship between mushroom intake and mild cognitive impairment (MCI) has
been investigated in cross-sectional and longitudinal studies carried out on well charac-
terized cohorts at the Diet and Healthy Aging (DaHA) Research Centre, at the National
University of Singapore (NUS). Interestingly, community-living elderly subjects who con-
sumed more than two weekly portions of mushrooms (a portion being defined as 150 g)
displayed up to 50 per cent reduced odds of developing MCI compared with aged par-
ticipants who consumed mushrooms less than once per week. These research findings
supports the likely role of mushrooms and their bioactive substances in promoting cognitive
wellbeing, also delaying neurodegeneration [5,6].

Among all culinary medicinal mushrooms (MMs), Hericium erinaceus is a well-established
candidate in promoting a “healthy brain” [7].

Despite the evidence obtained both in vitro and in preclinical studies describing the
neuro-health properties of H. erinaceus, only few pilot clinical trials are available, although
the scientific community feels the urgency and need to translate basic and preclinical
research findings to clinical practices. This shift remains difficult for all MMs, possibly
due to the different regulatory systems adopted by the Western and Eastern medicines
regarding mushroom preparation. In China, a number of fungal glycan-based drugs were
approved by the Chinese Food and Drug Administration (SFDA). Glycan-based drugs
approved by the SFDA are extracted with hot water, either from cultured mycelium and/or
sporophore, and have been used clinically in China since the 1980s [8].

Among them, glycans were extracted from the sporophores of Lentinula edodes,
Polyporus umbellatus, Tremella fuciformiis, and the cultured mycelium of Trametes versicolor,
Poria cocos, and Grifola frondosa. For example, Krestine (PSK) and PSF, two extracts
from T. versicolor, the lentinan extracted from L. edodes, and the schizophyllan from
Schizophyllum contmune were recognized as drugs in the antitumor field since 1970 [9-12].

As far as we known, no drugs based on H. erinacens components are still available
for clinical use in China or Japan. In China, the traditional use of H. erinaceus is mainly
based on its gastrointestinal properties, as a preventive or curative supplement in chronic
gastrointestinal disease, such as Crohn’s disease. In Japan, the traditional use of H. erinaceus
is more related to its known neuroprotective properties of the central nervous system [13].

MM extracts are defined as dietary supplements (DSs) in most Western countries
following the directions of the World Health Organization (WHO) and the Dietary Supple-
ment Health Education Act (DSHEA). Hence, clinical studies are not required for DSs to
enter the market, and the consumer can take DSs without any medical prescription. DSs
are consumed for their health benefits and their use has become part of complementary
alternative medicine (CAM) or, even better, complementary integrative medicine (CIM).
Paradoxically, this unregulated and large use of MMs as DSs has held back and delayed
the development of proper clinical trials. Otherwise, in China and other Asian countries,
the use of MM, the so-called mycotherapy, has traditional and deep-seated heritages, and
MM extracts are considered drugs. Concerning H. erinaceus, since ancient times, it has
been widely employed as a neuroprotector in treating dementia in diverse Asian regions;
nevertheless, clinical studies are still needed.

Since 2014, Professor Wasser, one of the leading experts for MMs, hoped and urged
the scientific community to bridge the gap between Western and Eastern medicine, since
“it is to our advantage” [14,15].

Despite existing data revealing the nootropic effects of H. erinaceus, only a limited number
of intervention studies have been conducted so far, while others are currently ongoing [16].

This review focuses on available and updated evidence disclosing the neuroprotective
and nootropic effects of H. erinaceus dietary supplementation, trying to fill the gap between
preclinical studies and clinical trials.
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2. Hericium erinacens

According to the main international databases, Hericiuint erinaceus (Bull.) Pers. be-
longs to the kingdom of fungi, Dikarya, Basidiomycota, Agaricomycetes, Russulales,
and Hericiaceae, Hericium (http:/ /www.indexfungorum.org accessed on 6 April 2023;
http:/ /www.mycobank.org accessed on 6 April 2023).

Taxonomy and phylogeny of the genus Hericium Pers. have been intensely debated
in the last decades regarding its collocation within Agaricomycetes and the intra-genus
discrimination of a single species. Thus, the Hericium genus is currently located in Russulales
on the basis of both synapomorphic characters and molecular data [17]. Phylogenetically,
the Hericiuim species are classified in the Hericiaceae family within the russuloid linage, very
closely to Laxitextum, with steroid sporophores [18]. Hericium sporophores are clavariod
or pileate, fleshy, and with a typical hydnoid hymenophore (this explains the genus name,
which means hedgehog in Latin). The Hericitm species have been classified taking into
account different aspects, such as macro- and micro-morphological characters, host trees,
geographical areas, and molecular data [19]. For species delimitation, phylogenetic analysis
was carried out by comparing the rDNA internal transcribed tracer, IT51 and ITS2 sequences.
The comparison of ITS regions in nuclear ribosomal DNA is generally assumed to be the
most appropriate approach for the molecular diserimination of fungal species, although
itis regarded as not completely satisfactory, since a phylogenetic inference and molecular
clades cannot be fully resolved by employing the ITS sequence only [20]. The 285 nuclear
ribosomal large subunit IRNA gene (LSU) region (GeneBank), that has contiguity with the
ITS region, is also used for identification, even though less frequently [21].

The monophyletic group Hericium was separated in two subtrees, showing that one
includes H. erinaceus, H. americanum, H. alpestre, and H. abictis with a strong bootstrap
support, whereas a separate tree resulted for the species H. coralloides, which is therefore
phylogenetically more distant from H. erinaceus [21,22].

Most Hericium species have been reported from Europe, North and South America,
and Asia, but new species are being described from different geographical areas [23-26].

H. erinaceus is also known by different common names, such as lion’s mane, monkey
head mushroom, bearded tooth, bearded hedgehog or Yamabushitake. This species is
mainly distributed in Asia, Europe, and North America, but new finds in different geo-
graphical areas have been recently reported [27]. In Europe, its spreading has reached
Poland, Hungary, Belgium, Czech Republic, Netherlands, Slovakia, Romania, Bulgaria,
Portugal, Turkey, Italy, Sweden, Denmark, Spain, and Ukraine [28]. In Italy, it is widely
distributed and known in the Mediterranean area, which mainly includes central and
southern Italy, besides the Sardinian and Sicilian islands [28].

H. erinaceus is widespread and abundant in a few areas, but very rare in others. The
loss of habitat is the main threat for this species that is decreasing, above all, where it is
rare. For this reason, it is included on the Red Lists of a few countries, and according to
Katucka and Olariaga (2019), it is classified as LC (least concern) [29].

Concerning its habitat, H. erinaceus preferentially grows on living, dying or dead
broadleaved trees, mainly oak, walnut, beech, and others. It is generally found in knotholes
and wounds. Figure 1 shows a sporophore of H. erinacens found in Bedonia (province
of Parma, Emilia Romagna, Italy) in October 2022, on a dying Quercus cerris (personal
communication by Lorenzo Goppa).

H. erinaceus is morphologically characterized by a pileate, globose, hedgehog-like
sporophore, with non-forking aculei 1-4 em long [30]. The sporophore is more or less
hirsute to tomentose, characterized by a hymenophore hydnoid, as well as an obtrusive
odor. The external portion is whitish and fibrous. In particular, the color is white in the
early stages of growth, then becomes cream, and at the end turns yellow-brown or brown
when aged. H. erinaceus has a monomitic hyphal system: hyphae have clamps, thick and
amyloid walls, and they are frequently ampullate and variable in size [28].
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Figure 1. H. erinaceus grown on Q. cerris: the collected sporophore lies on the ground (photo by L. Goppa).

3. Untargeted Metabolomics as a New Approach for Hericiumt erinaceus Metabolite Detection

Untargeted metabolomics comprises methods and techniques used to analyze all
small-molecules metabolites present in a biological sample in a particular physiological
state, and it is currently one of the most rapidly evolving research fields. Metabolomics
studies are characterized by high resolution, good quality and precision, both at qualitative
and quantitative levels. The strength of this new approach is the possibility of investigating
the entire set of metabolites of a biological sample. This new approach is very different from
the traditional chemical characterization techniques, as it is typically targeted, therefore
able to characterize only a single class of compounds or a single metabolite, defined a
priori. With untargeted metabolomics, it is possible to take a “snapshot” of the sample,
identifying and quantifying all the metabolites with a weight lower than 1000 Da [31].
The classes of investigated metabolites can include amino acids, flavoneids, nucleotides,
organic acids, phenolic acids, phenylpropanoids, steroids, terpenoids, and unsaturated
fatty acids [32]. This entire set of metabolites, defined as the metabolome, is extremely
sensitive to the external environmental variations and/or growth conditions, so many
recent works have aimed to clarify how the different sample preparation parameters can
influence, and therefore improve, the metabolomic profile enhancement, for example, the
synthesis of biocompounds of interest. Among the -omics approaches, which are genomics,
transcriptomics, proteomics, and metabolomics, the last provides the closest representation
of the metabolic phenotype.

Nowadays, several investigations apply untargeted metabolomics to vegetal samples [33],
but only few of them performed it with mushrooms [34]. The analysis of the metabolome,
i.e., the complete set of metabolites in the sample, could have multiple applications, such as
the comparison of the metabolome profile among different strains, and /or under different
growth condition, and /or at different developmental stages [35].

Therefore, metabolomics studies may be useful to investigate the presence and abun-
dance of nootropic molecules in mushroom samples, but could also be useful to define the
better experimental condition to boost them.
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Furthermore, the implementation of metabolomics investigations with those of chemo-
taxonomy may allow for the dissection of metabolite/metabolites patterns, which can help
clarify the phylogenetic relationships of a genus with a multidisciplinary approach [35].

Species of the genus Hericium are known to produce a lot of secondary metabolites,
many of which are responsible for the beneficial properties for humans and animals.

In particular, H. erinaceus is well-known for its content in neuroprotective metabolites
such as the terpenoids hericenones and erinacines [36], antioxidant and immunomodulating
metabolites such as polysaccharides [37], and anti-aging metabolites such as the “longevity
vitamin” L-ergothioneine (ERGO) [38].

Data about H. erinaceis compounds are continuously published, many of which were
obtained by comparing with standard molecules, but research remains to be carried out.
Untargeted metabolomics can be useful for comparing the bioactivity of different Hericium
species, different H. erinaceus strains, and strains grown on different substrates or under
different conditions [32].

4, Hericium erinacens Bioactive Metabolites

Many mushrooms contain bioactive compounds in sporophores, cultured mycelium,
cultured broth, and the primordium [39-42].

H. erinacenus mycelia and sporophore contain an exceptionally large amount of struc-
turally different and potentially bicactive molecules, including about 70 different secondary
metabolites [43]. These bioactive compounds can be subdivided in major classes of or-
ganic substances: polysaccharides, cyathan-type diterpenoids, and geranyl-resorcilate
derivatives, alkaloids, lactones, and steroids (to depict the chemical structures, see [43,44]).
Among these, erinacines, cyathin diterpenoids, and hericenones (C-H), benzyl alcohol
derivatives extracted from the mycelium and sporophore have attracted scientists for their
nootropic effects [45,46].

With the aim to provide a further step toward the standardization of procedures required
in the accurate development process of a dietary supplements, the mycelium, primordium,
and sporophore (wild type and cultivated) of an H. erinaceus strain (He2 MicUNIPV) from
Italy were analyzed using a HPLC-UV-ES1/MS in our lab [42]. Erinacine A in the mycelium,
and hericenones C and D in the sporophore were quantified through comparison with their
standard molecules. For the first time, H. erinaceus primordium was also investigated to
assess the presence of these molecules. Hericenes, structurally similar to hericenones at
the molecular level, were detected in all analyzed samples. Compared to the wild type,
a higher content of hericenones C and D was measured in cultivated sporophore. The
comparison of these results, with those obtained studying another Ttalian H. erinaceus strain
(Hel MicUNIPV), was then described. These findings led us to punctually select particular
H. erinaceus strains being more suitable for mycelium production or sporophore cultivation,
aimed at obtaining extracts which contain an elevated content of bioactive compounds
(see Table 1).

Table 1. Erinacine A, hericenone C, hericenone D, ergothioneine in the sporophore, mycelium, and
primordium of Italian strains, Hel and He2 (data from [39-42,47]).

Erinacine A (ug/g)
Hericenone C (ug/g)
Hericenone D (ug/g)

L-Ergothioneine (ug/g)

Hel He2
Sporophore Mycelium Sporophore Mycelium Primordium
- 150 - 105 -
500 - 1560 = -
<20 - 188 - -
340 580 2400 J40 1300

{unpublished data)  (unpublished data)
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The content of erinacine A, measured in the two H. erinaceus Italian strains maintained
at the MicUNIPV (Fungal Research Culture Collection, DSTA, University of Pavia, Italy),
is between 105 and 150 ug/g, respectively, in lyophilized mycelium [42,47]. This value is
comparable to that reported by Kryczkowski in improved submerged cultivation [48]. The
differences in the content of hericenones C and hericenones D in the two dried sporophores,
and erinacine A in the mycelium assessed in the two Ttalian Hericium species were also
described (see Table 1). It has to be mentioned that gauged values were comparable with
those reported in a previous work [49].

Ergothioneine (ERGO) is another “essential” nutrient, a diet-derived thiolated deriva-
tive of histidine, avidly taken up by some tissues owing to a specific high-affinity trans-
porter, namely OCNT1, also called the ERGO transporter (ETT), or based on the encoding
gene name, SLC22A4 [40,50-52]. The de novo synthesis of ERGO has been depicted in
various fungi, including Basidiomycota [51,52]. ERGO is a powerful antioxidant in vitro
and in vivo, acting as free radical scavenger and cytoprotective able to attenuate oxida-
tive stress and nitrosamine damage induced by neurotoxic peptide, and reducing the
beta-amyloid-induced apoptotic death in PC12 cells [53]. The intracellular antioxidant
pathway involving the p38 MAPK cascade is activated by ERGO in rescuing cells to es-
cape stress-induced apoptosis [53]. ERGO was demonstrated to mitigate cisplatin-induced
nephrotoxicity targeting the apoptotic phenomena through p53 [54].

Dietary ERGO is efficiently and rapidly absorbed by OCTNT1 from the small intestine
and distributed to many body tissues, including the mouse brain [55], and it is highly
retained after oral administration in humans [56]. In particular, increased ERGO, mediated
by OCTN1 overexpression, was shown to have a cytoprotective effect in injured tissues
(such as liver, heart, joints, and intestine), characterized by high oxidative stress and
inflammation [57,58]. Therefore, the accumulation of the antioxidant ERGO in vivo could
be an adaptive useful mechanism put into effect to minimize oxidative damage through an
exogenous natural compound, also regulating its uptake and concentration.

A bulk of literature data has also demonstrated the in vivo beneficial effects of ERGO
on cognition and memory. Some papers revealed that ERGO treatment was able to prevent
the cognitive deficits in murine models of AD, reducing amyloid plaques, oxidative stress,
and rescued glucose metabolism [59,60]. Furthermore, other in vivo investigations showed
that 88-day-lasting ERGO supplementation protected against memory and learning deficits
in a model of accelerated senescence, reducing the oxidative stress. It was also reported
that the combined treatment of ERGO and melatonin displayed higher beneficial effects
compared to each single treatment [61]. Moreover, ERGO treatment reverted the learning
and memory deficits induced by cisplatin in mice, probably through the inhibition of
oxidative stress and lipid peroxidation in brain [62]. Additionally, it was demonstrated that
the two-week-lasting ERGO treatment was sufficient to improve the response to behavioral
tests in mice, increasing the expression of synapse formation markers in hippocampal
neurons [63].

Concerning our investigations, the presence of ERGO was recently assessed in Italian
H. erinaceus strains using HPLC-UV-ESI/MS. ERGO was measured in comparable amounts
both in the mycelium and sporophore, with the H. erinaceus primordium showing the
highest concentration (Tables 1 and 2).

Earlier studies demonstrated that a H. erinaceus blend, composed of mycelium and
sporophore, partially rescued cognitive and locomotor frailty in a mouse model of physio-
logical aging [39,42,47,64]. Recently, we studied the preventive effect during physiological
aging on cognitive [40] and locomotor frailty [41] of the H. eriracens primordium character-
ized by a high content of ERGO and the lack of erinacines and hericenones [42]. Notably,
the ERGO amount was higher in H. erinacens primordium compared to the mycelium and
sporophore, as previously described. A similar quantity of ERGO was described by other
groups in different H. erinaceus samples (Table 2).
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Table 2. ERGO content in different H. eringceus dried samples (from published papers).

Growth Stage ERGO Content (ngfg) Reference
Sporophore 0.96 [65]
Sporophore 112 [66]
Sporophore 16-3.7 [67]
Sporophore 131 [38]

Mycelium 0.38 [68]

5. H. erinaceus In Vitro Preclinical Studies and Molecular Mechanism Underlying the
Nootropic Effects

In the last decade, an increasing body of evidence has shown that H. erinaceus ad-
ministration can improve neuronal conditions in animal models of neurodegenerative
diseases such as AD, depression, Parkinson’s disease, and spinal cord injury. Indeed,
preclinical trials have successfully demonstrated that H. erinacens bioactive compounds
significantly improve cognitive function and rescue behavioral deficits [ 16]. Several in vitro
and in vivo studies provided evidence demonstrating the nootropic and neuroprotective
effects displayed by erinacines. In particular, in vivo investigation in mouse models re-
vealed that erinacine A in the mycelia confers nootropic effects and reduces oxidative
stress against stroke [46], AD [69], depression [70], and aging [71]. On the other hand, the
neuroprotective role played in vivo by hericenones from the H. erinaceus sporophores is still
controversial, even though oral sporophore supplementation exerted a nootropic action
in pilot clinical trials, as reported in the Section 8 [72-74]. Nonetheless, few studies have
been conducted thus far on the bicavailability and tissue distribution of these relatively
hydrophobic metabolites with a low molecular weight. Erinacine A and S distribution
in the CNS has been analyzed after oral administration in rats, revealing the presence
of the bioactive compound in the brain already one hour after ingestion, suggesting a
passive diffusion of erinacines A and S through the blood-brain barrier as the dominant
transport method [75,76]. Concerning the mechanisms of action involved in the nootropic
effect, erinacine A from H. erinaceus mycelium stimulates the nerve growth factor (NGF)
synthesis and promotes the NGF-induced neurite outgrowth stimulation, but also protects
neuronally differentiated PC12 pheochromocytoma cells against NGF deprivation [77].
In vivo, erinacine A successfully upregulated the NGF level in the hippocampus and locus
coeruleus of rats [78]. Furthermore, erinacine A displayed a protective role in vitro, prevent-
ing glutamate-insulted apoptosis in PC12 cells [79]. Moreover, an in vivo study conducted
using a rat model of global ischemic stroke further revealed the H. erinaceus defensive
function, showing the inhibition of inducible NO synthase (iNOS), phosphorylation of
p38 MAPK and CHOP, and the reduction of acute inflammatory cytokine levels [46]. Lately,
the beneficial regenerative effect of H. eriraceus has been described in a mouse periph-
eral nerve injury model, demonstrating that, compared to NGF, H. erfnaceus possesses
higher neuroprotective and neurotogenic action, improving axonal regeneration ability [80].
Additionally, an aqueous extract of H. erinaceus was demonstrated to stimulate neurite
outgrowth in NG108-15, a neuroblastoma—glioma cell line, with a synergistic interaction
with exogenous NGF [81].

Tn 132IN1 human astrocytoma cells, hericenones C, D and E from the H. erinaceus
sporophore, failed to promote NGF gene expression [82], while only isolated hericenone E,
among all the present hericenones, was able to stimulate NGF-mediated neurite outgrowth
via the MEK/ERK and PI3K-Akt signaling pathways in PC12 cells [83]. The involvement
of the MEK/ERK intracellular signaling pathway has also been described for isolated
erinacine A [84].

Within the elderly population (over 65 years old), the functional deficiency of NGF is
related to progressive neurodegeneration and dementia-like diseases. Natural compounds
able to induce the NGF biosynthesis are considered potentially effective against cognitive
disturbances, e.g., dementia [45]. In this context, the neuroprotective role of H. erinaceus
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extracts is crucial and typically embraces five major aspects, one related to each other:
aging, memory, dementia, depression, and AD [39-41,47,73,85-87].

During the last years, we focused our research on this key topic, firstly addressing
whether the H. erinaceus nootropic effect could be discernible in wild-type animals also,
and during their physiological aging [39—41,47,64,88].

In hippocampal brain slices obtained from wild-type middle-aged mice supplemented
for two months with a H. erinaceus blend made of mycelium and sporophore ethanol
extracts, an increase in glutamatergic neurotransmission was recorded in the synapses
between mossy fiber and granule cells, both in spontaneous and evoked post-synaptic
currents [88]. The increased efficiency of neurotransmission fitted with the increase in
recognition memory, a declarative explicit form of long-term memory fundamental for hu-
man personality and behavior. Interestingly, another H. erinaceus blend made of mycelium
and sporophore, containing defined amount of erinacine A, hericenones C and D, was able
to partially revert the cognitive and locomotor frailty index during physiological aging [47].
Additionally, an increase in proliferating cell nuclear antigen (PCNA) and doublecortin
(DCX) measured in the hippocampus and cerebellum of H. erinaceus-supplemented mice
supported the occurrence of neurogenesis in elderly frail mice [47]. Accordingly, one-
month-long administration of H. erinaceus extracts in adult wild-type mice significantly
increased the expression of PCNA and Ki67 in hippocampal progenitor cells, suggesting an
increase in their proliferation, and hence, an increase in neurogenesis [89].

In the cerebellar cortex, lobules VI-VIIT are particularly sensitive to aging-induced loco-
motor and cognitive decline [90]. Our recent in vivo study on the cerebellum demonstrated
that a two-month oral supplementation was able to ameliorate age-induced cerebellar
alterations (e.g., volume reduction, molecular layer thickness decrease, and shrunken neu-
rons), also decreasing inflammation, oxidative stress, and reactive gliosis. These findings
supported the neuroprotective action played by H. erinaceus, which parallelly increased a
key longevity regulator [39].

Further, we studied the preventive effect of H. erinaceus primordium (He2 strain)
extract containing a high amount of ERGO, on cognitive and locomotor decline during
physiological aging in wild-type animals. Eight-month dietary supplementation with
the He2 primordium extract (starting at the adulthood phase of the mouse lifespan and
lasting until senescence) was able to reduce both the locomotor decline, as well as oxidative
stress in the cerebellum. Therefore, we demonstrated that ERGO-rich He2 primordium
exerted a neumpmtective and preventjve action, ameliurating/ mltigati_n_g f! reverting age-
dependent impairments [41].

Additionally, the same extract was demonstrated to decrease oxidative stress and inflam-
mation in the hippocampus, also preventing recognition memory decline and increasing the
expression of specific receptors crucially involved in glutamatergic neurotransmission [40].

Concerning the evaluation of the neuroprotective effects in preclinical studies us-
ing animal models, erinacine A-enriched H. erinaceus mycelium (EAHEM) was tested
in AD APP/PS1 mice. A recovery in cognitive disability was described in diverse be-
havioral tests, i.e., passive avoidance and active shuttle avoidance tasks. Additionally, a
H. erinaceus-induced lowering of oxidative stress and inflammation levels was reported,
paralleled by the decrease in amyloid plaque aggregation [36].

Moreover, an investigation in transgenic APP/P51 mice revealed that a 30-day short-
term EAHEM feeding induced (i) a decrease in AP plaque burden, and (ii) the prevention
of recruitment and activation of plaque-associated astrocytes and microglia. Addition-
ally, the increased NGF/proNGF ratio was paralleled by (i) an enhanced proliferation of
neurons progenitors and (ii) an increased neuronal proliferation in the dentate gyrus [87].
Several studies proved that the H. erinaceus mycelium ameliorates AD-related pathologies.
In particular, isolated erinacine A and S displayed beneficial effects in the cerebrum of
APPswe/PS1dEY transgenic mice. In fact, a 30-day-long administration of erinacine A and
S attenuated cerebral plaque loading by inhibiting plaque growth, diminishing glial cell
activation and promating hippocampal neurogenesis [69].
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In another AD animal model induced by an aluminum (AICl3) intraperitoneal injec-
tion, H. erinacens administration reduced neuronal degeneration in the rat hippocampus,
also lessening oxidative and inflammatory alterations. Additionally, at a molecular level,
H. erinaceus reduced the p-amyloid accumulation, aberrant APP overexpression, phos-
phorylated Tau, and the activation of the NLRP3 inflammasome components. Finally,
H. erinaceus had protective effects on behavioral changes, increasing the discrimination
ratio in novel object recognition tasks and animal permanence in target quadrants [91].

The effects of H. erinaceus on amyloid [3(25-35)-peptide, intracerebroventricularly in-
jected, were assessed in peptide-induced learning and memory deficits in mice. H. erinaceus
prevented impairments of spatial and visual recognition memory induced by amyloid
B(25-35)-peptide, tested by the Y-maze novel-object recognition behavioral tests [92].

The neuroprotective effects of the H. erinaceus mycelium polysaccharide-enriched
aqueous extract was tested in an AD mouse model (AICl; combined with d-galactose-
induced). H. erinaceuts aqueous extract administration ameliorated the endurance time
in the rotarod test, enhanced the horizontal and vertical movements in the activity test,
and decreased the escape latency time in the water maze test. The mechanism involved
was an H. erinaceus-induced improvement in the central cholinergic system function, also
responsible for the dose-dependent enhancement of acetylcholine (Ach) and choline acetyl-
transferase (ChAT) concentrations, both in the serum and hypothalamus [93].

In the SAMPS (senescence accelerated mouse prone 8) model of accelerated senescence
and APP/PS1 model of AD, H. erinacens ameliorated learning and memory abilities. These
behavioral changes were paralleled by a significant reduction in brain tissue swelling,
neuronal apoptosis, and the down-regulation of Tau and AB1-42 [94].

The mechanism by which EAHEM delays the brain cognitive decline during aging was
assessed using the SAMPS mouse model. iNOS, Thiobarbituric acid reactive substances
(TBARS), and &Hydmxyi’dmxyguanusine (8-OHdG) brain levels significantly decreased
in mice supplemented with EAHEM, with a dose-dependent recovery of cognitive skills,
such as learning and memory. Moreover, in an animal model of ischemic stroke, EAHEM
reduced the ratio of cerebral infarction [46].

Table 3 summarizes the cited effects of the H. erinacens metabolites in terms of targets
and pathways, and Figure 2 resumes the principal effects of bioactive molecules (ERGO,
erinacine A, and hericenone E) contained within H. erinaceus.

Hericium erinaceus intake

Ergothioneine (ERGO)

Jang et al. 2004 Antioxidant, 2=
Cheah & Halliwell 2012 free radical =14
Borodina et al. 2020 - =3=3
Beelman et al. 2020 Eaninloid Har gk

cytoprotective

Roda etal. 2023
Oxidative stress and
nitrasamine T
damage alh B &
a B
& ERGO(; 4
o
Hericium =
erinaceus SDNF 55
Synaptaphysin B8
5
&
erinacine A &
Leeetal. 2014 Herlcﬁnone E
7':::: el a1 Zhang et al. 2017
Chiuetal. 2018 Brandalise et al. 2017
Lietal. 2019 Kawagishi et al. 2021
Tsai etal. 2021

Figure 2. H. erinaceus potentials (photo by F. Savino) [40,45 46,50-53,69-71,77,83,88].
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Table 3. Summary of the main in vitro and preclinical studies on H. erinaceus in the CNS. In the table

the up arrows indicate an increase, and the down arrows indicate a decrease.

H. erinaceus Bioactive

Pathway/Intracellular

Compound Target Mochanism Effect Reference
Neuroprotection and nootropic
TrkA/Erk1/2 pathway in vitro.
NGE', T Neurite outgrowth.
+ NGF/ proNGF ratio Others? + Neuronal proliferation. [46,77-79,84]
| Cognitive decline during aging in a
SAMPS mouse model.

Erinacine A/ | iNOs 2 Phosphorylation of pSS Protection against stroke in rats. [46]

erinacine A-enriched MAPK ? and CHOP * | Inflammation.

H. erinacens mycelium
(EAHEM) ] Cerebral f-amyloid plaque loading [69]
TIDE® ? in AD ® APPswe/PS1dE9
transgenic mice.
| 8-0HAG 7, iNOS, and T Cognitive performances in AD
TBARS ® levels in 2 APP/PS1 mice. 136]
mice brain | Oxidative stress, inflammation,
brain AB plaque number,
| Cerebral f-amyloid plaque loading

Erinacine § 1 1DE ? in AD APPswe/PS1dE9 [69]

transgenic mice.

. MEK/ERK and . s -
Hericenone E T NGF PI3K-Akt pathways T Neurite outgrowth in vitro. [83]
1 Hippocampal and ‘+ Neurogenesis and cognitive 1471
7

Mix of Erinacine A and
Hericenone Cand D

cerebellar PCNA ® and
DCX ' expression

performances in aged frail mice.

(sporophore and
mycelium H. | Cerebellar of Inflammation and
extract) 1L6 ', iNOS, CoX-2 12, 7 | Oxidative stress in the cerebellum. 2
and SOD-1 1 Locomotor functions in aged 31

frail mice,

Ergothioneine-enriched
primordium

| Cerebellar expression of
iNOS and COX-2

. Hippocampal expression

of 1L-6, Nrf2 14, 50D-1,
COX-2, and iNOS.
| Hippocampal NMDAR1
and mGlutR2 &
rec eplors expression

TGE-betal 7

| Oxidative stress in the cerebellum
and hippocampus, and of locomotor
aging-related decline in frail mice.

| Hippocampal inflammation and
oxidative stress.
1 Glutamatergic neurotransmission
| Cognitive aging-related decline in
frail mice.

[41]

[40]

Abbreviations: ! mr\ e growth factor (NGF),2

!cim:se (MAPK), hcmologou: protein (CHOF), *
7 8-hydroxy-2*-deoxyguanosine (8-OHdG), ® thicbarbituric acid reactive (TBARS), prohfehhn% cell nuclear

antigen (PCNA), ' doublecortin (DCX), ! interleukin 6 (IL-6), ' cyclooxygenase-2 (COX-2), !

inducible nitric oxide synthase (iN' OS), mitogen-activated protein
insulin-degrading enzyme (IDE), ® A].Lhelmer s disease (AD),

superoxide

dismutase 1 (SOD-1), ™ nuclear factor ervthroid 2-related factor 2 (Nrf2), 15 N-methyl-D-aspartate receptor 1
(NMDAR1), " me tabotropic glutamate receptor 2 (mGlutR2), 7 transforming growth factor beta 1 (TGE-betal).

6. H. Erinaceus and Its Potential within the Gut-Microbiome-Brain Axis

The gut microbiota and the brain communicate with each other through several
mechanisms, and this bidirectional commumication is named the gut-microbiome-brain
axis. Today, even if the processes leading to the communication between the gut microbiota
and the brain are not yet clear, it is known that this communication can be direct, through
the intestinal nervous system and the vagal nerve, or indirect through the stimulation
of the release of several molecules such as short-chain fatty acids, amino acids, vitamins,
hormones, and neurotransmitters that affect metabolism and the immune system, which
in turn affects the integrity of the blood-brain barrier and brain function. On the other
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hand, it was demonstrated that variations in the central nervous system neurotransmitter
concentrations influence the proliferative activity of several gut bacteria [95-98].

The gut-microbiome-brain axis lies at the intersection between microbiology and neu-
roscience, looking for the correlation between the ecological fitness of our microbial commu-
nities and neurological /neurodegenerative diseases, e.g., schizophrenia, autism spectrum
disorder, depression, anxiety, AD, and multiple sclerosis [99]. The gut-microbiome—brain
research gives us new and intriguing challenges/opportunities to implement currently
existing therapeutic approaches for the treatment of brain diseases. The cause—effect rela-
tionship and the bidirectional interaction between the gut and complex human diseases
related to brain development, mood, and neurodegeneration is still an open and fasci-
nating debate in science [100]. Several recent papers demonstrated that treatment with
prebiotics or probiotics could alter neuroplasticity and behavior, influencing the gut mi-
crobiota composition [98,101-106]. Beta-glucan polysaccharides, as fibers, could elicit a
direct prebiotic effect and /or an immune-modulating effect. Both mechanisms could be
involved in changing the gut microbiome composition [107,108]. H. erinaceus is known to
ameliorate gastrointestinal diseases, and a widespread interest concerns the possible effects
of H. erinaceus polysaccharides (HEPs) in modulating the gut microbiota (GM) (for a review
see [109]), and Table 4 summarizes the ones discussed in this review.

The digestibility and fermentation of HEPs and their influence on the GM composition
was investigated in vitro on human fecal microbiota fermentation. The SCFA content, as
well as the relative abundance of SCFA-producing bacteria (for detail see Table 4), were
significantly enhanced. Furthermore, HEPs reduced several opportunistic pathogenic
bacteria (Table 4) [110].

The role of two H. erinaceis-extracted polysaccharides in maintaining the integrity
of the intestinal barrier was investigated both in vitro and in vivo (using murine models).
One of the two polysaccharides significantly increased TEER and paracellular permeability.
Both polysaccharides were able to significantly (i) increase the expression of occludin,
Z0-1, Z0O-2, claudin-3, claudin-4, and MUC2, (ii) decrease claudin-2, and (ii1) alter the
composition of the gut microbiota, boosting Bacteriodetes, Firmicutes and lessening Klebsiella
and Shigella [111].

In a pilot clinical study on 13 healthy adults, seven days of H. erinaceus dry powder in
submerged culture displayed beneficial health effects on the GM detected as 165 ribosomal
RNA. In particular, H. erinaceus upregulated the relative abundance of some short-chain
fatty acid (SCFA)-producing bacteria and downregulated some pathobionts (Table 4) [112].

Prebiotics may restore the gut microbial imbalance during the aging process, as evi-
denced by three different studies. Briefly, (i) by using an in vitro batch culture fermentations
and fecal inocula from elderly donors, H. erinaceus increased the production of SCFA [113];
(ii) in aged dogs, the GM community improved immunity and anti-obesity [114]; (iii) in
middle- and old-aged mice, the relative abundances of Akkermansiaceae and Lachnospiraceae
significantly enhanced, while the relative abundance of Bactervidaceae and Rikenellaceae
declined [115].

Further, in cyclophosphamide (CTX)-immunodeficient mice, HEP improved the GM
structure and inhibited the CTX-induced GM dysregulation [110].

Intwo different animal models of induced Ulcerative colitis (UC), H. erinaceus mycelium
beneficial action was reported. EP-1, a purified unique polysaccharide, remarkably changed
the GM, increasing SCFA production, also showing antioxidant/anti-inflammatory ef-
fect, and enhancing immune activities [116]. A novel low-weight polysaccharide al-
tered the GM composition, and promoted functional shifts and structure by increasing
Alckermansia muciniphila. Moreover, HEP10 treatment significantly suppressed the activa-
tion of the NLRP3 inflammasome, NF-«B, AKT and MAPK pathways [117].
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Again, HEP was administrated for 2 weeks in rats suffering from induced inflamma-
tory bowel disease (IBD). Tissue damage scoring in colonic mucosa was ameliorated, and
the GM composition significantly changed compared to that determined in the untreated
group [118]. A single-band protein (HEP3) isolated from H. erinaceus played a prebiotic
role in the case of disproportionate use of antibiotics in IBD [119].

H. erinaceus (HEP) was administered in a xenografted mouse model of cancer with the
chemotherapy drug 5-Fluorouracil (5-Fu), with the purpose of identifying new potential
prebiotic bacteria for complementary and integrative antitumor treatment. HEP bettered
the dysbiosis induced by 5-Fu, as it inhibited certain aerobic and micro aerobic bacteria,
also increasing some probiotic bacteria (Table 4) [120].

Despite (i) all the reported H. erinaceus prebiotic effects on the GM, described during
aging in diverse diseases, e.g., ulcerative colitis, IBD, and in integrative cancer therapy, and
(i) the H. erinaceus effects on the CNS, it has to be underlined that, until now, no data were
available about the possible H. erinacens-induced outcomes on the gut-microbiota—brain axis.

Table 4. Summary of the effects of H. erinaceus treatment on the GM in different models.

Treatment (Doses and

Model/Condition/Disease Duration) Increased Bacleria Decreased Bacteria Other Effects Reference
aj{f‘g‘]:!fq:; el dﬁ‘ﬂ“:‘;:ﬁ";‘i - SCFA 2-producing bacteria: Pathogenic bacteria:
8as ST et akn) 5 o HEPs ! (HFEP-30, HEP-50,  Lactobacillus, Faccalibacteriunr, Klebsiella, . 1ol
i and HEP-70) Bifidobacterium, Blawtia, Eschierichia-Shigella,
fermentation broth of ¥ " g 4
Sy Butyricicoccus Enterobacter
Tn vitro (static batch culture '
24 h fermentations and fecal HEBS 3 and HEOLRP * = % Iricreasifig propicnate [113]
and butyrate levels.
inocula from elderly donors) it
SCEA-producing bacteria - s
. Fubacterium rectale, Pathobionts: INETeRSRINCM,
Healthy adults 1 g of L erinaceis p i s ios ivear alpha diversity. GM
s powder three times a day ; y 7. changes related to blood [112]
(30.0 % 49 years old) " Y Kineotlrix alysoides, Streptococcus thermoplsilus, i R,
¥ (7 days of washout) s i s , ALP® LDL7, UA®,
Gemumiger formicilis, Rombonisia tmomensis and CREA *

Aged dogs

Fusicatenibacter saccharivorans

Firmiicutes: Streplococus,
Tyzzereila,
Canepiflabacteracens Ll
(zenus Cangpylobacter)

H. erinaceus 0.8 g per bw 1
with daily diets for
16 wecks

Bacteroidetes
(order Bacleroidales)

HEPs from the H. Anti-inflammatory
hore (1.5 ;

Middle (8-weck-old) and old erinaceus .5 i 3 i i ¥ et Y 5

(6-month-old)-aged mice or 1 g/bw/day by Akkermansiaceae e e L O e L

gavage for 28 days activity,
Antioxidant,

PR S L ¥ anti-inflammatory, and

eisbicige md"“_m ue i _[]'ﬁ - D/k_g SCFA producers 8 immunoregulatory [118]
adult rats by gavage for 11 days el Eig

¥ activities. Restoring a
normal GM.
Restoring GM-alpha
s HEP10 ' 50, 100, or & i
D55 Phinduced UC i . . and -beta diversitics. &
C57BL /6 adult male mice 200mg/kg bag E. age for Akkerinansia maiciniphila, Proteobacteria Anti-inflammatory 7]
e activity in colons,
’ HE/HEPS e e iy Antiinflamnatocy

1BD '* adult rats and mice 100 mg/ (kg * day) by Frsterabuctor, Avinelobacter,  Pro-inflammatory bacteria  activity, Improving the  [115,119]

gavage for 14 days Desulfovibrio, Lactobucilius GM composition.

p— ©deficient HEP and FHEP Anti-inflammatory
ot 300 mg /kg/day by Bacteriodetes, Firmicutes Klebsiella and Shigella activity, mproving 1) [111]
AcITImeE gavage for 21 days and MUC ™ expression

SCFA-producing bacteria, Improving the body
HEPs 75, 150, and Alistipse, Muribaculacene, weight and immune
CTX-immunodeficient Aty Lachnospiinceae_NKAA136_group,  Lactobucilius, Bacteroides,  organ index. Increasing 5
300 mg/kg by gavage for : P: il [121]
adult mice b P Lachnospiraces, Alloprevotella OTUs and adjusting a

GM-alpha and
-beta diversities.

Runinococcaceae,
Ruminococcacene UCG-014
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Table 4. Cont.

Treatment (Doses and

Model/Condition/Discase Duration) Increased Bacteria Decreased Bacteria Other Effects Reference
Parabacleroides,
Christensenellaceae,
Anoxybacillus,
Probiotic bacteria: Staphiflococcns, Reducing the
. Bifidobacterium, Gemellales Aggregatibacter, S-Fudinduced G
Xenograft “dﬁ' '(““1,* B‘:l;‘ S HEP 100 mg/kg/day Blautia, Sutierella, Comanronadaceac, dysbiosis, suppressing i
TR T e per os for 21 days Anaerastipes, Roschuris, Desutfovibrionacene, tumor growth, 18]
& Ladlmobacterinun, Lactobacilius, Sporosarcing, and inhibiting
and Desnlfovibrio Planococeacene, inflammatory markers.
Aeroco e,
Flavobacteriacene,

or
and Bilophila

Abbreviations: ! H. erinaceus polysaccharides (HEPs), 2 shorty-chain fatty acid (SCEA), 3 H. erinaceus LGAM 4514

in 100% beech sawdust (HEBS), * 1, erinaceirs LGAM 4514 in olive pruning residues (HEOLRP), 7 gut microbiota
(GM), * alkaline phosphatase (ALP), 7 low-density lipoprotein (LDL}, ® uric acid (UA), ? creatinine (CREA), " body
weight (Bw), '" ulcerative colitis (UC), ' purified unique polysaccharide isolated from 1. eriracens mycelium
(EP-1),1% dextran sulfate sodium (DSS), 1* low-weight polysaccharide from H. erinaceus with Mw: 9.9 kDa (HEP10),
1% intestinal bowel disease (IBD), ' cyclophosphamide (CTX), 7 tight junctions (T]), '® mucin (MUC).

7. H. Erinaceus Pilot Clinical Trials on Antidepressants

One of the foremost causes of global disease burdens is depression, a severe neuropsy-
chiatric disorder. Currently, a number of antidepressants are available, but their efficacy
is only just adequate and the side effects are very common. Four pilot clinical studies
investigating the potential antidepressant action played by H. erinaceus were conducted so
far on a small number of patients (for a review, see [122]).

Nagano and colleagues (2010) examined the clinical effects of H. erinaceus on menopause,
depression, and sleep quality in 30 females (average age of 41.3 years) over a period of
4 weeks [72]. The consumption of cookies containing 0.5 g of sporophore powder alleviated
the symptoms of depression, frustration, anxiety, and palpitation. However, this study was
gender-specific by design, related to menopause, and a small population was used, making
the conclusions only partially relevant [72].

In 2014, Inanaga and collaborators described a case-report of an 86-year-old male
patients affected by recurrent depressive disorder which presented an improvement in
neurocognition after treatment with a standardized extract of amycenone and hericenones,
Amyloban® 3399. However, mirtazapine, an antidepressant drug, was also administered
together with Amyloban® 3399, making it difficult to assess whether the alleviation of
depression symptoms was a result of mirtazapine or Amyloban® 3399, or both [123].

Additionally, a pilot study on eight female undergraduate students with sleep disorder
demonstrated that a 4-week administration of Amyloban® 3399 was associated with an
improvement in anxiety and sleep quality, measured by the increase in the salivary level of
free 3-methoxy-4-hydroxyphenylglycol, a biological index of anxiety disorders [124].

Lastly, epidemiological data indicated that obese subjects have an increased risk of
developing mood disorders and vice versa, giving a bidirectional relationship between
obesity and depression. In a first clinical study, patients affected by overweight or obesity
were evaluated through self-assessment questionnaires, and then recruited only when
positive for one or more administered tests, including Symptom Checklist-90, Zung's
Anxiety and Zung’s Depression Self-Assessment Scales, and the binge eating scale. This
study was conducted at the Department of Preventive Medicine, Luigi Devoto Clinic
of Work, Obesity Centre, at the IRCCS Foundation Policlinico Hospital of Milan (Ttaly).
The 4-week oral supplementation using a H. erinaceus blend made of 80% mycelia and
20% sporophore, water, and ethanolic extract alleviated symptoms of depression, anxiety,
and sleep disorders in patients [85]. This observation was linked to an increase in the serum
level of proBDNF, the precursor form of BDNE, and in the proBDNF/BDNF ratio, without
any significant change in the BDNF circulating level [85].
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8. H. Erinaceus Pilot Clinical Trials on Cognitive Functions

Few clinical studies have been conducted on H. erinaceus nootropic effects [125].

A pilot interventional study was conducted on 31 subjects over 50 years old that were
healthy, and with normal cognitive functions after H. erinaceus oral administration. The
dry powder of H. erinaceus sporophore (0.8 g four times a day, for 12 weeks) was tested in
this randomized, double-blind placebo-controlled parallel-group comparative study [74].
Three different tests were used to assess the effects of H. erinaceus on cognitive functions:
Mini Mental State Examination (MMSE), standard verbal-paired-associate learning test,
and Benton visual retention. The first is an assessment of associative and episodic memory.
H. erinaceus oral intake significantly improved cognitive functions and prevented deteri-
oration. The authors concluded that H. erinaceus oral consumption is safe and seems a
convenient method for preventing dementia so far. In a college-age cohort (n = 24), the
4-week-long ingestion of 10 g H. erinaceus /day did not elicit any statistically significant
changes of either cognition nor metabolic flexibility markers [86].

Mild cognitive impairment (MCT) is typically considered the initial stage between the
cognitive decline of normal aging and the more serious decline of dementia [126].

The efficacy of H. erinaceus oral administration for improving cognitive impairment
was tested in a double-blind placebo-controlled parallel-group clinical trial of thirty Japanese
patients diagnosed with MCI [73]. MCI was tested with the cognitive function scale, based
on the Revised Hasegawa Dementia Scale (HDS-R). H. erinaceus was administrated for
16 weeks as four 250 mg tablets containing 96% of sporophore dry powder, three times
a day. After 4 weeks of intake, cognitive functions were monitored. Compared with
the placebo group, the H. erinaceus group showed significantly increased scores of the
cognitive function scale (score value 22-25 vs. 30); meanwhile, after intake termination,
the scores decreased significantly. The safety of H. erinaceus intake was tested through
laboratory analysis and confirmed by the absence of adverse outcomes. Nonetheless, the
bioactive compounds contained within H. erinaceus tablets used for this study have not
been extensively addressed [73].

Patients with mild AD (n = 49) were investigated for their cognitive functions in a
double-blind placebo-controlled parallel-group study. The oral administration consisted of
15 mg erinacine A per day as dried erinacine-A-enriched H. erinaceus mycelia (EAHE) [127].
Cognitive assessments, ophthalmologic examinations, biomarker collection, neuroimaging,
and laboratory test analyses to check for safety were followed throughout. In the EAHE
group, after 49 weeks of EAHE intervention, a significant improvement in the MMSE score
was observed, and a significant Instrumental Activities of Daily Living score difference was
found between the two groups [127].

In relation to blood markers, only the placebo group displayed a sign{ﬁcant]y Tower
amount of calcium, albumin, apolipoprotein E4, hemoglobin, and BDNF, and parallelly
showed a significant increase in alphal-antichymotrypsin and amyloid-beta peptide 1-40.
Furthermore, in neuroimaging of the dominant hemisphere, the mean apparent diffusion
coefficient values obtained from the arcuate fasciculus region was significantly enhanced in
the placebo group. Any significant difference was determined in the EAHE group after
intervention compared to the baseline level. Moreover, ADC values from the parahip-
pocampal cingulum region were significantly diminished in the EAHE group [127].

Figure 3 shows the timeline of the principal published papers related to the effects of
H. erinaceus on patients with mood disorders or some cognitive impairments.
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Vigna et al. 2019
Improve mood and sleep

Mori et al. 2009 Okamura et al. 2015 disorders Grozier et al. 2022
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s HE effect
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X4 a day x12w

Figure 3. Timeline of the published papers relating the effects of H. erinaceus in clinical stud-
ies [72-74,85,86,124,127].

9. Conclusions

To sum up, the mass of scientific data reported leaves no doubt about the nootropic
properties of H. erinaceys. It also clearly appears that different nootropic substances are
present in both the H. erinaceus mycelium and sporophore. The efforts of our laboratory
aimed to obtain standardized extracts by performing chemical analysis and/or through a
metabolomics approach on specific bioactive compounds. We suggest that this could be
a general practice to follow. In our in-depth thinking, among the bioactive compounds,
ERGO is one of the most promising. This research activity is needed to obtain dietary
supplements, functional foods, or drugs to promote a healthy brain. Furthermore, the
pharmacologically active ingredients, as well as the mode of action, require further in-depth
clinical investigation.

Erinacine A contained within the mycelium is one of the key components responsible
for the H. erinaceus nootropic effects, as confirmed both in vitro, as well as in preclinical
investigations in vivo. Moreover, sporophore extracts were proven to possess nootropic
or neuroprotective power, too. In the above-reported pilot clinical studies, sporophore
oral consumption was checked as a beneficial food, revealing an improvement of specific
cognitive functions. To increase the array of nootropic substances even more, the free
radical scavenger and cytoprotective powerful antioxidant ERGO, contained in both the
mycelium and sporophore, attenuates oxidative stress and nitrosamine damage in an
injured or aging brain.

More intriguingly, we want to underline that following . erinaceus intervention,
on top of the improved pathological phenotype consistently evidenced in clinical trials,
the downstream molecular pathway responsible for the phenotypic rescue involves, as
evidenced in vitro and in preclinical studies, the NGF and BDNFE. However, we highlight
the urgent need for additional in-depth clinical studies to clarify the mode of action by
which H. erinaceus compounds are able to promote functional neurophysiological recovery
in human, and assess the link between H. erinaceus, microbiota, and cognition in more detail.
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ARTICLEINFO ABSTRACT

Keywonds: Breast cancer (BC) is the second most common cause of brain metastasis onset in patients, with the cerebellum
TNBC accounting for the 33% of cases. In the current study, using a 4T1 triple-negative mouse BC model, we revealed
Cerebellum that an orally administered medicinal mushrooms (MM) b.lend rich in p-glucans, played a direct and specific
Medicinal mushrooms e i

Aot eioces anti-cancer action on ng I per The ive effect of

the MM blend plays through (i) a direct and specific inhibition of cerebellar pattern typical of
TNBC (wuh an induced reduction of about 50% of metastases density) and (ii) the regulation of apoptosis and

lated genes, as by changes of specific molecular markers, i.e. PCNA, p53,
Bel2, BAX, CASP9, CASP3, Hsp70 and AIF. Thelefore mmhmng the metastnnznuun process, triggering a sig-
nificant apoptosis increase, and lessening cell pi this MM ployed as adjuvant treat-
ment in association with conventional therapy, ol represent a promising approach, in the field of Integrative

Lacomotor activity
Cancer proliferation
Apoptosis

Integrative medicine

Oncology, for patients’ management in both prevention and trentment of brain metastases from BC.

1. Introduction receptors, and for the epidermal growth factor receptor 2 (HER2). TNBC

is the most aggressive BC, with either high proliferation or metastatic

Female breast cancer (BC) is the most commonly diagnosed cancer
worldwide, with an incidence of 2,261,419 cases and mortality of
684,996 individuals in 2020 [1]. BC is a heterogeneous disease, showing
a tumour phenotype characterized by peculiar histological and meta-
static features, as well as different therapeutic response and clinical
outcome [2,3]. Nowadays, 5 clinical subtypes of BC have been identi-
fied, based on their gene expression profile or biomarkers expression
[4]. Among these tumours, approximately 10-20% are triple-negative
breast cancer (TNBC), testing negative for estrogenic and progesterone

phenomena, high rate of recurrence, often associated with poor prog-
nosis, and unresponsiveness to current targeted therapies [5-7].
Metastatic colonization in TBNC involves cellular and molecular
processes, which act to stimulate angiogenesis and tumour-stroma in-
teractions, as well as intravasation through the basement membrane
with subsequent extravasation into the distant target organs [5]. Actu-
ally, BC is the second most common cause of brain metastasis onset. In
particular, Central nervous system (CNS) is the first metastatic target in
12% of BC patients, being also detected in 30% of autopsy series [9-11].

Abbreviations: BC, Breast Cancer; TNBC, Triple-Negative Breast Cancer; HER2, Human Epidermal growth factor Receptor 2; CNS, Central Nervous System; BMBC,

Brain Metastases from BC; BBB, Blood Brain Barrier; MM, medicinal musk

BRMs, Biological response modifi

MU-care, Micotherapy U-care; TME, Tumor

Mi i PCNA, F

Cell Nuclear Antigen; Bcl-2, B-cell lymphoma 2; BAX, Bcl2 Associated X; CASP9, Caspase 9; CASP3, Caspase 3; Hsp70, 70 kDa
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During the last 40 years an increase in the onset of brain metastases from
BC (BMBC) has been perceived, possibly due to the discovery and use of
novel therapies, which result in longer patient survival, as well as to
advances in neuroimaging allowing a punctual detection of early me-
tastases [12,12]. Notably, among the different regions of CNS, cere-
bellum is the main site of occurrence ing for the 33%
of eases, together with basal ganglia, [ 14-16]. This preferential location
is probably ascribable to the high blood supply of thisarea [17] and to a
“leaky” blood brain barrier (BBB) that allows the passage of metastatic
cells into the CNS [17,18], a process characterized by a close cross-talk
between the microenvironment and the tumour cells [19].

Currently, the standard of care consists of chemotherapy in case of
BMBC, although with reduced efficacy due to the presence BBB, which
limits the efficacy of chemotherapic drugs to reach the CNS. Alternative
conventional therapeutic approaches, resulting in longer patients’ sur-
vival, include surgery, whole-brain radiation and stereotactic radio-
surgery. Nevertheless, the lack of an effective targeted therapy and the
TNBC heterogeneity emphasized the urgent need to identify new ther-
apeutic targets and develop novel effective medicines capable to over-
come drug resistance.

One of the most promising sources of “drug discovery” in cancer
adjuvant therapy are medicinal mushrooms (MM), which pessess a long
story of use in traditional oriental medicine mainly in China and Asia,
also employed as nutritionally functional foods. A bulk of literature
clez\rly evidenced that MM own peculiar anticancer, onco-

I and i dulatory properties, also improving
quality of llfe during conventional oncological treatment protocols in
humans [20,21].

Indeed, in the last years, the use of several MM has been approved as
adjuvant supplements in antitumer therapy in different countries.
Different MM produce hundreds of bioactive compounds which are able
to influence, often in a synergistic way, numerous cancer-related path-
‘ways, modulating cellular targets typically involved in cell proliferation,

»gical
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our findings highlighted that MM blend owns a direct effect on tumour
cells compelling cancer cells to apoptosis.

Recently, the same MM blend was employed for cancer patients’
management after the failure of conventional treatment; specifically,
MU-care has been administered in four subjects suffering from different
tumour types, including breast cancer, with an improvement of survival
and quality of life [30].

Herein, we evaluated the effect of MU-care in the before reported
experimental conditions, using the 4T1 triple-negative mouse BC model,
focusing on cerebellum. In particular, we addressed distinctive end-
points relative to cell death pathway also exploring pathological out-
comes of the murine cerebellar tissue, comparing metastatic areas and
neighbouring Purkinje cells. Specific nlly, cerebeﬂm hlstup athology was
investigated, together with the i of key
molecules, i.e., PCNA, p53, Bel2, BAX, CASP9, CASP3, Hsp70 and AIF.
Parallelly, locomotor performances were examined in vivo, being the
cerebellum critically implicated in the control of motor behavior over
cortical regions via cerebello-thalamic-cortical loops, also playing a
pivotal role in balance and locomotion. In particular, we intended to
evaluate possible functional changes due to damages in the cerebellar
circuits [29-32].

Using a comparative approach, overall results were evaluated with
the final goal to assess whether MU-care could exert beneficial effects
also on CNS secondary breast cancer.

2. Results

As previously described [7] using the same preclinical model, i.e. the
4Tl wiple-negative mouse BC, we demonstrated that MU-Care supple-
mentation was accompanied by a betterment of QoL. Among selected
parameters, we analyzed locomotor performances, demonstrating an
astonishingly improvement of locomotor capabilities of treated mice,
paralleled by a striking beneficial effect in pulmonary tissue [7].

survwal and cmgmgeneﬂs [21,22]. In particular, anticarcinogenic, Incumrent investigation, we focused on the MU-care supplementation

logical and i dulatory effects in effect on the cerebellum, the main metastatic target area in BMBC pa-
BC are closely linked to the type and amount of f1-3 and ||1$ glucans tients. Therefore, f\mctional of locomotor perfe were
and to their modulation of the innate and cell-mediated immune 1 d by thological ch: ization and i hi
response [7.23]. Such compounds act as biological response modifiers tochemical data about the p of specific b

(BRMs), stimulating the immune system and consequently helping on
cancer fighting. In fact, f-glucans are recognized by dectin-1 receptors
by antigen presenting cells, thus “training innate immunity”, which re-
sults in enhanced host reaction. This trained immunity holds great po-
tential for boosting immune responses in frail subjects, i.e. oncological
patients, and even some of these fungal p-glucans are already under
evaluation on clinical trials [24-27].

Numerous literature data evidenced that the use of MM extracts or
their compounds is secure and helpful when employed alone or even
combined with conventional anticancer treatments [21,22].

One of the cellular mechanism that is involved in cancer is the
evasion of apoptosis which results in therapy resistance [26]. Further-
more, inefficient apoptotic pathway activation and proliferation are two
combined mechanisms leading to further cancer progression and met-
astatization. New apoptosis-targeted agents developed in breast cancer,
such as Bel2-inhibitors, are in front line and are undergoing clinical
trials and other are needed as a new way to treat caneer [28].

Our previous studies employing a syngeneic mouse of 4T1 triple-
negative BC demonstrated the striking beneficial effects of an oral sup-
plementation with “Micotherapy U-care” (MU-care), a MM blend, con-
taining a combination of extracts of mycelia and sporophores. In
particular, we proved that three month-lasting MU-Care supplementa-
tion ameliorated murine quality of life and contextually led to a
remarkable decrease of metastases density and nodules number in pul-
monary district, paralleled by a substantial decrease of inflammation
and oxidative stress in metastases [7,29]. Moreover, we revealed that
MU-Care was efficacious to influence cell death/proliferation balance,
being these mechanisms strietly joined and inversely associated. Hence,

tative of proliferation/cell death pathway in treated and not treated
syngeneic mice compared to healthy control animals.

2.1. MU-care l ion i 11

activities

We monitored locomotor parameters of mice before and after 4T1
cells injections in treated and not treated mice. In a variant of the open-
field test, mice were left to explore freely an open and safety environ-
ment for eight minutes. We d three I P e
the total distance, the mean speed, and the resting time. Specifically,
open arena test was performed in treated mice (i) before starting MU-
care treatment and prior to the tumor injection, namely “pre” condi-
tion (experimental time T1), and (ii) 20 days after 4T1 cells inoculation
(T2). In untreated mice open arena test were performed (i) prior to the
tumor injection, namely “pre” condition, and (ii) 20 days after 4T1 cells
inoculation, namely “post” condition, in which pre and post represent
T1 and T2, respectively.

Notably, conceming untreated mice only, all the examined param-
eters were similar pre- and post-4T1 injection, while the MU-care sup-
plementation significantly improved locomotor performances (Fig. 1 A,
B, C and Table 1). In particular, in untreated mice the total distance
Fig. 1A), the mean speed Fig. 1B), and the resting time Fig. 1C) recorded
“pre” and “post” were comparable. Any statistically significant differ-
ence was measured between “pre” and “post” condition in untreated
mice and “pre” condition in the treated experimental group.

MU-care supplementation significantly enhanced murine locomotor
activities despite 4T1 cells injection, as evidenced by a 57.2% increase in
total distance Fig. 1A), a 22.2% increment in mean speed Fig. 1B) and a
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A Total distance B Mean speed
p

pre  post pre  post pre  post
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c Restingtime

m Untreated
8 MU-care treated

post pre  post L. post

Fig. 1. Locomotor activity measured before (pre) and after (post) 4T1 cell injections in Untreated (red) and MU-care treated (blue) mice. A: Total distance (cm). B:
Mean speed (cm/s). C: Resting time (s). p < 0.05 (*) and p < 0,01 (**) was calculated by One-way Anova followed by Bonferroni's post hoc test.

Table 1

Q itati of selected , L.e. total distance (cm), mean
speed (em/s) and resting time (s), for studying locomotor performances before
(pre) and after (post) 4T1 cell injections in Untreated and MU-care treated mice.

Total distance (cm) Mean Speed Resting time (s)
(em/s)
pre post pre post pre post
Untreated 425.07 37315 436 433 427.14
£7035 16666 = + +957
0.13 0.15
MU-care 39742 62482 432 528 42474 33419
treated + 59.67 +83.41 + e 3 +9.07 +9.24
017 027

9.5% decrease in resting time Fig. 1C).

2.2, Cerebellar metastases density reduction in syngeneic mice by MU-
care blend

Cerebellar vermes (sagittal sections) were processed to evaluate
injury extent in cerebellar cortex comparing healthy controls, untreated,
and MU-care treated mice by H&E, Nissl and PSR staining. All evalua-
tions were performed focusing the attention on both cortical and bottom
areas of cerebellar lobules.

Morphological picture obtained by H&E and Nissl staining in healthy
controls (a), MU-care treated (b-c) and Unum(ed (d ) mice are illus-
trated in Fig. 2. Healthy controls displayed a p logical cerebell
cytoarchitecture. Diversely, both Untreated and MU-care teated mice
displayed the presence of a similar amount of micrometastases, localized
in the entire thickness of cerebellar cortex, (Fig. 2, Panel Hand Table ).

Furthermore, in the same experimental groups, metastases were
identified, mainly located within the intemnal granular layer (IGL)
thickness and in the white matter (WM). These pathological formations
were frequently surrounded by hemorrhagic foci seattered in the deep
portions of the cerebellar lobules. Strikingly, the successive quantitative
analyses revealed a statistically significant reduction (about 50%) in the
number of deep WM cerebellar metastases after MU-care supplementa-
tion (Fig. 2, Panel I and Table 2). Focusing on the different cell types of
cerebellar cortex layers, any morphological change was perceived in the
three experimental groups.

Therefore, based on the " density diffe
between Untreated and MU-care treated mice, we focused our attention
on metastases,

2.3. Effect of MU-care on collagen staining in syngeneic mice

Results acquired after PSR cerebellum staining in healthy controls (a,
d), and MU-care treated (b, c) and Untreated (e, f) mice are depicted in
Fig. 3. This staining allows the study of collagen networks in normal and
pathological pamaffin-embedded tissues. The PSR labeling was mainly
evident both at meningeal level as well as in the IGL cells in all exper-
imental groups. In particular, a statistically extremely significant in-
crease of PSR OD was measured in the meninges of Untreated mice
compared to healthy controls. Remarkably, in MU-care treated animals

the measured OD fell between the two aforementioned values, being
therefore significantly different compared to that determined both in
Untreated mice and healthy controls, (Fig. 3, Panel H and Table 2).
Otherwise, concerning the PSR OD assessed at IGL cells level, any sig-
nificant difference was established among the three experimental groups
(Fig. 3, Panel I and Table 2). Concerning metastatic areas, although no
quantifiable collagen-positivity was detectable in the cerebellar metas-
tases, PSR staining enabled an easier identification of metastatic tissue,
evidencing the occurrence of surrounding hemorrhaging foci engulfed
by yellow-labeled erythrocytes.

2.4. MU-care neuroprotection affecting proliferation/cell death
imbalance in cerebellar metastases of syngeneic mice

The persistence of inflammation and oxidative state can lead to
extensive cell and tissue damage over time. As adaptive response to
injury, cells can trigger several defense mechanisms such as increasing
antioxidant enzyme levels or activating programmed cell death path-
ways. The following sections repoit the data obtained investigating
precise molecules, as specifie markers of cell death pathways with the
goal to explore the of such hypoth d adaptive
mechanism.

The maintenance of a balance between proliferation and cell death is
crucial for physiological cells and tissues homeostasis. PCNA is one of
the key molecul in DNA replication, as a nuclear proliferation
marker typically overexpressed in cancer cells. PCNA immunopositivity
was detected at metastatic level (Fig. 4). The quantitative analysis
revealed an extremely statistically significant increase in the number of
immunoreactive metastatic cells OD (Fig. 4, Panel I and Table 3) and,
with a similar trend, an extremely statistically significant enhancement
of immunopositive cell density was detected in the metastatic areas of
Untreated animals compared to MU-care treated mice (Fig. 4, Panel H
and Table 3).

p53is one of the most studied transeription regulators molecules and
a tumor suppressor factor which regulates a wide range of genes
involved in countless cellular functions, ranging from the DNA repair
mechanisms to cell cycle regulation as well as to cell death mechanisms,
i.e. apoptosis and autophagy, being these latter two critical points in
cancer [33]. Our current data demonstrated that p53 immunoreactivity
was mainly localized in the IGL both in MU-care treated and Untreated
animals (Fig. 5). The presence of some p53-immunopositive micro-
metastases was also observed in the IGL of MU-care treated mice. Con-
cerning metastases, a scarce number of p53-immunopositive cells were
present, while an extremely significant increase of p53 immunopositive
cells OD was detected eomparing MU-care treated and Untreated mice
(Fig. 5, Panel H and Table 3).

Bcl2 protein is a well-known anti-apoptotic factor. In the present
study, Bel2 immunoreactivity was mainly localized at PCs level in all
experimental groups and also in metastatic areas (Fig. 6). Notably,
focusing on metastases, a slight decrease was measured in metastatic cell
density comparing MU-care treated and Untreated animals (Fig. 6,
Panel H smd Table 4). lntershngly, conceming metastases OD, a very
was perceived in MU-care treated
mice compared to Untreated. animals () (Fig. 6, Panel I and Table 4),
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H&E and NISSL

— MU-care treated —

' Untreated
H 1
E 100 g
g = 2
3
I iE
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2x» 32
g ® i
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E 0 a
Untreated MU-care treated Untreated MU-care treated

Fig. 2. Histological characterization by H&E and Nisdl staining. Representative serial cerebellar vermis sections, showing parenchyma and metastatic areas (both
macro- and micro-metastases), from healthy control (a), MU-care treated (b, ¢), and Untreated (d-f) mice. The physiological cerebellar structure appeared well
preserved in healthy controls (a). Peculiar structural alterations evident in cerebellar parenchyma are presented, together with different metastatic features, in both
MuU-care treated and Untreated mice. ML: Molecular layer; PCL; Putkinje cells layer; IGL: Intemal granular layer; WM: White matter. Circle and dotted arrow: deep
metastasis identified in WM. Arrowhead: micro-metastasis localized in ML. Light microscopy magnification: 10x (a, b and e); 40 « (e, d and f); 60 » (insert in f).

Panels H and I Hi showing i ion of mi and density, respectively. p value calculated by unpaired Student’s t-test:
(*) < 0.05.
Table 4). Notably, in the same experimental groups, at parenchyma level
Iable ,2 s @ i density by HAE the immunoreactivity was not measurable, similarly to the situation
and NISSL staining and (i) Meninges and IGL cells OD by PSR staining. - not  OPscrved in healthy conwrols. .
Shenh CASP9 is the most well-studied initiator caspase, playing a key role
in the mitochondrial or intrinsic pathway. In particular, CASPO immu-
Hamnd NESL Plocos i Bedt labeling was primarily detected at PCs soma level as well as in the
Density of Density of Meninges IGL cells metastases (Fig. 8). In particular, as regards to metastases, an extremely
micrometastases e esass op s significant increase of immunopositive cell density was assessed in MU-
Control — — 75.80 55.80 care treated mice compared to Untreated (Fig. 5, Panel H and Table 5).
Untreated +2.80 +093 Similarly, an ly significant of i cells OD
r‘u;.:e Sz 110 SLAEIN 'j;g; 517'&55 was measured in MU-care treated mice compared to Untreated animals
45.63 % 1152 3174+846 9062 5872 (g 5, Panel Land Table 5).
+3.01 +1.04 CASP3 is one of the effector molecules triggering apoptosis (Fig. 9).

A slight augment was determined evaluating metastases cell density in
MU-care treated compared to Untreated animals). (Fig. 9, Panel I and

Goncemning the pro-apoptotic molecule BAX, its expression Was 1.1, ) Tikewise, a slight increase of CASP3 immunopositive cells OD

particularly manifest at metastatic level in all synergic tumor-bearing
mice, both Untreated and MU-care treated (Fig. 7). In detail, an
extremely statistically significant enl of both i p

cells OD and density were measured in MU-care treated mice compared
to those determined in Untreated animals (Fig. 7, Panel H and I, and

itive

was measured in MU-care treated mice compared to Untreated animals
0. (Fig. 9, Panel J and Table 5).
As a chaperone protein, Hsp70 is chiefly involved in inhibiting
poptosis. Hsp70 i ining was mainly observed at PCs level
(both soma and main dendrites) in all experimental groups, and also in
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Fig. 3. Bright-field PSR staining. Representative cerebellar specimens, showing parenchyma and metastasis, from healthy control (a, d), MU-care treated (b, ¢), and
Untreated (e, ) mice. Intensely labeled meninges were observable in Untreated mice (e). A weaker PSR OD positivity was detected in the IGL of healthy controls (a,
d), MU-care treated (b, c), and Untreated (e, f) mice. The presence of a hemorthagic core, engulfed with PSR yellow-labeled erythrocytes, surrounding unstained
metastatic cells, was also evident (f). Light microscopy magnification: 10x (c and d); 20x (£); 40 x (a, band & insert in f). Panel H and I: Quantification of meninges
and IGL cells OD, respectively. p values calculated by one-way ANOVA followed by Bonferroni's post-hoc test: () < 0.05; (**) < 0.01; (***) < 0.001.

metastatic areas in 4T1 injected mice (Fig. 10). (Fig. 10, Panel H and I,
and Table 6). Notably, Hsp70 immunopositive cell density was generally
extremely elevated in cerebellar metastatic tissues. In particular, Un-
treated mice displayed a significantly higher Hsp70 immunopositive cell
density compared to MU-care treated animals (Fig. 10, Panel H and I
and Table 6) Parallelly, concerning Hsp70 immunopositive cells OD, a
significant lessening was measured comparing MU-care treated and
untreated mice (Fig. 10, Panel H and I and Table 6).

2.5. MU-care parth induction in cerebell of
mice

Parthanatos is a cell death mechanism which differs from all other
known types of cell death, e.g. apoptosis or necrosis. This multistep cell
death pathway plays a key role in tumorigenesis and includes several
critical molecules involved in tumor progression, invasion and meta-
statization. AIF is one of the main moleculesinvol
the tanslocation of this factor from the cytoplasm to the nucleus is a
critical event in this cell death [34]. Results obtained after AIF immu-
nohistochemistry in healthy controls (a), MU-care treated (b - d) and
Untreated (e — i) mice are reported in Fig. 11 and Table 6. The AIF la-
beling was mainly evident in ML and metastatic tissue of both MU-care

din part! 1

treated (¢, d) and Untreated (g, i) mice, as well as in the IGL of Untreated
animals only (e). Focusing on metastatic regions, a slight increase of AIF
immunopositive cell density was observed comparing MU-care treated
and Untrented animals (Fig. 11, Panel J and Table 6). Shewing  similar
trend, a significant increase of AIF immunopositive cell OD was
measured in metastases of MU-care treated mice compared to the Un-
treated animals (Fig. 11, Panel K and Table 6).

3. Discussion

MU-care is a MM blend rich in f-glucans. In the current study, using a
syngeneic tumour-bearing mouse of TNBC, we explored the MU-care
effects on secondary breast cancer in cerebellum. We previously
described, in the same animal model, MU-care beneficial action on lung
metastases and in mice QoL. MM and their main active constituents
p-glucans are known for their anticancer, anti-inflammatory and
immunomodulatory properties both in vitro and in vive [35 37] Few
available papers focused on MM-derived f-glucans effects on brain
cancer in vivo [26], In the present study, we describe, for the first time,
the in vive effect of a MM blend rich in p-glucans on cerebellar sec-
ondary breast cancer ina triple negative syngeneic mouse. Notably, any
other therapy was associated with MU-care during experimental time,
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Fig. 4. Immunohistochemical labelling for PCNA in healthy control (a), MU-care treated (b, c), and Untreated (d—f) mice. A marked PCNA immunopositivity was

evident mainly at metastatic level, more intense in Untreated (f) mice compared to MU-care treated (c). A strong immunolabeling was also visible in the deep WM of

Untreated mice only (d). Light microscopy magnification: 10 x (a); 20 x (b, €); 40 x (d); 60 x (c, f, insert in d). Panels H and I: Histograms illustrating the
of i e

quantitative

Table 3
Quantitati of key proliferati ? lecul
PCNA and p53, in metastases. n.c.: not comparable.

namely

cell demsity and OD, respectively. p value calculated by unpaired Student's t-test: (***) < 0.001.

well as instrumental conditioning [33-40]; hence, different behavioural
tests could be conducted in lab animals. Nonetheless, it has to be
highlighted that only a spontaneous behavioural test, namely open
arena test, was chosen in our study, due to physiological BALB/c mice
h istics, e.g. high anxiety-like behaviour and limited expl y

PCNA P53
Cell density 0D Cell oD performance [4]
density
Untreated 213 196.90 n.c. 11227
MU-care £0.20 =414 199
treated 0.58 144.49 n.c. 139.21
+0.10 + 4.52 + 167

,42]. All the tested locomotor parameters, ie., the
mean speed, the total distance, and the resting time, demonstrated a
significant improvement in locomotor performances in MU-care mice.
For faimess, it has to be mentioned that we cannot completely ruled out
that the improvement of the locometor activity could be attributable to

therefore we assumed that all described effects could be ascribable to the
preventive and therapeutic (namely, effective during suppl ion)

MM beneficial effect on other brain regions and/or on museular system,
but the cerebellar metastatic areas observed in untreated mice tends to
suggest a possible decline in their cerebellar network function.

kable, MU-care suppl ion significantly il d the mu-

effect of the MM blend.

In our experimental design, the syngeneic tumour-bearing mice were
supplemented starting two months before 4T1 injection and lasting for
an additional 35 days during tumour development, employing the MU-
care drink, consisting of a mixture of five MM species, and characterized
by a high 1,3-1,6 p-glucans content [7].

Through behavioural test experiments to assess locomotor activity,
we revealed that supplemented mice, after 4T1 injection, were more
active compared to untreated animals. Cerebellum is known to mediate
sensorimotor adaptation, fine movement and coordination control, as

rine mean speed, a parameter analogous to the gait speed in humans.
Gait speed is an important measure of functional status and health, since
the ability to walk is one of the basic everyday activities [43-45], but it
is a complex task that requires higher cognitive processes [46]. In
particular, gait is related to and supported by cerebellar functions [47]
and cerebellar volume loss was recorded in patients with decline in
memory and gait speed [48,49]. Indeed, it is known that the cerebellum
plays a fundamental role in gait and motor functioning, as demonstrated
by poor gait in patients with cerebellar ataxia [48,50] and also by
neuroimaging studies confirming the cerebellar involvement in
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Fig. 5. Representative micrographs showing p53 immunchistochemical reaction in healthy control (a), MU-care treated (b-d), and Untreated (e-g) mice. An
intensely marked p53 immunopositivity was observable particularly in micrometastases of MU-care treated mice (e, d); in these animals, metastases were also

evidently immunoreactive (¢, d). In Untreated mice, immunoposivity was clearly detected in

ic areas (f, g). Light microscopy 40 x (a, b, ¢, €,

OD. p values calculated by unpaired Student’s t-test: (*)

£); 60 x (d, g). Panel H: hi illustrating the analyais of
< 0.05, (**) < 0.01, (***) < 0.001.
sensorimotor coordination [51,52].

Histalsiial, baocheiie) s T [ -
cerebellum were devoted to i ial pathol I features, in

terms of cytoarchitectural alterations (with attention to different cere-
bellar cortex layers and cell types) and occurrence /number /extension of
metastases.

H&E, having stood the test of time as the standard stain for histologic
examination of tissues, enabling the recognition of different cells types
and morphological changes, still remains the basis of

WM as well as in ML of 4T1-injected mice. Notably, focusing on WM
deep metastases, it has to be underlined that MU-care supplementation
triggered a strikingly significant reduction in their number (about 50%).
This data suggests that MU-care directly and specifically inhibit cere-
bellar metastasis of TNBC. Metastases were typically surounded by
haemorrhagic foci, appearing engulfed by yellow-labelled erythrocytes.
It has also to be reported that, concerning the other different cell types of
cerebellar cortex, any significant morphological alteration was observed
neither in U d nor in MU-care treated animals.

pom1y
cancer diagnosis [53,54].

In the current study, data obtained by means of H&E and Nissl
techni let us to highlight strong al in cerebellum of 4T1
tumour-bearing mice. In particular, the occurrence of several miero-

Regarding collagen d PSR staining one of the
most selective technique to identify and quantitatively estimate collagen
deposition in histological sections. Fibrosis, resulting from chronic in-
flammatory process, is caused by an imbalance between collagen

and deep was led, both in L d and in d and reab
MU-care treated animals. This outcome fully matched with previous
literature d ing that bellum is a typical ic site in

BC patients [55]. These cerebellar neoformations were scattered both in

P Tissue collagen quantification represents
an important tool in the clinical diagnosis as well as for patients’
outcome prediction and therapy individualization [56]. In the present
investigation, PSR staining revealed a significant increase in collagen
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Fig. 6. Representative micrographs showing Bel2 immunohistochemical reaction in healthy control (a), MU-care treated (b, ¢), and Untreated (d~f) mice. An
intensely marked Bel2 immunopositivity was observable particularly in PCs soma of MU-care treated mice (b); in these animals, metastases were also evidently

ic areas (f). Light

40 = (a, b, €); 60 x (c,d, f). Panel H

immunoreactive (c). In Untreated mice, i

detected in
and I: hi: i ing the it

analysis of i
test: (**) < 0.01.

Table 4
Quantitative appraisal of crucial pro- and anti-apoptotic factors, namely Bel2
and BAX, in cerebellar metastases.

Bel2 BAX

cell density and OD, respectively. p value calculated by unpaired Student’s t-

after MM blend supp tion. In detail, a effect on the
reduction of proliferation in cerebellar metastatic areas was evidenced
in MU-care treated mice compared to untreated mice. Consequently, we
postulated a protective role played by MM extract in DNA replication

hanism, and a direct and specific inhibitory effect on cancer cell

Cell density ~ OD Cell density 0D

Untreated 0.75 168.01 0.39 120.99
MU-care +0.03 + 984 +0.04 £6.75
treated 0.67 127.23 074 168.37

+0.04 +4.14 = 0.05 +5.04

expression level in the meninges of 4T1-injected animals, with the Un-

proliferation.

Subsequently, we investigated the effect of MU-care on different
apoptotic pathways. Initially, we 1 Bel2 i histochemical
expression pattern [53-60]. Based on our data, we supposed that the
lower Bcl-2 OD levels measured in cerebellar metastases of MU-care
treated mice could be related to an imbalance between proliferation
and apoptosis. Concerning cerebellar parenchyma (namely, PCs), Bel-2

treated mice resulting the most affected. In fact, cerebellar fibrosis
tended to be reduced after MU-care supplementation. It has to be
mentioned that, even though no quantifiable collagen-positivity was
perceived in cerebellar metastases, Picric Acid itself enabled an easier
recognition of deep metastases, highlighting the presence of
yellow-labelled erythrocytes constituting haemorrhaging foci.

Based on our previous findings [7,29,57], we putatively assumed
that MM blend could determine an imbalance between proliferation and
cell death, driving to a significant increase in apoptotic event in meta-
static tissue.

To test our hypothesis, we firstly assessed PCNA expression pattemn

levels were comparable both in Untreated as well as in
MU-care treated mice, thus suggesting a sels and specific apop
effect triggered by MM blend on metastases only.
Our aforementioned postulate was further reinforced by results ob-
tained investigating BAX and p53. In particular, BAX, predominantly
detected at metastatic level, displayed the highest expression levels in
MU-care treated mice. This significant increase appeared to be in line
with the well-known role of BAX, which acts as a proapoptotic protein.
Thus, we could assume that an enhancement in BAX levels after MM
supplementation could trigger tumour suppression. In accordance with
our results, literature data demonstrated that, conversely, a decreased
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Fig. 7. Immunohistochemical labelling for BAX in healthy contrel (a), MU-care treated (b, ¢), and Untreated (d—f) mice. An intensely marked BAX immunoreactivity
was clearly evident in metastatic areas of MU-care treated mice (c). Light microscopy magnification: 40  (a, b, ¢, d, €); 60 = (§ insert in c). Panels H and I

Histograms showing the
(¥+%) < 0.001.

analysis of i

BAX expression would provide tumour cells with a selective survival
advantage, contributing to their expansion and invasion [58]. Showing a
similar trend, p53 exhibited the most marked increase in metastatic
regions of MU-care treated mice. This enhanced immunopositivity for
the wild type p53 isoform (wtp53), playing a crucial role deciding
whether DNA would be repaired or the damaged cell would
self-destruct, could indicate a possible attempt to cell cycle arrest, in
order to inhibit proliferation of damaged cells. In fact, wtp53, a key
regulator of cellular homeostasis, frequently referred to as the “guardian
of d;e genome”, fosters apoptosis and also inhibits VEGF-dependent

OD and cell density, respectively. p value calculated by unpaired Student's t-test:

aim to explore the occurrence of a specific apoptotic pathway, we
addressed the effect of MU-care supplement on CASP3. Caspase-3 is a
key regulator of the apoptotic response, chiefly involved in tumongen—

esis. Several studies d d that i d CASP3
levels are closely associated with adverse breast cancer-specific panems
survival [64]. Notably, sh g a different expression trend comyp

to other aforementioned mn.rkers, a lack of a direct CASP3 apoptotic
effect on metastases was revealed.Concerning Hsp70, evidence that it is
overexpressed in cancer, and that its high expression correlates with
increased tumour grade and poor prognosis, is extensive also in patients
nﬁ’ected by breast cancer [65]. In particular, this chaperon acts

thereby opposing tumor growth and metasmluauun
[bl] Concﬂ'mng apoptosis, the selectivity of MM blend-mediated reg-
ulatory effect on this pr d cell death path was further

confirmed analysing CASP9 and CASP3 expression patterns.
Specifically, the modulatory action of the MM blend on apoptotic
pathway observed in cerebellar metastatic tissue was highlighted by the
presence of enhanced CASP9 levels reported in MU-care treated mice
only, thus evidencing increased cell death events in the after

g mali; cells selective advantage by suppressing multiple
apoptotic pathways (ineludis % lating necrosis, evading
cellular senescence program, also promoting angiogenesis and thus
supporting metastatization [66,67] Based on its clinical significance,
assessment of several Hsp70-based immunotherapy protocols is still
cmgmng in clinical mn].s together with Lhe experimental use of Hsp70

as p ing In | with these

supplementation. Our findings are in with ps literature
data revealing thata redumun in CASP9 expression levels can represent
a tumour escape mect of apoptosis [62]. Furth e, caspase-9
inhibition was related to increased resistance of cancer cells to chemo-
therapeutics treatment [63].

Then, following the known molecular apoptotic cascade, with the

Lis id ;, our current results in cerebellum revealed a strik-
ingly high Hsp70-immunopositive cell density in metastases, with a
wvalue 50-100-fold higher compared to all other evaluated markers in the
same metastatic regions. Notably, a significant reduction of Hsp70 levels
(in terms of both cell density and OD) was assessed equally in metastases
and parenchyma (namely, PCs) of MU-care treated mice compared to
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Fig. 8. Immunohistochemical labelling for CASP9 in healthy control (a), MU-care treated (b, c), and Untreated (d-f) mice. CASP9 immunopositivity was perceivable
in the PCs soma of MU care treated (b) and Untreated animals (d, e). An intensely marked immunolabeling was also evident in metastatic areas of MU-care treated

mice(c). ,vms 1|
Hand I: Hi ill itati I of i

bl inUnu'eated animals’ memstases (£). Light microscopy magnification: 40 x (a, b, €); 60 x (¢, d, f, insert in b). Panels

test: (**) < 0.001.

Table 5
‘Quantitative evaluation of initiator and effector caspases, i.e. CASP9 and CASP3,
in cerebellar metastatic area.

CASP9 CASP3
Cell density 0D Cell density ~ OD
Untreated 0.57 113.40 0.49 187.35
MU-care +0.04 + 649 + 004 +5.16
treated 128 150,31 0.50 193.65
+0.05 +598 =004 +5.39

Untreated animals. This extremely significant decrease was accompa-
nied by the above-mentioned lessening in PCNA expression. This con-
current trend appeared in line with previous clinical findings reporting a
conversely positive comrelation between elevated PCNA and Hsp70
expression levels measured in human breast eancer patients [65].

The significant increase of CASP9 expression levels in metastatic
areas of MU-care animals, was not succeeded by the expected increase of
CASP3 in the same tissue, opening the hypothesis that other caspase

ff could be involved in the proapoptotic effects. Furthermore, the

cell density and OD, respectively. p value calculated by unpaired Student’s t-

syngeneic tumour-bearing mice suggests that metastatic BC cells would
be able to es-pe cellular mechanisms which lead to both caspase-
d dent and -ir dent apoptotic path theless leaving
the hypothesis standing that an involvement of uther cell death mech-
anisms would occurred in metastatic cells after MM supplementation.
‘Whether this beneficial action is to be ascribable to a direct p-glucans
or other MM blend active melnbuhtr.s e.ffect cnmed out crossing the
BBB, or rather to a ti-tu dulatory MM
extract effect still needs to be clarified. We cnuld even hypothesize that
both mechanisms may contribute to the observed CNS outcomes. To
elucidate this hypothesis, our recent in vitro data investigated the
possible contribution of nucothempy in Lhe ﬁght agmnst GBM and lts
synergic effect with a newly s:
using human GBM U25] cells [68]. Interestingly, in line with rhe present
in vivo results, we demonstrated that MU-care was able to regulate cell
cydle, control cellular redox state, and to induce regulated form of ne-
crosis, such as ferroptosis in U251 cells, thereby supporting the efficacy
of this new combined therapy.
In lusion, these data d d that MU-care inhibit breast
cmceI cerebellar metastasis both by (i) a direct and specific inhibition of
ization pattern typical of TNBC, as well as by (ii)

significant reduction of apoptosis-inducing factor (AIF) in of

regulating apoptosis and proliferation-related genes. Therefore, this
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Fig. 9. Representative micrographs showing CASP3 immunohistochemical expression in healthy control (a), MU-care treated (b-d) and Untreated (e-h) mice. An
intensely marked CASP3 immunopositivity was observed in ML of Untreated mice (e, f) as well as in IGL of both MU-care treated (¢) and Untreated animals (g). Few
immunolabeled cells were spotted in metastases, bo‘lh in Um:rented (h) and MU-care treated (d) mice. Light microscopy magnification: 40  (a, b, f); 60 x (¢, d, e, g,

h, insert in b and f). Panels I and J: Hi
unpaired Student’s t-test: > 0.05.

MU-care-induced pleiotropic action make this MM blend a powerful,
non- acological therapeutic tool to be employed in integrative
oncology, aiding the fight against TNBC-derived BM occurrence. Fig. 12.

4. Materials and methods

4.1. MU-care blend: raw
procedure, beta-glucan title

ials fr Jiwiv ] 3

s, extraction

The MU-care blend consisted of a mixture of five fungal species,
produced and supplied by A.V.D. Reform sl (Noceto, Parma, Italy),
and registered by the Italian Ministry of Health as a dietary supplement
(registration number 627 1.5.ih.2/2020/627). The detniled MU-care
supplement (batch n. XMBLEND25032020) composition is reported
here following (Table 7).

By sequencing Internal Transcribed Spacer (ITS) regions of nuelear
DNA and confirming the ID code, specific MM species strains were
established (for primers selection, see [29]). The PCR products were
purified and sequenced by Eurofins Genomics (Konstanz, Germany). The
identification was performed by using NCBI Nucleotide Blast software,
version 2.9.0 (Table 7, ID code).

Subsequently, the sporophores and mycelia were cultivated for two

quantitative data concerning metastases cell density and OD, respectively. p value calculated by

to four months at 23 °C in a 1000 + 100 ppm CO> atmosphere. After
harvesting, the fresh material was extracted for 3 h at 95 °C in distilled
water plus ethanol 10% (1 kg of raw material in 15 L of water/ethanol
solution). After extraction, the fluid component was dehydrated until it
reached less than 7% of humidity. Dry extracts were grounded and
blended to obtain the 20% of each selected mushroom in the MU-care
(Table 7).

All raw materials and final products were regularly verified
following GMP, accordingly to the Hazard Analysis and Critical Control
Points (HACCP) system, also to ensure traceability, even in accordance
to Regulation (EC) No. 178/2002.

Finally, using a (-Glucan Assay Kit (Megazyme, LTD., Wicklow,
Ireland), the MU-care blend was checked to measure the polysaccharide
content, expressed as total (« plus f) glucan content and 1,3-1,6 p-glu-
cans. This analysis revealed a polysaccharide content more than 30%.
Out of this percentage (30%), > 15% were identified as 1,3-1,6 p-glu-
cans, the main key active ingredients in MU-care,

4.2. Animals and experimental design

Wild-type (strain BALB/c) female (n = 34) mice (Charles River Italia,
Calco, Italy) entered the Animal Care Facility of the University of Pavia
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Fig. 10. Representative serial cerebellar sections immunostained for Hsp70 in healthy control (a), MU<are treated (b, ¢), and Untreated (d-f) mice. A marked Hsp70
immunopositivity was detectable in the PCs (soma and main dendrites) of healthy controls (a), MU-care treated (b, c) and Untreated (d, €) animals. An extremely
intense immunolabeling was also evident in the metastases of Untreated mice (f). Immunopositivity was also strong in metastases of MU-care treated animals (c).

Light microscopy magnification: 40 x (a, b, ¢, ¢, ); 60 x (d, insert in ¢, insert in f). Panels H and I: Quanti of i
OD, respectively. p value calculated by unpaired Student’s t-test: () < 0.001.

Table 6
‘Quantitative measurement of essential markers of apoptosis and parthanatos, i.
€. Hsp70 and AIF, respectively, in metastases.

HSP70 AIF
Cell density op Cell density 0D
Untreated 390.63 179.92 0.60 124.67
MU-care +15.32 +5.90 +0.05 +5.70
treated 254.16 146.81 0.66 146.67
£1582 426 =004 443

at ~8 weeks of age. The pathogen-free mice were acclimatized for three
weeks before experiments, housed in temperatwre and humidity-
controlled (21 + 2 °C with humidity at 50 4 10%) vivaria (two ani-
mals/cage) under a 12:12 h light/dark cycle throughout the experi-
ments. 12:12 h light: dark cycles. Mice had ad libitum access to food and
water. Experimental procedures were performed in agreement with the
European Council Directive 2010/63/EU on the care and use of labo-
ratory animals, also following the guideli ished by the in-
stitution’s animal welfare committee, the Ethics Committee of Pavia
University (Ministry of Health, License number 364/2018-PR, approval
date:17 May 2018). All animals employed have been treated humanely,

cell density and

with due concern for distress and discomfort alleviation.

To prevent any bias in study results, researchers were blinded to the
group assig for all experi | procedy

For a three th-period, after accli ion and until sacrifice, 16
(MU-care treated) out of 34 mice were provided with a Micotherapy U-
care drink, consisting of a mixture of mycelium plus sporophores ex-
tracts of five MM species, including (20%) Agaricus blazei Murrill,
Agaricaceae, (20%) Ganoderma lucidum (Curtis) P. Karst., Polyporaceae,
(20%) Grifola frondosa (Dicks.) Gray, Grifolaceae, (20%) Lentinula edodes
(Berk.) Pegler, Omphalotaceae, and (20%) Ophiocordyceps sinensis (Berk.)
G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora, Ophiocordycipitaceae.
The fungal scientific names are currently accepted according to Index
fungorum (http://www.indexfungorum.org/). The blend was solubi-
lized in water and the dose of 4 mg supplement/day/mouse (corre-
sponding to 0.16 g/kg/day) was selected to simulate human oral
supplementation. The residual n = 14 not-treated mice (namely Un-
treated) and n = 4 healthy controls were fed without any supplemen-
tation. The syngeneic tumour-bearing mice were generated by injecting
4TI cells (10‘) into the nape of the neck of the BALB/c female animals.
The healthy controls were inoculated with the vehicle (i.e. phosphate-
buffer saline, PBS). The quality of life (QoL), measured in terms of
body weight gain and water consumption, and locomotor activity were
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immunopositivity was observed in IGL of Untreated mice (e) as well as in ML of both MU-care treated (¢) and Untreated (g) animals. Several immunoclabeled cells
were spotted in metastases, both in Untreated (i) and MU-care treated (d) mice. Light microscopy magnification: 40 x (a, b, f); 60 x (e, d, e, g, h, i); 100x (insert in

). Panels J and K: Hi
test: (*) < 0.05.

checked every day. Experimental time plan comprised: T0, animals’
randomization; T1, Micotherapy U-care oral supplementation initiation
(for MU-care treated mice, only); T2 (about 2 months later), 4T1 cells
inoculation in both Untreated and MU-care treated mice; T3 (about 20
days later): ing and evaluations beg T4 (about 15 days
later): monitoring and evaluations ongoing. At T1 and T3, the locomotor
activity was examined by using a behavioural test. Twenty-four hours
after T4, mice were euthanized and cerebella were removed and pro-
cessed for hi thological and i histochemical i igati

4.3. Emergence test

At chosen timepoints, i.e. T1 and T3, all mice performed the emer-
gence task, a spontaneous behavioural test being a variant of the open-
field test, properly designed to reduce anxiety by providing a safe
enclosure within the open field. The emergence task was used to assess
exploratory bel and | to! ivities. The free explorati
test consisted of housing mice in a eompartment prior to giving the
animal a free choice between a familiar compartment and a novel one.
During the test, each animal was located in a familiar envirenment (cage
measures: 13 cm x 15 cmx 33 cm, length x width x height) with ahole in
one side (4 cm wide and 5 cm long) through which it could emerge ina
larger arena (60 cm x 90 em, width x length) without walls but with a
laminated floor. The observation lasted 8 min/mouse, during the free
exploring of the arena. Three | were &: total
distance (cm), mean speed (cm/s), and resting time (s). The animals’
movement was tracked and quantified using a SMART video automated

data concerning metastases cell density and OD, respectively. p value calculated by unpaired Student's t-

tracking system (2 Biological Instruments, Besozzo, Varese, Italy) with
40 ms/point sampling time and a Sony CCD colour video camera (PAL;
Sony Europe B.V.- Italian headquarters, Milan, Italy) [69]. Emergence
test results were expressed as a score index, calculated as reported
below.

4.4. Histology and immunchistochemistry

4.4.1. Cerebellar tissue

Thirty-five days after 4T1 injection, mice were deeply anesthetized
before d ion by using isofls inhalation (Aldrich, Milwaukee,
W1, USA). Cerebella were i ly excised as p ly described
[571, washed in 0.9% NaCl, and post-fixed by immersion for 7 h in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), dehydrated
through a graded series of ethanol and finally embedded in Paraplast
X-TRA. Using a manual rotatory microtome, sagittal Section (8 pm
thick) of cerebellar vermis, were cut serially and collected on
silane-coated slides.

442 phological and histochemical eval

To reveal cerebellar cortex cytoarchitecture and estimate potential
structural alterations by light microscopy, Haematoxylin and Eosin
(H&E), Nissl and Picrosirius Red (PSR) staining were executed as pre-
viously described [70-73]. Briefly, serial tissue sections were processed
as follows: (i) H&E: 10 min staining with Carazzi's Haematoxylin
(Bio-Optica Milano S.p.A., Milano, Italy), followed by 20 min wash in
running tap water and counterstaining with 1% eosin solution
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Secondary TNBC cerebellar metastases

TLocomotor Activity J, Cerebellar metastases

Fig. 12. Illlustrative picture summarizing main findings and take-

home message.

Table 7

MU-care blend: MM composition.
Medicinal mushroom Fungal part % 1D code
Agaricus blaxei Fruiting body 20 7700
Ganoderma lucidum Fruiting body 20 Gac
Grifola frondosa Fruiting body 20 Gf3
Lentinula edodes Fruiting body 20 Le.edl
Ophiocordyceps sinensis Fruiting body + mycelium 20 Cm2
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underwent antigen retrieval and were then incubated overnight at room
temperature in a dartk moist chamber with selected monoclonal and
polyclonal primary antibodies (Table 8) diluted in PBS.

Subsequently, proper biotinylated secondary antibodies (Table )
and an avidin biotinylated h dish p idk plex (Vector
Laboratories, Burlingame, CA, USA) were employed to uncover the an-
tigen/antibody interaction sites. The 3,3'-diaminobenzidine tetrahy-
drochloride peroxidase substrate (Sigma, St Louis, MO, USA) was
utilized as the chromogen, while the nuclear counterstaining was done
using Carazzi’s Haematoxylin.

Next, sections were dehydrated in ethanol, cleared in xylene, and
mounted in Eukitt (Kindler, Freiburg, Germany). As negative untreated,
some tissues were incubated with PBS in absence of primary antibodies:
no immunoreactivity was detected in this condition.

4.4.4. Microscopes, imaging systems and histochemical/
: Fop it

After morphological and histochemical reactions, slides were
observed and scored using a bright-field Zeiss Axioscop Plus 612 mi-
croscope (Carl Zeiss S.p.A., Milan, Italy). Five slides (about 18-20 ran-
domized sections) per animal were analysed; 5 microscopic fields were
examined in each section for each mouse per time/condition. The im-
ages were recorded with an Olympus Camedia C-5050 digital camera
and stored on a PC running Olympus software (Olympus Italia, Segrate,
MI, Italy). Following i histochemical proced slides were
examined using an Olympus BX51 optical microscope (model BX51TF).
The images were acquired with an Olympus CAMEDIA C4040Z00M
camera (Olympus Italia, Segrate, ML, Italy). For each marker, six slides
(about 30 sections) per animal were analysed. Cerebellar specimens
from all experimental group displayed different immunolabelling extent
and the figures show the most representative changes for each immu-
nohistochemical reaction. The diverse labelling extents were evaluated
on acquired digitized section images under exposure time avoiding any
pixel saturation effect. The labelling intensity was measured exploiting
densitometric analysis (Image-J 1.46p; NIH, Bethesda, MA, USA). The
mask shape was adjusted depending on the spatial distribution of the cell
type and/or tissue specimens under measurement; the labelling was
measured as the mean intensity value over the area. The immunocyto-
chemical intensity, specified as optical density (OD), was assessed in 3
randomized images/section (making at least 10 measurements/image)
per 5 slides/animal from each experimental group, with the operator
blinded to the experimental condition. Results were recorded on

(Bio-Optica Milano $.p.A., Milano, Italy); the nucleic acids stain violet to
dark blue while the proteins stain pink to red; (ii) Nissl: 1% cresyl violet
(sigma, St. Louis, MO, USA) solution for 3 min followed by differenti-
ation in acetic acid in 100% ethanol (at 1:50,000 dilution) for 5 s; (iii)
PSR: 1 h staining with Picrosirius Red solution (0.1% of Sirius Red in
saturated aqueous picric acid), followed by a wash in 5% acidified water
[71-73]. Lastly, all differently stained cerebellar sections were dehy-
drated in ethanol, cleared in xylene, and mounted in Eukitt (Kindler,
Freiburg, Germany).

4.4.3. Immunohistochemistry

With the aim at preventing potential staining discrepancies due to
minor changes in the protocol, immunocytochemical reactions were
performed simultaneously on slides from different experimental groups.
Immunohistochemistry was carried out using commercial antibodies on
murine bell. to localize and distribution of
different cell death markers: (i) Proliferating Cell Nuclear Antigen
(PCNA), (i) B-cell lymphoma 2 (Bel-2), (iii) Bel2 Associated X (BAX),
(iv) Caspase 9 (CASP9), (v) Caspase 3 (CASP3), and (vi) 70 kDa Heat
shock protein (Hsp70).

After being de-paraffinized in xylene and rehydrated, cerebellar
sections of healthy controls, Untreated, and MU-care treated mice

ft Office Excel Software spreadsheets and the analysis was ach-
ieved using the Image] software. The following additional measure-
ments were carried out: immunopositive metastases and
micrometastases density count (number of metastases and micro-
metastases/area in em”); immunopositive cells density count (*10°)
(number of immunopositive cells/area in mm?).

4.5. Statistics

Data were expressed as means = standard error of the mean (SEM).
The Bartlett and Shapiro Wilk Tests was used to establish and confirm
the normality of parameters. Then, data were analysed to verify statis-
tically significant differences, One-way ANOVA and Bonferroni post-hoc
tests were performed to compare the different groups as regards to the
behavioural test analysis. The statistical analysis for histology (namely
H&E) was performed using unpaired Student’s t-test. Concerning Pic-
rosirius Red staining, one-way ANOVA followed by Bonferroni’s post-
hoc test was carried out. Regarding in histochemistry, d
Student’s t-test was employed for metastatic areas to measure significant
changes between MU-care treated and Untreated mice. The differences
were considered statistically significant for p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***). Statistical analyses were performed by using
GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA) and R
software.

280



List of original manuscripts

F. De Luca et al Biomedicine & Pharmacotherapy 159 (2023) 114262
Table 8
Primary, y antibodi ployed for light mi i 1
Antigen Immunogen Manufacturer, Species, Mono-Polyclonal, Cat./Lot. Dilution
No., RRID
Primary Anti-B-Cell Leukemia/ Purified antibody raised against a peptide mappingatthe  Santa Cruz Biotechnology (Santa Cruz, CA, USA), 1:100
antibodies Lymphoma 2 protein (N-19)  N-terminus of Bel-2 of human origin Rabbit polyclonal IgG, Cat# sc-492,
RRID: AB_2064290
Anti-Bel-2-asociated X Purified antibody raised against a peptide mappingatthe  Santa Cruz Biotechnology (Santa Cruz, CA, USA), 1:100
protein (P-19) amino terminus of BAX of mouse origin Rabbit polyclenal IgG, Cat# sc-526,
RRID: AB 2064668
Anti- caspase-3 (31A1067) Purified antibody raised against an epitope mapping Santa Cruz Biotechnology (Santa Cruz, CA, USA), 1:100
between amino acids 50-86 of caspase-3 p17 of human Mouse monoclonal 1gG, Cat# se-56053, RRID:
origin AB 781826
Anti-Caspase 9 p35 (A-9) Purified antibody raised against amino acids 100-270 of  Santa Cruz Biotechnology (Santa Cruz, CA, USA), 1:100
caspase-9 p35 of human origin. Mouse monoclonal IgG, Cat# sc-133109, RRID:
AB_2073466
Anti-HSP 70/HSC 70 (5A5)  Purified antibody raised against recombinant HSP70/HSC  Santa Cruz Biotechnalogy (Santa Cruz, CA, USA), 1:100
70 of human origin Mouse monoclonal 1gG, Cat# sc-32239, RRID:
AB 627759
Anti-apoptosis-inducing Purified antibady raised against amino acids 1-3000f AIF  Santa Cruz Biotechnology (Santa Cruz, CA, USA), 1:100
factor (E-1) of human origin Mouse monoclonal 1gG, Cat# sc-13116, RRID:
AB 626654
Anti-p53 (Ab-5) Purified antibody raised against the ~53 kDa wild type Sigma-Aldrich (t. Louis, MO, USA), Mouse 1:100
P53 protein of mouse origin monoclonal IgG2a, Cat# OP33-100UG, RRID:
AB 564977
Anti-Proliferating Cell Purified antibody raised against the ~37 kDa PCNA Sigma-Aldrich (St. Louis, MO, 1:500
Nuclear Antigen (Ab-1) protein of mouse origin USA), Mouse monoclonal
1gG2a, Cat# NA03-200UG,
RRID: AB_213111
Secondary Biotinylated goat Gamma Veetor Laboratories 1:200
antibodies anti-rabbit IgG immunoglobulin (Burlingame, CA,
USA), Goat, lot# PK-
6101, RRID:
AB 2336820
Biotinylated horse Gamma Vector Laboratories 1:200
anti-mouse 1gG immunoglobulin (Burlingame, CA,

USA), Horse, Cat# PK-6102,
RRID: AB_2336521

5. Conclusions

Overall, our current findings revealed that MU-care display a sdec

tive anti-cancer effect add; d on cerebell

by a beneficial action on locomotor performances, thus supporting the
efficacy of the MM blend on CNS secondary breast cancer. This MU-care
played mechanism, inhibiting the metastatization pattern, triggering an
imbalance between proliferation and cell death, hence driving to a sig-
nificant apoptosis increase, could therefore representing a promising
approach for patients’ management as adjuvant therapy in the preven-
tion and treatment of secondary breast cancer in brain. In fact, being the
TNBC the most aggressive malignant BC, characterized by unrespon-
siveness to current clinical treatments, high relapse rate and typical
metastatization pattern targeting CNS, the synergistic effect of MU-care
supplement joint with conventional therapies targeting crucial cancer
signalling pathways, i.e., proliferation and apoptosis, may hamper
cellular and molecular processes feeding TNBC growth, thus delaying or
even impeding the TNBC metastatic pattern, often d with poor

CRediT authorship contribution statement

Paola Rossi: Conceptualization, Methodology, Formal analysis,
Wnung — original draft, Writing - review & editing, Supervision, Project
tion. Elisa Roda: Conceptualization, Methodol
gation, Formal analysis, Writing — original draft, Writing — review &
editing, Supervision. Fabrizio De Luca: Methodology, Investigation,
Formal analysis, Writing - original draft. Daniela Ratto: Software,
Investigation, Formal analysis. Anthea Desiderio: Software, Validation.
Maria Teresa Venuti: Software, Data curation. Martino Ramieri:
Software, Validation. Maria Grazia Bottone: Resources. Elena Savino:
Resources.

Investi-

Conflict of interest statement

The authors declare that the research was conducted in the absence
of any ialor fi ial relationships that could be construed asa
ial conflict of interest.

prognosis. Therefore, taken as a whole, the reponecl data support the use

of MU-care oral it ion as a new [ strategy,
in the field of integrative oncology, which could help to fight the
occurrence of TNBG-derived BM.

Funding

This research was supported by the University of Pavia: Fondi
Ricerca Giovani (FRG 2018). This research was also supported by Italian
Ministry of Education, University and Research (MIUR): Dipartimenti di
Eccellenza Program (2018-2022) Dept. of Biology and Biotechnology
“L. Spallanzani”, University of Pavia.

We thank Dr Carmine Di lorio (Heallo S.r.l) for his technical
assistance.

Author Contributions

ER., P.R. conceived and designed the experiments. FD.L., ER, D.R,
and P.R. performed the experiments and analysed the datn. M.G.B. and
E.S. contributed reagents, materials and analysis tools. A.D., M.T.V. and
M.R. searched and reviewed the literatures. F.D.L., E.R. and P.R. drafted
the paper. E.R. and P.R. eritically revised the article. All authors pro-
vided critical feedback, helping shape the research and analysis. All

281



F. De Luca et al

authors read and agreed to the published version of the manuseript.

References

[

2]
3]

[4

[5]

61
g

81

%1

101

288

na2)

131

[14]

[15]

(6]

(171

[181

[19)

[201

[211

[22)

231

H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, . Soerjomataram, A, Jemal, F. Bray,

Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality

warldwide for 36 cancers in 185 countries, CA Cancer J. Clin. 71 (2021) 209-249,

https://doi.org/10.3322/canc. 21660,

L Cetin, M. Topcul, Triple negative breast cancer, Asian Pac. J. Cancer Prev. 15

(2014) 24272431, https://doi.org/10.7314/APJCP.2014.15.6.2427.

V. Ossovskaya, Y. Wang, A. Budoff, Q. Xu, A. Lituev, O. Potapova, G. Vansant,

J. Monforte, N. Daraselia, Exploring molecular pathways of Inpk-negauve breast

cancer, Genes Cancer 2 (2011) 870-879, https://dol.org/10.117"

194760191 1432496,

P. Boyle, Triple-negative breast cancer; epidemiological considerations and

recommendations, Aan. Oncol. 23 (6) (2012) vi7-vil2, hutps://delorg/10.1093,

annonc/mds187.

F. Podo, LM.C. Buydens, H. Degani, R. Hilhorst, E. Klipp, LS. Gribbestad, S.

V. Huffel, H.W.M. van Laarhoven, J. Luts, D. Monleon, et al,, Triple-negative breast

cancer: present challenges and new perspectives, Mol. Oncol. 4 (2010) 209229,

rg/10.1016/j. molone.2010.04.006.

D.A. McGrowder, Triple negative breast cancer: therapeutic and

prognostic implications, Asian Pac. J. Cancer Prev. 12 (2011) 2139-2143.

E Roda, F. De Luca, C. Di lorio, D. Ratto, 8. Siciliani, B. Ferrari, F. Cobelli,

G. Borsci, E.C. Priori, S. Chinosi, et al., Novel medicinal mushroom blend as a

promising supplement in integrative oncology: 2 multi-tiered study using 4t1

triple-negative mouse breast cancer model, Int. J. Mol. Sci. 21 (2020) 3479,

hetps://doi.org/10.3390/ijms21 103479,

C. Neoph P. Boutsikos, P. Papag Molecular meck and emerging

therapeutic targets of triple-negative breast cancer metastasis, Front. Oncol. §

(2018) 31, https://doi.org/10.3389/fanc.2018.00031.

K Altundag, M.L. Bondy, N.Q. Mirza, 8.-W. Kau, K. Broglio, GN. Hortobagy,

E Rivera, Cl and ic factors in 420

metastatic breast cancer patients with central nervous system metastasis, Cancer

110 (2007) 2640-2647, htps://doi.org/ 10,1002 /encr. 23088,

Arslan, Breast cancer subtypes and outcomes of central nervous system

metastases, Breast (2011) 6.

R-H. Yeh, J.-C. Yu, C-H. Chu, C.-L. Ho, H-W. Kao, G.-S. Liao, H.-W. Chen, W.-

Y. Kao, C-P. Yu, T-Y. Chao, et al., Distinct MR imaging features of triple-negative

breast cancer with brain metastasis, J. Neuroimaging 25 (2015) 474-481, htps:,

doiorg/10.1111/jon.12149.

N. Niikura, J. Liu, N. Hayashi, EA. Mittendorf, Y. Gong, S.L. Palla, Y. Tokuda, A.

M. Gonzalez-Angulo, G.N. Hortobagyi, N.T. Ueno, Loss of human epidermal growth

factor receptor 2 (HER2) expression in metastatic sites of HER2-overexpressing
breast tumors, J. Clin. Oncol. 30 (2012) 593-599, https://dol.org

10.1200/JC0.2010.33.8889.

S5.Y. Jung, M. Rosenzweig, 5.M. Sereika, F. Linkev, A. Brufeky, J.L. Weissfeld,

Factors associated with mortality after breast cancer metastasis, Cancer Causes

Control 23 (2012) 103-112, httpe: //doi.org/10.1007/:10552.011-0850-8,

S. Pakneshan, D. Safarpour, F. Tavassoli, B. Jabbari, Brain metastasis from ovarian

cancer: a systematic review, J. Neurooncol. 119 (2014) 1-6, hitps://doi.org
10.1007/511060-014 114-
AH. Graf, W. Buchb L K.W. Schmid, Si of metastatic

tumours of I_be brain, Vlrd‘lﬂwl Arch. A Pathel. Anat. Hlsmpal.hal 412 (1988)
493498, hitps://doi.org/10.1007/BF00750584,

C. Bailleux, L. Eberst, T. Bachelot, Treatment strategies for breast cancer brain
metastases, Br. J. Cancer 124 (2021) 142-155, https://doi.org/10.1038/541416-
020-01175-y.

R Rostami, §. Mittal, P. Rostami, . Tavassoli, B. Jabbari, Brain metastasis in breast
-::n:a a comprehensive literature review, J, Neurooncol. 127 (2016) 407-414,
https:///dolorg/10.1007/511060-016-2075-3.

PD Bos, X.H.-F. Zhang, C. Nadal, W. Shu, RR. Gomis, D X, Nguyen, AJ. Minn, M.
J. van de Vijver, WL Gerald, J.A. Foekens, et al., Genes that mediate breast cancer
metastasis to the brain, Nature 459 (2009) 1005-1009, https://doi.org/10.1038
nature08021.

D.P. Fitzgerald, D. Palmieri, E Hua, E. Hargrave, J.M. Herring, Y. Qian, E. Vega-
Valle, R.J. Weil, AM. Stark, A.0. Vortmeyer, et al., Reactive glia are recruited by
highly proliferative brain metastases of breast cancer and promote tumor cell
colonization, Clin. Exp. Metastasis 25 (2008) 799810, hetpe://doi arg/10.1007,
510585-008-9193-

S.P. Wasser, Medicinal mushrooms in human clinical studies. Part I Anticancer,
activities: a review, lot. J. Med.
/doi.org/10.1615/IntIMedMushrooms

an
Mushrooms 19 (2017) 279-317, https:/
v19.i4.10.

P. Rossi, R. Difrancia, V. Quagliariello, E. Savino, P. Tralongo, C.L. Randazzo,
M. Berretta, B-glucans from grifola frondosa and ganoderma lucidum in breast
cancer: an example of complementary and integrative medicine, Oncotarget 9
(2018) 2483724856, https://doi.org/10.18632 /oncotarget 24984,

K. Tanaka, Y. Matsui, S. [shikawa, T. Kawanishi, M. Harada, Oral ingestion of
lentinukh edodes mycelia extract can restore the antitumor T cell response of mice
inoculated with colon-26 cells into the subserosal space of the cecum, Oncol. Rep.
27 (2012) 325-332, https//doi.org/ 10,3892 /or, 201 1,154,

J. Jiang, D. Sliva, Novel medicinal mushroom blend suppresses growth and
invasiveness of human breast cancer cells, Int. J. Oncol. 37 (2010) 1529-1536,
hitps:///dol.org/10.3892/ijo_00000806.

241

[25]

[26)

1271

[28]

[29]

[301

311

321

[33]

[35]

[36] P.

371

[39]

[40]

[41]

421

[43]

[44]

[45]

[46]

471

List of original manuscripts

Biomedicine & Pharmacotherapy 159 (2023} 114262

BGJ. Moerings, P. de Graaff, M. Furber, RF. Witkamp, R. Debets, J.J. Mes, J. van
C. Govers, Conti exposure to luble -glucans
induces trained immunity in M-CSF-differentiated macrophages, Front. Immunol.
12 (2021), 672796, hetps://dol.org/10.3389/ fimmu 2021.672796.
L. Steimbach, A.V. Borgmana, G.G. Gomar, L.V. Hoffmann, R. Rutcheviski, DP. de
Andrade, F.R Smiderle, Fungal beta-glucans as adjuvants for treating cancer
patients - a systematic review of clinical trials, Clin. Nutr. 40 (2021) 3104-3113,
hetps://doLorg/10.1016/].clnu.2020.11.029.
N. Kodama, K. Komuta, H. Nanba, Effect of maitake (Grifola Frondosa) D-fraction
on the activation of NK cells in cancer patients, J. Med. Food 6 (2003) 371-377,
hetps://doi.org/10.1089 /10966200377 2519949,
G. Deng, H. Lin, A. Seidman, M. Fomier, G. D'Andrea, K. Wesa, S. Yeung,
S. Cunningham-Rundles, A.J. Vickers, B. Cassileth, A phase I/1l tril of a
haride extract from grifola frondosa (maitake mush ) in breast cancer
patients: immunelogical effects, J. Cancer Res. Clin. Oneol. 135 (2009) 1215-1221,
hitps://doi.org/10.1007 /500432-009-056:
. Singh, B. Lim, Targeting apoptosis in cancer, Curr. Oncol. Rep. 24 (2022)
273-284, hitps://doi.org/ 10.1007 /51 1912-022-01198-y.
E. Roda, F. De Luca, CA. Locatelli, D. Ratto, C. Di lorio, E. Savino, M.G. Bottone,
P. Rossi, From a medicinal mushroom blend a direct anticancer effect on triple-
negative breast cancer: a preclinical study on lung metastases, Molecules (2020)
25, hetps://dol.arg/10.3390/molecules25 225400,
M. Berzetta, A. Moma, R. Taibi, F. Monai, N. Maurea, M. Ippolito, U. Tirelli,
F. Floriea, L. Montella, G. Facchiai, et al., Improved survival and quallty of life
through an i 5 logical approach: pathophysiological
analysis of four clinieal cancer cases and review of the literature, Front. Pharmacol.
13 (2022), 867907, htps:/ /doi.org/10.3389// 2022.867907.
E D'Angelo, P. Rossi, G. De Flipp, J. Mngmmn, V. Taglietti, The relationship
it in cerebellar
ynnml!cﬂkm!lm I vluysml Paric 88 (1994) 197-207, hetpe://dof.org/10.1016,
0928-4257(94)90006-x.
P. rossi, E D'Angelo, V. Taglietti, Differential long-lasting potentiation of the
NMDA and Non-NMDA synaptic currents induced by metabotropic and NMDA
receptor coactivation in cerebellar granule cells, Eur. J. Neurosci. 8 (1996)
11821189, https://dol.org/10.1111/].1460-9568.1996.tb01286.x.
Y. Xiong, ¥. Zhang, S. Xiong, A.E. Williams-Villalobo, A glance of P53 functions in
‘brain develapment, neural stem cells, and brain cancer, Biology 9 (2020) 285,
https://doi.org/10.3390 /biology9090265.
Y. Zhou, L. Liu, . Tao, ¥. Yao, Y. Wang, Q. Wei, A. Shao, Y. Deng, Parthanatos and
its associated components: promising therapeutic targets for cancer, Pharmacol.
Res. 163 (2021), 105209, https://doi.org/10.1016/j.phrs. 2020.105299,
M. Jeitler, A. Michalses, D. Frings, M. Hibmer, M. Fischer, D.A. Koppold-Licbscher,
V. Murthy, C.S. Kessler, Signi of medicinal
oncology: a narative review, Front. Pharmacol. 11 (2020) 1758, htps://dol.org
10, hS‘?/m'u\r znzn 580656,

Zukowska, K. Kepka, 5.K. Naliwajko,
3. Moskwa, J. Blelerlm M. Grabia, M. Borawska, K. Socha, Mushrooms as potential
therapeutic ngents in the treatment of cancer: evaluation of anti-glioma effects of
coprinus comatus, cantharellus cibarius, lycoperdon perlatum and lactarius
deliciosus extracts, Biomed. Pharmacother. 133 (2021), 111090, https://doi org,
10.1016/j.biopha.2020.111090.
SK.Panda, G. Sahoo, §.5. Swain, W, Luyten, Anticancer activities of mushrooms: a
neglected source for drug discovery, Pharmaceuticals 15 (2022) 176, hitps://dol.
org/10.3390/ph 15020176,
A. Sathyanesan, V. Gallo, Cerebellar contribution to locomotor behavior: a
newrodevelopmental perspective, Neurobiol. Learn. Mem. 165 (2019), 106861,
hetps://doLorg/10.1016].nlm 2018.04.016.
S.M. Morton, AJ. Bastian, Cerebellar control of balance and locomotion,
Neuroscientist 10 (2004) 247259, https://doi.org/10.1177/1073858404263517.
J.B. Passat, D. Sbfymkhmd:h, E. Duvelle, A. Arleo, Contribution of cerebellar
spatial memory, PLoS One 7 (2012),
€32560, hittps://dol.org/ w. 1371 /journal.pone.0032560.
J.N. Crawley, J K. Belknap, A. Collins, J.C. Crabbe, W. Frankel, N. Henderson, R.
J. Hizemann, S.C. Maxson, L.L. Miner, A.J. Silva, et al., Behavioral phenotypes of
inbred mouse strains: implications and recommendations for molecular studies,
Peychophammacology 132 (1997) 107-124, https://dolorg/10.1007/
5002130050327,
RM. Saré, A, Lemons, C.B. Smith, Behavior testing in rodents: highlighting
potential confounds affecting variability and reproducibility, Brain Sci. 11 (2021)
522, https://doi.org/10.3390/brainscil 1040522,
M. Chang, J.S. Saczynski, J. Snaedal, S. Bjomsson, B. Einarsson, M. Garcia,
T. Aspelund, K. Siggeirsdottir, V. Gudnason, L.J. Launer, et al, Midlife physical
activity preserves lower extremity function in older adults: age gene/environment
susceptibility-reykjavik study, J. Am. Geriatr. Soc. 61 (2013) 237242, https:// doi
0rg/10.1111/jgs.12077.
A. Middleton, 5.1 Fritz, M. Lusardi, Walking speed: the functional vital sign,
J. Aging Phys. Act. 23 (2015) 314-322, https://dei.org/10.1123/japa. 2013-0236.
H. Mehmet, 5.R Robinson, AW.H. Yang, Assessment of gait speed in older adults,
J. Geriatz, Phys. Ther. 43 (2020) 42-52, https://dai.org/10.1519
JPT.0000000000000224.
P. Mahlknecht, S. Kiechl, J. Willeit, W. Poewe, K. Seppi, Motaric cognitive risk
syndrome: multicenter incidence study, Neurology 85 (2015) 388-389, hittp=:/
doi.org/10.1212/01.wnl.0000470376.04336.ea.
E Buckley, C. Mazza, A. McNeill, A systematic review of the gait characteristics
associated with cerebellar ataxia, Gait Posture 60 (2018) 154-163, hrps://doi
01g/10.1016/j gaitpost.2017.11.024,

282



F. De Luca et al

[48]

[49]

[50]

(511

[521

[53] A.

[54]

[55]

[56]

571

[581

(%21

[60]

A. Droby, M.M. EI Mendili, N. Giladi, J.M. Hausdorff, I. Maidan, A. Mirelman, Gait

and cognitive abnormalities are associated with regional cerebellar atrophy in

elderly fallers - a pilot study, Gait Posture 90 (2021) 99-105, hitps://dol.org/

10.1016/).gaitpost 2021.08 012.

Q. Tian, S.A. Studenski, M. Montero-Odasso, C. Davatzikes, S.M. Resnick,

L. Ferrucel, Cognitive and neuroimaging profiles of older adults with dual decline

in memory and gait speed, Neurobiol. Aging 97 (2021) 49-55, htps:// doi.org/

10.1016/].neurobiclaging.2020.10.002.

LF. Koziol, D. Budding, N. Andreasen, $. D'Arrigo, S. Bulgheroni, H. Imamizu,

M. Ito, M. Manto, C. Marvel, K. Parker, et al., Consensus paper: the cerebellum's

role in movement and cognition, Cerebellum 13 (2014) 151177, hetps://doi org/

10.1007/512311-013-0511-x.

CJ. Stoodley, J.D. Schmah F
of 2

in the human

di i 44 (2009) 489-501, https:/
dot org/10.1016/j.neuroimage.2005.08.039.
K. Kansal, Z. Yang, AM. Fishman, H.1, Sair, S.H. Ying, BM. Jedynak, J L. Prince, C.
U. Onyike, Structural cerebellar correlates of cognitive and motor dysfunctions in
cerebellar degeneration, Brain 140 (2017) 707720, https://doi.org/10.1093/
beain/aww327.
H. Fischer, K.A. Jacobson, J. Rose, R. Zeller, Hematoxylin and eosin staining of
tissue and cell sections, pdb.prot4986, CSH Protoc, 2008 (2008), https:/ /doi.org
10.1101/pdb.prot4986.
D. Komura, A, Kawabe, K. Fukuta, K. Sano, T. Umezaki, H. Koda, R. Suzuki,
K Tominaga, M. Ochi, H. Konishi, et al,, Universal enceding of pan-cancer
histology by deep texture representations, Cell Rep. 38 (2022), 110424, htps://
doiorg/10.1016/j.celrep.2022.110424.
S.M. Yamada, Y. Tomita, S. Shibui, T. Kurokawa, ¥. Baba, A case of breast cancer

brain metastasis with 3 16-year time interval without evidence of eancer
recurrence, J. Breast Cancer 20 (2017) 212-216, htips://doi.org/10.4048/
be.2017.20.2.212,
C. Segnani, . Ippolito, L. Antonioli, C. Pellegrini, C. Blandizzi, A. Dolfi,
N. Bernardini, Histochemical detection of collagen fibers by sirius red/ fast green is
more sensitive than van gieson or sirius red alone in normal and inflamed rat eolon,
PLoS One 10 (2015), e0144630, hitps://doi.org/10.1371/journal pone.01 44630,
E. Roda, E.C. Priori, D. Ratto, F. De Luca, C. Di lorio, P. Angelone, C.A. Locatelli,
A. Desiderio, L. Goppa, E. Savine, et al., Neuroprotective metabolites of hericium
erinaceus promote neuro-healthy aging, Int. J. Mol. Sei. 22 (2021) 6379, https./
doi.org/10.3390/ijms22126379.
S. Keaje A.D. Thor, S.M. Edgerton, D.H. Moore, M. Krajewska, J.C. Reed,
Analysis of bax and Bel-2 expression in P53-immunopositive breast cancers, Clin.
Cancer Rez. 3 (1997) 199-208,
S.E Bodrug, C. Aimé-Sempé, T. Sato, S. Keajewsld, M. Hanada, J.C. Reed,
Biochemical and functional comparisons of Mel-1 and Bel-2 proteins: evidence for a
novel mechanism of regulating Bel-2 family protein funetion, Cell Death Differ. 2
(1995) 173-182.
ZN. Oltval, C.L. Milliman, S.J. Korsmeyer, Bel-2 heterodimerizes in vivo with a
conserved homolog, bax, that accelerates programed cell death, Cell 74 (1993)
609-619, httpz://doi.org/10.1016/0092-8674(93)90509-0.

611

[62]

[63]

[64]

[65]

[66]

671

[68]

[69]

[701

71

721

731

List of original manuscripts

Biomedicine & Pharmacotherapy 159 (2023} 114262

TP. Betke, SH. Slight, SM. Hyder, Role of reactivating mutant P53 protein in

suppressing growth and metastasis of triple-negative breast cancer, Onco Targets

Ther. 15 (2022) 23-30, https: //doi.org/10.2147/0TT.8342202,

P. Li, L. Zbou, T. Zhao, X. Liu, P. Zhang, Y. Liu, X. Zheng, Q. Li, Caspase-9:
struet d clinical appli 8(2017) 23996-24008,

https://dolorg/10.18632/ encotarget.15096.

J.LY. Chee, S. Saidin, D.P. Lane, 5.M. Leong, J.E. Nall, P.M. Neilsen, Y.T. Phua,

H. Gabra, T.M. Lim, Wild-type and mutant P53 mediate cisplatin resistance

through interaction and inhibition of active caspase-9, Cell Cycle 12 (2013)

278-288, hittps://doi.org/10.4161 /cc,23054.

X.Pu, 5.J. Stor, Y. Zhang, EA. Rakha, A.R. Green, LO. Ellis, 5.G. Martin, Caspase-3

and caspase-8 expression in breast cancer: caspase-3 is associated with survival,

Apoptosis 22 (2017) 357-368, https:/ /dolorg/10.1007/510495-016-1323-5.

LM. Vargas-Roig, M.A. Fanelli, L.A. Lopez, F.E. Gago, 0. Tello, J.C. Aznar, D.

R Clocea, Heat shock proteins and eell proliferation in human breast cancer biopsy

samples, Cancer Detect. Prev. 21 (1997) 441-451.

JM. Murphy, P.E Czabotar, JM. Hildebrand, LS. Lucet, J.-G. Zhang, 5. Alvarez-

Diaz, R. Lewis, N. Lalooui, D. Metcalf, AL Webb, et al., The pseudokinase MLKL

mediates necroptosis via a molecular switch mechanism, Immunity 39 (2013)

443-453, https://dol.org/10.1016/j.immuni. 2013.06.018.

Z Albakova, G.A. Armeev, LM. Kanevskiy, E1. Kovalenko, A.M. hai

HSP70 mulki-functionality in cancer, Cells 9 (2020), E587, hups:/ /dol.org/

10.3390/cells9030587.

L. Gaiaschi, E. Roda, C. Favaron, F. Gola, E. Gabane, M. Ravera, P. Rossi, M.

G. Bottone, The power of a novel combined anticancer therapy: challenge and

opportunity of micotherapy in the treatment of glicblastoma multiforme, Biomed.

Pharmacother. 155 (2022), 113729, https:// doi.org/10.1016/]

biopha.2022.113729.

D. Ratto, F. Corana, B. Mannucci, E.C. Priori, F. Cobelli, E. Roda, B. Ferrari,

A. Occhinegro, C. Di Torio, F. De Luca, et al., Hericium erinaceus improves

recognition memory and induces hi 1 and cerebellar in frail

‘mice during aging, Nutrients 11 (2019), E715, https://dolorg/10.3300/

nu11040715.

Godwin Avwioro Histochemical Uses of Haematoxylin. Journal of Physics;

Conference Series 2011, 1, 24-34.

A. Kadar, G. Wittmann, Z. Liposits, C. Fekete, Improved method for combination of

Immunocytochemistry and nissl staining, J. Neurosci. Methods 184 (2009)

115-118, https://doi.org/ 10.1016/].jneumeth. 2009.07.010.

E. Roda, S. Barni, A. Milzani, I Dalle-Donne, G. Colombo, T. Coccini, Single silver

nanoparticle instillation induced early and persisting moderate cortical damage in

rat kidneys, Int. J. Mol. Sci. 18 (2017), E2115, https://doi.org/10.3390/

{jms18102115.

R Lattouf, R Younes, D, Lutomski, N. Naaman, G, Godeau, K. Senni,

s, red staining, J. Cytochem. 62 (2014)

doi.org/10.1369/0022155414545767.

751-758, https/,

283



