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Type 2 diabetes induced cognitive impairment through several mechanisms, including beta-amyloid (AB)
accumulation, oxidative stress, and neuronal apoptosis. Pumpkin seed oil (PSO) is rich in unsaturated and saturated fatty acids,
with the potential for anti-diabetic, anti-hyperlipidemic, antioxidant, and anti-apoptotic properties. The present study
demonstrated the effects of PSO by in vitro and in vivo studies. The in vitro study aimed to determine the neuroprotective effect
of PSO on ABAz-induced neuronal cell death using human neuroblastoma or the SH-SY5Y cell. The in vivo study investigated the
effects of PSO on neuronal cell death and cognitive impairment in a type 2 diabetic rat model. In addition, the possible
mechanisms of type 2 diabetic-induced cognitive impairment were examined. For the in vitro study, after SH-SY5Y cells were
pretreated with PSO (0.001 and 10 Jg/mL). The cells were exposed to AB,, (1.25 UM). The cell viability, intracellular reactive
oxygen species (ROS), apoptotic proteins (Bax and caspase3) and anti-apoptotic protein (Bcl2) were determined. For the in vivo
study, six-week-old male Sprague-Dawley rats were divided into four groups, including normal control rats (CON rats), type 2
diabetic rats (T2DM rats), type 2 diabetic rats administration with 10 mg/kg B.W. of pioglitazone (T2DM-PG rats) and 200 mg/kg
B.W. of PSO (T2DM-PSO rats). The rats received 10% fructose drinking water for two weeks following streptozotocin injection (30
mg/kg B.W.) to induce type 2 diabetes. Cognitive function was assessed using novel object recognition (NOR) and Morris's
water maze (MWM) test. The fasting blood glucose (FBG), blood cholesterol (CHOL), blood triglyceride (TG), plasma HbA1c,
serum insulin, serum free fatty acid (FFA), and HOMA-IR were determined. Oxidative stress parameters in the hippocampal
tissue and the expression of the nrf2 transcription factor (nrf2), superoxide dismutase (SOD), and malondialdehyde (MDA) were
determined. In addition, the hippocampal AB42» BACE1, and apoptotic proteins (Bax and caspase3) and anti-apoptotic protein
(Bcl2) expression were evaluated. The results of in vitro study showed that PSO could protected ABAz—induced SH-SY5Y cell
death through reduced intracellular ROS and apoptotic Bax, caspase3 proteins expression. In addition, the PSO pretreatment
enhanced anti-apoptotic protein (Bcl2) expression. The in vivo study showed that PSO administration enhanced cognitive
performance in non-spatial and spatial learning and memory. The metabolic parameters, including FBG, CHOL, TG, plasma
HbA1c, serum insulin, serum free fatty acid, and HOMA-IR index were reduced in T2DM-PSO rats. In addition, the hippocampal
MDA, A[342, BACE1, Bax, and caspase 3 significantly decreased in T2DM rats. Moreover, PSO administration enhanced the level
of nrf2, SOD, and Bcl2 in the hippocampus. Interestingly, PSO administration protected neuronal cell death by reducing
apoptotic proteins and increasing anti-apoptotic protein in the T2DM hippocampal. From our in vitro and in vivo results indicated
that PSO has a powerful neuroprotective effect which improved T2DM induced cognitive impairment through anti-diabetic,

increased insulin sensitivity, anti-apoptotic, and antioxidant properties.
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CHAPTER |
INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder. It the
characteristics are hyperglycemia, hyperinsulinemia, and insulin resistance'”. Chronic
hyperglycemia and insulin resistance are considered major causes of diabetic
complications. This complication mainly affects the vascular system and organs such as
the brain leading to brain structural and functional alteration® " It is well established that
long-term deleterious effects of T2DM in the brain lead to cognitive impairment® ?.
Several epidemiological, cognitive, and neuropathological evidence demonstrated a link
between T2DM and neurodegenerative diseases such as Alzheimer’s disease (AD)(G' n
The cellular and molecular mechanisms that underline diabetes-induced cognitive
impairment are still not completely understood but can involve impaired insulin
signaling, inflammation, beta-amyloid (AB) accumulation, and oxidative stress that
promote neuronal dysfunction and neuronal apoptosis(A‘ 9, AB proteins that accumulate
to form the neurological hallmark of T2DM and AD have crucial roles in the pathogenesis
of these diseases'"”. The production of AB peptides is generated by beta-site amyloid
precursor protein cleaving enzyme 1 (BACE1) or B-secretase, which cleaves an
extracellular domain of amyloid precursor protein (APP)“”. The accumulation of AB and
activation of BACE1 enzyme may be activated by oxidative stress. Previous studies
demonstrated that the brain AR and BACE1 were increased in type 2 diabetic mice,
resulting from impaired insulin signaling and oxidative stress" "7, AB accumulation can
lead to a release of pro-inflammatory cytokines and ultimately block downstream
signaling pathways, including PI3K/Ak/MAPK pathway. The disruption of the PI3K
pathway leads to synaptic and neuronal dysfunction, which promotes
neurodegeneration(m' ' There are some evidences suggested that increased reactive
oxygen species (ROS) production initiates APP processing and then triggers the
generation of AB. Therefore, oxidative stress might increase the production and

. 15,16
accumulation of A|3< .



It is widely known that oxidative stress plays a role in neurotoxicity(w'm.

Oxidative stress occurs when the oxidizing substances exceed the antioxidant system
capacity. The cellular defense system nuclear factor erythroid 2-related factor 2 (nrf2) is
the transcription factor that regulates the gene transcription of an antioxidant enzyme to
attenuate oxidative stress-induced cellular damage(zo). The upregulation of nrf2 target
genes, including superoxide dismutase (SOD), glutathione s-transferase, and catalase,
promotes neuronal resistance to oxidative stress conditions @122 Manczak et al. (2006)
reported that the level of nrf2 was reduced in the hippocampus of AD patients(%).
According to Uruno et al. (2020), the nrf2 pathway in the transgenic AD mice was
impaired and concomitant with increased AP accumulation in the brain @ Additionally,
Gao et al. (2020) demonstrated the impairment of learning and memory in diabetic rats
associated with a significant reduction in the hippocampal nrf2®.

In addition, previous research demonstrated that AP induces NADPH oxidase
(NOX) activation, generates more superoxide anions (Oz_'), glutathione (GSH)
reduction, lipid and protein damage, glucose homeostasis impairment, and
mitochondria dysfunction. Furthermore, the enhanced NOX activity promotes ROS
overproduction resulting in oxidative stress®. In the insulin resistance brain, the high
ROS activates neuronal apoptosis through enhancing pro-apoptotic proteins (Bax, Bad,
and Bak), decrease anti-apoptotic Bcl2, and activated caspases signaling activation.
Several studies suggested that AB accumulation in the brain induces neuronal cell
death through apoptosis associated with oxidative stress”??. Muthaiyah et al. (2011)
reported that exposure of AB to PC12 cells activated ROS generation and induced
neuronal cell death®.

Moreover, an in vitro study by Wang et al. (2009) and Zhang et al. (2010)
showed AB-induced neuronal cell death through the increased expression of Bax and
caspase3d in human neuroblastoma, SH-SY5Y cells. They suggested that oxidative
stress plays a role in AB-induced neuronal cell death through the apoptosis pathwaym'
*V " Additionally, Soleymaninejad et al. (2017) reported that diabetic rats exhibited

hippocampus neuron cell death, resulting from the high expression of Bax/Bcl2 and



Bax/Bcl-xL ratio. They also found that insulin treatment could prevent cell death by
reversing apoptotic protein and anti-apoptotic protein alterations in the hippocampusm).
It is well recognized that apoptosis is a crucial mechanism for hyperglycemia and insulin
resistance-induced neuronal cell death'™. Enzyme cysteine protease (caspase) and

3339 Caspase3 is the

proteins of the Bcl2 family are related to the apoptosis mechanism
most important key regulator in promoting apoptosis. Bcl2 family is composed of Bcl2
and Bax proteins which are functionally opposed. Bcl2 is the apoptosis inhibitory
protein, whereas Bax acts to promote apoptosis<35)

Recently, herbal medicine has increasingly gained attention as a protector of
diabetic complications, including cognitive impairment and AD. One of the Thailand
crops, the pumpkin, is interesting because they are widely cultivated. Pumpkin seed oil
is a supplement for natural essential fatty acids, polyunsaturated fatty acids, and vitamin
E (tocopherol)(%). Abou et al. (2014) demonstrated that the PSO administration
increased the hepatic SOD and glutathione peroxidase activities in alcohol-induced
hepatotoxicity rats™”. The study by Eraslan et al. (2013) reported that PSO reduced the
concentration of serum lipid peroxidation and malonaldehyde (MDA) content in

(38)

subacute aflatoxin-induced poisoning mice Moreover, MAJID et al. (2020)
demonstrated that PSO consumption had shown hypolipidemic activity by increasing
the level of high-density lipoprotein cholesterol (HDL) in metabolic disorder patients(gg).
Interestingly, PSO contains unsaturated and saturated fatty acids, including
linoleic acid, oleic acid, alpha-linoleic acid, and palmitic acid™”. Eyjolfson et al. (2004)
studied the effect of linoleic acid, which is a major unsaturated fatty acid component
from PSO, on obese diabetic rats. They suggested that linoleic acid have anti-diabetic
property by reducing fasting blood glucose and improving insulin sensitivity(m). In
addition, Feng et al. (2006) reported that linoleic acid activates pancreatic B-cell
function*?.
Based on the above reviews, no studies examined the protective effect of PSO

in type 2 diabetes-induced cognitive impairment. Therefore, in the present study, the

effects of pumpkin seed oil administration on the improvement of cognitive impairment,



AB-induced neurotoxicity, oxidative stress, and neuronal apoptosis were studied both in
vitro; human neuroblastoma cell (SH-SY5Y cell) and in vivo; high fructose drinking water

combined with low dose streptozotocin induced type 2 diabetic rat model.



CHAPTER Il
REVIEW LITERATURE

1. Diabetes mellitus
Diabetes mellitus (DM) is a chronic metabolic disorder. It is characterized by
elevated blood glucose concentration or hyperglycemia which resulting from insulin
deficiency or insulin resistance (IR). A diabetic patient may decrease the body’s ability
to respond to insulin or reduce insulin production. This process leads to abnormalities in
the metabolism of lipids, proteins, and carbohydrates. Long-term DM causes many
complications, including diabetic retinopathy, nephropathy, sexual dysfunction, and
neurodegenerative diseases”
1.1 Diagnostic of diabetes mellitus
The clinical diagnostic of DM is an assessment of symptoms such as thirst
and weight loss. Besides, DM may diagnose based on the plasma glucose, fasting
plasma glucose (FBG), and plasma glycosylated hemoglobin (HbA1c) levels are

presented in table e

Table 2 The criteria for diabetes mellitus

1. Fasting plasma glucose =126 mg/dL or = 7.0 mmol/L
2. Two hours plasma glucose = 200 mg/dL or = 11.1 mmol/L
(During an oral glucose tolerance test)

3. Plasma HbA1c =>6.5%

Fasting is no caloric intake for at least 8 hours.

1.2 Types of diabetes mellitus
The classification of DM was published by WHO in 1980 (WHO Expert
)

Committee on Diabetes mellitus, 1980)™*". There are many types of DM, such as insulin-

dependent diabetes mellitus (IDDM) or type 1 diabetes mellitus (T1DM), non-insulin



dependent diabetes mellitus (NIDDM) or type 2 diabetes mellitus (T2DM), gestational
diabetes mellitus (GDM), and other types following general categories:

Type 1 diabetes mellitus (T1DM) or insulin-dependent diabetes mellitus
(IDDM)

Type 2 diabetes mellitus (T2DM) or non-insulin dependent diabetes mellitus
(NIDDM)

Impaired glucose homeostasis: a metabolic stage between normal glucose
homeostasis and diabetes mellitus

Impaired fasting glucose (IFG): fasting blood glucose is higher more than
normal condition, and less than the diagnostic state

Impaired glucose tolerance (IGT): after intake of a glucose at 75 grams, the
fasting blood glucose higher than the normal condition

Gestational diabetes mellitus (GDM): impairment of glucose tolerance in

pregnancy

2. Type 2 diabetes mellitus

Type 2 diabetes mellitus (T2DM) has become the most frequently encountered
metabolic disorder in the world, the most common form of DM. T2DM is first described

as a group of metabolic diseases in 1988

. In 2020, there were approximately 250
million people affected by T2DM worldwide. Insulin resistance (IR) plays a role in its
development. IR results from the interaction between genetic and environmental factors.
Environmental factors include the lack of exercise, overeating, smoking, alcohol
drinking, and aging. In approximately 55% of T2DM cases, obesity is the major risk
factor for IR and T2DM development(%). People who have T2DM are leading to various
short- and long-term complications. The complication from T2DM is included
cardiovascular disease, diabetic retinopathy, nephropathy, and neurodegeneration(46>.

The pathogenesis of T2DM involves two fundamental abnormalities: 1)

resistance to the biological activities of insulin in glucose and lipid metabolisms and 2)

inadequate insulin secretion from the pancreatic B-cells. Prospective studies in diabetic



patients have shown that reduced insulin sensitivity is the first detectable abnormality,

occurring many years before the onset of hyperglycemia“’“®

3. Insulin function
3.1 Peripheral insulin function

The peripheral insulin signaling is a biochemical pathway by increases the
glucose uptake into adipose tissues and skeletal muscle, reduces liver glucose
synthesis, and regulates glucose homeostasis. Figure 1 shows the peripheral insulin
signaling, the insulin binds to its receptor, triggers the phosphorylation of insulin
receptor substrate (IRS), and forms phosphatidylinositol 3-kinase (PI13K). After that, PI3K
changes phosphatidylinositol 4,5-bisphosphate (PIP,) to phosphatidylinositol 3,4,5-
trisphosphate (PIP,) and stimulates the signaling of phosphoinositide-dependent protein
kinase 1 (PDK1)/Akt (PKB). PI3K/Akt signaling regulates the metabolic while Ras-

mitogen-activated protein kinase pathway activates cell growth“g).
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Figure 1 Peripheral insulin signaling

The picture of peripheral insulin signaling modified form Jung et al. (2004)*.



3.2 Brain insulin function

In the brain, most insulin comes from the peripheral. Moreover, insulin can
be synthesized by the neurons in the brain. The peripheral insulin can pass the blood-
brain barrier (BBB) into the brain through a receptor-mediated active transport (Figure
2). The BBB is formed by the endothelial cell composting insulin binding sites. There are
two functions of the insulin biding sites are 1) as an insulin transporter across BBB to the
brain and 2) as a classic insulin receptor. Insulin may induce glycoprotein expression,
which plays an important role in BBB integrity and protect the brain from exogenous
toxins®”. The brain is insulin-independent organ but discovering the distribution of IRs in
the brain areas, including astrocytes and neurons. [|Rs are high expression in the
olfactory bulb, cerebral cortex, hippocampus, hypothalamus, cerebellum, and choroid
plexus. The structure and the properties of brain IRs are identical to peripheral IRs.
Compared to the peripheral, the brain is an insulin-insensitive organ because the brain

glucose uptake is not affected by insulin®"*.
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Figure 2 Peripheral insulin may pass the blood-brain barrier through a receptor-
mediated transport system

The picture modified form Blazquez et al. (2014)(53). In the central nervous system (CNS), insulin controls the food

intake and weight by regulating the hypothalamus neuronal activity, reproductive regulation, regulates neuronal

proliferation and differentiation, promotes neurite outgrowth, prevents neuron apoptosis, protects neurons against

oxidative stress, and cognition.

Insulin-IRs  binding activates two signaling pathways, including
PI3K/ PDK1/ Akt pathway and the Ras/ extracellular signal-regulated kinase ( ERK)
pathway (Figure 4). Insulin signaling in the CNS has regulated the peripheral tissues
( liver and adipose tissue) which are controlled through insulin action in the
hypothalamus (Figure 3). The metabolic effects of the brain insulin signaling, including
hepatic glucose production, lipolysis, amino acids, and hepatic triglyceride secretion'™”.

In the brain, IRs are expressed in neurons and glial cells. Insulin binds to
IRs lead to the phosphorylation of intrinsic receptor tyrosine kinases to promoting
downstream signaling that inhibits apoptosis and stimulates neuronal cell growth,

. . . .o (54,55)
neuronal survival, synaptic plasticity, and cognition .
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10

The figure of the central nervous insulin effects modified from Hallschmid et al. (2009) ' In CNS, insulin regulates

cognition, food intake, energy expenditure, and energy homeostasis.
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Figure 4 Brain insulin signaling

The figure of brain insulin signaling modified from Bedse et al. (2015)(57). Under normal conditions, insulin binds with
IRs leading to the insulin receptor substrate-1 (IRS1) phosphorylation, phosphoinositide 3-kinase (PI3K) activation,
activating downstream signaling to modulate the neuronal cell growth, neuronal survival, synaptic plasticity, and

cognition. In addition, the activation of IRS modulating the balance of vasodilatation and vasoconstriction.

4. Insulin resistance (IR)

Insulin resistance (IR) is a core feature of T2DM, defined as a decreased the
ability of insulin on the regulation of skeletal muscle and adipose glucose uptake and
suppression of glucose output. IR is present for many years before the blood glucose
level abnormality progression<58). IR is a common characteristic of metabolic disorders
such as obesity, dyslipidemia, metabolic syndrome, and T2DM®. IR is related with
many factors, including obesity, aging, sedentary lifestyle, and genetic predisposition,
which obesity is a significant risk factor. IR also contributes to many complications,
including cardiovascular disease (CVS), diabetic retinopathy (DR), nephropathy, and

. . 60
neurodegenerative disease®

4.1 Peripheral insulin resistance
The effects of insulin, insulin deficiency, and IR vary according to the

physiological tissues and organ’s function concerned and their dependence on
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metabolic processes, including adipose tissue and skeletal muscles. However, a recent
report indicated that other factors may be important to induce IR are peptide hormones,
inflammatory cytokines, and oxidative stress o,

The common insulin signaling pathways, including PI3K/Akt and MAPK
pathways. IR results in 1) the impairment of the skeletal muscle, liver, and adipose tissue
glucose uptake, 2) reduction of the liver and skeletal muscle glycogen synthesis, 3)
increased hepatic gluconeogenesis, 4) increased lipolysis, and free fatty acid (FFA)
release from adipose tissue. In IR condition, the pancreatic B-cell may increase insulin
production and release to compensate, in this process leading to hyperinsulinemia. The
compensation occurs when increasing insulin secretion from pancreatic B-cell to

%29 It's well known that IR is a directly of obesity

maintain the blood glucose level (
which associated with the exposure to high dietary food leading to the accumulation of
toxic metabolic by-products aa Adipocytes plays role in IR progression because they
can produce adipokines, hormones and cytokines. The capacity of adipose tissue is
lipid storage, resulting in abnormal accumulation and distribution of lipids to the other
organs. Moreover, high plasma lipid level can activate the phosphorylation of IRs serine
tyrosine kinase and impaired the insulin signaling pathway(%).

In addition, adipocyte is an endocrine cell, which can produce and release
inflammatory mediators, including leptin, tumor necrosis factor-alpha ( TNF-Q) , and
adiponectin, all of these are related to IR progression. In skeletal muscle and adipose
tissue, leptin and adiponectin have been recognized as anti-diabetogenic because their
reduces triglyceride (TG) synthesis, stimulates B-oxidation, and enhances insulin action
through the activating 5 -AMP-activated protein kinase (AMPK). Interestingly, the high
level of leptin and low level of adiponectin are found in obese human and animal. Its

) In

suggesting that obesity induced leptin resistance and adiponectin deficiency(%'
addition, high free fatty acid ( FFA) level has been found under obesity condition.
Obesity affects to adipose tissue by inducing adipocyte hypertrophy, adipocyte
apoptosis, FFA overproduction, and pro-inflammatory cytokines production (Figure 5)(68).

Previous studies shown the high FFA activated the inflammation through increased pro-
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inflammatory cytokines and downstream signaling, including the serine kinases, IKKB,

and JNK1, which inhibit IRS1 activation through promoting the IRS phosphorylation at

serine sites and IRS degradationm o,

Obesity

Adipose tissue

&# aﬁw

Immune cells infiltration Adipocytes hypertrophy Adipocytes apoptosis
SHRE
St RAPEE oot
TNF-QL
%’ {EEE? Adiponectin

TAG-derived FFAs overproduction Adipokines and cytokines release

¥

A, @

Cell

Systemic or peripheral areas

Oxidative stress Inflammation
(MDA) (IL-1B, L6, TNF-) Insulin resistance Dyslipidemia

Figure 5 The obesity promoting insulin resistance

The figure shows the mechanisms of obesity-induced insulin resistance which modified from Sripetchwandee et al.
(2018)(68). Obesity is induced adipocyte hypertrophy, adipocyte apoptosis, free fatty acid overproduction, and pro-
inflammatory cytokines release. These pathological conditions leading to the impairment of the cellular insulin

signaling.

4.2 Brain insulin resistance
Peripheral IR or hyperinsulinemia alters the blood-brain barrier (BBB)
function by reducing the IRs and BBB permeability, resulting in brain insulin functions
impairment”"”. Brain IR defines as the brain cells cannot response to insulin action. At
the cellular level, brain IR lead to the impairment of neuroplasticity, neurotransmitter
release, and the processes that related with insulin metabolisms, including neuronal

. 72
glucose uptake and inflammatory responses( .
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Figure 6 Insulin signaling pathway under normal and insulin resistance

The figure shows insulin signaling pathway and its impairment under insulin resistance condition which modified from

(73
)

D’Oria et al. (2017 " Under insulin resistance condition, the impairment of PI3K signaling and downstream signaling

leads to excessive the mitogenic arm stimulation, contributing to endothelial dysfunction and cardiovascular

. (73)
diseases .

The binding of insulin and its receptor resulting the balanced of insulin
signaling through PI3K/Akt pathway (metabolic regulation) and Ras/MAPK pathway
(mitogenic regulation) (Figure 6). Metabolic effects of insulin regulating the glucose
transport, glycogen synthase, protein synthesis, lipolysis, apoptosis, oxidative stress,
and inflammation. Non-metabolic effects of insulin regulating the cell proliferative, cell
survival, and inflammation. Under IR condition, the PI3K/Akt signaling is impaired
caused by hyperglycemia, hyperlipidemia, and hyperinsulinemia, resulting in the more
stimulation of the mitogenic arm and contributing to cardiovascular and endothelial

dysfunction®
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5. Type 2 diabetes mellitus and cognitive impairment

The effects of T2DM on the brain are recognized. One of all dementia cases in
the world may be effects from T2DM®. The most important mechanisms are insulin
signaling impairment, accumulation of AB, hyperphosphorylation of Tau protein, damage

of the vascular, and inflammation (Figure 7).

Insulin resistance  Type 2 diabetes

/ \

Impaired insulin Vascular Neuro- Tau Beta-amyloid
signaling damage inflammation hyperphosphorylation accumulation
Nerurodegeneration

Figure 7 The association between T2DM or insulin resistance and neurodegeneration

The figure shows type 2 diabetes mellitus and insulin resistance causes of the neurodegenerative progression which

modified from Tumminia et al. (2018)<74). Type 2 diabetes mellitus and insulin resistance can impact on the brain

leading to the synaptic plasticity impairment, impaired neuronal insulin signaling, vascular damage,

neuroinflammation, tau phosphorylation, and AP accumulation, resulting in the progression of neurodegeneration o

In the brain, insulin plays a major role in the synaptic plasticity and cognitions.
Therefore, insulin signaling impairment promoting cognition decline. There has been a
reported on T2DM-induced neurodegenerative progression and refers to type 3
diabetes mellitus (TSDM)”B). It has been proposed that AD and diabetes have
pathogenesis similarities, including insulin sensitivity and signaling impairment, AB
accumulation, Tau hyperphosphorylation, vasculopathy, mitochondrial dysfunction,
oxidative stress, and inflammation. Numerous recent studies indicated that insulin
signaling deficits arise due to IR occurs in AD patients. The impaired insulin signaling
leads to cognitive impairment through induced various mechanisms, including

. . . . . 2,4,75
inflammation, oxidative stress, AB accumulation, and neuronal cell death' !,
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5.1 Obesity

The obesity is a metabolic disorder and association with various
complications, including cardiovascular diseases, diabetes mellitus, and
neurodegeneration(4‘ " Numerous studies have demonstrated that obesity is correlated
with cognitive impairment and AD. In vivo and clinical studies showed that obesity
induced cognitive impairment through several mechanisms, including the leptin
signaling impairment, AR accumulation, and Tau protein hyperphosphorylation (pTau)(m).
Under IR condition, hyperinsulinemia disturbs the normal function of several vital organs,
including brain. Previous studies demonstrated that obesity not only induces peripheral
IR but can also lead to the brain IR development resulting in an impairment of long-term

68, 79

depression (LTD) through reducing brain insulin signaling< . The possible for brain IR
due to peripheral IR is high ceramide production from the liver. Ceramide is a
compound of sphingosine and fatty acid. Ceramide can cross the BBB into the brain.
Ceramide can stimulate oxidative stress, inflammation, and insulin resistance, which
leading to the cognitive decline®®".
5.2 Inflammation

Previous research demonstrated that AD patients have decreased oxygen
supplying to the brain, glucose, and nutrient and lead to decreased regional cerebral
blood flow ( rCBF). An impaired insulin signaling pathway partially mediates this

©2.8%) nsulin signaling activates PI3K/Akt to regulation the vasodilation and

phenomenon
vasoconstriction via endothelial nitric oxide synthase (eNOS) activation and nitric oxide
(NO) production(%. Under IR condition, PI3K signaling impairment leads to disrupt NO
production and promotes vasoconstriction. Moreover, the decrease of blood supply to
the brain lead to reduction in brain nutrient, which stimulated ROS production, oxidative
stress, and inflammatory response(%‘ )

Under peripheral IR condition, the production of pro-inflammatory cytokines
can activate the IRS-1 serine phosphorylation (an inhibitor of IKK, JNK, and ERK2),
which alters the insulin signaling by blocking the intracellular actions of insulin®”. In the

brain, the accumulation of AB oligomer activates microglia cell resulting in pro-
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inflammatory cytokines production and secretion®. T2DM and AD showed the elevated
vascular pro-inflammatory cytokines, which interrupts brain insulin signaling(sg' 0
5.3 Oxidative stress
Oxidative stress is an imbalance between the reactive oxygen species
(ROS) production and antioxidant systems(%. Oxidative stress has been shown to play a

role in pathogenesis of AD o193

IR progression relates with oxidative stress, DNA
damage, reduced glucose utilization, a vicious mechanism resulting in cognitive
impairment. The oxidative stress activates the damaging of proteins, lipids, and nucleic
acids. Oxidative stress is disrupting cell metabolism and signaling, increases pro-
inflammatory cytokine, and promoting cell death®*?,

Many studies indicated that people with T2DM have increased the ROS
production and reduced antioxidant defense™. However, obesity is a strong risk factor
of IR development through the activated adipocyte-derived factors release, such as
tumor necrosis factor-alpha ( TNF-QU), leptin, adiponectin, and FFA. Previous studies
found that increased FFA levels can decreased insulin sensitivity and inhibited insulin
signaling®’. Moreover, high FFA concentration is a cause of mitochondrial dysfunction
through increasing of superoxide production and impaired endogenous antioxidant

@89 The endogenous antioxidant prevents the cells from oxidative stress by

defenses
increasing the cytoprotective enzymes through the regulation of the transcription factor
nuclear factor erythroid 2-related factor 2 (Nrf2)®® ' ",

The oxidative stress protection of the cell is occurred at the transcriptional
level. The Nrf2/Keap1/ARE is a mediator for these responses, which its regulating the
expression of genes related to oxidative stress and cell survival, including antioxidant
proteins, detoxification enzymes, toxic transportation, free radical metabolism, inhibition
of inflammation, glutathione homeostasis, proteasome function, and DNA damage

recognition (Figure 8)® 192,
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Figure 8 The Nrf2/Keap1/ARE signaling in type 2 diabetes mellitus
The figure of the Nrf2/Keap1/ARE pathway in type 2 diabetes mellitus modified from David et al. (2017)(103). (A)

under non-stressed and (B) under oxidative stress.

Under non-stress stimulation (A in Figure 8), the Nrf2 transcription factor
binds to cysteine on Keap1 in the cytoplasm, resulting in an antioxidant response
inhibition through ubiquitination and degradation by proteasome. Under oxidative stress
condition (B in Figure 8), cysteine on Keap1 is modified and Nrf2 is translocate into the
nucleus. In the nucleus, Nrf2 binds to the ARE and stimulates cytoprotective enzymes
transcription to promoting cell survival through a several mechanisms, including the
antioxidant defense, inflammatory inhibition, and the toxic metabolites transport. These

cellular adaptations have been improved the tissue damage under the pathogenesis(g'

104, 105)

Studies by Uruno ef al. suggesting that Nrf2 activation improves insulin

(106

sensitivity in diabetes . Moreover, more recent studies in the murine model indicate

(20,106, 107) Under brain

that Nrf2 signaling can improve IR via oxidative stress suppression
IR, the overproduction of ROS is related with ATP production impairment, pro-

inflammatory cytokines release, beta-amyloid accumulation, and neuronal apoptosis.
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Thus, oxidative stress-induced cognitive impairment is associated with neuronal cell
death through the apoptotic pathway by increased pro-apoptotic proteins (Bcl-2) and
activation of caspase activities" .
5.4 Mitochondria dysfunction
Mitochondria is recognized that subcellular organelle. It is essential for
energy generation for the cellular function"®. Mitochondria is an importance organelle
of the cell not only for bioenergetic role but also involved in ion homeostasis, apoptosis,

(110, 111)

inflammation, and ROS production DM and AD are correlated with impaired

glucose homeostasis, mitochondrial dysfunction, and metabolic impairment. Inhibition of

. . . . . (3,110
energy production has been reduced the secretion and action of insulin® "

. Thus,
insulin signaling impairment or IR can activate oxidative stress in both peripheral organs
and brain. The oxidative stress occurs under brain IR resulting from the mitochondria
dysfunction. Mitochondria dysfunction has demonstrated that is an early occur in the
disease process. IR and insulin signaling alteration promoting the mitochondria
dysfunction and oxidative stress. Moreover, oxidative stress also stimulating to the
impaired cellular energy production, reduction of insulin secretion, and insulin
Sensitivity(m' -
5.5 Beta-amyloid accumulation

Brain IR stimulates the AB accumulation and oxidative stress'""?. AB
peptides and formation of extracellular AB plaques are pathogenesis AD hallmarks.
Normally, insulin regulates brain AB clearance, extracellular accumulation, and plaque
formation. Several studies in the brain IR reported that ROS overproduction enhances

the AP accumulation and induces the proteins, lipids and nucleic acid damagem.
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Figure 9 APP processing under normal and insulin resistance conditions

The figure of APP processing under normal and insulin resistance conditions modified from Shieh et al. (2020) 9

Insulin signaling impairment directly contributes to AR accumulation.

AB peptide is generated through non-amyloidogenic and amyloidogenic
pathways. In non-amyloidogenic pathway, APP is cleaved by a-secretase, releasing an
extracellular soluble APPa (sAPPa) and an intracellular C-terminal of APP (APP-CTFa)
(Figure 9). Next, the peptide is cleaved by y-secretase releasing p3 fraction. The sAPPa
is the normal by-product, which play roles in neuronal and brain development“14

Under IR condition, APP is cleaved by B-secretase and releasing the sAPPf
and APP-CTF through amyloidogenic pathway. Next, the AB is cleaved by y-secretase
and releasing insoluble AB lead to AP aggregates into AR plaques. AP plaques can
degrades IRs and competitive binding with insulin to IRs causing the impairment of the

. . . . . . . 114
insulin signaling and leading to activation of a-secretase and B—secretase( ' The

activation of Ol-secretase and B-secretase leading to the toxic AP production.



21

The impairment of brain insulin signaling contributes to cognitive impairment
through the activation of ABPP-AB by increasing APP expression, AB accumulation, and
oxidative stress. Under IR condition, chronic hyperinsulinemia induced cognitive
impairment through increased ABPP-AB accumulation and reduced its clearance in the
CNS. On the other hand, ABPP-AB can promote IR. This evidence suggests that a
positive feedback loop of cognitive impairment progression can develop by IR drives AB
production and AR peptide deposition. Normally, insulin regulates AB clearance through
promoting insulin-degrading enzyme (IDE) activity, is AB scavenger protease. Insulin
signaling regulates the expression IDE enzyme and can directly be competitive with AR
for binding to IDE. Therefore, the insulin signaling impairment results in decreased IDE
expression leading to AB accumulation and A plagues formation in the brain""® .

5.6 Hyperphosphorylation of Tau protein

The insulin signaling deficit exacerbates cognitive dysfunction by
enhancing the phosphorylation of Tau protein, a neuronal microtubule-associated
protein. Tau protein plays a role in the assembly and stability of microtubules and
vesicle transport. The hyperphosphorylation Tau ( pTau) lead to form neurofibrillary
tangles ( NFTs) , the pathological hallmark in AD. Smaller aggregates of pTau

contributing to neuronal dysfunction and degenerationms).

insulin regulates pTau by
inhibiting GSK-3B activity, a critical kinase that phosphorylates Tau. The brain insulin
signaling impairment leading to a reduction of Akt activity, increases GSK-3B activity,
and phosphorylation of Tau protein® """, The enhancing of GSK-3B activity in T2DM

might elevate production and increased Tau phosphorylationmg’m).

6. Apoptosis
6.1 Apoptotic pathways
Apoptosis is a physiological process of cell death. It is characterized by cell
shrinkage, chromatin condensation, DNA fragmentation, and disassembly into apoptotic
bodies. Apoptosis occurs when the pro-apoptotic mediators (Bad, Bid, Bik, and Bax)
higher than the anti-apoptotic mediators (Bcl-2 and Bcl-xL). Apoptosis is divided into the

extrinsic (death receptor) pathway and the intrinsic (mitochondrial pathway) (Figure
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10)(33). The characterized of apoptosis are activation of caspases, DNA and proteins

breakdown, and phagocytes. Caspase is the cysteine protease family which widely

. 33, 120
expressed in most cells' 5
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Figure 10 Extrinsic and intrinsic pathways of apoptosis

The extrinsic and intrinsic pathways of apoptosis modified from Elmore et al. (2007)(33).

6.1.1 Extrinsic pathway

The extrinsic pathway is initiated by the binding of ligands (Fas ligand
and Fas receptor ( FaslL/FasR), tumor necrosis factor ( TNF), TNFR1, Apo3L/DR3,
Apo2L/DR4 and Apol2L./DR5) to the death receptors at cell membrane "9 This domain
plays a role in extracellular death signaling-induced intracellular apoptotic through the
adaptor proteins recruitment (Fas-associated death domain (FADD), and TNF receptor-
associated death domain (TRADD)). The FasL-FasR binding results in FADD adaptor
protein recruitment, which associates with procaspase-8 inducing signaling complex

( DISC) and triggers apoptosis process by activation the caspase-3 downstream

121, 122)

pathways< .
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6.1.2 Intrinsic pathway

The intrinsic pathway occurs within the cell, which regulated by the anti-
apoptotic proteins (Bcl-2, Bcl-xL), pro-apoptotic proteins (Bax, Bak), and BH3 proteins
(Bad, Bik, Bim). The pro-apoptotic proteins are inhibited by the anti-apoptotic proteins
while BH3 proteins can counteract with anti-apoptotic proteins and release the pro-
apoptotic proteins to stimulate the apoptosis. Under internal stimuli (hypoxia, DNA
damage, and toxins), the BH-3 protein activates Bcl-2, Bax and Bak. The activation of
Bax and Bak are induced the pores on the surface of mitochondria, resulting in
cytochrome ¢ (Cyt c) release. Cyt c is binding with with Apaf-1 and procaspase-9 to
form apoptosome, leading to caspase-9 activation and apoptosis process. In addition,
Bax and Bak proteins can induced a second mitochondrial-derived activator of caspase
(Smac), which it disrupts the interaction of IAPs with caspase3 or caspase9, and then

. . (33, 123)
promotes caspase activation .

6.2 Apoptosis in type 2 diabetes and cognitive impairment

Numerous evidence shown that T2DM leads to cognitive impairment
through oxidative stress-induced neuronal cell apoptosis(m). Brain IR-induced oxidative
stress through brain mitochondria dysfunction leads to ATP reduction and
overproduction of ROS. In addition, hyperglycemia may contribute to oxidative stress
through AGE-RAGEs, inflammation, and mitochondria dysfunction. This oxidative stress
from both pathologies may trigger the accumulation of AR through activated BACE-1
enzyme activity in the brain. The mitochondria dysfunction, ROS, AR accumulation
resulting in of mitochondria Cyt ¢ release following the caspase activities and apoptosis.
Evidence supports the activation of caspases may be responsible for the
neurodegeneration associated with AD. Apoptosis can assessed by the pro-apoptotic
and anti-apoptotic signaling through the stimulation from the environmental or
extracellular factors, such as cytokines(aa’ 0

In vitro and in vivo studies discovered that the brain mitochondrial
respiration reduction, mitochondrial DNA mutation, and abnormal of mitochondrial fusion
and fission are occurred under IR condition®”. The lowering ATP synthesis is a cause of

O, consumption reduction, CO, generation, and ROS overproduction. Furthermore,
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enhanced ROS levels stimulates the neuronal apoptosis through high the expression of
pro-apoptotic proteins ( Bax, Bad, Bak) , lower levels of anti-apoptotic Bcl2, and
caspases activity“os). Moreover, mitochondrial dysfunction in IR and T2DM are related
with apoptosis, cognitive decline, and cerebral degeneration“%).

Hippocampus is one of most of the brain sensitive area in metabolic

127128 Numerous studies have found that DM has impacts on

disorders, including DM
hippocampal neurons apoptosis through multiple mechanisms. In vitro and in vivo
research indicated that the loss of hippocampal neuronal occurs in the DM. They
suggested that neuronal apoptosis may be a major mechanism contributing to cognitive

129, 130)

impairment( . Eight months diabetic rats showed the high expression of Bax and

caspase-3 activity, which related to the decreased neuronal density and impaired

(131)

cognitive performance . The activation of caspases is irreversible process of cell

death. Numerous studies demonstrated that the hippocampal apoptosis in DM resulting

. (131, 132)
from caspase mechanisms .

7. Pumpkin seed oil

Pumpkin seed oil (PSO) is a product obtained from the pumpkin seed. The
pumpkin is a pepo-type fruit which belongs to the Cucurbita genus and the
Cucurbitaceae family, largest family in plant kingdom. The food industry has used the
pumpkin for produce juices, purees, jams, and alcoholic beverages. In addition,
pumpkin seed contains the bioactive compounds are used as traditional medicine and
functional food™”.

The pumpkin seed is known as pepita, which is a shell flat, dark green seed. It
has a yellow-white shell, but some pumpkin seed without the shell. The pumpkin seed is
a high energy source of proteins, carbohydrates, vitamins, and oil. Also, the oil from
pumpkin seed has gained attention in the fat and oil industry. The oil of pumpkin seed
can obtain from pumpkin seed with or without the shell. The PSO has a dark greenish

color. It has been used as supplement for a natural source of proteins, fatty acids,
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vitamins, carotenoids, B-and y-tocopherols, phytosterols, chlorophyll, and trace
elements (zinc and selenium)“%’ 13
7.1 Antioxidant activity and free radical scavenger
Pumpkin seed has a high vitamin E content (tocopherol), an antioxidant'"®”.
Previous research reported that the tumor mice administration of pumpkin seed extract
significantly increased the hepatic superoxide dismutase (SOD) activity and glutathione
peroxidase (GPx), and reduced the malonaldehyde (MDA) content in the serum™®
In addition, previous research was determined the total phenolic contents in
the PSO results show the ranges at 25-51 mg/kg of PSO. In the animal study, the PSO
administration in the rat which small bowel from destruction for five days could
decreased small intestine damage, serum myeloperoxidase ( MPQO) , prostaglandin,
MDA, xanthine oxidase, and increase GSH levels. They indicated that PSO has a
potential on the anti-inflammation and antioxidant properties“%).
7.2 Anti-diabetic activity
Numerous research indicated that the pumpkin seed contains the
compounds that decreasing blood glucose level, called tocopherol or vitamin E. The raw
pumpkin seed has found tocopherol isomers (a, B, y, and 8). It has been reported to be
attenuated DM through its antioxidant activity. The previous study indicated that the
tocopherol from PSO could reduce the lipid profiles and blood glucose levels in diabetic
rats. They demonstrated that the tocopherol from PSO has hypoglycemic property(m).
7.3 Hypolipidemic activity
A previous study determined the effect of PSO treatment on the total
cholesterol, low-density lipoprotein cholesterol ( LDL) , and high-density lipoprotein
cholesterol (HDL) in ovariectomized rats. The rats treatment with PSO had a high level of
healthy lipid""?.
7.4 Anti-microbial activity
The PSO contains the anti-microbial components. The 2% PSO
concentration could inhibit Aeromonas veronii, Candida albicans, Enterociccus feacalls,

Escherichia coli, Salmonella enterica, and Staphylococcus aureus™ .
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8. Type 2 diabetes animal models

Animal model has a long history used to diabetes mellitus research. The animal
models for type 2 diabetes research are knockout mice, and tissue-specific knockout
mice, diet models, and dietary combined with streptozotocin models.

8.1 Mouse models

The mouse model of T2DM are C57BL/6 mice, Nagoya-Shibata-Yasuda
(NSY), B6.Cg-Lepob/J, B6.BKS (D)-Leprdb/J, and NONcNZO10/LtJ mice.

C57BL/ 6 mice is a genetically obese. It is characterized by central
adiposity, metabolic abnormalities, and impaired glucose tolerance'™” .

Nagoya-Shibata-Yasuda (NSY) mouse is a mimics model of age-related
T2DM people. it is characterized by an impaired insulin secretion and action and mild
obesity (visceral fat accumulation)“ag).

B6.Cg-Lepob/ J and B6. BKS ( D) -Leprdb/ J mice are a phenotype of
spontaneous T2DM. It is characterized by hyperphagia, obesity, glucose intolerance,
hyperglycemia, hyperinsulinemia, and pancreatic islet B-Cell hypertrophymg).

8.2 Dietary models
8.2.1 High-fat diet (HFD) model
Obesity is the risk factor for insulin resistance and T2DM development.
Therefore, diet remains a critical factor to induced obesity. Previous studies shown that
long-term the consumption of diet containing 40-60% of lipid could promote metabolic

140, 141
s Moreover, HFD

disorders, obesity, adipocyte hypertrophy, hypertension, and IR
consumption promotes pro-inflammatory cytokines production and hypertriglyceridemia.
Thus, the lipid source in the diet is important for obesity and T2DM development.
8.2.2 Sucrose diet model
A high sucrose diet is a typical food in developed countries. It is an

45,142

environmental factor that leads to obesity and T2DM development< . The capacity of
high sucrose intake to induce obesity and IR in rodents is dependent on the species or
animal strain. Wistar rats fed a standard diet combined with 30% sucrose drinking water
showed a successful the induction of obesity, hypertension, hyperlipidemia, and

hyperinsulinemia*”. The previous study demonstrated that 32% sucrose diet does not
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lead to obesity in C57BL/6 mice but the diet can cause adipocytes hypertrophy, glucose
intolerance, hyperinsulinemia, hyperlipidemia, hepatic steatosis, and inflammation'"*.

The mechanism of a high sucrose diet-induced IR may be altering the
post-receptor of insulin signaling. The sucrose cannot alter the number of IRs and IRs
phosphorylation when exposure to insulin. However, IRS-1 and IRS-2 phosphorylation
are decreased indicating that sucrose promotes post-receptor insulin signaling
impairmentm‘r" 10

8.2.3 Fructose diet model

Fructose is a monosaccharide consisting of six carbon atoms found in
many fruits and honey. Fructose has a similar chemical formula to glucose, and it can
pass the same pathway as glucose. Nowadays, fructose is the primary sugar
consumption worldwide. Normally, fructose enters cells through diffusion via glucose
transporter 5 (GLUT5), which is expressed in the intestine, and GLUT5 can be
upregulated by fructose. After that, fructose diffuses into the blood circulation through
GLUT2. The first metabolism of fructose occurs in the liver. Fructose will convert to
pyruvate or glucose (under fasting conditions) . Fructose will be phosphorylated to
fructose 1-phosphate by fructokinase, cleaved by aldose B to dihydroxyacetone
phosphate ( DHAP) , glyceraldehyde formation, which ATP phosphorylates to form
glyceraldehyde 3-phosphate, both are the intermediates of glycolysis. When converting
to pyruvate, it enters the tricarboxylic acid (TCA) cycle and fatty acid (FA) synthesis.
This metabolism is the reason why excess fructose can lead to obesity, thereby affecting
T2DM. When large amounts ingest of fructose can toxic, it contributes to obesity and
T2DM development. Numerous studies have shown that short- and long-term fructose
intake lead to hyperinsulinemia, obesity, and T2DM development. Two weeks in the liver
of rats fed with 66%  fructose chow diet showed insulin-induced insulin receptor
phosphorylation reduction. Moreover, six weeks of fructose supplementation-induced
hyperglycemia is associated with glucose intolerance. Indeed, 6 and 12 weeks of

fructose consumption showed a higher serum insulin level. However, short-term fructose

consumption can decrease insulin sensitivity and is commonly used to induce IR. Acute
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fructose ingestion is causing of insulin and leptin secretion failure and attenuated
postprandial ghrelin suppression“‘m. Thus, long term high fructose consumption could
increase body weight and contributing to obesity. In addition, chronic fructose ingestion
resulting in hyperleptinemia and leptin resistance** ",
8.3 High-fat diet combined with streptozotocin model

This model is induced by using HFD and streptozotocin (STZ) injection
combination, which is designed to mimic T2DM pathogenesis for a short time than in
T2DM people. IR, and the resulting compensatory insulin release. After HFD intake
following STZ injection to induced partial B-cell death. HFD feeding lead to
hyperinsulinemia, IR, and glucose intolerance, while STZ injection reduces B-cell mass
and function"® "®".

In addition, the other studies used the rat feeding with HFD for two weeks
following a single injection of 50 mg/kg B.W. or 35 mg/kg B.W. of STZ to develop a T2D

") The characteristics of rat feeding with HFD combined with STZ are insulin

model'
resistance and hyperglycemia. It is suggested that the HFD is a good to initiate for
insulin resistance induction. STZ is widely used to induce type 1 and type 2 diabetes

mellitus, which STZ induced B-cell damage“%).

A low dose of STZ causes a mild
impaired insulin secretion, which is like the last stage of T2DM. Therefore, a rat model
feeding with HFD combined with a low dose STZ is closely mimic the natural history of
T2DM progression in the human (from insulin resistance to B-cell dysfunotion)mo‘154’155).
8.4 Fructose consumption combined with streptozotocin model

On the other hand, the alternative model for T2DM is fructose consumption
combined with a low dose STZ injection. The combination of fructose consumption and
low dose STZ injection effectively induces T2DM in experimental animals. Moreover, the
onset of hepatic IR has been linked to consuming fructose-rich diets in humans and
experimental animals. For IR or T2DM induction, fructose has been supplied ad libitum
by dissolving in drinking water or diet at 10 -15% concentration for a short or long

period. however, the IR and T2DM induction by fructose feeding is use more time and is

a high cost. Thus, the researcher designed T2DM rat model through short-term fructose
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feeding combined with a low dose STZ injection. This model may be induced all major
pathogeneses in T2DM, including IR and hyperglycemia. Wilson et al. studied the T2DM
rat model using a fructose solution combined with a low dose STZ. They used a six-
week-old male Sprague-Dawley (SD) rat and induced by feeding 10%, 20% , and 30%
fructose drinking water for two weeks following a low dose STZ (40 mg/kg B.W.)
injection. The rats in 10% fructose-fed STZ group showed enhancing glucose tolerance,
HOMA-IR, hyperglycemia, serum LDL, and cholesterol, which are the characteristics of

9 This model has a stable of diabetic condition over an 11" week

the human T2DM'
experimental. Therefore, fructose combined with a low dose STZ injection model is a
new non-genetic alternative model of T2DM that quickly and successfully induce all
pathogenesis of T2DM. It can be used for acute and chronic studies for

pharmacological of anti-type 2 diabetic.

9. Human neuroblastoma cell SH-SY5Y

The SH-SY5Y cell is a cloned of the SK-N-SH cell, a bone marrow biopsy of
metastatic neuroblastoma of a 4" year female. There are three characteristics, including
adherent, floating cells, and both types. Biedler et al., suggested that SK-N-SH cells
contained two phenotypes, including neuroblast-like cell and epithelial-like cell.
Neuroblast-like cell has a characteristic of catecholaminergic, including a positive for
tyrosine hydroxylase (TH) and dopamine-B-hydroxylase. In contrast, the epithelial-like
cell lacked these enzymatic activities. In addition, SH-SY5Y cell can differentiated into a
mature neuron-like phenotype. Usually, SH-SY5Y cell is used as in vitro studies of
neuron functions under neurodegenerative processes. These cells can convert to
various functional neurons by adding specific compounds(m)

Previous research used the human neuroblastoma SH-SY5Y cell as a relevant
cellular model for biochemical investigations on AD. Many studies were designed to
induce in vitro AD model by treating SH-SY5Y cell with hydrogen peroxide, zinc, and AB
peptides. Many experiments generated the SH-SY5Y cell to develop the in vitro AD

model through exposure to AP peptides. These models have shown oxidative stress,
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neurotoxicity, and apoptosis correlated with Alzheimer’ s disease-like pathological
changes. Wang et al. have been demonstrated that AP4z-induced cytotoxicity and
autophagic cell death in SH-SY5Y cell through triggered ROS accumulation®”.
Moreover, Liu et al. has shown AB.. .. induced oxidative stress and activated injury,
autophagy, and decreased total antioxidant capacity through inhibiting Nrf2

translocation into the nucleus in SH-SY5Y cell"™.

10. Pioglitazone

Pioglitazone (PG) is a new type 2 diabetic drug in thiazolidinediones (TZDs)

160, 161 (162) .

group( ) TZDs discovered by screening compounds for hypoglycemic action
TZDs improves insulin action in obese, insulin resistance, and T2DM models'"®. There
are three TZDs, including troglitazone, rosiglitazone, and pioglitazone. There have been
treated in T2DM people since the late 1990s. The FDA has approved TZDs used to treat
T2DM people combined with diet and exercise. In addition, the FDA recommends using
monotherapy or combined with metformin or sulfonylureas to manage T2DM"™. PG
developing by Takeda Chemical Industries (Osaka, Japan), with 392.91 Da of a
molecular weight. The metabolite of PG is occurred in the liver by cytochrome P (CYP)
450. It has been indicated that PG could improve insulin sensitivity and B-cell function in
type 2 diabetes'®" "*.

PG is a peroxisome proliferator-activated receptor-gamma (PPARY) agonist.
PPARY is expressed in many tissues, including the colon, skeletal muscle, liver, heart,
macrophages, and adipocytes. The activity of pioglitazone includes 1) binding to
PPARY and 2) improving insulin sensitivity by a change in fat metabolism (reduction in
circulating FFA)"®.

10.1 Insulin sensitivity, beta-cell function, and blood glucose levels

The effects of PG on T2DM are reduced hyperglycemia and

hyperinsulinemia. It reduces fasting and postprandial bold glucose. In addition, PG
administration improves peripheral insulin sensitivity, enhances glucose uptake, reduces

161, 166)

insulin resistance, and improves the B-cell function' The PB-cell function
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improvement could be mediated by PPARY activation in pancreatic B-cells or reduces

)

lipotoxicity associated with reduced IR Moreover, PG prevents B-cell apoptosis

through inhibiting NF-KB signaling pathway“ﬁg)_

10.2 Lipid metabolism and fat redistribution
Dyslipidemia is a cause by high triglycerides (TGs), low high-density
lipoprotein  (HDL) cholesterol, and small-dense low-density lipoprotein (LDL)

169)

cholesterol' PG has a potential to reducing TG levels and enhancing HDL

cholesterol""”. Nagashima et al. (2003) demonstrated that PG treatment could increase
plasma TG clearance mediated by increased lipoprotein Iipase(m).
10.3 Adipose tissue

The visceral adipose tissue accumulation is a common feature of IR"". PG
regulates the expression of adipocyte genes, such as adiponectin, TNF-Ql, and resistin.
In type 2 diabetes shown the low adiponectin level and high leptin level. PG improves
leptin resistance and increases adiponectin production, resulting in enhances insulin

e (172
sen3|t|V|ty( ),
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RESEARCH OBJECTIVES
The present study is divided into two experimental protocols, including in vitro
and in vivo (animal) studies that have the objectives below
In vitro (cell culture) research objective
1. To examine the neuroprotective effect of pumpkin seed oil (PSO) on beta-
amyloid 42 (AB,,) -induced neuronal cell death in human neuroblastoma cell line SH-
SY5Y
In vivo (animal) research objective
1. To examine the effect of pumpkin seed oil on neuronal cell death and
cognitive impairment in type 2 diabetic rat
2. To explore the mechanisms underlying the effects of pumpkin seed oil on

neuronal cell death and cognitive impairment in type 2 diabetic rat
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CHAPTER III
MATERIALS AND METHODS

Table 3 Materials and reagents

No. Materials and reagents Sources
1 Antibiotic-antimycotic Invitrogen, USA
2 Anti-B-actin antibody Millipore, MO, USA
3 Anti-Bax antibody Abcam, USA
4 Anti-Bcl-2 antibody Abcam, USA
5 Anti-BACE1 antibody Abcam, USA
6 Anti-caspase3 antibody Abcam, USA
7 Anti-nrf2 antibody Abcam, USA
8 Anti-rabbit IgG HRP-linked antibody Bio-Rad, CA, USA
9 Beta-amyloid 42 Millipore, MO, USA
10 Cholesterol strip Roche, Germany
11 Curcumin Millipore, MO, USA
12 Dimethyl sulfoxide Invitrogen, USA
13 Dulbecco's Modified Eagle's-Medium Gibco, USA
14 Enhance chemiluminescence Pierce, USA
15 F12 medium Gibco, USA
16 Fetal bovine serum Invitrogen, USA
17 Fluorescent CM-H,DCFDA dye Invitrogen, USA
18 Fructose powder Charoentavorn, Thailand
19 Human neuroblastoma cell line SH-SY5Y ATTC, USA
20 Pioglitazone Millipore, MO, USA
22 Polyvinylidene difluoride membrane Millipore, MO, USA
22 Protease inhibitor cocktails Millipore, MO, USA
23 Radioimmunoprecipitation assay buffer Millipore, MO, USA
24 Rat AB,, ELISA assay kit Invitrogen, USA
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Table 3 (Continued)

No. Materials and reagents Sources

25 Rat free fatty acid ELISA assay kit Cayman Chemical, USA

26 Rat insulin ELISA assay kit Millipore, MO, USA

27 Sodium pyruvate Invitrogen, USA

28 Streptozotocin Millipore, MO, USA

29 Superoxide dismutase assay kit Cayman Chemical, USA

30 Thiobarbituric acid reactive substances Cayman Chemical, USA

assay kit

31 Triglyceride strip Roche, Germany

32 Trypan blue Invitrogen, USA

33 X-ray film Kodak, US

34 3-(4,5-dimethylthiazol-2-yl)- Invitrogen, USA
2,5-diphenyltetrazolium bromide (MTT) dye

Preparation of pumpkin seed oil
Sample preparation and pumpkin seed oil extraction

The pumpkins were obtained from a community enterprise in Santisuk
district, Nan province, Thailand. Removed the seeds and separated them all from the
pumpkin pulp. Pumpkin seeds were washed and then dried in a hot air oven at 60 °C for
6 hours. The seeds were ground to powder with the grinder. The pumpkin seed oil
(PSO) was extracted using the Soxhlet procedure (AOAC 1995, 920.85) according to
the method by Srbinoska et al"™. Figure 11 shows the extraction procedure of PSO.

Briefly, 100 grams of pumpkin seed powder were weighed and extracted in
the boiling glass regulators at 80 °C using ethanol as the solvent. After 2 hours of
extraction, the solvent was released from the product into the rotary vacuum evaporator
(35 °C, 100 mPa). The yield of oil was calculated as a percentage of yield following the

formula:
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% Yield of pumpkin seed oil = Weight of oil (g) x 100

Weight of pumpkin seed (g)

»

- Ny
s )
Weighed
.l: Vacuum evaporator
Soxhlet extractor
Ground with (2 hours at 80 °C with 100% ethanol)
the blender

Figure 11 The extraction procedure of pumpkin seed oil

Determination of the fatty acid composition and tocopherol in the pumpkin

seed oil

The rich of fatty acid compositions in the PSO, including palmitic (C16:0),
stearic (C18:0), arachidic (C20:0), oleic (C18:1), and linoleic acids (C18:2), were
identified by In-house method WI-TMC-05 based on AOAC (2019) 996.06, 969.33 using
gas chromatography (GC) analysis. In addition, tocopherol was evaluated by the In-
house method WI-TMC-13 based on BS EN 12823-1 (2000) using High-Performance
Liquid Chromatography (HPLC). These analyses were performed by the Institute of Food

Research and Product Development (IFRPD), Kasetsart University, Bangkok, Thailand.
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Experimental protocol I: In vitro (cell culture) study

The objective of in vitro study was to examine the neuroprotective effect of
pumpkin seed oil (PSO) on beta-amyloid 42 (AB,,)-induced neuronal cell death in
human neuroblastoma cell line SH-SY5Y. In the present study, the cell was divided into
five groups, including 1) Control (CON): the SH-SY5Y cell cultured in a normal culture
medium without 0.5% DMSO, 2) Solvent control (SOL): the SH-SY5Y cell cultured in the
medium containing 0.5% DMSO, 3) AB,, group (AB): the SH-SY5Y cell was exposed
with 1.25 UM of beta-amyloid 42 in the culture medium containing 0.5% DMSO, 4)
Positive control (CUR): the SH-SY5Y cell was treated with 0.001 ng/mL of curcumin in
the culture medium containing 0.5% DMSO, 5) Pumpkin seed oil 1 (PSO1): the SH-SY5Y
cell was treated with 10 Jg/mL of pumpkin seed oil in the culture medium containing
0.5% DMSO, and 6) Pumpkin seed oil 2 (PSO2): the SH-SY5Y cell was treated with

0.001 pg/mL of pumpkin seed oil in the culture medium containing 0.5% DMSO.

1. Cell culture preparation

The human neuroblastoma cell line SH-SY5Y was purchased from American
Type Culture Collection (ATTC®; No.CRL-2266). The cells were cultured and maintained
in a cultured medium containing 50% Eagle's Minimum Essential Medium (EMEM) and
50% F12 medium, supplemented with 10% fetal bovine serum (FBS), 1% sodium
pyruvate, and 1% antibiotic-antimycotic at 37 °C (6% CO,) in an incubator. After 80% of
confluence cells grow, the cells were sub-cultured every three days. The viable and
dead cells were determined by staining with trypan blue and counted using a

hemocytometer.

2. Determination of pumpkin seed oil toxicity on SH-SY5Y cell
The toxicity of pumpkin seed oil (PSO) on a human neuroblastoma cell line
(SH-SY5Y) was assessed by the cell viability percentage. The cell viability was
performed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. The SH-SY5Y cells (1 x 10°* cells/well) were seeded to a clear sterile 96-well plate

and maintained in a cultured medium under 37 °C (5% CO,) for 24 hours. Next, the



39

medium was removed and replaced with the different concentrations of PSO (1-100
ng/mL and 1-10 pg/mL) in a cultured medium containing 0.5% dimethyl sulfoxide
(DMSO), incubated for 24 hours at 37 °C (5% CO,). After that, the medium was
removed, washed with phosphate buffer saline solution (PBS), added 50 pL of MTT
solution (0.5 mg/mL in cultured medium without serum), and incubated at 37 °C for 4
hours. After incubation, the solution of each well was removed and washed with PBS.
Finally, 100 uL of 100% DMSO was added to dissolve the purple formazan. The optical
density absorbance was measured at 570 nm using a microplate spectrophotometer.
The cell viability percentage was calculated. The control and positive control groups
were used a normal cultured medium and cultured medium containing 0.5% DMSO to

control and positive control, respectively.

3. Determination of beta-amyloid 42 induced toxicity in SH-SY5Y cell

The toxicity of beta-amyloid 42 (AB,,) was assessed by the inhibitory
concentration at 50% (IC,,), calculated from the cell viability percentage. The MTT assay
was used to measure cell viability. The SH-SY5Y cells were seeded in a clear sterile 96-
well plate (1 x 10" cells/well) and grown in the cultured medium under 37 °C (5% CO,)
for 24 hours. After 24 hours, the medium was removed and replaced with the different
concentrations of AB,, (0.15-2.5 uM) in a cultured medium containing 0.5% DMSO and
incubated for 24 hours (37 °C, 5% CO,). After that, the medium was removed, washed
one time with PBS, and added 50 uL of MTT solution (0.5 mg/mL in cultured without
serum), incubated at 37 °C for 4 hours. After incubation, the solution of each well was
removed, washed with PBS, and added 100 pL of 100% DMSO to dissolve the purple
formazan. The optical density absorbance was measured at 570 nm using a microplate
spectrophotometer and calculated the IC,,. IC,, was calculated using the GraphPad

Prism.
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4. Determination of the neuroprotective effect of pumpkin seed oil in AB,,-

induced toxicity in SH-SY5Y cell
4.1 AB,,, pumpkin seed oil, and curcumin preparation
The lyophilized AB42 peptide was dissolved in sterile water to prepare a
stock 50 pM AB,, solution and stored at -20 °C. The AB,, working solution was diluted
from stock (50 uM) to prepare 1.25 uM in a cultured medium containing 0.5% DMSO.
The working concentrations of PSO (1 ng/mL and 10 ug/ mL) and
curcumin (0.001 ng/mL) were prepared in a culture medium containing 0.5% DMSO.
4.2 Cell viability determination
First, the cells were seeded in a 96-well plate (1 x 10* cells/well) and
grown in a cultured medium for 24 hours under 37 °C (5% CO,). Next, the medium was
removed. Next, the cells were pretreated with different concentrations of PSO (1 ng/mL
and 10 pg/mL) and curcumin (0.001 ng/mL) and incubated in an incubator for 24 hours.
Then, the cells were exposed to 1.25 uM of AB,, and incubated further for 24 hours. The
AB,, was removed and washed one time with PBS. Next, the 50 pL of MTT solution (0.5
mg/mL in cultured medium without serum) was added and incubated at 37 °C for 4
hours. After incubation, the MTT solution was removed and replaced with 100 pL of
100% DMSO. Finally, the optical density absorbance was measured at 570 nm using a
microplate spectrophotometer. The percentage of cell viability was calculated from the
optical density absorbance at 570 nm.
4.3 Determination of the intracellular reactive oxygen species
The intracellular reactive oxygen species (ROS) was detected by the
probe with a fluorogenic dye 2', 7’-dichlorodihydrofluorescein diacetate (H,-DCFDA)
following the research of Wang et al™. Briefly, the SH-SY5Y cells were seeded in a 96-
well plate (1 x 10” cells/well) and pretreated with PSO (1 ng/mL and 10 pg/mL) and
curcumin (0.001 ng/mL), incubated for 24 hours (37 °C, 5% CO,). After 24 hours, the
PSO was removed. The cells were exposed to 1.25 pM of AB,, and incubated for 24
hours (37 °C, 5% CO,). The cells were washed once time with PBS, added 50 PL of 10

uM H,DCFDA, and incubated at 37 °C for 30 min. The cells were washed twice with
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PBS. The fluorescent density from ROS produced was using a fluorescence microplate
spectrophotometer.
4.4 Determination of apoptotic parameters by Western blot analysis

The SH-SY5Y cells were seeded and cultured in 35 mm plates (2x10°
cells/well) and pre-treated with PSO (1 ng/mL and 10 yg/mL) and curcumin (0.00 1
ng/mL), incubated in an incubator for 24 hours (37 °C, 5% CO,), following the cells were
exposed with 1.25 uM of AB,, for 24 hours (37 °C, 5% CO,). After incubation, the cells
were harvested by centrifuging at 14,000 rpm for 5 min. Next, the cells were lysed using
the ice-cold radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitor
cocktails. Next, the cell lysate was centrifuged at 13,000 rpm for 25 min at 4 °C to
remove the insoluble debris. Finally, the supernatant was collected and used to
determine the total protein concentration using Bio-Rad protein assay ( Bio-Rad, CA,
USA).

The apoptotic parameters were detected using western blot analysis,
including Bax, Bcl2, and caspase3 expression. Thirty micrograms of protein were
separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) at 30 mA. Next, the proteins were transferred from SDS-PAGE to the
polyvinylidene difluoride (PVDF) membrane at 100 volts for one hour. The non-specific
binding proteins on the membrane were blocked with 5% skim milk in 0.1% Tween20-
Tris buffer saline (TBST) pH 7.6 for one hour at room temperature. Next, the membrane
was incubated with primary antibodies of Bax ( 1:1,000), Bcl2 (1:1,000), caspase3
(1:1,000), and B-actin (1:40,000) at 4 °C, overnight, followed by HRP-conjugated anti-
rabbit IgG secondary antibody (1:5,000) incubation. The protein bands were visualized
by the Enhanced Chemiluminescence (ECL) system and exposed X-ray film. The protein
target band density was analyzed with Scion Image software.

In addition, the present study was designed to determine the effect of
PSO on cognitive impairment through insulin resistance-induced oxidative stress, beta-
amyloid expression correlation with beta-amyloid, and neuronal cell death in type 2

diabetes. This study was used a type 2 diabetic rat model induced by fructose feeding
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combined with low dose streptozotocin (STZ) injection. The animal study is described

follow below.
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Experimental protocol Il: In vivo (animal) study
The objectives of the animal study were to determine the effects of pumpkin
seed oil (PSO) on cognition impairment and neuronal cell death in a type 2 diabetic rat

model.

1. Animal preparation
Six-week-old male Sprague Dawley rats (SD-rat) weighted 180-200 g
obtained from Nomura Siam International Co., Ltd., (Bangkok, Thailand) were used in
this research. Before the experiment, the rats were rested for a week after arrival at the
Animal Center, Faculty of Medicine, Srinakharinwirot University. Then, they were kept
under optimal conditions (constant room temperature at 22 + 2 °C, 12/12-hour light/dark
cycle). This research was passed ethics committee of Srinakharinwirot University, Ethics
Certificate number COA/AE-010-2562.
1.1 Experimental design

The rats were divided into four groups (N=8 rats per group), including
the normal control group (CON), type 2 diabetic group (T2DM), type 2 diabetic rat-
pumpkin seed oil supplementation group (T2DM-PSO), and type 2 diabetic rat treated
with pioglitazone group (T2DM-PG).

Group I: Normal control group (CON), a normal rats received normal
drinking water

Group II: Type 2 diabetic group (T2DM), the rats fed with 10% w/v
fructose in drinking water combined with a low dose of streptozotocin injection

Group llI: Type 2 diabetes rats administration with PSO group (T2DM-
PSO)

Group IV: Type 2 diabetes rats administration with pioglitazone group
(T2DM-PG) or positive control

Rats in groups IlI, lll, and IV were continuously received 10% w/v

fructose in drinking water for 12 weeks.
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Animal experimental design

Male Spraque Dawley (SD) rats

N =32
Normal control rats (N = 8) Type 2 diabetes rats (N = 24)
(CON-rats) (T2DM-rats)
T2DM-rats T2DM-PSO rats T2DM-PG rats
N=8 N=28 N=28
10 weeks
A 4

Behavior tests
- Novel objects recognition (NOR) test

- Morris water maze (MWM) test

v 12 weeks
Physiological and metabolic parameters Molecular parameters
- Body weight change - Lipid peroxidation (Malondialdehyde; MDA)
- Oral glucose tolerance test (OGTTs) - Nrf-2 level (antioxidant transcription factor)
- Blood glucose, cholesterol, triglyceride levels - Beta-amyloid 42 (AB,,) level
- Serum insulin level - BACE-1 expression
- Serum free fatty acid level - Pro- and anti-apoptotic proteins (Bax/Bcl-2 ratio)
- Plasma HbA1c level - Caspase-3 expression
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1.2 Type 2 diabetic rat model induction

Type 2 diabetic rat model was performed following Wilson and Islam

" The rats were received 10% fructose drinking water combined with a low

research
dose of streptozotocin (STZ) injection. Two weeks after providing fructose drinking
water, rats were intravenous (I.V.) injected with STZ (30 mg/kg B.W., dissolved in 0.9%
NaCl), while normal control rats were I.V. injected with 0.5 mL of 0.9% NaCl. The fasting
blood glucose (FBG) level was determined after 48 hours of STZ or 0.9% NaCl injection.
Rats with fasting blood glucose (FBG) 2 250 mg/dL were considered diabetes. The rats

were continuously received 10% w/v fructose drinking water every day until the end of

the experiment (12 weeks).

Sacrifice
Behavior tests - Collect brain tissue
Single STZ 1.V. injection - MWM test - Blood sample
(30 mg/kg B.W.) - NOR test OGTT - Molecular analysis
| | | | | |
| I | | | 1
0 2 3 13 14 15
Week
CON Normal drinking water
T2DM 10% fructose drinking water
T2DM-PG 10% fructose drinking and PG (10 mg/kg B.W.) administration
T2DM-PSO 10% fructose drinking water and PSO (200 mg/kg B.W.) administration

Figure 12 Experimental timeline

2. Pumpkin seed oil (PSO) and pioglitazone (PG) administration
The PSO and PG were prepared by dissolved in 1% w/v carboxymethyl
cellulose (CMC) and drinking water. Daily gavage feeding of PSO 200 mg/kg B.W./day
and PG 10 mg/mg B.W./day were performed a week after STZ injection and continued

feeding for 12 weeks. Rats were received PSO and PG at 9:00 am for every day.
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In the present study, T2DM-treated with pioglitazone (T2DM-PG) was used
as a positive control group. Pioglitazone (PG) is an anti-diabetic drug that reduces blood

glucose by improving the body's insulin response.

3. Determination of metabolic parameters

After STZ or vehicle injection or supplementation with PG or PSO, the body
weight (BW) was monitored every week, while FBG, blood cholesterol (CHOL), and
blood triglyceride (TG) levels were determined every two weeks until the end of the
experimental (12 weeks). At the end of the experiment, the blood sample was collected
from a cardiac puncture to measure the plasma HbA1c, serum insulin, and free fatty
acid (FFA) levels. BG, TG, and CHOL levels were measured using a glucostrip Accu-
Check®, and cholesterol, triglyceride strip Accu-trende GCT meter (Roche, Boehringer
Mannheim, Germany) , respectively. Plasma HbA1c was determined using the
turbidimetric immune inhibition assay (Professional Laboratory Management Crop. Co.,
Ltd, Thailand). An enzyme-linked immunosorbent (ELISA) assay analyzed serum insulin

and FFA levels.

4. Oral glucose tolerance test
An oral glucose tolerance test (OGTT) is the method to evaluate the body's
ability to metabolize glucose and clear it from the bloodstream. After fasting overnight
(12 hours), rats were given a single dose gavage feeding of glucose solution (50 % wi/v,
2 g/kg BW). The blood glucose level was measured before glucose administration and
every 30 minutes up to two hours (0, 30, 60, 90, and 120 minutes) after glucose

administration.

5. Determination of serum insulin level
Fasting serum insulin level was measured by a sandwich Enzyme-linked
immunosorbent assay (ELISA) technique, following the manufacturer's protocol. Briefly,
10 pL of the serum samples were added to 96 well-plated coated with mouse

monoclonal anti-rat insulin antibodies, followed by 80 pL of detection antibody to each
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well and incubated at room temperature for two hours. Next, decant the solution from
each well and washed the wells three times with washing buffer solution. Added 100 pL
of enzyme solution to each well and incubated at room temperature for 30 minutes.
Decanted the solution from each well and washed it six times with washing buffer
solution. Added 100 pL of the substrate solution and shaken for approximately 5 to 20
minutes. The blue color was formed in wells. Finally, 100 pL of stop solution was added,
and the blue color was changed into yellow color. Read the absorbance at 450 and 590
nm using a microplate spectrophotometer (BioTex” Instruments, USA). The serum

insulin concentration was calculated from the insulin standard graph.

6. Homeostasis model assessment of insulin resistance (HOMA-IR) calculation

The HOMA-IR index was calculated by using FBG (mmole/L) and fasting

serum insulin (MU/L) according to the following formula"””

HOMA-IR = Glucose (mmole/L) x Insulin (mU/L)

22.5

7. Determination of serum free fatty acid level

Following the manufacturer's protocol, the serum free fatty acid (FFA) was
measured using a fatty acid fluorometric assay (Cayman Chemical, USA). The
fluorometric FFA assay utilizes a couples of enzyme reactions to determine the FFA
concentration in the sample. First, acyl CoA synthetase (ACS) catalyzes fatty acid
acylation of coenzyme A. Next, acyl CoA is oxidized by acyl CoA oxidase (ACOD) and
generates hydrogen peroxide (H,0,). Finally, H,O, reacts with 10-aceyl-3,7-
dihydroxyphenoxazine (ADHP) in a 1:1 ratio to develop the highly fluorescent product,
called resorufin. Resorufin fluorescence concentration is measured using a fluorescence
spectrophotometer with an excitation wavelength of 530 nm and an emission

wavelength of 590 nm. The reaction during assay performance is shown in Figure 13.
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ACS .
RCOOH + ATP + CoA = iaca” Acyl CoA+ AMP + PPi
Acyl CoA + 0O, Acyl CoA 2,3-trans-Enoyl-CoA + H,0,

Oxidase

2H,0,, + ADHP ErOXIdase | pocorufin (Exgze/EMsog)

Figure 13 Fatty acid assay reaction

Briefly, the serial FFA standard concentrations between 0-250 uM were
prepared. First, 10 pL of standards and samples were added to the black 96 well plate,
following 200 pl of FFA assay buffer. Next, 200 pL of the combined FFA cofactor mixture
was added to all standard wells and sample wells. Next, covered the plate with the plate
cover and incubated at 37° C for 30 minutes. After that, 100 puL of developer solution
was added to each well, covered, and incubated at 37° C for 15 minutes. Finally, the
fluorescent concentration was measured at 530 nm excitation wavelength and 590 nm
emission wavelength using a fluorescent microplate spectrophotometer (BioTex"
Instruments, USA). The serum FFA concentration was calculated using the following

formula.

(y-intercept)

x Sample dilution
Slope

Free Fatty Acid Concentration (uM) = [CSF -

8. Assessment of cognitive function

The cognitive performance assessment was performed on week 10" after
PG treatment or PSO supplementation. The novel object recognition (NOR) and Morris's
water maze (MWM) tests were performed for non-spatial and spatial learning and

memory assessment.
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8.1 Non-spatial learning and memory assessment Novel objects recognition

test
The novel object recognition (NOR) test assesses rodents' non-spatial
learning and memory based on the spontaneous tendency of rodents to spend more

234 . .
' The experiments were performed in

time exploring a novel object than an old object(
a black open field box (100 cm x 100 cm x 50 cm) with two identical objects (A, .)
and one different object (B; A ). The NOR test consists of three phases, including
habituation, familiarization, and test phases.

In the habituation phase, place the rat into the box without an object to
habituate to reduce stress. While the familiarization phase or learning phase, the rat was
returned to the same box containing two identical objects, and the rat was freely
exploring the objects. The last step is the test phase, the phase for memory assessment
in which the rat was returned to the same box containing two objects (original and new
objects). Naturally, the normal rat will spend more time exploring the new object than the
rat can remember the object.

The habituation phase was performed on day 1 of the experiment. First,
the rats were habituated to the empty box for 10 minutes. The next phase is
familiarization, performed after 24 hours of the habituation phase. The rat was returned
to the same box containing two identical objects (A1 + A2) and free exploring for 5
minutes. The objects in this phase are square and made from wood (3 cm x 8 cm x 8
cm). After that, the rat was returned to their home cages for 2 hours (inter-trial interval).
After that, the rat was placed in the same box for the test phase. The test phase is
divided into two tests. The first test is the task to assess short-term memory, performed
after 2 hours of the familiarization phase. The second test evaluates long-term memory
performed after 24 hours of the familiarization phase. In both the first and second tests,
the rat was placed in the box with two objects, original (A) and a new object (B), for 5
minutes. Object B was made from wood and triangular shape (3 cm x 8 cm x 8 cm).
During the inter-trial interval, the objects and the box were cleaned with 70% alcohol
spray. The exploration time of each rat was recorded by a digital video camera located

above the box. Each rat was measured the total time of rats spent exploring each object
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on the first and second tests. The recognition index (RI) was calculated as the
percentage of time spent at the new object divided by the total time spent at both
objects.

x 100

Recognition Index (%) = (TN-TO)

(TN + TO)

While TN is the exploration time of the new object and TO is the

exploration time of the old object.

Day 1 Day 2 Day 3
CON Test phase
T2DM Habituation Familiarization Short-term Long-term
phase phase memory memory
T2DM-PSO (10 min) (5 min) (5 min) (5 min)
hrs af hrs af
T2DM-PG , 2 Vrs é ter ,?a rsra ter
familiarization phase familiarization phase

Figure 14 Novel object recognition (NOR) test timeline
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&2 &2

Habituation phase Familiarization phase Test phase

Figure 15 The box in each phase of the Novel Object Recognition (NOR) test

A) The black open field box (100 cm x 100 cm x 50 cm), B) The rat was freely explored in the habituation phase, C)

The rat was freely explored in the familiarization or test phase

8.2 Spatial learning and memory assessment by using Morris's water maze

test

At 10" weeks of STZ or PSO or PG administration the spatial learning
and memory was performed by using Morris's water maze (MWM) test was
performed"'™. The MWM consisted of a circle pool (214 cm diameter, 50 cm high) and a
platform (15 cm diameter, 80 cm high). The pool was divided into four quadrants and
filled the water until the platform submerged (1-1.5 inches). The platform was located at
the middle of a certain quadrant and unchanged throughout the experiment. Non-toxic
white dye was added to make the water opaque (rendering the platform invisible) and
maintained water temperature at 25 + 0.5 °C. The experiment was performed in a quiet

room and controlled light and temperature. The rats were acclimatized in the test room
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for one day. Each rat's swimming was monitored and recorded by a digital video
camera. The experiment consists of 2 phases, including learning test and memory test.

The experiment was carried out for six consecutive days, the five days in
the learning test (escape latency time) and the one later day in the memory test (probe
trial time).

8.2.1 Learning test

In the learning test, the rat swimming and learned to escape from the

water by finding and locating at a hidden platform (Figure 16). The time that rats were
used to find the hidden platform is the escape latency time. In this phase, the rat
received five consecutive daily training trials with four intervals of one trial. Each interval
has a maximal time at 120 seconds. First, the rat was placed into water at the randomly
started quadrant for each interval by turning the rat's head facing the wall of the pool.
The rat swimming to find the platform until it climbed on the platform and the rat staying
for 20 seconds. If the rat could not find the hidden platform within 120 seconds, it was
conducted to the platform and allowed to stay there for 20 seconds. Each interval has
the resting period for 120 seconds before starting the next interval. Therefore, the time to
find the hidden platform was calculated as escape latency time (seconds).

8.2.2 Memory test (Probe-trial time)

The memory test or probe trial was performed after the learning test.
In this test, the hidden platform was removed from the pool (Figure 17). Then, the rat
was placed into the pool from the start location opposite the former platform quadrant
and allowed to swim in the pool for 60 sec. The rat's time spent in the former platform

was recorded within 60 sec.
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Figure 16 Morris's water maze setting experiment for learning test (escape latency time)
A) The arrow pointed out at the hidden platform, submerged 1-1.5 inches in the water
B) The rat was swimming to find the hidden platform

C) After finding the hidden platform, the rat will climb onto the platform for 20 seconds

Figure 17 Morris's water maze setting experiment for memory test (probe trial time)

A) The platform was removed from the pool

B) The rat swimming in the former platform quadrant

9. Preparation of hippocampal tissue

At the end of the experiment, the rats have sacrificed with an overdose
intraperitoneal (I.P.) injection of sodium pentobarbital. The brain was rapidly removed,
and hippocampal tissue was separated from the whole brain. The hippocampal tissue
was homogenized in RIPA buffer containing 1% protease inhibitor cocktails. The
hippocampal homogenate was centrifuged at 12,000 rpm, 4 °C for 15 minutes. The
supernatant was collected and stored at -80 °C until used to determine the expression of
B-secretase (BACE1), nuclear factor E2-related factor 2 (nrf2), and apoptosis

parameters using Western blot analysis. The hippocampal AB,, and lipid peroxidation
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were determined using ELISA and thiobarbituric acid reactive substance (TBARS)

assay, respectively.

10. Determination of lipid peroxidation

The present study was measured the hippocampal oxidative stress by
measuring the malondialdehyde (MDA) level. The MDA is the natural by-product of lipid
peroxidation and is used as an oxidative stress biomarker in the cell or tissue. MDA level
was measured using the thiobarbituric acid reactive substances ( TBARs) assay Kkit.
TBARSs is a well-established assay for screening and monitoring lipid peroxidation™.
The MDA in the sample forms with thiobarbituric acid (TBA) under high temperature (90-
100 °C) and acidic conditions, called the MDA-TBA complex (Figure 18). This complex

was measured colorimetrically at 540 nm using a microplate spectrophotometer. The

MDA concentration was calculated from the MDA standard curve.

0
il 0
?H S. _N_ _OH HO_ _N_ _SH
CH, + 2 /T: — Y3 “
cle 0PN g Na A=CH—CH=CH—s_ N

H
l(!. OH OH
MDA TBA MDA-TBA,

Figure 18 MDA-TBAs complex formation

The hippocampal MDA level was measured by following the manufacturer's
protocol. First, the serial concentrations of MDA standards (0. 625-50 pyM) were
prepared. Next, 100 uyL of the hippocampal homogenate and MDA standards were
added to the tube following 100 pL of sodium dodecyl sulfate (SDS) solution and 4 mL of
a color reagent. Next, all tubes were boiled at 100 °C for one hour and placed for 10
minutes on ice to stop the reaction. Then, all samples and standards were centrifuged at
1,600%g for 10 minutes (4 °C) and placed 30 minutes at room temperature. Finally, 150

pL from each tube was loaded into a 96 well plate. The optical density was measured at
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540 nm using a microplate spectrophotometer (BioTex® Instruments, USA). The MDA

concentration was calculated from the following formula.

MDA (UM) = (Corrected absorbance) — (y-intercept)

Slope

11. Determination of superoxide dismutase activity

The hippocampal superoxide dismutase (SOD) level was determined using
SOD assay kit. This assay kit utilizes tetrazolium salt to detect the superoxide radicals
generated by xanthine oxidase and hypoxanthine (Figure 19). This assay kit determined

the activity of SOD by detecting superoxide radicals with tetrazolium salt.

Xanthine 20, Formazan dye
+ 02 \ /
Xanthine oxidase
H,O / k
Uriczaczid 20, Tetrazolium salt
SOD
0, +Hy0,

Figure 19 Scheme of the superoxide dismutase assay

The hippocampal SOD level was measured by following the manufacturer's
protocol. First, the serial concentrations of SOD activity standards (0 — 0.05 U/mL) were
prepared. This assay was performed using 96 well plate. Briefly, the hippocampal tissue
homogenate, standards, and radical detector were added to each well. Next, xanthine
oxidase was added to the sample and standard wells to initiate the reaction and
generate superoxide radicals. Next, incubated the plate on a shaker at room
temperature for 30 minutes. Read the absorbance at 440-460 nm by a microplate
reader. The SOD activity was calculated by a standard curve equation following the

assay’s manufacturers.
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12. Determination of AB,, level in the hippocampal tissue

The hippocampal AB,, level was determined using a solid-phase sandwich
ELISA assay kit. Each well of the 96-well plate was pre-coat with a monoclonal antibody
specific to AB,, protein. The standards (100 pL) and samples (100 pL) were added to
each well, amount of AB,, in the samples was bound with immobilized (capture) antibody
and incubated at room temperature for 2 hours. The solution from each well was
removed and washed with a washing buffer solution. Next, the AB,, detection antibody
was added to each well and incubated at room temperature for one hour. In this step,
the solution was changed to blue color. After incubation, the solution was removed, and
the well was washed with a washing buffer solution. After washing, 100 uL of anti-IgG
HRP was added to each well, and the solution was yellow and incubated at room
temperature for one hour. Next, the solution was removed, washed with washing buffer,
and added 100 uL of stabilized chromogen to each well. Finally, the stop solution was
added to each well. The optical density was measured at 450 nm using a microplate
spectrophotometer (BioTex® Instruments, USA). The hippocampal AB,, level was

calculated from the AB,, standard curve.

13. Determination of nrf2, BACE1, Bax, Bcl2, and caspase3 expression in the
hippocampal tissue
The hippocampal nrf2, BACE-1, Bax, Bcl2, and caspase3 expressions
were determined using Western blot analysis. First, the total hippocampal protein
concentration was measured using the Bradford protein assay. Thirty micrograms of
protein were separated by 10% SDS-PAGE at 30 mA. Then, the protein was transferred
to the PVDF membrane at 100 volts for one hour. The membrane was blocked non-
specific binding protein with 5% skim milk dissolving in 0.1% TBST pH 7.6 for one hour
at room temperature and overnight incubated with primary antibody of nrf2 (1:1,000),
BACE1 (1:1,000), Bax (1:1,000), Bcl2 (1:1,000), caspase3 (1:1,000) and B-actin
(1:40,000) at 4 °C. After that, the membrane was incubated with horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG secondary antibody (1:5,000) for one hour at room

temperature. Finally, the target protein band was visualized by the ECL system, and X-
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ray film was exposed. The density of the protein target band was analyzed with Scion

Image software.

14. Statistical analysis

All data were analyzed using Graph Pad Prism version 7.0 software and
presented as mean * standard error (mean+SEM). The differences in the mean of cell
culture study, body weight change, biochemical parameters, MDA, nrf2, BACE1, AB,,,
apoptotic parameters, and NOR data were analyzed by one-way Analysis of Variance
(ANOVA) followed by Tukey's Post Hoc test (p value < 0.05). In addition, escape latency
was analyzed by two-way ANOVA followed by the Bonferroni Post Hoc test. Time spent
in the target quadrant was used one-way ANOVA followed Tukey's HSD Post Hoc test (p
value < 0.05).



CHAPTER IV
RESULTS

The results are divided into three major parts according to the experimental
design, including

Part | demonstrated the pumpkin seed oil (PSO) chemical composition

Part Il demonstrated the effect of PSO on beta-amyloid-induced neuronal cell
death in human neuroblastoma cell line SH-SY5Y

Part Ill demonstrated the effect of PSO on neuronal cell death and cognitive

impairment in a type 2 diabetic rat model
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Part | chemical composition of pumpkin seed oll

Our study showed that the ethanolic extraction gave 30 grams of pumpkin seed
oil (PSO) per 100 grams of pumpkin seed. The chemical composition of PSO includes
unsaturated and saturated fatty acids, as shown in Table 3. In addition, PSO also
contains phenolic compounds and tocopherol (vitamin E), which have antioxidant
properties. Moreover, vitamin E (alpha-tocopherol) was not detected in PSO extracted.
This study used the Sholex extractor for oil extraction. This extraction method was

performed under 80-100 °C, which destroys vitamin E.

Table 4 Saturated and unsaturated fatty acids in PSO extracted

Saturated fatty acids (g/100 g) Unsaturated fatty acid (g/100 g)
Palmitic acid (C16:0) 19.30 Cis-9-oleic acid (C18:1n:9¢) 28.10
Stearic acid (C18:0) 8.02 Linoleic acid (C18:2n6¢c) 39.11
Arachidic acid (C20:0) 0.37 Alpha-linoleic acid (C18:3n3c)  0.27
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Part Il reports the neuroprotective effect of pumpkin seed oil on human neuroblastoma

cell line SH-SY5Y apoptosis induced by beta-amyloid 42

This part reports the effect of PSO on AB,,-induced neuronal cell death through
the apoptotic pathway using the human neuroblastoma SH-SY5Y cell line. First, the PSO
and AB,, cytotoxicity tests on normal SH-SY5Y cells were performed to find the optimal

concentrations for a subsequent experiment.

1. Cytotoxicity of beta-amyloid 42 on human neuroblastoma SH-SY5Y cells

The AB,, cytotoxicity was evaluated using the MTT assay. Figure 20 shows
the SH-SY5Y cell viability after incubation with various concentrations of AB,, (0.15625 —
2.5 uM) for 24 hours. The AB,, was toxic to SH-SY5Y cells beginning at 0.15 uM and
significantly decreased cell viability concentration-dependent. The cell viability of SH-
SY5Y cells exposed with AB,,at 0.15625, 0.3125, 0.625, 1.25 and 2.5 uM were 95.57 *
0.55 %, 88.13 + 0.98 %, 82.56 + 0.68 %, 47.96 + 0.26 %, and 42.87 + 0.59 5 % of
control, respectively.

The inhibitory concentration at 50% (IC,,) value was 1.258 + 0.21 pM.
However, treated cells with the solvent control (cultured medium containing 0.5%
DMSO) had no significant toxicity to SH-SY5Y cells compared to cells without AB,,

exposure.
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Figure 20 Effect of beta-amyloid 42 on the viability of human neuroblastoma cell SH-SY5Y
The cytotoxicity of different concentrations of beta-amyloid 42 on human neuroblastoma cells SH-SY5Y. The cells (1 x
10") were cultured in 96 well plates and exposed to AB,, (0.15625- 2.5 M) for 24 hours. The % cell viability was

measured using the MTT assay.

2. Cytotoxicity of pumpkin seed oil on human neuroblastoma SH-SY5Y cells

The MTT assay was used to determine the cytotoxicity of PSO on SH-SY5Y
cells. The cells were treated with various concentrations of PSO (0.001 — 10 ug/mL). As
shown in Figure 21, PSO with a 0.001-10 ug/mL concentration did not significantly
reduce the SH-SY5Y cell viability. The cell viability of SH-SY5Y cells incubated with PSO
at 10 Hg/mL, 1 pg/mL, 100 ng/mL, 10 ng/mL, and 1 ng/mL were 94.68 + 1.61, 101.90 +
0.92, 100.70 £ 1.56, 100 = 0.74, and 100.80 £ 0.79 % of control, respectively. Therefore,
the present study was selected the highest and lowest doses of PSO (0.001 and 10

pg/mL) to examine the effect on AB,,-induced SH-SY5Y cell death.
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Figure 21 Effect of pumpkin seed oil on the viability of human neuroblastoma cell SH-

SY5Y

The cytotoxicity of different concentrations of pumpkin seed oil on human neuroblastoma cells SH-SY5Y. The cells (1

x 104) were cultured in 96 well plates and incubated with PSO (0.001 - 10 pg/mL) for 24 hours. The % cell viability was

measured using the MTT assay. CON; normal cell, SOL; normal cell cultured in medium containing 0.5% DMSO, AB;

the cells exposed with 1.25 UM of AB,,, PSO1; the cells pretreated with 10 pg/mL of PSO following AB,, exposure,

PS0O2; the cells pretreated with 0.001 pg/mL of PSO following AB,, exposure

3. Effect of pumpkin seed oil on beta-amyloid 42 induced SH-SY5Y cell death

After pretreatment with 0.001 and 10 pg/mL of PSO for 24 hours, the cells

were exposed to 1.25 uM of AB,, for another 24 hours. Figure 22 shows 1.25 uM of AB,,

(AB group) significantly reduced % cell viability to 47.95 + 0.19% of control as

compared to CON group (p < 0.001). In contrast, the PSO 0.001 and 10 pug/mL could

protect neuronal cell death by increasing % cell viability which was restored to 6.96 +

0.51 and 90.27 = 0.24 % of control, respectively. This result indicates a concentration-

dependent cytoprotective effect. In addition, pretreatment with curcumin at 0.001 ng/mL

was used as the positive control. The % cell viability of the curcumin pretreated group
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(CUR group) was 93.52 + 0.45 % of control. The % cell viability in PSO pretreated group

was not significantly different compared with the positive control.
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The values are expressed as mean + SEM. (N = 4)

ns, NS; not significantly different compared to CON and CUR groups, respectively
+; p < 0.05 compared to CUR group

***. p< 0.001 compared to CON group

"5 < 0.001 compared to AB group

Figure 22 Effect of pumpkin seed oil on beta-amyloid 42-induced cytotoxicity on human

neuroblastoma cell SH-SY5Y

The percentage of cell viability (% cell viability) of human neuroblastoma cells SH-SY5Y after pretreated with PSO at
concentrations 10 pg/mL (PSO1) and 0.001 pg/mL (PSO2) using MTT assay. The cells (1 x 10%) were cultured in 96
well plates, pretreated with PSO (0.001 and 10 pg/mL) for 24 hours, and following AB,, exposed for 24 hours. CON;
normal cell, SOL; normal cell cultured in medium containing 0.5% DMSO, AB; the cells exposed with 1.25 UM OfAB42,
PSO1; the cells pretreated with 10 pg/mL of PSO following AB,, exposure, PSO2; the cells pretreated with 0.001

Hg/mL of PSO following AB,, exposure
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4. Effect of pumpkin seed oil on beta-amyloid 42 induced intracellular reactive

oxygen species production on human neuroblastoma cell SH-SY5Y
Reactive oxygen species (ROS) play a critical role in beta-amyloid-induced
neuronal cell death. Therefore, the present study examined the effect of PSO on AB,.-
induced intracellular ROS production. The cells exposed to AB,, for 24 hours exhibited
elevated intracellular ROS levels (211.60 + 1.89 % of control) compared to the CON
group (Figure 23). In contrast, pretreatment with 0.001 and 10 pg/mL of PSO for 24
hours significantly reduced intracellular ROS compared to AB group (p < 0.001). They
show the concentration-dependent reduction of AB,.,-induced intracellular ROS levels
(from 211.60 + 1.89% to 134.60 + 3.68 % and 119.50 = 1.25 % of control, respectively).
Furthermore, the positive control (CUR group) significantly reduced the intracellular ROS
level to 123 + 2.55% of the control (p < 0.001). The results indicated that PSO pre-

treated neuronal cell death from intracellular ROS induced by beta-amyloid.
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Figure 23 Effect of pumpkin seed oil on beta-amyloid 42 -induced intracellular reactive

oxygen species on human neuroblastoma cell SH-SY5Y

The effect of pumpkin seed oil (PSO) on beta-amyloid 42 (AB,,)-induced intracellular reactive oxygen species (ROS)
production in human neuroblastoma cell SH-SY5Y were measured using 2’, 7’-dichlorofluorescencien diacetate
(H,DCFDA) probe. The cells (1 x 104) cultured in 96 well plates, pretreated with PSO (0.001 and 10 pg/mL) for 24
hours, and following AB,, exposed for 24 hours. CON; normal cell, SOL; normal cell cultured in medium containing
0.5% DMSO, AB; the cells exposed with 1.25 UM of AB,,, PSO1; the cells pretreated with 10 pug/mL of PSO following

AB,, exposure, PSO2; the cells pretreated with 0.001 pg/mL PSO following AB,, exposure

5. Effect of pumpkin seed oil on beta-amyloid 42 induced neuronal cell death

on human neuroblastoma cell SH-SY5Y

The present study investigated the effects of PSO on the underlying
apoptotic pathway by focusing on evaluating the regulation of Bax, Bcl2, and caspase3-
induced neuronal cell death. Figure 24 shows the expression of Bax, caspase3, and
Bcl2 expression using the western blot analysis. Compared to the CON group, the AB,,

exposure (AB group) resulting in significantly enhanced neuronal cell death by
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increasing the levels of pro-apoptotic protein Bax and caspase3 expression and
significantly decreased anti-apoptotic protein Bcl2 expression (p < 0.001). In contrast,
pretreatment with PSO 0.001 and 10 pug/mL significantly protected neuronal cell death
by reducing the expression of Bax and caspase3 levels and increasing Bcl2 expression
as compared to the AB group (p < 0.001). These results indicated that PSO attenuated

downstream of the apoptotic pathway, including Bax and caspase3 activations.
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Figure 24 Effect of pumpkin seed oil on beta-amyloid 42 regulated anti-apoptotic and

apoptotic proteins expression in human neuroblastoma cell SH-SY5Y. (A) The ratio of

Bax expression/B-actin, (B) The ratio of caspase3 expression/B-actin, and (C) The ratio

of Bcl2 expression/B-actin

The expression of pro-apoptotic proteins, Bax and caspase3 and anti-apoptotic protein, Bcl2 detected using Western

blot analysis. The cells (2 x 105) cultured in 35 mm plates, pretreated with PSO (0.001 and 10 Jlg/mL) for 24 hours,

and following AB,,exposed for 24 hours. CON; normal cell, SOL; normal cell cultured in medium containing 0.5%

DMSO, AB; the cells exposed with 1.25 UM of AB

PSO1; the cells pretreated with 10 plg/mL of PSO following AB,,

exposure, PSO2; the cells pretreated with 0.001 pg/mL of PSO following AB,, exposure
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Part 1ll: The effect of PSO on neuronal cell death and cognitive impairment in high
fructose drinking-induced type 2 diabetic rat

This part reports the effects of PSO on type 2 diabetic-induced neuronal cell
death and cognitive impairment through the apoptotic pathway using the type 2 diabetic
rat model. Thus, the present study evaluated the metabolic parameters change,
cognitive performance, oxidative stress parameters, beta-amyloid 42, and apoptotic

parameters.

1. The effect of pumpkin seed oil on metabolic changes in type 2 diabetic rat
The metabolic parameters that were examined, including body weight
(B.W.), fasting blood glucose (FBG), blood cholesterol (CHOL), blood triglyceride (TG),
plasma HbA1c, serum insulin, serum free fatty acid (FFA), and HOMA-IR index.
1.1 Body weight, fasting blood glucose, plasma HbA1c, blood cholesterol,
and triglyceride

After two weeks of high fructose drinking significantly increased the
body weight (B.W., p < 0.001) and maintained until the end of the experiment in
comparison to CON rats (Figure 25). It is noted that the B.W. gain in T2DM rats
remained significantly high throughout the experimental period (12 weeks). Six weeks
after administration of PSO and PG in T2DM-PSO and T2DM-PG, the B.W. showed a
significant reduction (p < 0.001) compared to T2DM rats. The B.W.’s reduction
continued until the experimental period's end (Figure 25).

As shown in Figure 26, the FBG levels in T2DM rats remained
significantly high throughout the experimental period. However, two weeks after
administration of PSO and PG in fructose drinking rats (T2DM-PSO rats and T2DM-PG
rats, respectively), the FBG levels were significantly reduced compared to T2DM rats (p
< 0.001). The reduction of FBG in T2DM-PSO and T2DM-PG rats was significant until the
end of the experiment.

Table 3 demonstrated the FBG, plasma HbA1c, blood CHOL, and blood
TG in the last week of the experiment. The FBG, plasma HbA1c, CHOL, and TG levels

were significantly elevated in T2DM rats compared to the normal control rats (CON, p <
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0.001). Interestingly, administration of PSO and PG in fructose drinking rats for 12 weeks
had a strong and significant reduction in FBG, HbA1c, CHOL, and TG levels compared
to those monitored from T2DM rats. The percentage change of FBG was 35.15 % and
31.39 % in T2DM-PSO rats and T2DM-PG rats, respectively. Moreover, there was a
significant difference between PSO and PG administrated in FBG, HbA1c, and TG
levels. However, there was no significant difference (p < 0.05) between PSO and PG
administrated in blood CHOL levels (Table 4).

As shown in Figure 27, the changes in blood glucose levels from OGTT
were used to calculate the area under curve (AUC). As shown in Figure 28, a reduction
of AUG by PSO and PG was significantly lower than that of T2DM rats (p < 0.001).
Therefore, the above results indicated that 12 weeks of PSO administration was able to
reduce hyperglycemia, hypercholesterolemia, hypertriglyceridemia and improve

abnormal glycosylated hemoglobin in type 2 diabetic states.
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Figure 25 The body weight changes during the experiment

The graph shows the body weight changes between 0-15 weeks of the experimental. The rats in T2DM-PG and
T2DM-PSO groups received 10% fructose drinking water for two weeks (week 0 -2) and following streptozotocin (STZ)
injection. PSO or PG administration was performed after a week of STZ injection (week 3) for 12 weeks. T2DM, T2DM-

PG, and T2DM-PSO rats continuously received 10% fructose drinking water until the end of the experimental or 12
weeks. CON; the normal control rats, T2DM,; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10

mg/kg B.W. pioglitazone, T2DM-PSQO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 26 The change in fasting blood glucose level during the experiment
The graph shows the fasting blood glucose (FBG). The rats in T2DM-PG and T2DM-PSO groups received 10%
fructose drinking water for two weeks (week 0 -2) and following streptozotocin (STZ) injection. PSO or PG
administration was performed after a week of STZ injection for 12 weeks (at 2 weeks in the graph is the started PSO or
PG administration or 0 weeks from 12 weeks of the experimental). T2DM, T2DM-PG, and T2DM-PSO rats continuously
received 10% fructose drinking water until the end of the experimental or 12 weeks. CON; the normal control rats,
T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W. pioglitazone, T2DM-PSO;

type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Table 5 The fasting blood glucose (FBG), blood cholesterol (CHOL), and blood

triglyceride (TG) levels

Group FBG (mg/dL) HbA1c (mg/dL) CHOL (mg/dL) TG (mg/dL)
CON 98.00 + 1.41 3.92 +0.04 151.60 + 0.75 124.20 + 1.80
T2DM 34540+ 1.89° 958+0.02  190.60+3.28  385.00+11.38

HHH

T2DM-PG 23520 + 3.83" 5.04 +0.11™ 16220+ 1.28" 244.00 + 2.45
T2DM-PSO 216.00 + 3.35"" " 5.94 + 0.12"" " 162.60 + 1.08™" ™ 269.80 + 8.18"""

The values are expressed as mean + SEM. (N = 8)

ns; not significantly compared to T2DM-PG group

+, ++; p < 0.05 and 0.01 compared to T2DM-PG group

= ###; p< 0.001 compared to CON group and T2DM group, respectively

CON; the normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W.

pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 27 The effect of pumpkin seed oil on glucose tolerance
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The graph shows the blood glucose level in the oral glucose tolerance test (OGTT). The rats received a single dose

gavage feeding of 50% glucose solution (2 g/kg B.W.). The blood glucose level was measured before glucose

administration (0 minutes) and every 30 minutes (30, 60, 90, and 120 minutes up to two hours after glucose

administration. CON; the normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated

10 mg/kg B.W. pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 28 The area under curve (AUC) of OGTT

The graph shows the area under curve (AUC) of OGTT. CON; the normal control rats, T2DM; type 2 diabetic rats,
T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W. pioglitazone, T2DM-PSO; type 2 diabetic rats

administrated 200 mg/kg B.W. pumpkin seed oil

1.2 Serum insulin, calculated homeostatic model assessment for insulin
resistance, and serum free fatty acid levels

After two weeks of 10% fructose drinking feeding (Figure 29), the rats
were received 10% fructose drinking (FRUC rats) showed significantly increased serum
insulin level compared with normal drinking water rats (CON rats) (p < 0.001). Therefore,
10% fructose intake leads to hyperinsulinemia, which is the characteristic of T2DM.

At 12 weeks of the experimental, the fasting serum insulin level of T2DM
rats was significantly higher than that of the normal control rats (p < 0.001), as shown in
Figure 30. The calculated HOMA-IR (Figure 31), which indicated a degree of insulin
resistance and level of serum FFA were significantly higher in T2DM rats compared to
the CON rats (p < 0.001) (Figure 32). The PSO and PG administration to type 2 diabetic
rats significantly reduced serum insulin, HOMA-IR index, and serum FFA compared to

T2DM rats (p < 0.001).



Serum insulin level (mU/L)

50

40

30

20

10

Hi

CON

The values are expressed as mean + SEM. (N = 8)

ok

Figure 29 The serum insulin level after two weeks of 10% w/v fructose drinking water
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The graph shows the serum insulin level after two weeks of 10% drinking water feeding. FRUC; rats received 10%

fructose drinking, CON; normal control rats
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Figure 30 The fasting serum insulin level

The graph shows the serum insulin level after 12 weeks of PSO or PG administration. CON; the normal control rats,

T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W. pioglitazone, T2DM-PSO;

type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 31 The homeostatic model assessment for insulin resistance (HOMA-IR) index

The graph shows the HOMA-IR index after 12 weeks of PSO or PG administration. CON; the normal control rats,

T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W. pioglitazone, T2DM-PSO;

type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 32 The serum free fatty acid level

The graph shows the serum free fatty acid (FFA) level after 12 weeks of PSO or PG administration. CON; the normal

control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W. pioglitazone,

T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Table 6 The serum insulin, serum free fatty acid, and HOMA-IR index

Group Serum insulin (mU/L) Serum FFA (UM) HOMA-IR
CON 7.50 + 0.23 5.69 + 0.0 1.81 + 0.04
T2DM 51.68 + 1.58*** 17.98 + 0.53*** 44.08 + 1.40***
T2DM-PG 20.96 + 0.29" 9.52 + 0.28" 12.17 + 0.26™
T2DM-PSO 26.10 + 0.73"" " 10.98 + 0.317"" 13.19 + 0.39"""N°

The values are expressed as mean + SEM. (N = 8)

NS; not significantly compared to T2DM-PG group

+; p < 0.05 compared to T2DM-PG group

*** ### p< 0.001 compared to CON group and T2DM group, respectively

CON; the normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W.

pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil

2. Effect of pumpkin seed oil on cognitive performance in type 2 diabetic rat
2.1 Non-spatial learning and memory assessment

Novel object recognition (NOR) test was used for non-spatial learning
and memory assessment. This test normally assesses an animal’s behavior when it's
exposed to a novel and a familiar object. The exploring time in each object was used to
calculate the percentage of the recognition index (%recognition index; %RI). The % Rl
defines as the ability of the rats to remember the object. Normally, the rats have more
exploration time in the novel object than in the old object.

Figure 33 shows the exploring time between the identical objects (A1
and A2) during the familiarization phase of all groups. The normal control rats, T2DM-PG
rats, and T2DM-PSO rats spent significantly more exploring time in object A2 than in
object A1 (p < 0.05). In contrast, the exploring time in object A2 is no longer than in
object A1 in T2DM rats.

As shown in Figure 34, the normal control rats spent more time exploring

the novel object (B) than the familiar object (A), both 2 hours (short-term memory) and
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24 hours (long-term memory) after the familiarization phase, as shown in Figure 34A and
34B, respectively. In contrast to normal control rats, the T2DM rats spent significantly
less time exploring the novel object (% RI) both 2 and 24 hours after the familiarization
phase (p < 0.001). This observation indicated that T2DM rats had a cognitive deficit in
short- and long-term learning and memory impairment. Administration with PSO and PG
in type 2 diabetic rats significantly improved both short- and long-term learning and
memory function compared to T2DM rats (p < 0.001). Moreover, there was no significant

difference between the efficiency of PSO and PG on the % RI (Figure 35).
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Figure 33 The exploring time between identical objects in the familiarization phase
The graph shows the exploring time between identical objects (A1 and A2) in the familiarization phase. CON; the
normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W.

pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 34 The exploring time in the test phase
The graph shows the exploring time in the test phase, including (A) short term memory or after 2 hours and (B) long
term memory after 24 hours of the familiarization phase of normal control rats. CON; the normal control rats, T2DM;
type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W. pioglitazone, T2DM-PSO; type 2

diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 35 The percentage of Recognition index (% RI) in the test phase
The graph shows the % Recognition index (RI) in the test phase, including (A) short term memory or after 2 hours and
(B) long term memory after 24 hours of the familiarization phase of normal control rats. CON; the normal control rats,
T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W. pioglitazone, T2DM-PSO;

type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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2.2 Spatial learning and memory assessment

Morris’s water maze (MWM) test assessed spatial learning and memory
function. Two indices were used to determine learning and memory ability which was 1)
the escape latency time (the time that rats used for finding the hidden platform) and 2)
the time spent in the target quadrant (the time that rats spent in the quadrant that used
to place the hidden platform).

As shown in Figure 36A, the T2DM rats needed more time to find the
hidden platform throughout the five days of the test. Therefore, the escape latency time
was significantly increased in T2DM rats compared to the normal control rats (p <
0.001). However, PSO and PG administration in type 2 diabetic rats caused a decrease
in escape latency time compared to the T2DM rats (p < 0.001).

After five days, the platform was removed, and time spent in the target
quadrant was significantly reduced compared to the normal control rats (p < 0.001).
Moreover, PSO and PG administration in type 2 diabetic rats were significantly
prolonged compared to T2DM rats (p < 0.001). However, there was no significant
difference in time spent in the target quadrant between T2DM-PSO rats and T2DM-PG
rats (Figure 36B).
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Figure 36 The escape latency time and time spent in the target quadrant
The graph shows the escape latency time (A) and time spent in the target quadrant (B) from the MWM test. CON; the
normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W.

pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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3. Effect of pumpkin seed oil on hippocampal beta-amyloid 42 (AB,,) and beta-

secretase (BACE1) expression

Beta-amyloid is an important characteristic of cognitive impairment in
Alzheimer's disease (AD)"'”" As shown in Figure 37, the hippocampal AB,, level in T2DM
rats was significantly higher than in the normal control rats (p < 0.001). In addition, the
PSO and PG administration in type 2 diabetic rats exhibited a significant reduction of the
hippocampal AB,, compared to T2DM rats (p < 0.001 and p < 0.001, respectively).
Moreover, the present study demonstrated that the effect of PSO on BACE1 plays an
important role in the generation of AB,,. As shown in Figure 38, the hippocampus

BACE1 expression was exhibited in the same manner as the result of AB,, levels.
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Figure 37 The hippocampal beta-amyloid 42 levels of normal control rats
The graph shows the hippocampal beta-amyloid 42 level after 12 weeks of PSO or PG administration. CON; the
normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W.

pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 38 The hippocampal BACE1 expression
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The graph shows the hippocampal BACE1 expression after 12 weeks of PSO or PG administration. CON; the normal

control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W. pioglitazone,

T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed il

4. Effect of pumpkin seed oil on oxidative stress and antioxidant in type 2

diabetic rat

As shown in Figure 39, high fructose drinking and low dose STZ induced

type 2 diabetes resulted in a significant elevation of lipid peroxidation by-product;

malondialdehyde (MDA) (p < 0.001), antioxidant (SOD) activity, and nrf2 (p < 0.001 and

0.001, respectively) as compared to those of the normal control rats. However, PSO and

PG administration in type 2 diabetic rats significantly decreased the MDA level in the

hippocampus (p < 0.001). Additionally, PSO and PG administration significantly

increased SOD activity and nrf2 expression (Figure 40 and 41, respectively) compared

to those of T2DM rats.
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Figure 39 The hippocampal malondialdehyde (MDA) level

The graph shows the hippocampal malondialdehyde (MDA) level after 12 weeks of PSO or PG administration. CON;
the normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W.

pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 40 The hippocampal superoxide dismutase (SOD) activity

The graph shows the hippocampal superoxide dismutase (SOD) activity after 12 weeks of PSO or PG administration.
CON; the normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W.

pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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Figure 41 The hippocampal nrf2 expression

The graph shows the hippocampal nrf2 (cytosol) expression after 12 weeks of PSO or PG administration. CON; the
normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W.

pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil

5. Effect of pumpkin seed oil on Bcl2, Bax, and caspase3 protein expression in

type 2 diabetic rat
As shown in Figure 42C, the western blot results showed that the expression
of Bcl2 in T2DM rats was significantly lower than the normal control rats (p < 0.001).
However, PSO and PG administration in type 2 diabetic rats significantly increased the
expression of Bcl2 compared to those of the normal control rats (p < 0.001 and 0.001,
respectively). Compared to the normal control rats, the expression of Bax and caspase3
were significantly increased in T2DM rats (p < 0.001). Moreover, Bax and caspase3

expression were significantly decreased in type 2 diabetic rats administrated with PSO
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and PG compared to those of T2DM rats (Figure 42A and 42B, p < 0.001 and 0.001,

respectively).

CON T2DM T2DM-PG T2DM-PSO
oo [ —— 21 0,
Caspases | N S S 19 |02
B G
C
S 12
[}
[}
g 1 *kk
3 S 08
= - #i#t#, NS g
S 08 ER o
P 206
= 3
E 0.6 <
o] § 04
o 04 ooy
[0 —
o S
Y [&)
S 0.2 o 0.2
el 5
T o
v 0 5:43 0
CON T2DM T2DM-PG  T2DM-PSO

The values are expressed as mean + SEM. (N = 8)
NS; not significantly different compared to the T2DM-PG group
+; p < 0.05 compared to the T2DM-PG group

; p< 0.001 compared to the CON group
##, ###; p; < 0.01 and 0.001 compared to the T2DM group

5 06
% *kk
§ i, +
[} Hith
° 0.4
°
N
[«=N
%02
m
5
o
g o0
CON T2DM T2DM-PG T2DM-PSO
1 #H ##, NS
*kk
CON T2DM T2DM-PG  T2DM-PSO

Figure 42 The hippocampal apoptotic and anti-apoptotic proteins expression

The graph shows the hippocampal anti-apoptotic and apoptotic proteins expression after 12 weeks of PSO or PG

administration, including A; Hippocampal Bax expression, B; Hippocampal caspase3 expression, and C;

Hippocampal Bcl2 expression. CON; the normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic

rats administrated 10 mg/kg B.W. pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W.

pumpkin seed oil



CHAPTER V
DISCUSSION

Type 2 diabetes has been shown to be an important risk factor for cognitive
impairment. Numerous studies, both in AD patients and animal models, have shown that
cognitive impairment results from a disorder of insulin signaling correlated with the

. . . (177-181
extracellular accumulation of AR plaques in the brain'

. Moreover, the underlying
mechanisms between type 2 diabetes and AR accumulation focuses on oxidative
stress'™ % ¢, However, the clinical drug treatment for protection or improvement of
cognitive deficit in type 2 diabetes is limited. Due to the involvement of oxidative stress
in diabetes-induced cognitive impairment, previous research has focused on the
potential effects of natural antioxidant compounds. Therefore, the present study
attempted to provide experimental evidence to examine the neuroprotective effect of
pumpkin seed oil (PSO) on AB,,-induced cell toxicity in human neuroblastoma; SH-SY5Y
cells in in vitro model. In addition, to investigate the molecular mechanisms of PSO on
type 2 diabetes-induced cognitive impairment, the high fructose drinking combined with
a low dose of streptozotocin-induced type 2 diabetic rat model was used as in vivo
study.

The important findings of the present study are: 1) PSO protected AB,,-induced
neuronal apoptosis in human neuroblastoma; SH-SY5Y cells through reduced oxidative
stress and, 2) PSO ameliorated cognitive impairment, reduced hippocampal AB,,
accumulation, protected against oxidative stress, and alleviated neuronal apoptosis in
high fructose drinking combined with a low dose of STZ-induced type 2 diabetic rats.
The neuroprotective effects of pumpkin seed oil on beta-amyloid 42-induced neuronal
apoptosis in human neuroblastoma; SH-SY5Y cell

The present in vitro study demonstrated for the first time that PSO, the natural
oil derived from the pumpkin seed extract has a neuroprotective effect against AB,,-
induced neuronal apoptosis. A few numbers of evidence have indicated that AB,,

16, 158, 183

directly induced neuronal cell death/apoptosis through oxidative stress' ' In the

present study, human neuroblastoma; SH-SY5Y cells were used to study the toxicity
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caused by AB stimulation on neuronal cells. The human neuroblastoma; SH-SY5Y cells
have been used extensively to investigate and assess the changes in neurotransmitter

184-186)

release and secretion, neuronal cell death/apoptosis( , as well as to study drug and

natural substances against neurodegenerative disease models such as AD!"*"™,

AB is an important hallmark of AD pathogenesis which can trigger neuronal
apoptosis“G). Numerous studies have been reported that AB toxic to neurons through
several mechanisms, including reactive oxygen species (ROS) production,

29, 191 .
( ' There are several amyloid

mitochondrial dysfunction, and cell death/ apoptosis
peptides, among which, AB,, has been reported as the most neurotoxic one™. In the
present study, the MTT assay was used to examine the cytotoxicity of AB,, on human
neuroblastoma; SH-SY5Y cells. The results demonstrated that exposure of SH-SY5Y
cells to AB,, could decrease cell viability in a concentration-dependent manner.
Moreover, pretreatment of PSO and curcumin significantly increased cell viability.
According to these results, we suggested that PSO and curcumin can inhibit
neurotoxicity from AB,,. Curcumin has been used as a positive control since several
studies revealed that curcumin could inhibit cytotoxicity induced by AR through its
antioxidant"®"*". To examine the mechanism of the neuroprotective effect of PSO, the
intracellular ROS as well as apoptotic parameters, including the expression of apoptotic
proteins (Bax and caspase3) and anti-apoptotic protein (Bcl2) were determined. The
present results demonstrated that AB,,-induced the production of intracellular ROS as
well as neuronal apoptotic cell death. These results were consistent with the previous
studies indicating that AB,, caused neuronal cell death®**" ¥,

Pretreatment with PSO significantly decreased intracellular ROS, apoptotic
protein Bax, caspase3 expression, and significantly increased anti-apoptotic protein
Bcl2 expression. ROS are involved in the apoptotic mechanism that induces the

16, 19, 195 .
( ' Our results from HPLC analysis

pathogenesis of neurodegenerative disease
found that PSO contains six fatty acids, including oleic acid, linoleic acid, alpha-linoleic
acid, palmitic acid, stearic acid, and arachidic acid, as shown in Table 3. A study by

Tang et al. (2014) reported that linoleic acid and arachidic acid could protect against
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%) "1 addition, Yaguchi et

cell death by inhibiting MPP"- induced toxicity in PC12 cells
al. (2010) demonstrated the protective effect of linoleic acid on sodium-nitroprusside-
induced neuronal cell death through oxidative stress'™”. Consistent with this study, we
suggested that the protective effect of PSO against AB,-induced neuronal cell
death/apoptosis might be partly due to its antioxidant property.

Pumpkin seed oil administration attenuates the metabolic disorders in fructose drinking
water combined with low dose STZ injection

As proposed in the objective of the present study, we aimed to examine the
effects and potential mechanisms of PSO on neuronal cell death and cognitive
impairment in type 2 diabetic rats.

Numerous mechanisms have been proposed for the occurrence of
neurodegeneration and impaired cognition in type 2 diabetes, including hyperglycemia,
insulin resistance, neuroinflammation, oxidative stress, and neuronal apoptosism' 198.199)
In the present study, 10% w/v fructose drinking water followed by a single low dose STZ
intravenous injection was used as a type 2 diabetic rat model. Consistent with previous
studies, our results demonstrated that this type 2 diabetic rat model exhibited metabolic
disorders, including body weight gain, hyperglycemia, hyperinsulinemia, dyslipidemia,
and increased serum free fatty acid (FFA), and HOMA-IR index, which indicated the
development of insulin resistance. Fructose is a monosaccharide, the primary natural
sygar found in various fruits, vegetables, and honey which is absorbed and metabolized

200

by the liver®. Notably, large amounts and long-term fructose feeding caused rapid

stimulation of lipogenesis and triglyceride accumulation in the liver, which leads to
decreased insulin sensitivity and glucose intolerance'™"**"*%?,

To examine the effects of PSO on metabolic disorders in type 2 diabetic rats,
PSO and positive control drug; pioglitazone (PG) were administered for 12 weeks in
T2DM-PSO and T2DM-PG rats, respectively. From the present results, administration of
PSO demonstrated the attenuation of metabolic disorders, including body weight, FBG,
HbA1c, FFA, serum insulin, and calculated HOMA-IR index. The results agreed with
several studies where the diabetic rats treated with PSO significantly reduced blood

39, 203-205

glucose, glycated hemoglobin, and insulin levels' . According to the change in
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metabolic parameters, it is suggested that PSO shows the potential to reduce obesity,
hyperglycemia, and hyperinsulinemia, as well as improve insulin sensitivity. PSO

. . . . 40,
contains several active compounds such as tocopherol, fatty acids, and flavonoids'

% Our study found that the active ingredients of PSO are linoleic acid, oleic acid, and
palmitic acid, which are unsaturated fatty acids. Eyjolfson et al. (2004) studied the effect
of linoleic acid on obese diabetic rats. They suggested that linoleic acid has an anti-
diabetic property by reducing FBG and improving insulin sensitivity(‘”). In addition, Feng
et al. (2006) reported that linoleic acid is the major fatty acid in PSO that activates
pancreatic B-cell function® According to the previous studies and the present results,
we suggested that PSO has the potential to attenuate metabolic disorders in type 2
diabetes model induced by high fructose drinking combined with a low dose STZ
injection in part by improving pancreatic B-cell function.
Antioxidant and anti-apoptotic properties of pumpkin seed oil on type 2 diabetes-
induced cognitive impairment

Several studies have reported that type 2 diabetes (T2DM) is the major risk
factor for cognitive impairment and Alzheimer's disease (AD)(4’ ® T2DM is characterized
by hyperglycemia, hyperinsulinemia, and insulin resistance™. It is well established that
AD is a crucial neurodegenerative disorder characterized by progressive dementia and

207)

loss of cognitive ability( . Accumulating evidence revealed that diabetic patients,

especially T2DM have a two-fold increased incidence of AD®?.

In the present study, we demonstrated that type 2 diabetic rats with
hyperglycemia, hyperinsulinemia, and insulin resistance showed a reduction in learning
and memory abilities which were assessed by Novel object recognition (NOR) and
Morris's water maze (MWM) tests. NOR and MWM are the non-spatial and spatial
learning and memory assessment tasks. Spatial learning and memory define the storage
and retrieval of information in the brain needed to plan a route to the desired location
and remember where an object is located, or an event occurred. In contrast, non-spatial
learning and memory is the behavior process associated with the memory of the object's

identity and location®. The impairment of this cognition in non-spatial and spatial

learning and memory was considered to be the dysfunction of the hippocampus and
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cortex brain areas”'”. In the NOR test, T2DM rats demonstrated a decrease in the
exploration of a new object. In contrast, the administration of PSO and PG in T2DM-PSO
and T2DM-PG resulted in a higher exploring time of a novel object than a familiar one. In
addition, T2DM rats exhibited a significantly reduced recognition index compared with
normal control rats. This reduction was reversed in T2DM-PSO and T2DM-PG rats.
These results indicated that PSO and PG improved T2DM-induced cognitive
impairment. This test is based on the spontaneous tendency of rats to spend more
exploring time on a novel object than on an old object. Therefore, the rats with better
memory spent more time exploring new object than the old one. Similarly, in the MWM
test, T2DM rats exhibited significantly higher escape latency time on days 1, 2, 3, 4, and
5 than the normal control rats. Our finding is in accordance with the previous studies,
which demonstrated spatial learning and memory deficit in diabetic rats® " However,
administration with PSO in T2DM-PSO rats significantly reduced escape latency time,
this effect was also exhibited in the PG administration. In the probe trial test on day 6
when the platform was removed, T2DM rats exhibited significantly reduced time spent in
the platform area compared with the normal control rats. In contrast, administration of
PSO and PG in T2DM-PSO and T2DM-PG rats significantly increased the time spent in
the target quadrant. The longer escape latency is defined as rats' poor ability to learn. In
contrast, more time was used in the target quadrant, meaning the rats remembered the
platform location. According to the behavioral results, we suggested that both PSO and
PG have the potential to improve cognitive impairment in type 2 diabetic rats.
Furthermore, chronic hyperglycemia and insulin resistance are considered major causes
of diabetic complications, which trigger structural and functional brain abnormalities,

(11, 211, 212)

including AB deposition, neuronal loss, and apoptosis . It is known that the

hippocampus and cortex are two key brain regions involved in learning and memory

213, 214

formation' . Especially, the hippocampus is one of the most sensitive brain regions

@19, According to the present results,

to metabolic abnormalities, including diabetes
impaired learning and memory was found in T2DM. Consistent with the previous studies,

the present results also demonstrated the rising of AB,, and BACE1 expression in the
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216219 " AB protein is the major biomarker for AD. AB,, is

hippocampal T2DM rats'
generated from amyloid-beta precursor protein cleaving enzyme 1 (BACE1) and
subsequently cleaved by y-secretase®'?. Wang et al. (2019) demonstrated that the level
of hippocampal AB,, was significantly higher in diabetic rats than the normal control
rats””. Moreover, several studies suggested that type 2 diabetes with hyperglycemia
and insulin resistance induced AP protein accumulation, leading to synaptic plasticity
abnormality, neuronal cell death, and apoptosis(w'm). According to these abnormalities,
the impairment of cognitive function is developed. Interestingly, in the present study,
administration of PSO and PG significantly reduced the accumulation of AB,, and the
expression of BACE1. Taken together, we suggested that administration of PSO
demonstrated the potential to improve cognitive impairment in T2DM through the anti-
diabetic property.

To further examine the more potential mechanisms of PSO to improve cognitive
impairment in type 2 diabetes. We further investigated the role of PSO on neuronal
oxidative stress and apoptosis. Oxidative stress plays an important role in the
pathogenesis of the neurodegenerative disease, including cognitive impairment,
dementia, and AD"® %% V. Hyperglycemia, hyperinsulinemia, and free fatty acids can
cause increased generation of reactive oxygen species (ROS) through the accumulation
of advanced glycation end products (AGES)QZS‘ ?Y and decreased antioxidant
system®. It is well known that AGEs produce superoxide and hydrogen peroxide,
leading to increased lipid peroxidation and neuronal cell damage@%). This imbalance
between ROS and the antioxidant system causes oxidative stress, which is observed in
AD and T2DM™”. It is well known that oxidative stress and AB are linked to each other,
in other words, oxidative stress induces the accumulation of AB“G)' and AP induces
oxidative stress both in vivo and in vitro studies. We found significantly increased
intracellular ROS in AB-induced human neuroblastoma, SH-SY5Y cells, compared with
SH-SY5Y cells without AR exposure. Moreover, in the present in vivo type 2 diabetic
rats, we found significantly increase in malondialdehyde (MDA), hippocampal lipid

peroxidation product, while superoxide dismutase (SOD) and cytosol nuclear factor
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erythroid 2-related factor 2 (nrf2) were significantly decreased compared with the
normal control rats. To exemplify, Nrf2 is a transcription factor that regulates the cellular
defense against toxic and oxidative stress insults through the expression of genes
involved in oxidative stress response. Nrf2 is activated in response to oxidative stress
and induces the target gene expression by binding to the antioxidant response element
(ARE)*. Consistent with Wang et al. (2020), they reported that type 2 diabetic mice
exhibited cognitive deficit, which was assessed by the MWM test. In addition, they found
that hippocampal nrf2 oxidative stress indicators were reduced""®. Taken together from
other previous studies and our present results indicated that the type 2 diabetic state

exhibited hippocampal oxidative stress. Recently, several studies have shown the

25, 199) (188, 194

potential of antioxidant in ROS inhibition' and AP production ' As shown in our

study, we demonstrated that administration of PSO and PG in T2DM-PSO and T2DM-PG
significantly reduced oxidative stress by reducing lipid peroxidation and increasing
antioxidant SOD and nrf2. The antioxidant effects of PSO were in accordance with the
previous report(37‘ SN

An increase in ROS level can cause lipid peroxidation, and DNA damage
thereby inducing neuronal cell death or apoptosis, leading to cognitive impairmentm‘ 8
) Moreover, AD and diabetes especially type 2 diabetes, share risk factors such as
insulin resistance, oxidative stress, AR accumulation, neuroinflammation, glycogen

6, 230-234

synthesis kinase 3 (GSK3), and neuronal apoptosis( It is well recognized that

apoptosis is associated with the development of neurodegenerative diseases, including
diabetes-induced cognitive impairment and AD®.

Apoptosis is an important mechanism for hyperglycemia and insulin resistance-
induced neuronal cell death®”. Enzyme cysteine protease (caspase) and proteins in the

@29 Bel2 family is composed of

Bcl2 family are related to the apoptosis mechanism
Bcl2 and Bax proteins which are functionally opposed. Bcl2 is the apoptosis inhibitory
protein, whereas Bax acts to promote apoptosis(%). The reduction in Bcl2 and increase
in Bax activates the increase in caspase3, the most important key regulator in promoting

apoptosis.
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To explore the neuroprotective mechanisms of PSO in type 2 diabetes-induced
cognitive impairment, we investigated the expression of Bax, caspase3, and Bcl2. Our
results demonstrated that hippocampal anti-apoptotic protein Bcl2 was significantly
decreased, whereas proteins-induced apoptosis, Bax and caspase3, as well as the ratio
of Bax/Bcl2 were significantly increased in T2DM rats. However, administration of PSO
and PG reversed the alteration of Bcl2, Bax, and caspase3 protein expression. Recent
studies have demonstrated that ROS/oxidative stress is the major driving factor of
neuronal apoptosis in diabetic conditions* %% %% 2% Moreover, other studies and our in
vitro results demonstrated that exposure of human neuroblastoma; SH-SY5Y cells to AB

30, 31, 185, 193 . . .
( ) Taken together, our in vitro and in

peptide induced neuronal cell apoptosis
vivo results indicated PSO has a potent neuroprotective effect which improved T2DM-
induced cognitive impairment through anti-diabetic, increased insulin sensitivity, anti-

apoptotic, and antioxidant properties.
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CONCLUSION

The present study revealed that pumpkin seed oil has a neuroprotective effect
by protecting neuronal cell death through reduced beta-amyloid (AB) accumulation and
oxidative stress, both in human neuroblastoma; SH-SY5Y cells and type 2 diabetic rat
model. Furthermore, the present study demonstrated that high fructose drinking water
combined with a single low dose STZ injection is an acceptable model to induce type 2
diabetes mellitus in rats. Type 2 diabetic rats showed insulin resistance, hyperglycemia,
and dyslipidemia for the entire experiment.

In vitro study demonstrated that human neuroblastoma SH-SY5Y cells
pretreated with pumpkin seed oil could be protected against AB,,-induced neuronal cell
death by reducing intracellular reactive oxygen species (ROS) production, apoptotic
proteins (Bax and caspase3), and increasing anti-apoptotic protein (Bcl2). In addition, it
is well known that type 2 diabetes induces cognitive impairment through AP
accumulation, oxidative stress, and neuronal cell death. Therefore, we investigated the
possible mechanism of pumpkin seed oil on type 2 diabetic-induced cognitive
impairment through AB accumulation, oxidative stress, and neuronal apoptosis. The
results revealed that oxidative stress and neuronal apoptosis in the type 2 diabetic rat
hippocampal tissues had a low level of nrf2 transcription factor and superoxide
dismutase (SOD), while lipid peroxidation (malondialdehyde; MDA) level was higher
than the normal control rats. At the same time, the present study discovered that type 2
diabetic hippocampal tissues had a higher expression of AB,,and B-secretase (BACE1)
enzyme. Furthermore, the oxidative stress and AB,, accumulation activated high
expression of apoptotic proteins (Bax and caspase3d) and suppressed the anti-apoptotic
protein (Bcl2) expression. Therefore, we suggested there is a cause of cognitive
impairment in type 2 diabetes.

Interestingly, pumpkin seed oil administration can enhance cognitive
performance in non-spatial and spatial learning and memory. Moreover, the pumpkin

seed oil is also able to reverse hyperglycemia and insulin resistance in type 2 diabetic
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rats. The enhancement of cognitive function is related to metabolic disorders and insulin
resistance improvement. The present study demonstrated that pumpkin seed oil
consists of linoleic acid and oleic acid contents, the major fatty acid composition found
in pumpkin seed oil. Therefore, we suggested that linoleic and oleic acids in pumpkin
seed oil could improve cognitive function in type 2 diabetes through anti-diabetic, anti-
hyperlipidemia, and antioxidant properties.

Following our results, the pumpkin seed oil can potentially improve insulin resistance,
anti-diabetic, anti-hyperlipidemia, anti-oxidation, and neuroprotection prevention.
Therefore, the beneficial properties of pumpkin seed oil may be used as a co-treatment
with modern medicine to attenuate or prevent neuronal cell death and cognitive

impairment in type 2 diabetes patients.
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A. Table of materials and reagents

99

No. Materials and reagents Sources
1 Antibiotic-antimycotic Invitrogen, USA
2 Anti-B-actin antibody Millipore, MO, USA
3 Anti-Bax antibody Abcam, USA
4 Anti-Bcl-2 antibody Abcam, USA
5 Anti-BACE1 antibody Abcam, USA
6 Anti-caspase3 antibody Abcam, USA
7 Anti-nrf2 antibody Abcam, USA
8 Anti-rabbit IgG HRP-linked antibody Bio-Rad, CA, USA
9 Beta-amyloid 42 Millipore, MO, USA
10 Cholesterol strip Roche, Germany
11 Curcumin Millipore, MO, USA
12 Dimethyl sulfoxide Invitrogen, USA
13 Dulbecco's Modified Eagle's-Medium Gibco, USA
14 Enhance chemiluminescence Pierce, USA
15 F12 medium Gibco, USA
16 Fetal bovine serum Invitrogen, USA
17 Fluorescent CM-H,DCFDA dye Invitrogen, USA
18 Fructose powder Charoentavorn, Thailand
19 Human neuroblastoma cell line SH-SY5Y ATTC, USA
20 Pioglitazone Millipore, MO, USA
22 Polyvinylidene difluoride membrane Millipore, MO, USA
22 Protease inhibitor cocktails Millipore, MO, USA
23 Radioimmunoprecipitation assay buffer Millipore, MO, USA
24 Rat AB,, ELISA assay kit Invitrogen, USA
25 Rat free fatty acid ELISA assay kit Cayman Chemical, USA
26 Rat insulin ELISA assay kit Millipore, MO, US




A. (Continued)
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No. Materials and reagents Sources

27 Sodium pyruvate Invitrogen, USA

28 Streptozotocin Millipore, MO, USA

29 Superoxide dismutase assay kit Cayman Chemical, USA

30 Thiobarbituric acid reactive substances Cayman Chemical, USA
assay kit

31 Triglyceride strip Roche, Germany

32 Trypan blue Invitrogen, USA

33 X-ray film Kodak, US

34 3-(4,5-dimethylthiazol-2-yl)- Invitrogen, USA

2,5-diphenyltetrazolium bromide (MTT) dye

B. Table of saturated and unsaturated fatty acids in PSO extracted

Saturated fatty acids (g/100 g)

Unsaturated fatty acid (g/100 g)

Palmitic acid (C16:0) 19.30 Cis-9-oleic acid (C18:1n:9¢) 28.10

Stearic acid (C18:0) 8.02 Linoleic acid (C18:2n6c¢) 39.11

Arachidic acid (C20:0) 0.37 Alpha-linoleic acid (C18:3n3c)  0.27
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C. Table of the fasting blood glucose (FBG), blood cholesterol (CHOL), and blood
triglyceride (TG) levels

Group FBG (mg/dL) HbA1c (mg/dL) CHOL (mg/dL) TG (mg/dL)
CON 98.00 + 1.41 3.92 +0.04 151.60 + 0.75 124.20 + 1.80
T2DM 34540+ 1.89° 958+0.02  190.60+3.28  385.00+11.38

H#i#

T2DM-PG  235.20 +3.83"" 504 +0.11" 162.20 +1.28"™  244.00 + 2.45
T2DM-PSO 216.00 + 3.35" " 5.94 + 0.12"" " 162.60 + 1.08™" ™ 269.80 + 8.18"""

The values are expressed as mean + SEM. (N = 8)

ns; not significantly compared to T2DM-PG group

+, ++; p < 0.05 and 0.01 compared to T2DM-PG group

= ###, p< 0.001 compared to CON group and T2DM group, respectively

CON; the normal control rats, T2DM; type 2 diabetic rats, T2DM-PG; type 2 diabetic rats administrated 10 mg/kg B.W.

pioglitazone, T2DM-PSO; type 2 diabetic rats administrated 200 mg/kg B.W. pumpkin seed oil
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