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Chapter 1

Introduction






1. Introduction

1.1. Obesity

Obesity is defined by the World Health Organization (WHO) as a complex
multifactorial disease defined by excessive adiposity that presents a risk to health (1).
The excess of adiposity is usually measured by anthropometric methods and expressed
as the body-mass index (BMI), calculated as a relationship between the weight and the
height of the person as in Equation 1 (2,3). In adults (age > 18), overweight is considered
when the BMI is between 25 and 30 kg/m?, and obesity when BMI is higher than 30
kg/m?, with independence of age or sex. Following this definition, obesity is classified in
three groups: Class | (BMI 30.0 - 34.9 kg/m?), Class Il (BMI 35.0 - 39.9 kg/m?), and Class
Il (BMI > 40 kg/m?) (4—6). For children and adolescents, BMI is also used, but standard
limits cannot be used, due to the changes in growth that occur during this period. Limits
have been changed according to age and sex and are usually referred to as child growth
reference curves (7).

Weight (kg)

BMI'= [Height (m)]? [Eq. 1]

BMlIis widely used in clinical practice because it is non-invasive and it does not require
specialized skills or expensive equipment (1). However, it is not a direct measurement
of adiposity and its distribution, so it does not distinguish between adipose tissue or
other kinds of tissue (3,8). In this way, two individuals may have the same BMI with
different amount of fat, so differences can be found between individuals and
populations, particularly by sex, age, and ethnic group. To overcome this limitation,
WHO suggests combining the BMI with the measurement of waist circumference, as it
has been demonstrated to be a better predictor of future health problems (1).

Obesity is caused by an energy imbalance when the intake of energy is higher than
the consumption, usually caused by overeating and a sedentary lifestyle (9). However,
body weight depends on genetic and environmental factors. It is estimated that for
adiposity the heritability is 40-70%, but environmental factors have the major
importance on obesity, having higher effects in genetically predisposed people. Among
the environmental factors, socioeconomic factors, increased marketing, access to
calorically dense and refined food, and a reduction of the physical activity are present
(8). The exposure to some chemical compounds (called obesogens) is also associated
with an increase in the body weight, and can interrupt the function of the endocrine
system (9).

Adipose tissue can be classified into white adipose tissue (the most abundant form
of adipose tissue) or brown adipose tissue. At the same time, white adipose tissue can
be classified in visceral or subcutaneous, depending on the anatomic location. In
humans, visceral fat is located in the peritoneal cavity, while subcutaneous fat is located
below the skin (10). The adipose tissue is a metabolically active endocrine organ, in
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which fat cells (adipocytes) are receiving and releasing hormones. These adipocytes
release the substances called adipocytokines, and these have systemic or local actions
such as glucose and lipid metabolism, cell development, inflammation, and oxidative
stress, which can cause some health problems (1,10).

Regarding the type of adipose tissue, visceral fat is more biologically active than
subcutaneous fat, with a higher density of cells, carries more blood flow, and is located
near the portal vein, what makes a rise in the fatty acids reaching the liver. Because of
this, the impact of visceral fat on health is higher than for subcutaneous fat (1). Also, the
composition and functioning of the adipose tissue change in response to weight
fluctuations and aging. Obesity and aging cause the decrease of the tissue to respond to
changes, so it loses the ability to respond to bodily cues, what is related to health
problems. As an example, when the adipose tissue has a fast growth, it exceeds its blood
supply, leading to a decrease in oxygen in cells and causing the accumulation of these
that cannot divide anymore, causing some metabolic issues (10).

1.1.1. Impact of obesity

Worldwide, 1.9 billion people live with overweight or obesity, being the 39% of the
total population. 650 million of these people are obese (13% of the population), being
more common in females (15%) than in males (11%). For children under 5 years old, 38.2
million people have overweight or obesity, and for people between 5 and 19 years, 340
million (11). These data have doubled in more than 70 countries between 1980 and 2015
(8), and if this tendency continues, it is estimated that 38% of adults will live with
overweight and 20% with obesity by 2030 (9). Obesity is higher in countries with high
sociodemographic index (8), and according to WHO, is a more severe world health
problem than malnutrition (12).

The prevalence of obesity tends to be higher in richer countries of Europe, North
America, and Oceania (13,14). In 2016, it was estimated that the WHO European Region
had the highest obesity prevalence of the WHO regions, except the Region of Americas
(14). Overweight and obesity affect almost 60% of the adult population in WHO
European Region, reaching epidemic proportions. This value is lower for females (54%)
than for males (63%), reaching the 70% for males in some countries. In the case of
obesity, 23% of adults live with this disease, being higher the prevalence in females
(24%) than in males (22%) (15). Inside the European Region, the Mediterranean and
eastern European countries have the highest levels of overweight and obesity (13,14).
Also, the prevalence of obesity is higher in people with lower educational attainment
(15).

For paediatric population in the WHO European Region, in children under 5 years, 4.4
million people have overweight or obesity, being the 8% of all children in this group (16).
For children from 5 to 9 years, 29% suffer from overweight or obesity, and 11% obesity.
For adolescents from 10 to 19 years, this value decreases to 24% for overweight and
obesity, and 7% live with obesity (14). Obesity in children is probable to remain in the
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adulthood, resulting in a population with overweight and obesity that have been
exposed to an excess of adiposity for a long period of time and increasing the risk to
suffer other diseases in the adulthood (1,17).

The prevalence of overweight and obesity in adults has importantly increased in the
WHO European Region in recent years, increasing an 8% from 2006 to 2016 and a 51%
since 1975. For obesity, this rise is even higher, with an increase of 21% from 2006 to
2016 and 138% since 1975. In the case of children and adolescents from 5 to 19 years,
overweight and obesity in males increased almost three times between 1975 and 2016,
and two times in females, with obesity rising five times. Also, between 2006 and 2016
overweight and obesity increased a 20%, while the prevalence of obesity increased a
40% (1,13,14).

In Spain, overweight and obesity have decreased since 2011, with a stabilisation since
2015, but the prevalence in 6 to 9 year children is still high (40.6%) even if it decreased
from 2011 to 2015 (17). In 2019, the prevalence of overweight in this range of age was
23.3% and 17.3% for obesity, being significantly higher the overweight in females and
obesity in males. Among the reasons for these values are bad nutritional habits and a
lack of physical activity. It should be pointed out that in Spain, as contrary to low incomes
countries, the prevalence of child obesity in low-income families (23.2%) was almost two
times higher than in families with higher incomes (11.9%) (17,18).

In the case of adults, as shown in Figure 1, the prevalence of overweight is being
around 37% for the latest 20 years, being this value higher for males (around 45%) than
for females (around 30%). In the case of obesity, a general tendency to increase is
observed, as shown in Figure 2, with a decrease since 2017. Since 2006, males had a
higher prevalence of obesity, except in 2014, when the prevalence was similar. In 2020,
16% of adults in Spain suffered from obesity (16.5% for males and 15.5% for females).
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Figure 1. Overweight in adults (in percentage) by sex in Spain during the years 2001 to
2020. Obtained from the Spanish Agency for Food Safety and Nutrition (AESAN) (19).
Hombres: men; Mujeres: women.
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Figure 2. Obesity in adults (in percentage) by sex in Spain during the years 2001 to 2020.
Obtained from the Spanish Agency for Food Safety and Nutrition (AESAN) (19). Hombres:
men; Mujeres: women.

In addition, obesity and related comorbidities have financial implications due to the
treatment of obesity-related ill health. Treatment costs for people with obesity are 30%
higher than for people without it (20), and in 2014 obesity was estimated to be
responsible for the 8% of health costs in the EU Member States (21). Among the
economic impact of overweight and obesity, apart from direct medical costs, other costs
must be taken into account, such as costs on premature mortality or productivity losses.
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For example, in Spain, in 2019 the total costs related to obesity were more than 29
billion USS, the 2% of the gross domestic product (GDP), and will continue increasing
(22).

1.1.2. Obesity and comorbidities

In 2020, obesity was considered a chronic disease by the European Commission (23),
and it has been demonstrated that increases the probability of suffering other diseases
and conditions, such as metabolic diseases, cardiovascular diseases, cancer, or
respiratory diseases (4), as summarized in Figure 3, whose risk generally increase with
increasing BMI (8,24). It is estimated that overweight and obesity cause more than 1.2
million deaths across the WHO European Region every year, being more than 13% of
total deaths, the fourth cause after high blood pressure, dietary risks, and tobacco (25).
Worldwide, more than 5 million people dead in 2019 due to obesity and related
comorbidities, being 8.9% of total deaths (26).

Mental health problems
Depression

Chronic respiratory diseases
Asthma |
Chronic obstructive pulmonary disease | ™\
Obstructive sleep apnoea |

Cardiovascular diseases
Stroke
Ischaemic heart disease

Metabolic diseases :

Metabolic syndrome

Insulin resistance

Type 2 diabetes mellitus
Non-alcoholic fatty liver disease

Dyslipidaemia |

Musculoskeletal complications |
Osteoarthritis
Low back pain |

_ Cardiomyopathy

Heart failure
Hypertension

Nutritional complications
Micronutrients imbalance
Gastro-oesophageal reflux

|
/

Fertility |

Polycystic ovarian syndrome

Hypogonadism |

Cancer

Breast, colorectal,
gallbladder, gastric cardia,
kidney, liver,

meningioma, multiple
myeloma, oesophagus,
ovarian, pancreas,

\ thyroid, uterus

Figure 3. Some of the adverse effects caused by obesity. Based on the WHO European
Regional Obesity Report 2022 (1) and Sarma et al. (8).
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1.1.2.1. Metabolic diseases

Obesity can be the cause of metabolic diseases, such as metabolic syndrome, type 2
diabetes mellitus (T2DM), or non-alcoholic fatty liver disease (NAFLD) (27).

Metabolic syndrome is a clinical condition that is characterized by a cluster of
metabolic risk factors (28). Five criteria are followed to consider that a person suffers
from metabolic syndrome. He or she must have central (abdominal) obesity (defined as
waist circumference with ethnicity-specific values) or BMI > 30 kg/m?, and at least two
of these factors (29):

- Increased triglycerides (= 150 mg/dL) or specific treatment for this lipid
abnormality.

- Reduced HDL-cholesterol levels (< 40 mg/dL in males and < 50 mg/dL in females)
or specific treatment for this lipid abnormality.

- Increased blood pressure (systolic BP > 130 or diastolic BP > 85 mm Hg) or
treatment of previously diagnosed hypertension.

- Increased fasting plasma glucose levels (> 100 mg/dL) or previously diagnosed
type 2 diabetes.

In Europe, 24.3% of the adult population suffers from metabolic syndrome (30), and
the incidence increases with age (28). Visceral adiposity is the most important cause for
the development of this disease (31). Studies show that among the factors associated
with metabolic syndrome, abdominal fat was the most common among women, and the
phenotype of the disease varies between countries, being hypertension the most
common characteristic (30). Besides, metabolic syndrome rises the risk of suffering
T2DM, cardiovascular events, cancer, neurodegenerative disorders, atherosclerosis, and
all cause-mortality (28).

T2DM, previously called “noninsulin-dependent diabetes”, represents the 90-95% of
all diabetes, and it is characterized by a hyperglycaemia (fasting glucose levels > 126
mg/dL or random plasma glucose > 200 mg/dL), caused by a progressive loss of
pancreatic B-cell insulin secretion. T2DM patients have relative insulin deficiency and
peripheral insulin resistance (32). Excess of weight itself can cause some degree of
insulin resistance (32); high accumulation of free fatty acids in insulin-sensitive
nonadipose tissues results in ectopic lipid deposition, which results in lipotoxicity, that
causes insulin resistance (27). Other processes can also cause insulin resistance: chronic
inflammation (inflammatory factors can inhibit insulin signaling), neural alteration, or
intracellular disturbance (such as ectopic fat storage, oxidative stress, or mitochondrial
dysfunction) (27). In Europe, 60 million people (9% of the adult population) are affected
by T2DM (33). It is estimated that 44% of cases of T2DM are attributed to overweight or
obesity, and by 2025, the prevalence of obesity-related diabetes is expected to double
to 300 million (12).

NAFLD is defined by fat accumulation (steatosis) in > 5% of hepatocytes, in the
absence of other causes including alcohol overconsumption or chronic hepatitis C
(34,35). It can be divided in two groups: only steatosis (NAFL) and non-alcoholic
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steatohepatitis (NASH), where steatosis appears with inflammation, hepatocyte
ballooning, liver cirrhosis, and/or hepatocellular carcinoma (35,36). NAFLD affects 25%
of the global adult population, and is the first cause of chronic liver disease in developed
countries (35). In Europe, about 19-30% of adults have NAFLD (35). This disease is
directly related to obesity, metabolic syndrome, T2DM, and dyslipidaemias, and these
have an effect on the incidence and progression severity of NAFLD (34). Due to this
relationship between non-alcoholic fatty liver disease, obesity, and metabolic
syndrome, the prevalence will probably continue increasing during the next decade (36).
Cardiovascular disease is the main cause of death in people with this pathology (34), but
NAFLD is preventable and can be reversed (depending on the clinical stage of
progression) by multidisciplinary health care (1,36).

Mechanisms under NAFLD are not completely understood (37,38), but some
mechanisms have been proposed, where insulin resistance seems to be essential (38).
In obesity, an expansion of adipose depots and accumulation of ectopic fat (pathological
expansion of white adipose tissue in areas that it should not be (39)) is present, what
can cause NAFLD (37). In this context, macrophage infiltration of the visceral adipose
tissue creates a proinflammatory state that promotes insulin resistance. Inappropriate
lipolysis in this context results in a continuous delivery of fatty acids to the liver, which
overwhelms its metabolic capacity. The imbalance in lipid metabolism results in the
formation of lipotoxic lipids that contribute to cellular stress, inflammasome activation
and apoptotic cell death, with subsequent stimulation of inflammation, tissue
regeneration, and fibrogenesis. These pathogenic pathways of NAFLD are influenced by
metabolic, genetic, and microbiome-related factors (37).

1.1.2.2. Cardiovascular diseases

Obesity is related to some illnesses that increase cardiovascular disease risk (3), the
most common cause of death in Europe (40). These include coronary heart disease,
heart failure, hypertension, cerebrovascular disease, cardiomyopathy, atrial fibrillation,
ventricular arrhythmias, stroke, and sudden cardiac death (3,8). It is estimated that 23%
of cases of ischemic heart disease are caused by overweight or obesity (12). Obesity can
increase the morbidity and mortality of cardiovascular diseases in a direct or indirect
way. Direct effects are mediated by structural and functional adaptations of the
cardiovascular system to accommodate excess body weight and by adipokine effects on
inflammation and vascular homeostasis, leading to a pro-inflammatory and
prothrombotic environment. Indirect effects are mediated by the presence of risk
factors like visceral adiposity, hypertension, dyslipidaemia, insulin resistance, and T2DM

(3).
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1.1.2.3. Cancer

Obesity can also be the cause of 13 types of cancer, such as breast, colorectum,
kidney, liver, ovary, multiple myeloma, and meningioma cancers (41). It is estimated
that up to 41% of some cancers are attributable to overweight or obesity (12). It is
known that ectopic fat deposition can cause metabolic, inflammatory, and immunologic
alterations that affect DNA repair, gene function, or cell mutation that allows the
malignant transformation and progression. However, the role of obesity in cancer is not
well stablished, but some pathways have been defined. Among others, the following
factors would be involved: (i) the hyperinsulinemia or insulin resistance, and
abnormalities of the insulin-like growth factor-l (IGF-I) system and signaling; (ii)
subclinical chronic low-grade inflammation and oxidative stress; (iii) alterations in
adipocytokine pathophysiology; (iv) factors deriving from ectopic fat deposition; (v)
microenvironment and cellular perturbations; and (vi) altered intestinal microbiome; or
mechanic factors in obesity (39).

1.1.2.4. Respiratory diseases

Respiratory issues are other adverse effects related to obesity, being asthma, chronic
obstructive pulmonary disease (COPD), and obstructive sleep apnoea (OSA) the most
important ones. In obesity, the mechanical properties of the lungs and chest wall are
modified, because of the fat deposition in the mediastinum and the abdominal cavities.
These alterations reduce the compliance of the lungs, chest wall, and entire respiratory
system, and contribute to respiratory symptoms (42).

COPD is one of the leading causes of mortality, morbidity, and disability, affecting 328
million people worldwide (43). Even if smoking is the first cause of COPD, other factors
can influence its development (44). The role of obesity in COPD is not well understood,
but it is demonstrated that extreme obesity has higher mortality in COPD adult patients
(45). For OSA, this role is better understood, being a clear relationship between
overweight and obesity with the risk of the disease (46). It has got a detrimental effect
on health and well-being, and it is a risk factor for stroke and its recovery (47,48). It is
also related to metabolic syndrome and type 2 diabetes (48). OSA affects between 9%
and 38% of the adult population (49). Obesity is related to a two times higher increased
risk of OSA and the prevalence of OSA in people with obesity has been reported to be
~45% (8).

1.1.2.5. Musculoskeletal diseases

Obesity is also associated with musculoskeletal complications that affect bones,
joints, or soft tissue, such as osteoarthritis, rheumatoid arthritis, psoriatic arthritis,
lower back pain, and osteoporosis (1,50). In fact, overweight or obese people had a
three times higher risk of incident knee osteoarthritis compared to people with normal
weight (51). Musculoskeletal diseases have increased parallelly to overweight and
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obesity, suggesting a dose-response relationship (50,52). The mechanism of how high
weight affects musculoskeletal functions is not clear, but it is known that affects mobility
and functionality (50). For example, osteoarthritis is influenced by obesity because of
the impact on mechanical movement and inflammation, which is the central
characteristic of osteoarthritis (51,52).

1.1.2.6. Other diseases

Obesity increases the risk of other diseases, such as reproductive issues and effects
on mental health (8). It is demonstrated that obesity and depression are strongly
related, although the biological mechanisms are not completely understood. This
relationship is bidirectional; obesity increases the risk of having depression, and
depression increases the risk of having obesity (53).

In addition, overweight and obesity are related to higher mortality; it has been
demonstrated that people with obesity have 5 years shorter life expectancy than people
with a healthy BMI (18.5 - 24.9 kg/m?) (54,55). Overweight and obesity are also risk
factors for disability, being the 7% of total years lived with disability in the WHO
European Region (56). Recent experience has shown also that people with overweight
or obesity had a greater risk to suffer severe COVID-19 (higher risk of hospitalization,
need for intubation, and death) (8,57).

Nutritional imbalances are another consequence of obesity. The risk of deficiency of
some micronutrients is higher due to different factors, such as consumption of
unhealthy food or imbalanced diets (1). Serum zinc (58), selenium (59), vitamin B12 (60),
folate (61), and vitamin D (62) can be lower in people with obesity. All these
micronutrients are involved in regulating immune and metabolic homeostasis and
cardiovascular function, and their deficiency is related to a higher prevalence of
infection, metabolic complications, and some noncommunicable diseases (1).

Also, excess of adipose tissue produced pro-inflammatory and pro-oxidative
metabolic derangements, as well as the presence of obesity-induced comorbidities, are
associated with skeletal muscle protein-catabolic changes and may lead to a loss of
muscle mass and function (63). This low muscle mass together with obesity (called
sarcopenic obesity) is related to a high risk of frailty and dependency, with high mortality
for some comorbidities (63).

Obesity in pregnancy is also remarkable. The 7-25% of women start pregnancy with
30 kg/m? of BMI (64). When a preghant woman lives with obesity, the child is exposed
to a suboptimal environment since it is in the uterus, and these adversities in early life
extend to adulthood and can cause cardiometabolic (cardiovascular disease and obesity)
or psychiatricillnesses (65—-67). Besides, the mother can suffer some complications, such
as gestational diabetes and hypertension (65).
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1.1.3. Treatments for obesity

For the treatment of obesity, three main strategies are followed: behavioural
intervention, pharmacotherapy, and bariatric surgery. The use of these is regulated
depending on the age of the patient (adult or child/adolescent). In general, lifestyle
modification is considered the best choice, but these strategies can be used in
combination (4). However, robust criteria are followed for the use of pharmacotherapy
and bariatric surgery (6).

Apart from treatments, the prevention of obesity is also important, not only in an
individual way but also in targeting the whole population. Long-term strategies must be
applied for the creation of environments that support and facilitate healthy behaviours,
through different policies that address social, physical, cultural, economic, and political
factors, with a particular focus on income and socioeconomic inequalities. Children must
also be the target of these strategies, because small changes can become in larger
impacts on morbidity and mortality, since obesity increases with age, and the next
generations would present better overall health (1).

1.1.3.1. Treatments for obesity in adults

In adults, people with obesity may receive individualized care plans, after medical
evaluation, that address the causes of the obesity and provide support for behavioural
change (eating behaviours, physical activity, etc.) and adjunctive therapies
(psychological, pharmacological, and surgical interventions). This plan ideally should be
created by a multidisciplinary team and could move towards improving health outcomes
rather than weight loss alone. Some clinical guidelines have been published to help
clinical practice (5,68). Nevertheless, to have a successful and long-lasting effect, the
aim must not be the weight loss in a short period of time, because it is demonstrated
that a weight loss of 5-10% is enough to achieve substantial health benefits. In addition,
the reduction of waist circumference is even more important than losing weight, due to
the relationship between visceral fat and cardiometabolic diseases. It should be
mentioned that the prevention of weight regain is important for all techniques (5).
Aerobic exercise of moderate intensity is also recommended, even if the loss of weight
is only 3 kg on average. To save the lean mass through the process of losing weight, it is
recommended training based on resistance; to improve muscular fitness, resistance
training is advised, alone or combined with aerobic exercise (69).

In Europe, pharmacotherapy is used for weight loss and maintenance in people with
a BMI higher than 30 kg/m? or BMI > 27 kg/m? with complications related to obesity, to
support behavioural and psychological interventions (4—6). Pharmacotherapy can
complement lifestyle therapy but can never be used alone (5). Until today, only a few
drugs have the European Medicines Agency (EMA) approval for their use in obesity,
using three different approaches:
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e Fat absorption inhibitors:

Gastric and pancreatic lipases are enzymes secreted to the gastrointestinal tract
and play important roles in the digestion of the ingested fats. Lipases hydrolyse
triglycerides to free fatty acid chains and monoglyceride to be absorbed. The drug
orlistat reduces the absorption of fat by inhibiting these gastric and pancreatic
lipases in a reversible way, forming covalent bonds with the serine residues of the
lipase active sites, inactivating them (5,70). Some adverse effects have been seen,
such as faecal fat loss, gastrointestinal symptoms (fatty diarrhoea or oily rectal
leakage), or abdominal pain and distress (5,71).

e GLP-1 (glucagon-like peptide-1) analogues:

GLP-1lis anincretin hormone (from the class of satiety hormones) that is secreted
by the L cells of the ileum and colon in response to a meal. It induces an increase of
insulin secretion by the B-cells of the pancreas and sends a message of satiety to
the brain (5,70,72). It reduces the glucagon release, the gastric emptying, and the
food intake (70,72).

Two GLP-1 analogues are commercialized; liraglutide and semaglutide.
Liraglutide was initially approved for the treatment of type 2 diabetes (70), and
semaglutide is the most recently approved GLP-1 analogue (73). Liraglutide is
administered once daily, while semaglutide presents a longer half-life, allowing its
administration once weekly (73). However, they can exert some upper
gastrointestinal adverse effects, such as diarrhoea, nausea, abdominal fullness, and
vomiting (72).

e Other:

The combination of the drugs bupropion and naltrexone is also used for the
treatment of obesity. Bupropion is a centrally acting drug (nonselective inhibitor of
dopamine) used to treat depression and help give up smoking, that inhibits the
reuptake of dopamine and norepinephrine, which will stimulate the
proopiomelanocortin (POMC) release, that acts as a precursor of the a-melanocyte-
stimulating hormone (a-MSH), that has an appetite suppressing effect. Naltrexone
is an opioid receptor antagonist, that acts mainly on p-type opioid receptors. It is
used for the dependence on alcohol and opioids, and its side effect is a decrease in
appetite (5,70). The exact mechanism of these drugs is not well understood, but
effects could be obtained from the action on brain areas involved in the food intake
regulation: the hypothalamus (appetite regulatory centre) and the mesolimbic
dopamine circuit (reward system) (71). Like other drugs, this combination can cause
nausea, headache, dizziness, insomnia, vomiting, or dry mouth (5,71).

Finally, when weight loss is not achieved by lifestyle changes, bariatric surgery can be
used, and it has been demonstrated that its benefits are wider than only losing weight
(4). However, some criteria must be followed (74). For example, laparoscopic bariatric
surgery can be considered in adults whose BMI is higher than 40 kg/m? or with a BMI

35



higher than 35 kg/m? with associated comorbidities that could improve with the loss of
weight (74). Bariatric surgery includes endoscopic interventions (such as the intragastric
balloon, sleeve gastroplasty, or duodenal mucosal resurfacing) and surgical
interventions (such as sleeve gastrectomy or Roux-en-Y gastric bypass) (70).

1.1.3.2. Treatments for obesity in children and adolescents

In children and adolescents, the aim of the treatments for obesity includes the
reduction of energy intake and rising of energy consumption, reduction of weight gain,
improving body composition, physical function, and quality of life, and the prevention
or reduction of obesity adverse effects (1). For that purpose, several guidelines have
been created (75,76).

For children and adolescents who live with overweight, WHO recommends giving
advice to parents and caregivers about physical exercise and nutrition, that is, a
behavioural intervention. For children with obesity, they should be evaluated in depth
and an appropriate plan should be developed. The addition of pharmacotherapy is also
possible (75). For adolescents with severe obesity, behavioural intervention, bariatric
surgery, and pharmacotherapy can be recommended (7). To choose the most
appropriate treatment, a careful medical evaluation is needed, and some parameters
must take into account, such as age, sex, pubertal status, the severity of obesity, or
comorbidities (76).

In general, multicomponent behavioural interventions (change in diet, physical
activity, psychological therapies...) are considered the best treatment for children and
adolescents. However, pharmacotherapy is proposed for adolescents with obesity that
do not respond optimally to these multicomponent behavioural interventions (7).
Nevertheless, options are limited in the WHO European Region (1). Orlistat is the only
drug approved by the U.S. Food & Drug Administration (FDA) but not by the EMA, for
long-term obesity treatments in children higher than 12 years old. Its use is limited due
to its modest efficacy (3% reduction of BMI in a year) and its adverse effects.
Phentermine (a norepinephrine reuptake inhibitor) is another drug approved by the FDA
but not by the EMA, with limited efficacy (77). Also, FDA has recently approved an
updated label of liraglutide for the treatment of obesity in adolescents between 12 and
17 years old (with weight > 60 kg and BMI > 30 kg/m?), and EMA has recommended the
approval. All these drugs must be accompanied by behavioural support for patients and
families (1).

Regarding metabolic and bariatric surgery, it has been seen that this treatment is safe
and effective in children. Patients have a reduction in BMI, an improvement in the
quality of life, and a decrease in the comorbidities associated with obesity. To put into
practice this treatment, some issues must be taken into account, such as psychological
and physical maturity, the ability to provide informed consent and the availability of
family support, and continuing postoperative behavioural intervention (78).
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Apart from all these treatments, studies have demonstrated that the consumption of
medicinal herbs and vegetables can reduce the prevalence of obesity-related
comorbidities due to antioxidant and anti-inflammatory ingredients (79). Thus, dietary
interventions using natural bioactive compounds present in food have been presented
as a promising therapeutic tool for obesity and metabolic diseases, due to the limited
adverse effects. Particularly, polyphenols present in food (such as fruits, vegetables, tea,
chocolate, or wine) have demonstrated to reduce the weight gain (12). Flavonoids, a
class of polyphenols (such as catechin, cyanidin, or quercetin), are the bioactive
compounds more related to a reduced risk of all-cause mortality, T2DM, cardiovascular
diseases, obesity, and obesity-related comorbidities, and also have been recently
proposed as therapeutic agents against pathologies like Alzheimer’s disease or
cerebrovascular alterations (80).
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1.2. Polyphenols and quercetin

Polyphenols are the most common and widespread group of substances in plants.
They are secondary metabolites and have no specific metabolic function in plant cells.
Nevertheless, these molecules are essential for the survival of plants, such as defending
against microbial attacks or becoming the plants disagreeable for predators (81).
Polyphenols can be classified as phenolic acids, flavonoids, and non-flavonoids, as
shown in Figure 4. At the same time, flavonoids can be separated into flavonols,
flavones, flavanols, flavanones, isoflavones, and anthocyanidins (82).
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Figure 4. Classification and examples of polyphenols. Figure obtained from Rambaran
(82).

Flavonoids have a common structure consisting of two benzene rings (rings A and B)
linked to a heterocyclic pyran (ring C) (Figure 5A) (83). Quercetin (3,3’,4',5,7-
pentahydroxyflavone, Figure 5A, 302.23 g/mol) is a dietary flavonoid present in some
fruits and vegetables, such as tomato, lettuce, onion, black chokeberry, apples, or wine
(84,85). In fruits and vegetables, quercetin appears as quercetin glycoside, that is,
guercetin aglycone conjugated to sugar moieties, such as rutin and quercetrin
(quercetin esterified with rutinose (Figure 5B) and rhamnose (Figure 5C), respectively),
being the first the most common and important glycoside form found in plants (86,87).
The extraction of quercetin from plants can be done by extracting the quercetin
glycosides followed by hydrolysis to release the aglycone (83).

38



Figure 5. Chemical structure of quercetin (A), rutin (quercetin 3-O-rutinoside, B), and
quercetrin (Quercetin 3-O-rhamnoside, C). Obtained from Harwood et al. (83) and
Phenol-Explorer (88,89).

Quercetin appears as a yellow powder or needles, whose melting point is 316 °C (85).
It is a hydrophobic compound, being its solubility in water only 0.01 mg/mL at 25 °C, but
is soluble in methanol, ethanol, acetone, or dimethyl sulfoxide (84,85). Also, quercetin
is sensible to temperature and chemicals, and degrades quickly in the presence of light,
warm temperature, or alkaline media (90).

In the Western diet, the daily intake of quercetin is about 15 mg (91). The amount of
guercetin administered by diet is between 5 and 40 mg per day, being between 200 and
500 mg per day in people whose fruit and vegetable intake is high (92). The flavonoid
can also be taken as a dietary supplement at a dose between 200 and 1200 mg per day
or as a nutraceutical through functional foods at a dose between 10 and 125 mg per
portion (91). The Spanish Agency for Food Safety and Nutrition (AESAN) proposed the
daily intake of quercetin to be 75 mg in dietary supplements, with the warning not to be
used in pregnant women due to the fact that its security has not been guaranteed (92).
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1.2.1. Pharmacokinetic properties of quercetin

In humans, the oral bioavailability of quercetin is around 1%, in dogs 4%, and less
than 10% in rats (90). This is due to the fact that the flavonoid has very low water
solubility and undergoes degradation in gastrointestinal media. This leads to a very low
oral bioavailability, being the glucuronide and the sulphate derivatives the most
abundant compounds present in plasma (90,93).

When quercetin is orally administered, in the mouth the flavonoid can interact with
salivary proteins to form soluble quercetin-protein binary aggregates. In the stomach,
quercetin is degraded to phenolic acids, and these acids could also be absorbed in this
organ (84). A minor proportion of the flavonoid is absorbed in the stomach, being the
primary site of absorption the small intestine (94).

In fruits and vegetables, quercetin is present as quercetin glycoside, that is, quercetin
aglycone conjugated to sugar moieties. To make possible the absorption, previously to
entering the enterocyte in the small intestine, attached chemical groups are removed
by deglycosilation to the aglycone form of quercetin (Figure 6A) (86,94). For quercetin
monoglucosides (such as quercetin-3-O-glucoside or quercetin-4’-O-glucoside), two
enzymes act as B-glucosidase. One is the brush border enzyme lactase-phlorizin
hydrolase (LPH), that hydrolyses lactose to glucose and galactose. The other one is
cytosolic B-glucosidase (CBG), which is located in the enterocytes and presents broad
specificity. Previously to the hydrolysis by CBG, quercetin glucosides are taken up into
the cell (using for example, the sodium-glucose co-transporter type 1 (SGLT1) used for
quercetin 4’-0-glucoside). For non-monoglucosidic glycosides (such as rutin), intestinal
B-glucosidades cannot hydrolyse the sugar moiety, so microbiota produces quercetin
aglycone in the cecum and large intestine. This aglycone is absorbed via the large
intestine (95).

Due to the hydrophobic character of quercetin, when it reaches the small intestine,
the aglycone can pass through the cellular membranes of the enterocytes, being
absorbed primarily by simple diffusion pathway and secondarily by organic anion
transporting polypeptide (OATP) (Figure 6A) (96—98). Once in the enterocyte (Figure 6B),
quercetin suffers glucuronidation (by the uridine 5’-diphospho-glucuronyltransferase
(UGT)), methylation (by the catechol-O-methyltransferase (COMT)), and sulphation (by
the sulphotransferase (SULT)), forming quercetin monoglucuronides (such as quercetin-
3-0O-glucuronide), quercetin diglucuronides, methylquercetins (such as isorhamnetin
and tamaraxetin), and quercetin sulphates (84,97). Part of the quercetin is also
transported via the lymphatic pathway (99).
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Figure 6. Presystemic metabolism of quercetin. Based on Murota et al. (95) and Luca et
al. (97). A: deglycosilation and absorption pathways of quercetin through the
enterocytes. B: quercetin metabolism inside the enterocyte. SGLT1: sodium-glucose co-
transporter type 1; CBG: cytosolic B-glucosidase; LPH: lactase-phlorizin hydrolase; OATP:
organic  anion  transporting  polypeptide; UGT: uridine 5’-diphospho-
glucuronyltransferase; COMT: catechol-O-methyltransferase; SULT: sulfotrasnferase.

These quercetin and quercetin derivatives are secreted to hepatic portal vein
circulation and reach the liver, where quercetin is further metabolized by
glucuronidation, methylation, and sulphation. The quercetin and formed derivatives are
released to blood circulation via the portal vein or secreted into the bile. Methylation
can also be performed in kidneys (84,97). Quercetin and its metabolites can cross the
blood-brain barrier (84,99).

Quercetin and rutin that have not been absorbed can be metabolized by colon
microflora. First, rutin is hydrolysed by gut microbiota-derived B-glucosidase to
quercetin that can be absorbed (97). Quercetin acts as a substrate for several gut
bacteria, that can produce C-ring fissions and dehydroxylations, forming low molecular
weight phenolic compounds that can be absorbed, such as 3,4-Dihydroxyphenylacetic
acid (DOPAC) or 3.4-dihydroxybenzoic acid (PCA) (97,99). These metabolites are
absorbed and transported via the portal vein to the liver and undergo more conjugation
reactions (84).

Finally, quercetin is eliminated by faeces (1.6 — 4.6% of an oral dose (98)) and urine,
being 3-hydroxyphenylacetic acid (3-OPAC), benzoic acid, and hippuric acid the most
present metabolites (97). The whole process is summarized in Figure 7.

41



Interaction with

salivary proteins
]
Degradation
Stomach \
\
Bile duct 2 -
* Glucureonidation e J;\\yf/ ) + Glucuronidation
+ Methylation '\)‘t{ ||+ Methylation
* Sulphation e )‘u- 5 | = Sulphation
Liver A Enterocyte
v Hepatic portal vein Small intestine
@ @ GUT biota metabolism
Methylation Mlcroflc')ra
metabolism
Kidneys
l Colon
Urine Faeces

Figure 7. Schematic representation of the adsorption, metabolism, and excretion of
quercetin. Based on Wang et al. (84) and Luca et al. (97).

1.2.2. Pharmacological properties of quercetin

Quercetin has demonstrated to have antioxidant (100), anti-inflammatory (101), anti-
cancer (102), anti-obesity (87), or anti-diabetic (86) properties (Table 1), and decreases
the risk of coronary heart disease, cancer, diabetes, and neurodegenerative disorders
(84,90). Nevertheless, the dietary form of quercetin (quercetin glycoside) and the
supplementary form (quercetin aglycone) are different, so it is not clear if both
compounds have the same biological effects (99).

1.2.2.1. Antioxidant properties of quercetin

Some reactive oxygen species (ROS) and some reactive nitrogen species (RNS), such
as 02, NO-, and ONOO, induce oxidative damage, causing harmful effects on cells and
tissues and causing some illnesses (84,99). Quercetin can stop this peroxidation reacting
with the radicals formed, because is a powerful scavenger of reactive oxygen species
(84). In this process, quercetin oxidizes and produces reactive products known as o-
quinone/quinone methides (99). This antioxidant capacity is due to the catechol group
in the B ring, a 2,3-double bond conjugated with a 4-oxo function in the C ring, and two
hydroxyl groups in the heterocyclic ring (positions 3 and 5) (84). Also, in some cells,
qguercetin has a protective effect against oxidative stress caused by oxidation of lipids,
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lipoprotein fragments, and other factors, and as it acts as a chelator for iron, it protects
cells against oxidative damage caused by iron overloading (99).

Quercetin demonstrated to inhibit strong oxidant species in mice with endotoxic
shock, including Oz~ and possibly ONOO™ (103), and oral pretreatment with quercetin
showed a significant protection against oxidative stress and lipid peroxidation in a model
of paracetamol-induced rat liver injury (104). Quercetin demonstrated to have
hepatoprotective effect in a model of hepatic damaged mice due to its antioxidant
capacity, free radical scavenging effect, inhibition of lipid peroxidation, and increased
antioxidant activity (105).

1.2.2.2. Anti-inflammatory properties of quercetin

There are different opinions among scientists about the anti-inflammatory effect of
quercetin. Some of them suggest that is related to the antioxidant activity and free
radical scavenging properties, because reactive oxygen species are also present in the
inflammatory response, by the activation of different transfer factors such as nuclear
factor-k-gene binding, that could induce the production of TNF-a cytokines. This way,
quercetin could stop inflammation and prevent oxidation at the same time. Other
scientists suggest that quercetin could suppress lipopolysaccharide (LPS)-induced
cytokine production in different cells (84). The anti-inflammatory effect has been
demonstrated in different animal models, such as carrageenan-induced inflammation in
rats (106), chronic rat adjuvant-induced arthritis (107), or LPS-induced endotoxic shock
in mice (108).

1.2.2.3. Anti-cancer properties of quercetin

Quercetin has also been demonstrated to have anti-cancer properties in vitro in
different types of cells. The flavonoid can prevent cancer induced by oxidative stress
because of its antioxidant activity and its capacity to suppress many kinases involved in
the growth of cancer cells, proliferation, and metastasis (84). Quercetin has
anticarcinogenic activity by stimulating apoptosis, inhibiting the cell cycle, promoting
the release of matrix metalloproteinase, suppressing the growth, stimulating cell aging
and death, and telomerase and antiproliferative effects. It also reduces tumour cell
adhesion, metastasis, and angiogenesis. It is also associated with the inactivation of
oncogenes that affect in the beginning of the cancer development and activation of
tumour suppressor genes (99). This anti-cancer activity has also demonstrated in in vivo
animal models (109,110).

1.2.2.4. Effects of quercetin on the cardiovascular system

Quercetin is associated with a low risk of cardiovascular disease (84,99). It has effects
on the cardiovascular system, such as the reduction of inflammatory responses
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(modifying the biosynthesis of eicosanoids), the decrease of the oxidation of low-density
lipoproteins (preventing the formation of atherosclerotic plaque), the obstruction of the
aggregation of platelets (avoiding the formation of thrombi), and the relaxation of
smooth muscles (decreasing hypertension and heart arrhythmias) (93). It is thought that
quercetin decreases blood pressure decreasing oxidative stress and improving the renin-
angiotensin-aldosterone system and vascular function (99).

1.2.3. Quercetin, obesity, and comorbidities

Flavonols have been demonstrated to protect rodents from high-fat diet-induced
obesity in several studies, by reducing body weight gain and lipid accumulation in white
adipose tissue via reducing inflammation, modifying lipid metabolism, increasing energy
expenditure, inducing browning of white adipose tissue, and activating brown adipose
tissue. However, the effectiveness of quercetin is shown to be specie dependent.
Studies in rats usually showed more effects than in mice. In humans, results are still
unclear, but quercetin levels reached after its administration are lower than in rodents
(80).

The anti-obesity effect of quercetin has been demonstrated in obesity models in
Wistar rats (111,112), Zucker rats (113), C57BL/6J mice (114,115), or ICR mice (116).
Some studies suggest that quercetin improves obesity by different molecular pathways,
but limited studies in humans have been performed (87). Some scientists suggest that
qguercetin binds the glucose transporter GLUT4, that mediates insulin-stimulated
glucose uptake in adipocytes and muscles and its up-regulation is associated with
obesity (87,117). Different assays have been performed in mice and rats, suggesting, for
example, that quercetin reduces body weight by its anti-inflammatory effects on
adipose tissue, by improving the expression of oxidative stress and inflammation
markers, such as nuclear factor-related factor-2 (Nrf2), heme oxygenase-1 (HO-1), and
nuclear factor kappa B (NF-kB) (87,118). Cell studies suggest that protective effects of
quercetin against obesity are related to the anti-inflammatory and/or antioxidant
effects of the flavonoid, but other mechanisms have been presented too. Some studies
have been performed in humans, indicating that quercetin helps in the improvement of
obesity (87).

In addition, several studies were performed on the antidiabetic effect of quercetin
(86,119,120). This flavonoid improves liver and pancreatic functions by inhibiting cyclin-
dependent kinase inhibitor p21 (WAFI/Cipl) (Cdknla) gene expression and improving cell
proliferation. In type 1 diabetes, an increase in CYP2E1 protein is considered the main
cause of stress-induced liver injury, and quercetin has shown the ability to decrease the
activity of this protein and improve pro-oxidant-antioxidant balance in rats. Quercetin
can also prevent diabetic retinopathy, by inhibiting oxidative stress and having
neuroprotective effects (99).

In type 2 diabetes, this flavonoid inhibits carbohydrate absorption by inhibiting
digestive enzymes that are responsible for carbohydrate hydrolysis and glucose carriers
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in vitro and ex vivo. It also decreases numbness and pain in type 2 diabetes patients.
Quercetin effect in skeletal muscle cells in type 2 diabetes was demonstrated to be via
the adenosine monophosphate kinase (AMPK) pathway. An increase in intracellular
calcium was also seen. As a result, quercetin protects normal blood sugar with such
mechanisms as an increase of AMPK, GLUT4 activation and insulin receptor count in
muscle cells, pancreatic b cell regeneration, repair of pancreatic oxidative damage, an
increased glucokinase activity in the liver, and reduced absorption of glucose in the small
intestine (99).

Quercetin has also been demonstrated to have beneficial effects in early stages of
NAFLD development, and it improves hepatic insulin sensitivity, reduced liver fat
content, and ameliorated hepatic steatosis (80).
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Table 1. Main pharmacological properties of quercetin in vivo. Q: quercetin; TNF-a: tumour necrosis factor-a; HOMA-IR: homeostasis model of
insulin resistance.

Effect Study model Dose and duration Results Ref.
Protective regimen: 50 or 100
mg/kg intragastrically, 3 h
ICR mice with P :
Iipop(;Iysz:\gcharide (LPS) before LPS administration Q demonstrated to inhibit strong oxidant species, including O, and (103)
induced endotoxemia Therapeutic regimen: 50 or possibly ONOO'.
100 mg/kg intragastrically, 12
h after LPS administration
Sprague Dawley rats with
Antioxidant ieng h drazinye induced 25 or 50 mg/kg intragastricall Q improved parameters related to body oxidative status: it increased
\F/)ascu\llaryd <function and for 6 davs &/ke g y blood glutathione (GSH) levels, decreased plasma malondialdehyde (121)
oxidative s\(cress Y (MDA) and NOy levels, and normalized O-" production to near basal rates.
swiss albino mice with Pretreatment with Q showed liver protection against t-BHP induced
tert-butvl hvdroperoxide 20 mg/kg for 5 days (t-BHP was hepatic injury, by a significant decrease in serum enzymes marker,
vihydrop intraperitoneally injected on sleeping time, and MDA, and an increase in the GSH, superoxide (105)

(t-BHP)-induced acute liver
damage

the 5t day)

dismutase (SOD) and catalase (CAT) activities confirmed by pathology
tests.




Table 1. (continued)

Effect Study model Dose and duration Results Ref.
The contents of prostaglandin E; (PGE;), TNF-a, RANTES, and the mRNA
Wistar rats with 10 mg/kg locally 1 h before P g 2 2) . . .
. L for cyclooxygenase-2 were suppressed in rats. The histological
carrageenan-induced carrageenan injection (in a . : . . . (106)
. . . examination displayed the suppression of the inflammatory response in
inflammation subcutaneous air pouch) .
the pouch tissues from Q treated rats.
Arthritis severity significantly decreased after oral treatment of Q.
30 mg/rat orally every 2 days
Anti- for 10 days Arthritis scores were reduced in a more significant manner in rats treated
: with 10 mg by intra-cutaneous injection, compared to those treated with
inflammatory 5 or 10 mg/rat by intra- 5mgQ goy ) P
Lewis rats with chronic cutaneous injection every 2 .
adjuvant-induced arthritis  days for 10 days Injection of relatively low Q doses prior to arthritis induction significantly (107)
. reduced arthritis signs.
5 mg/rat by intra-cutaneous
injection every 2 days for 10 Q (intra-cutaneous) improved macrophage inflammatory markers: levels
days, simultaneously with their  of TNF-a, nitrites, and NO metabolites were decreased following both
immunization preventive and therapeutic Q injections.
BALB/c mice with CT-26 or
MCE /7 cells 50, 100, or 200 mg/kg Q significantly reduced the tumour volume and increased animal survival (109)
. intraperitoneally in both CT-26 and MCF-7 tumours.
subcutaneously injected
Anti-cancer  Severe combined
immunodeficiency (SCID) 15 mg/kg or 45 mg/kg
mice with implanted intraperitoneally 3 times per The administration of Q resulted in a ~70% reduction in tumour growth.  (110)

tumours from GFP-MDA-
MB-231 BC cells

week for 13 weeks




Table 1. (continued)

Effect Study model Dose and duration Results Ref.
Q reduced the arterial blood pressure in conventional rats.
Cardiovascular  Conventional and 5 mg/kg (as a solid dispersion) |, hypertensive rats, Q caused a decrease in systolic blood pressure 1h (122)
effect hypertensive rats intravenously post-administration and continued for 4 h, reaching a 30% reduction of
the initial blood pressure.
Wistar rats fed with high decreased serum total cholesterol, triglycerides, and insulin, and
i N hig 50 mg/kg orally for 6 weeks Q L . &Y (111)
fat/high sucrose diet hepatic triglycerides.
Wistar rats fed with high Diet supplemented with 30 . .
decreased serum glucose, serum insulin, and HOMA-IR. 112
fat/high sucrose diet mg/kg for 6 weeks Q & (112)
Obese Zucker rats 2 or 10 mg/kg by oral gavage Q de'creased body weight gain, plasma triglycerides, total cholesterol, (113)
for 10 weeks insulin, and HOMA-IR.
Anti-obesity  C57BL/6) mice fed with Diet supplemented with 0.1% Q decreased plasma triglycerides and plasma total cholesterol (114)
high-fat diet (w/w) for 12 weeks P gy P '
C57BL/6J mice fed with a
high-fat, high-cholesterol,  Diet supplemented with 0.05% Qdecreased visceral fat, body weight, blood glucose, plasma insulin, total (115)
and high-sucrose Western  for 20 weeks cholesterol, and triglycerides, hepatic steatosis, and hepatic triglycerides.
diet
ICR mice fed with high-fat  Diet supplemented with 25, Q decreased epididymal fat weight and adipocyte size, and plasma (116)

diet

50, or 100 mg/kg for 10 weeks

triglycerides and total cholesterol, in a dose-dependent manner.




Table 1. (continued)

Effect Study model Dose and duration Results Ref.
0.02 I/k lly for 4
Alloxan-induced diabetic weekr:gl(ljo/xagno\;/aasy or Q reduced the serum glycaemia of diabetic rats in a 62%, the total
. . . . cholesterol in a 30%, the triglycerides in a 62%, and increased HDL- (120)
Wistar rats intraperitoneally injected on .
cholesterol in a 26%.
the 215t day)
After 7 days of treatment, Q administered at a dose of 75 mg/kg
produced the maximum decrease of 15% in blood glucose levels. At day
Anti-diabetic 28, this decrease was 67%.
.Streptozo'Focinl(STZ).- 25, 50, or 75 ma/kg orally for Q-doses .of 50 a'nd 75 mg/kg significz?ntly improved th-e pr'ofiles of‘serum
induced diabetic albino triglycerides, high density lipoprotein, very low density lipoprotein, low (123)

Wistar rats

28 days

density lipoprotein, and total cholesterol at the end of the study.

The administration of Q (25, 50, and 75 mg/kg) daily for 28 days resulted
in a significant decrease in blood glucose and urine sugar levels, with a
considerable rise in plasma insulin and hemoglobin levels.




1.3. Nutraceuticals

The first definition of the term nutraceutical was given by Stephen DeFelice in the
1980s, as a variety of non-pharmaceutical compounds that can have an effect on health
and disease (124,125). He proposed the term combining nutrition and pharmaceutical,
so nutraceutical is a food or a part of it with health benefits or that prevents diseases
(126).

The term has not a clear definition or legislation, and sometimes nutraceutical and
functional food are used interchangeably (126,127). In that way, nutraceutical
compounds are a combination of nutrients and substances present in food, without
nutritional value but with positive effects on human health (126). On the other hand, a
functional food is any food with health-promoting and/or disease-preventing properties
in addition to the basic nutritional function of supplying nutrients (126). Actually, the

term nutraceutical encompasses a lot of terms (Figure 8) (127).

Figure 8. Different concepts comprehended by nutraceuticals. Based on Williamson et
al. (127).

Fortified
foods
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In that way, some concepts must be defined:

Nutraceutical: a substance that is not traditionally recognized nutrient but which
has positive physiological effects on the human body. It can modify the natural
physiological functions of the body and is supported by scientific opinion (128).

Functional food: besides the basic nutritional requirements, food with health

benefits, due to the physiologically active compounds it contains (128).

Fortified food: food that has been added one or more essential nutrients,
regardless of whether the nutrient is normally contained in the food or not, with
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the objective to prevent or correct a deficiency of one or more nutrients in the
population. It is not the same as enriched food, in which the nutrients removed
during the production or refinement are restored (129).

e Dietary supplement: substance to supplement the diet by increasing the total
dietary intake. They do not have the objective to prevent, diagnose, treat or cure
any disease. Some examples of dietary supplements are vitamins, minerals,
herbs, amino acids, or enzymes, usually presented as tablets, capsules, softgels,
gelcaps, powders, or liquids (130).

e Medicinal product: A substance or combination of substances that is intended to
treat, prevent or diagnose a disease, or to restore, correct, or modify
physiological functions by exerting a pharmacological, immunological, or
metabolic action (131).

Ingredients contained in nutraceuticals are usually considered as Qualified
Presumption of Safety (QPS) in the European Union and Generally Recognized as Safe
(GRAS) in the United States. Even so, there is a lack of regulation in the global market,
and the regulation of these products can vary depending on the region and tradition (a
lot of them are legislated as herbal products), and different terminologies are used to
name them (127). For example, FDA regulates dietary supplements, but the term
“nutraceutical” is not used (132,133). In the EU, the term “food supplements” is used,
and they are regulated as foods (134).

The nutraceutical industry has expanded during the last two decades, and by 2026,
the global nutraceutical market should reach $438.9 billion, $149.1 billion more than in
2021 (128,135). Functional beverages as products of the nutraceutical market should
grow to $162.4 billion by 2026 ($58.1 billion more than in 2021) and for functional foods,
it should grow to $144.9 billion by 2026 ($50.7 billion more than in 2021) (135). The
most attractive targets for nutraceuticals are cholesterol reduction, cardiovascular
disease, and osteoporosis, followed by high blood pressure, diabetes, gastrointestinal
disorders, menopause, and lactose intolerance (135). Also, products that contain
polyphenols have especially high sales in the market (127). Nevertheless, the global
nutraceutical market has to deal with some barriers, such as the expensive price of
nutraceutical products and the lack of awareness regarding nutraceuticals (135).

Nutraceuticals have a high consumer demand by the general public and they are seen
more favourably than pharmaceuticals, because they are considered more natural, with
fewer side effects (which is not always true), easier to obtain (they are available in
supermarkets, food shops, and pharmacies) and they do not have the same level of
examination at a regulatory level before commercialization (125).

In human studies, the design and conducting of the methodology are similar to
pharmaceutical trials, but some aspects have to be considered, as the fact that
nutraceuticals are usually taken as “self-medication”. Thus, the target population is
heterogeneous and not well characterized, leading to variability in the effects of
nutraceuticals (125).
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1.3.1. Nanoparticles in functional foods

Nanotechnology is a field of research and innovation that involves the design,
characterization, production, and application of materials, devices, and systems with a
dimension between 1 and 100 nm (136). These materials, devices, and systems have
unique properties due to their high surface-to-volume ratio and other innovative
physicochemical characteristics such as colour, solubility, strength, diffusivity, toxicity,
and magnetic, optical, or thermodynamic properties, among others. Because of that,
nanotechnology offers a wide range of opportunities for the development and
application of structures, materials, and systems with new properties in some areas such
as agriculture, food, or medicine (137).

The use of nanomaterials in the food industry has increased due to their stability to
high temperatures and pressures, their content in essential elements, and that they are
non-toxic. They provide food better quality, safety, and health benefits. That’s why new
methods, techniques, and products are developing in food science (137). Nanomaterials
used can be inorganic (metal and metal oxide nanoparticles), organic (mainly natural
product nanoparticles), and combined (138). In the food sector, nanotechnology can be
applicated in two areas: food processing and food packaging (137,139).

Nanoparticles can encapsulate nutrients and be added to food, increasing its
absorption (139). They can mask odours or tastes, can control the interactions between
the active ingredient and the food matrix, can control the release of these molecules,
ensure availability at a target time and specific rate, and protect them from moisture,
heat, chemical or biological degradation during processing, storage, or utilization (137).
Nanotechnology can help in the development of functional foods, in order to deliver the
nutrients more efficiently, and nanoencapsulation prevents the degradation and/or the
inactivation of bioactive compounds, extending the shelf-life of these products
(137,139).

A functional food is a food (or its components) that exerts beneficial health effects.
Functional foods have components, nutrients, and non-nutrients that can affect some
body functions, can help well-being and health, and reduce the risk of diseases. Many
fruits, vegetables, grains, and fish are functional foods. Functional components can be
enhanced by special growing conditions or breeding techniques, and others are specially
formulated with specific components, such as bacteria in yogurt. When a component is
removed from food in order to reduce adverse effects (such as reduction of saturated
fatty acids), is also considered a functional food (140).

“Bioactive compound” is the name given to the compounds present in food that have
beneficial health effects. They are usually present in small quantities, so the intake of
functional foods needs to be high in order to be in enough quantity, a fact that is not
always possible (140). Because of that, the food industry fortifies food with bioactive
compounds, like vitamins, minerals, essential fatty acids, carotenoids, antioxidants,
phytosterol, and fibres. Nevertheless, these bioactive compounds suffer reactions with
other components during processing, storage, and transport, or are poorly soluble in
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water, or sensitive to oxygen, light, temperature, or moisture (140,141). Some of them
have also bad aroma and flavour. Bioavailability is low in some cases, due to poor
solubility, chemical instability, and interaction with other food components (141). For
that reason, nanotechnology has provided solutions, by encapsulating nutrients,
bioactive ingredients, and phytochemicals (140). Among the bioactive compounds nano-
encapsulated for functional foods, some are the following (141):

e Essential oils:

Essential oils are volatile aromatic liquids obtained from plants. They have
antimicrobial and anti-inflammatory properties, but they have peculiar aroma and
flavour, and are sensitive to light, oxygen, and heat, which can degrade the oils.
They are poorly soluble in water and present high volatility. The encapsulation of
essential oils decreases the interaction with food, preserves its biological activity,
and minimizes possible adverse effects on the sensory properties of food (141). It
has been encapsulated tea tree oil in nanocapsules (142) or basil oil in
nanoemulsions (143).

e Vitamins:

Vitamins are organic compounds that are required in small amounts for
maintaining metabolic integrity. They are needed for the growth and development
in humans, and they need to be supplied by the diet because they cannot be
synthesized in the body, but they are sensitive biomolecules and have to be
protected during processing and storage (141,144). As an example, vitamin C has
encapsulated in liposomes (145), and vitamin B2 in alginate and chitosan
nanoparticles (146).

e Flavour and aroma compounds:

Flavours are volatile compounds that can degrade or be lost during the
processing and storage of foods. They are related to the quality of food and are
important in consumer acceptability. Its encapsulation allows an increase in the
stability and permits to be added to food and beverages (141). Menthol has been
encapsulated in a nano-emulsion using gum arabic and maltodextrin (147), and
vanillin has been nanoencapsulated in polyvinyl alcohol nanofibers (148).

e Polyphenols:

Polyphenols are secondary plant metabolites with several beneficial effects, such
as antioxidant, anti-inflammatory, antibacterial, or antiviral ones. However, they
have got low solubility and permeability, added to instability due to the pH and
enzymes of the gastrointestinal tract, what results in a low bioavailability. Also, they
have an astringent taste. Its encapsulation permits overcoming these drawbacks
(141). As some examples, luteolin has been encapsulated in nanostructured lipid
carriers and microemulsions (149), or genistein in nano-emulsions (150).
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Carotenoids:

Carotenoids are tetraterpene molecules, and the most widely distributed
pigments in nature, present in some bacteria, archaea, fungi, algae, plants, and
animals (151). They have antioxidant properties and are used as natural food
colourants. They are poorly soluble in water and oil and are susceptible to oxygen
and light, what makes them to be unstable in foods. The encapsulation of these
molecules allows the rise of the solubility and prevents degradation during
processing (141). For example, beta carotene was nano-encapsulated using casein
and dextran (152), and curcumin was encapsulated in an oil-in-water nano-
emulsion (153).

Fatty acids:

Fatty acids are hydrocarbon chains of variable length, and can be saturated
(without double bonds in the chain) or unsaturated (one or more double bonds)
(154). Polyunsaturated fatty acids have the ability to decrease blood triacylglycerol
and cholesterol levels, they help in the appropriate function of the brain, they have
retina immune-modulating properties, help in the prevention of cardiovascular
diseases, and reduce the risk of cancer and autoimmune disorders. Nevertheless,
these fatty acids are oxidized during the processing and storage of food and have
strong odours in the final product. Nanoencapsulation is a good way to prevent
these drawbacks in the use of functional foods (141). As examples, B-lactoglobulin
and pectin were used to prepare omega 3 fatty acid-loaded nanocapsules (155), and
nanoliposomes of fish oil were prepared and fortified into yogurt (156).

Minerals:

Minerals are micronutrients that are needed in small quantities in the body. Its
nano-encapsulation for food fortification protects minerals from interaction with
other components, masks bad flavours and colours, and provides a controlled
release. The nano-encapsulation of minerals for mineral fortification can be done
with Fe (e.g. FeSOa.), Ca (e.g. Casz(POa4)2), or | (e.g. Kl) salts. For example, Fe-
encapsulated forms used as core materials in fortifying dietary products are
electrolytic-Fe or FeSO4 (141).

Materials used to prepare the systems must be food grade, GRAS, or listed by the

appropriate regulatory authority, and need to be biodegradable in nature (140,141).
Organic or inorganic nanomaterials can be used for food applications. Among the
organic used materials for the formation of delivery systems, the most used ones are
carbohydrates (alginate, starch, dextrin, chitosan, guar gum, xanthan gum, pectin,
galactomannan, cellulose, and their derivatives), lipids (egg yolk phospholipid,
phosphatidylcholine, cholesterol, medium- and low-chain triglyceride, lecithin, soybean
oil, corn oil, and olive oil), and proteins (gelatine, whey proteins, sodium caseinate, zein,
and soy proteins) (141,157). Regarding inorganic materials, a limited number are used
in food, such as iron, calcium, or silicates. A combination of organic and inorganic
nanomaterials is also used (157).
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These delivery systems at the nanoscale have higher surface area and improve
solubility, enhance bioavailability, improve the controlled release and facilitate better
precision targeting of the encapsulated bioactive compounds, apart from protecting
them against degradation in the gastrointestinal tract (140,141). They must be
compatible with food matrix and they must not negatively affect the appearance, taste,
flavour, texture, and shelf life of the product. Different nano-structured systems can be
used for the delivery of nutrients, such as nano-emulsions, solid lipid nanoparticles,
liposomes, micelles, or protein nanoparticles (140).

e Lliposomes:

Liposomes are small artificial spherical vesicles formed by the self-assembly of
amphiphilic molecules, usually phospholipids. They contain an aqueous core
surrounded by one or more phospholipid bilayers, where polar head groups are
oriented in the pathway of the interior and exterior aqueous phases. Their sizes are
between 30 nm to some microns, and they can encapsulate hydrophilic and
hydrophobic compounds (158). Liposomes can encapsulate vitamins, antioxidants,
proteins, peptides, minerals, or fatty acids. Nevertheless, the use of liposomes in
the food industry is limited due to the high cost of phospholipids, the problems in
the scalable process, and the lack of information about the bioavailability of
liposome-encapsulated bioactive compounds (140).

e Nano-emulsions:

Nano-emulsions are dispersions of one immiscible liquid in another, forming
transparent or translucid droplets of 20 to 200 nm. There are two types of nano-
emulsions: oil-in-water (o/w) and water-in-oil (w/0). Nano-emulsions are
thermodynamically unstable systems, which can be stabilized using emulsifiers
(159). Its use in the food sector is limited due to the high cost of the production and
problems to find food-grade surfactants (140).

e Solid lipid nanoparticles:

Solid lipid nanoparticles are spherical delivery systems, with a size in the range
between 50 and 1000 nm. They are made of lipids, that are solid at room
temperature, and emulsifiers (160). They can increase the stability of labile
hydrophobic compounds and provide a controlled release (140,160). Solid-lipid
nanoparticles have been used to encapsulate fat-soluble vitamins, but their use in
food is limited due to a possible loss of the bioactivity of bioactive compounds
during the heating step (compounds are solubilized in melted lipid during the
formation of nanoparticles). The in vivo digestibility has also to be evaluated (140).

e Protein nanoparticles:

Protein nanoparticles and hydrogels can be formed by a controlled assembly of
proteins (140). These nanoparticles can be prepared using animal proteins (such as
gelatin, casein, or silk fibroin) or using plant proteins (like zein, gliadin, or soy
proteins), and hydrophilic and hydrophobic compounds can be encapsulated
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(161,162). They can be added to food also to modify texture. In some cases, heat
treatment is needed to produce protein nanoparticles, and limits its application in
heat-sensitive molecules (140).

e Protein-polysaccharide composite systems:

These composite systems are based on a covalent conjugation or electrostatic
complexation between proteins and polysaccharides, and hydrophobic and
hydrophilic compounds can be encapsulated. Proteins present positive charges at
pH values below their isoelectric points, and can complex with anionic
polysaccharides, forming soluble and insoluble complexes. Depending on the type
and concentrations of the biopolymers, pH, and ionic strength, complexes will have
different characteristics (140).

The use of nanomaterials in the food sector is growing, but research and
development activities are being performed in order to investigate the benefits and risks
of the use of nanomaterials in changing food characteristics (163). In the European
Union, EFSA provides independent scientific advice in risk evaluation for food and food
contact materials, in order to determine if risks have to be taken into account previous
to the commercialization, and the risk managers have to evaluate the current legislation
according to this advice. Then, the approval for the use of nano sized substances in food
products is responsibility of the European Commission and Member States, which
stablish the usage conditions and requirements for labelling (163,164). At present, there
are some regulations in the European Union about nanomaterials in the food sector
(163). For example, the European Commission published in 2008 the regulatory aspects
of nanomaterials (164,165).

Nowadays, some functional foods containing nano-encapsulated bioactive
compounds are on the market (140,141,166). For example, Canola Active Oil (Shemen
Industries, Israel) uses nano-sized self-assembled structured liquids to carry
phytosterols (166,167), Nanotea (Shenzhen Become Industry & Trade Co., Ltd., China)
uses selenium nanoparticles as a supplement of the compound as well as antimicrobial
protection (166,168) and Nanoceuticals™ Slim Shake Chocolate (RBC Life Sciences®,
USA) used nanoclusters to enhance cocoa taste and increase the absorption of nutrients
(166,169). In the European Union, all ingredients present as synthetic nanoparticles in
food must be labelled on the packaging with the term nano in parentheses (170).
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1.4. Nanoparticles for the oral administration of quercetin

Quercetin is a highly hydrophobic molecule and degrades in the stomach, what
makes the reduction of the bioavailability and efficacy in the body. Because of that, its
consumption in enriched foods or as supplements is not enough to achieve the effective
concentration to be pharmacologically active. To overcome these drawbacks, two
different strategies can be carried out: chemical modification or the inclusion in delivery
systems, such as nanoparticles (93).

Thus, different types of quercetin-loaded nanoparticles for oral delivery have been
prepared; polymeric (Table 2), polysaccharide (Table 3), lipid (Table 4), and protein
(Table 5) nanoparticles. During the last 20 years, the number of patents involving the
preparation and/or the application of polyphenol nano-formulations has increased from
0 to 30 approximately (136). However, only a few dietary supplements involving
nanoformulations of quercetin are commercialized. Some examples (Figure 9) are Nano
Quercetin (171), presented as quercetin nanoparticles, Liposomal Quercetin (172),
present as liposomes, or Quercetin LipoMicel.Matrix (173), present as a matrix of
micelles (174).
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Figure 9. Commercialized quercetin in nanoformulations. A: Nano Quercetin (One Planet
Nutrition, Naples, FL, USA) (171); B: Liposomal Quercetin (ActiNovo, Hamburg, Germany)
(172); C: Quercetin LipoMicel.Matrix (Natural Factors, Coquitlam, Canada) (173).

1.4.1. Polymeric nanoparticles

Poly(lactic-co-glycolic acid) (PLGA) is a synthetic biodegradable polymer that has
been used to prepare quercetin-loaded nanoparticles. It is biocompatible, protects from
chemical instability, is sustainable, and approved by the FDA and EMA (175). Anwer et
al. worked with PLGA nanoparticles developed by single emulsion-solvent evaporation
method, obtaining an enhancement in the in vitro antioxidant capacity of quercetin
when encapsulated in nanoparticles and a rise in the diuretic activity of quercetin-
loaded PLGA nanoparticles in vivo compared with free quercetin (175). Arasoglu et al.
used three different methods of synthesis to produce PLGA nanoparticles, obtaining the
best characterization results with single emulsion-solvent evaporation, and analysed the
antibacterial activity against four foodborne microorganisms by three different
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methods. They showed that quercetin and quercetin-loaded PLGA nanoparticles had
antimicrobial activity only against gram-positive bacteria, and this effect was dependent
on the drug/polymer ratio (176). Chitkara et al. developed PLGA nanoparticles that
presented quercetin plasma levels for 6 days in vivo, and decreased blood glucose levels
in diabetic rats (177).

Some commercial polymers have also been used to prepare quercetin-loaded
nanoparticles, such as Eudragit® polymers. Eudragit® L30-D55 was used to prepare
nanoparticles by solvent displacement (178). The antioxidant activity of quercetin was
not affected by its encapsulation, and they showed that quercetin was not delivered
from the nanoparticles in the acidic pH of the stomach and was released under neutral
conditions of the intestine (178). On the other hand, Eudragit® S100 is the most suitable
Eudragit® polymer for colon targeting, and Sunoqrot et al. prepared nanoparticles by
nanoprecipitation. They did not detect any quercetin released at pH 1.2 and 4.5, but
guercetin was released almost completely at pH 7.2. Nanoparticles also showed higher
potency in CT26 colon cancer cells compared to free quercetin (179).

Other polymers have also been used for the preparation of quercetin-loaded
nanoparticles, as polycaprolactone (180,181), hydroxypropyl methylcellulose (182), or
poly(n-butylcyanoacrylate) (183).

1.4.2. Polysaccharide nanoparticles

Chitosan is the second most abundant polysaccharide and cationic polyelectrolyte
present in nature (is the deacetylated form of chitin), and has been used to prepare
guercetin-loaded nanoparticles due to its biodegradability, low toxicity, and good
biocompatibility (184). Zhang et al. prepared chitosan nanoparticles by ionic gelation,
concluding that quercetin was present in an amorphous state inside the nanoparticles
and the in vitro antioxidant activity of the flavonoid was preserved (184). Chitosan has
also been combined with other compounds to prepare nanoparticles. Aluani et al.
prepared chitosan/alginate nanoparticles, demonstrating that particles were not
cytotoxic in vitro and did not present toxicity in vivo (185). A similar formulation was
proved in paracetamol-induced rat liver injury, concluding that quercetin provided
protection against oxidative stress and lipid peroxidation (104). Fucoidan/chitosan
nanoparticles were prepared by Barbosa et al., showing that by increasing the fucoidan
ratio nanoparticles were resistant to gastrointestinal pH, preserving the in vitro
antioxidant activity of quercetin (186). Chitosan and gum arabic nanoparticles have been
prepared, showing that they had higher in vitro mucin and intestinal cell adhesion
compared to free quercetin (187). Chitosan derivatives have also been used to prepare
nanoparticles, using carboxymethyl chitosan or chitosan hydrochloride (188).

Quercetin-loaded alginate nanoparticles have also been developed. Alginate is a
biopolymer obtained from brown algae, that exerts biocompatible properties,
mucoadhesive nature, non-immunogenicity, and low production cost. Selvaraj et al.
prepared quercetin-loaded nanoparticles by ice cold precipitation method. Particles
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showed a sustained release of quercetin, the antioxidant effect of the flavonoid was
increased when it was encapsulated and they showed better in vitro anticancer activity
in human leukemic cells compared to free quercetin (189).

The natural occurring polysaccharide polymer starch has also been used to prepare
nanoparticles, due to its biocompatibility, biodegradability, and bio-adhesion properties
(190). Farrag et al. prepared starch nanoparticles by nanoprecipitation method. They
demonstrated that the size, loading capacity, release profile, and antioxidant activity of
the quercetin-loaded nanoparticles changed depending on the origin of the starch (190).
On the other hand, Wang et al. prepared quercetin-loaded starch nanoparticles, that
reduced the release of quercetin and presented a better performance on cell inhibitory
activity in five types of cancer cells, compared to free quercetin (191).

1.4.3. Lipid nanoparticles

Solid lipid nanoparticles (SLN) have also been prepared for the oral administration of
quercetin. Li et al. prepared soya lecithin and glyceryl monostearate nanoparticles, and
performed gastrointestinal absorption in situ assays in rats (192). They observed that
the stomach was not a good absorption site for quercetin-loaded SLNs, being the
intestine the major absorption segment. They demonstrated that the nanoparticles
improved the relative oral bioavailability five times compared to quercetin aqueous
suspension. Ahmad et al. used glycerol monostearate, hydrogenated soya PC, and soya
PC to prepare SLN, that increased three times the oral bioavailability compared to
quercetin aqueous suspension (193). They demonstrated that nanoparticles alleviate
the loss of bone mass induced by estrogen deficiency, and the effect of loss preventing
in bone was significantly higher for quercetin-loaded SNL than for free quercetin.

1.4.4. Protein nanoparticles

Zein is the major protein of maize, biodegradable, biocompatible, and GRAS
considered (108,194). Different methods can be used to prepare quercetin-loaded zein
nanoparticles, such as desolvation (108,195) or electrospraying (194). Penalva et al.
developed quercetin-loaded zein nanoparticles by desolvation method, obtaining an
increase in the oral bioavailability of the flavonoid in rats more than ten times compared
to quercetin aqueous suspension (close to 35%, 60% when cyclodextrins were added to
the nanoparticles), and demonstrating that particles can attenuate the severity of
endotoxic shock in mice (108). Moreno et al. prepared zein nanoparticles containing
cyclodextrins, and showed the improvement of cognition and memory impairments and
reduced astrogliosis in a mouse model of Alzheimer’s disease (195). On the other hand,
the electrospraying method can also be used to prepare zein nanoparticles. Rodriguez-
Félix et al. showed that the main interactions between zein and quercetin were by
hydrogen bonds, and the nanoparticles provided stability to quercetin during
gastrointestinal digestion (194).
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Table 2. Examples of quercetin-loaded polymeric nanoparticles for oral administration, the methods used to prepare them, characteristics, and
effects. Q: quercetin; Q-NP: corresponding quercetin-loaded nanoparticles; EE: encapsulation efficiency; QL: quercetin loading (% w/w).

Polymeric nanoparticles

Preparative

Material Characteristics Bioavailability and/or effect Ref.
method
Bioavailability: AUCq-np Was 5.2 times higher than AUCcontrol in male Sprague Dawley rats
Single emulsion- 180 — 279 nm by oral gavage at 150 mg/kg.
PLGA 5°|Ve”t‘ QL: 13 - 24% Decrease in blood glucose level was observed in streptozotocin-induced diabetic Sprague (177)
evaporation Dawley rats treated with a Q suspension (150 mg/kg daily) or Q-NP (150 mg/kg given every
fifth day) as compared to diabetic control group.
Single emulsion- 118 -279 nm Diuretic activity of the Q-NP was better than pure quercetin in Swiss albino rats at 10
PLGA solvent (175)
. EE: 74 — 86% mg/kg.
evaporation
Single emulsion- 244 —263 nm Q-NP increased the duration and effectiveness of antimicrobial activity in vitro only against
PLGA solvent o . (176)
. EE: 93 —98% gram-positive bacteria.
evaporation
PLGA Electrospraying 385 nm In vitro release for 59 days in PBS at pH 7.2, 96% of quercetin released. (196)
Q-NPs had stronger inhibition in vitro than free Q on human breast (MDA-MB231) and
PLGA/D-a- mouse breast (4T1) cancer cells at low concentrations (10 mM).
tocopherol L 198 nm
polyethylene glycol Nanoprecipitation QL: 8.1% After oral gavage for 10 days (30 mg/kg once daily), Q-NPs significantly inhibited tumour ~ (197)

1000 succinate

growth with much lower tumour weight and smaller tumour volume compared with saline
treatment in a triple-negative 4T1 mammary carcinoma in female Balb/c mice.




Table 2. (continued)

Preparative

Material Characteristics Bioavailability and/or effect Ref.
method
. Solvent 369 nm Antioxidant activity (by the evaluation of the inhibition of lipid peroxidation of
E t® L30-D 17
udragit® L30-D55 displacement EE: 68% phospholipid liposomes) of Q was maintained after its encapsulation. (178)
. o 67 nm 80-fold increase in in vitro cytotoxic activity was observed for Q-NP in CT26 murine colon
®
Eudragit® 5100 Nanoprecipitation QL: 2.2% cancer cells, compared to free Q. (179)
Polycaprolactone Nanoprecipitation i Bioavailability: AUCq-np Was 5.4 times higher than AUCcontrol in male Sprague Dawley rats (180)
at 25 mg/kg.
162 — 259 nm In vitro release in a mixture of PBS (pH 7.4) and methanol (80:20, v/v) suggested that
Polycaprolactone Nanoprecipitation quercetin remained entrapped in nanoparticles and control release from polymer matrix  (181)
EE: 36.5—78.0%
for more than 48 h.
Hvdroxvoropyl Q-NPs administration (30 mg/kg per day) preserved the structure and function of
¥ ypropy Desolvation 520-750 nm hippocampal neurons in AlCls-induced Alzheimer’s disease in Sprague Dawley male rats. (182)
methylcellulose S . : .
They could also minimize the degenerative changes in affected hippocampus.
Bioavailability: AUCq-ne Was 2.4 and 3 times higher than AUCcontrol in male Wistar albino
Poly(n- Anionic emulsion 161—166 nm  rats at 50 mg/kg orally administered. (183)

butylcyanoacrylate)

polymerization

EE: 74.6 - 79.8%

A biodistribution study in rats showed that a higher concentration of Q was found in the
brain when NPs were coated with Polysorbate 80.




Table 3. Examples of quercetin-loaded polysaccharide nanoparticles for oral administration, the methods used to prepare them, characteristics,
and effects. Q: quercetin; Q-NP: corresponding quercetin-loaded nanoparticles; EE: encapsulation efficiency; QL: quercetin loading (% w/w).

Polysaccharide nanoparticles

Preparative

Material Characteristics Bioavailability and/or effect Ref.
method
Chitosan lonic gelation 68 nm Antioxidant activity (by DPPH) and reducing power was increased by Q-NPs. (184)
Q-NPs were not cytotoxic in vitro in human hepatocellular carcinoma cells HepG2 and rat
hepatocytes after 24 h exposure.
Q-NPs significantly stimulated in vitro the proliferation of murine spleen lymphocytes and
Chitosan/alginate EIectro§tatic 300 — 600 nm perftoneal macrophage in two types of murine cells, isolated spleen lymphocytes, and (185)
gelation peritoneal macrophages.
In a toxicity study, administration of Q-NPs in male Wistar albino rats by oral gavage (0.5
ml/100 g b.w.) for 14 days did not change body weight, the relative weight of rat livers,
liver histology and haematology and biochemical parameters.
In vitro experiments revealed lack of toxicity in human hepatocellular carcinoma HepG2
cells, and higher protective activity of encapsulated vs free Q in H,0,-induced oxidative
El i damage in HepG2 cells.
Chitosan/alginate ectrojc.tatlc 350 -550 nm (104)
gelation Oral pretreatment with free or encapsulated Q (0.18 mg/kg for 7 days) showed a significant
protection against oxidative stress and lipid peroxidation in a model of paracetamol-
induced rat liver injury in male Wistar rats.
In vitro release in fasted-state simulated gastric fluid (pH 1.6) followed by fasted-state
Polyelectrolyte 335-356 nm simulated intestinal fluid (pH 6.5) was modified depending on fucoidan/chitosan ratio in
Fucoidan/chitosan Q-NP (186)
self-assembly QL: 14.5-14.9% S.

Antioxidant activity (by ABTS) was maintained by Q-NPs at high concentrations.




Table 3. (continued)

Preparative

Material Characteristics Bioavailability and/or effect Ref.
method
Q-NPs showed significantly higher in vitro mucin (in a mucin solution) and intestinal cell
adhesion (Caco-2 and HT-29 cocultured monolayer) compared with free Q.
Chitosan/Gum . . 267 -493 nm The in vitro cellular antioxidant activity of free Q was significantly increased in Caco-2 cells
4 lonic gelation . o (187)
Arabic QL:0.7-1.3% by its encapsulation in Q-NPs.
In vivo ferric reducing ability of plasma (FRAP) values were higher for Q-NPs than for free
Qin Sprague Dawley rats 2 h post-administration at a dose of 26 mg/kg.
Carboxvmethvl The loading of Q into Q-NPs increased its chemical stability and solubility and had relatively
chitosan}lchitoZan Modified ionic 386 —2083 nm higher biological activity in 50% ethanol, water-oil (50:50) simulants or whisky systems (the (188)
) gelation EE: 31-70% release rate of Q from Q-NPs increased in whisky during 10 days), and protected Q in the
hydrochloride
SGF.
Cold precipitation- 180 = 259 nm Q-NPs improved antioxidant potential (by DPPH) of Q.
Alginate o _ o (189)
sonication QL:0.1-0.7% Q-NPs improved the anticancer effect in vitro in human leukemic cancer U937 cells.
S 500 nm fibers Loading capacity, release profile, and antioxidant activity (by DDPH) of Q-NPs changed by
Starch Nanoprecipitation QL: 20-49% changing the starch origin. (130)
Starch Nanoprecipitation 212 nm Compared with free Q, Q-NPs had some degree of increased inhibition effectiveness in (191)

1140 pg Q/mg NP

vitro in five cancer cells (A549, HEPG-2, BGC-823, MCF-7, HTC116).




Table 4. Examples of quercetin-loaded solid lipid nanoparticles for oral administration, the methods used to prepare them, characteristics, and
effects. Q: quercetin; Q-NP: corresponding quercetin-loaded nanoparticles; QL: quercetin loading (% w/w).

Solid lipid nanoparticles

Preparative

Material Characteristics Bioavailability and/or effect Ref.
method
Soya lecithin, Emulsification and 155 nm Bioavailability: AUCq.ne was 5.7 times higher than AUCcontrol in male Wistar rats at 50
glyceryl low-temperature QL: 13% me/k (192)
monostearate solidification TR &/ke-
Bioavailability: AUCq-np Was 3.5 times higher than AUCcontrol in male Sprague Dawley rats
Glycerol Emulsion solvent at 25 mg/kg.
monostearate, evaporatior) 173 nm Osteoprotective activity: Q-NPs alleviated the estrogen deficiency induced loss of bone
hydrogenated soya followed by high QL: 8.4% mass, bone strength and the microarchitecture of long bones and vertebrae, eliminating  (193)
PC, soya PC pressure any possibility of endometrial hyperplasic effects in bilaterally ovariectomized female

homogenization

Sprague Dawley rats, at 5 mg/kg/day by oral gavage for 12 weeks. The bone loss preventing
effect of Q-NPs was significantly better than Q.




Table 5. Examples of quercetin-loaded protein nanoparticles for oral administration, the methods used to prepare them, characteristics, and
effects. Q: quercetin; Q-NP: corresponding quercetin-loaded nanoparticles; Fr: relative oral bioavailability; EE: encapsulation efficiency; QL:
quercetin loading (% w/w).

Protein nanoparticles

Preparative

Material Characteristics Bioavailability and/or effect Ref.
method
Bioavailability: Fr was 35 — 57% in male Wistar rats at 25 mg/kg (8.4 and 13.9 times higher
than the Fr of a Q solution).
. . 294 - 358 nm
Zein Desolvation 62 — 69 pug Q/mg NP Q-NP administration (25 mg/kg every 2 days for one week) decreased endotoxemia (108)
symptoms and TNF-a serum levels in lipopolysaccharide-induced endotoxic shock model
in female C57BL/6J mice, compared to Q oral solution.
Zein Electrospravin 70—-100 nm Bioavailability of Q-NP in the gastrointestinal simulation was 5.9%, 3 times higher than for (194)
praying EE: 88 —93% free Q.
Q-NPs administration (25 mg/kg every 2 days for 2 months) improved the cognition and
. . 260 nm . . L. . 4 .
Zein + HP-B-CD Desolvation 70 ug Q/mg NP memory impairments and reduced the astrogliosis in a model of Alzheimer’s disease in  (195)
He & mice (male senescence-accelerated mouse prone 8 (SAMP8) mice).
Zein with soluble
soybean Desolvation 80-212 nm Q-NPs increased the photochemical stability and antioxidant activity (by ABTS) of Q (198)
polysaccharide EE: 42 -83% P ¥ Y19Y '

coating




Table 5. (continued)

Preparative

Material Characteristics Bioavailability and/or effect Ref.
method
Faeces excretion of Q was significantly decreased after the intragastrical administration of
Q-NPs in female Sprague Dawley rats at a dose of 10 mg/kg, compared to free Q.
Zein with caseinate After intragastrical administration of Q-NPs in ICR mice at a dose of 15 mg/kg, the presence
. . 198 - 1011 nm . . L . . .
and caseinate- Desolvation QL 1.6—2.9 % of Qin caseinate-Q-NP group was significantly higher than Q-Susp and caseinate/chitosan-  (199)
chitosan coating T = Q-NP groups in the small intestine at 3 and 6 h.
Bioavailability: AUCq-ne Was 2.3 and 1.9 times higher than AUCcontrol in female Sprague
Dawley rats at 10 mg/kg, administered intragastrically.
171-251 nm o o . : :
Casein + HP-B-CD Desolvation 223-31.5gQ/ Bioavailability: Fr was 1.2 37% in male Wistar rats at 25 mg/kg (2.9 and 9 times higher (90)
than the Fr of a Q solution).
mg NP
The release rate in PBS/Polysorbate 80 for Q-NPs with low quercetin loading was higher
Modified 180 = 300 nm than the other case with high quercetin loading.
B-lactoglobulin . . 0 (200)
desolvation QL:13.9% At the end of a two-step digestion (SGF and SIF), about 80% of quercetin was recovered

from the two buffers.
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2. Objectives

The flavonoid quercetin as a nutraceutical compound presents interesting properties
against the symptomatology of obesity-related comorbidities. However, its use is
hampered by its low oral bioavailability, so strategies to overcome this drawback are
required. Thus, the general objective of this work was the encapsulation of quercetin in
zein-based nanoparticles, in order to improve the oral bioavailability and hence, the
effect, which was assessed in in vivo models of obesity.

More concretely, four partial objectives were proposed:

1. Development and characterization of zein-based nanoparticles (as nanospheres,
nanocapsules, and coated nanospheres) and loading of the flavonoid quercetin.

2. Evaluation of the effect of the nanoparticles on the fat accumulation of the
nematode Caenorhabditis elegans.

3. Evaluation of the biodistribution and pharmacokinetic profile of quercetin when
encapsulated in the nanoparticles in Wistar rats.

4. Evaluation of the effect of the nanoparticles in a diet-induced obesity (DIO) model
in Wistar male rats.
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3. Materials and methods

3.1. Materials

Quercetin, zein, L-lysine, polyethylene glycol 35,000 (PEG), 2-hydroxypropyl-B-
cyclodextrin (HP-B-CD), trifluoroacetic acid, Rose Bengal, sodium chloride, dipotassium
hydrogen phosphate, magnesium chloride, sodium phosphate dibasic heptahydrate,
Orlistat, glucose, sterile DMSO, Nile Red, Kollisolv® PEG E 400, and sulfadimetoxine were
purchased from Sigma-Aldrich (Saint Louis, MO, USA). Wheat germ oil and mannitol
were obtained from Guinama (La Pobla de Vallbona, Spain). Absolute ethanol,
isopropanol, and chloroform were from Scharlab (Sentmenat, Spain). Acetonitrile (ACN,
HPLC grade), methanol (HPLC grade), calcium chloride, and EMPLURA® Sodium
hypochlorite solution (6-14% active chlorine) were purchased from Merck (Darmstadt,
Germany). Lumogen® Red 305 was provided by BASF (Ludwigshafen am Rhein,
Germany). Hydrochloric acid 37%, formaldehyde 3.7-4.0 % w/v buffered to pH=7 and
stabilized with methanol, and UHPLC grade ACN were acquired from Panreac AppliChem
(Castellar del Vallés, Spain). Phosphate Buffered Saline (PBS) was obtained from Gibco
(Thermo Fisher Scientific, Waltham, MA, USA). Magnesium sulphate heptahydrate and
formic acid were purchased from VWR Chemicals (Radnor, PA, USA). Potassium
phosphate monobasic was from Acorfarma (Madrid, Spain), and sodium hydroxide from
Honeywell (Charlotte, NC, USA). European bacteriological agar, peptone, LB Broth, and
agarose were provided by Condalab (Torrején de Ardoz, Spain). Isoflurane (IsoVet®) was
acquired from B. Braun Vetcare (Rubi, Spain). Tissue-Tek® O.C.T. Compound was
purchased from Sakura Finetek Europe (Alphen aan den Rijn, The Netherlands), and
commercial rat plasma was obtained from Envigo (Indianapolis, IN, USA). Type | water
was used for all the experiments, produced by a Wasserlab water purification system
(Barbatadin, Spain).

3.2. Preparation of nanoparticles

In this work, two kinds of nanoparticles were developed. In the former, zein
nanospheres were prepared. These nanospheres were also coated with polyethylene
glycol (PEG) 35,000 to obtain a hydrophilic surface and improve their mucus-permeating
properties. In the latter, zein nanocapsules, characterized by an oily core of wheat germ
oil, were prepared. In all cases, quercetin was encapsulated in zein-based nanospheres
and nanocapsules.

3.2.1. Zein nanospheres

Zein nanospheres (NS) were prepared by a previously reported desolvation method
with some modifications (108). Thus, 200 mg zein and 30 mg L-lysine were mixed in 20
mL of a hydroalcoholic solution (ethanol 70% v/v) with magnetic stirring. Then, 20 mL
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water were added to induce the formation of the nanospheres. Eventually, 2 mL of an
aqueous solution of mannitol (200 mg/mL) were added as protectant. Nanospheres
were dried in a Bilchi mini Spray Dryer B-290 (Blichi Labortechnik AG, Flawil,
Switzerland), with the following conditions: inlet temperature: 90 °C; outlet
temperature: 45-50 °C; air pressure: 4-6 bar; pumping rate: 5 mL/min; aspirator: 80 %
and air flow: 400-500 L/h.

For the preparation of quercetin-loaded nanospheres (Q-NS), nanoparticles were
prepared as described above after the addition of 20 mg quercetin in the initial
hydroalcoholic solution of zein and lysine. The resulting nanospheres were dried as
described above.

3.2.2. Zein nanocapsules

Zein nanocapsules (NC) were obtained in a similar way as described for the
preparation of nanospheres, with the difference of the incorporation of an oily
compound. Briefly, 200 mg zein and 30 mg L-lysine were mixed in 17 mL of a
hydroalcoholic solution (ethanol 65% v/v) with magnetic stirring. In parallel, 22 pL of
wheat germ oil were dissolved in 3 mL ethanol and added to the initial solution of zein
and lysine. Then, 20 mL water were added to induce the formation of the nanocapsules.
Eventually, a solution of mannitol was added (400 mg in 2 mL of water). Nanocapsules
were dried in a Bichi mini Spray Dryer B-290 (Blichi Labortechnik AG, Flawil,
Switzerland), using the same conditions described in section 3.2.1.

For the preparation of quercetin-loaded nanocapsules (Q-NC), 20 mg quercetin were
added to the initial mixture of zein and lysine before the formation of nanocapsules.
Then, the nanocapsules were dried as described above.

3.2.3. PEG-coated zein nanospheres

Nanospheres were coated by simple incubation between the nanospheres and PEG
35,000, as previously described (201). Two different PEG-to-zein ratios were used (0.25
and 0.50, w/w). For this purpose, freshly prepared zein nanospheres (as described in
3.2.1) were incubated with 1 mL of a solution of PEG in water (50 or 100 mg/mL) before
the drying step. The solution of mannitol was added occasionally and dried in a Biichi
mini Spray Dryer B-290 (Bichi Labortechnik AG, Flawil, Switzerland) using the same
conditions previously described (section 3.2.1). These formulations were named as NS-
PEG25 and NS-PEG50.

For the preparation of PEG-coated quercetin-loaded zein nanospheres (Q-NS-PEG25
and Q-NS-PEG50), 20 mg quercetin were added to the initial hydroalcoholic solution of
zein and lysine, before the formation of nanospheres. The coating of nanospheres with
PEG and the drying in the Spray Dryer apparatus was performed as described above.
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3.2.4. Lumogen® Red-loaded nanoparticles

For some experiments, Lumogen® Red was loaded in zein nanospheres and
nanocapsules. For this purpose, 2.7 mL of a solution of Lumogen® Red in ethanol was
added to the initial mixture of zein and lysine, before the addition of water to form the
nanoparticles. Different Lumogen® concentrations were used depending on the assay:
(i) 0.04 mg/mL for multiple particle tracking assays, (ii) 0.4 mg/mL for C. elegans intake
assay and, (iii) 0.1 mg/mL (NS and NS-PEG) and 0.05 mg/mL (NC) for biodistribution
studies in Wistar rats. Lumogen® was added to the initial solution of zein and lysine in
ethanol 65% (v/v) in the case of nanospheres, and 60% (v/v) in the case of nanocapsules.
Then, nanoparticles were formed and dried as described above.

3.3. Characterization of nanoparticles

3.3.1. Size, zeta potential and morphology

The size and zeta potential of the nanoparticles was measured in a ZetaPlus Analyzer
(Brookhaven Instrument Corporation, Holtsville, NY, USA), by dynamic light scattering
(DLS) and electrophoretic light scattering (ELS), using a dispersion of the formulation in
water.

The morphology of nanoparticles was analysed by scanning electron microscopy
(SEM) in a FE-SEM Sigma 500 (Zeiss Microscopy, Jena, Germany). For the preparation of
the samples, 0.5 mg of mannitol-free nanospheres were redispersed in 1 mL water. Then
3.5 L drops were put in SEM grids, dried overnight, and coated with a gold layer using
an Emitech K550 sputter coater (Quorum Technologies, Laughton, UK). In the case of
nanocapsules, 1.5 mg of the formulation were redispersed in 1 mL water and centrifuged
at 5,000 rpm for 5 minutes, in order to eliminate the mannitol. Supernatant was
discarded and the particles were dispersed again, dried, mounted in SEM grids, and
coated with gold as described above.

3.3.2. Zein quantification

The content of zein in the nanoparticles was quantified using a MicroBCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), following the instructions of the
manufacturer. Briefly, the calibration curve was prepared with serial dilutions of zein in
water from a stock solution (2 mg/mL) in ethanol 75% (v/v). Samples were prepared by
dissolving 6 mg of the formulation powder in 1 mL ethanol 75% (v/v) to break the
nanoparticles, and diluting with water afterwards. Then, 150 uL of each standard or
sample and 150 plL of the Working Reagent from the MicroBCA Protein Assay Kit were
mixed in a 96-well plate, shaken for 30 seconds, and incubated at room temperature for
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2 hours. The absorbance was measured at 562 nmin a BioTek PowerWave XS microplate
spectrophotometer (BioTek Instruments Inc, Winooski, VT, USA).

3.3.3. Quercetin content

The payload of quercetin in the nanoparticles was quantified in an Agilent 1200 Series
HPLC System with an UV-Vis detector (Agilent Technologies, Santa Clara, CA, USA), using
a Kinetex C18 column (5 pm, 100 A, 100 x 4.6 mm) and a C18 SecurityGuard™ ULTRA
Cartridge precolumn for 4.6 mm ID columns (Phenomenex, Torrance, CA, USA). An
isocratic mobile phase of 0.1% trifluoroacetic acid (TFA) in water and 0.1% TFA in
acetonitrile (ACN) (60:40) was used, with a flow rate of 0.7 mL/min, an injection volume
of 10 uL, and a column temperature of 40 °C. Quercetin was detected at a wavelength
of 370 nm, and the retention time (RT) was 2.3 minutes. Calibration curves were
prepared from 2 to 100 pg/mL in ethanol (R? > 0.9997). The limit of detection was
calculated to be 0.5 pg/mL and the limit of quantification was 1.6 pug/mL.

For the preparation of the samples, 5 mg of each formulation were dissolved in
ethanol 75% (v/v) and vortexed for 1.5 minutes to break the nanoparticles. A dilution
with absolute ethanol (0.4 mL to 2 mL) was made before injecting the samples in the
chromatograph. Samples were prepared in triplicate and data were expressed as ug of
guercetin loaded by milligram nanoparticles. The encapsulation efficiency (expressed in
percentage) was calculated as the quotient between the payload of quercetin in the
nanoparticles and the quantity initially added, as shown in Equation 2.

Quercetin loading

EE (%) = x 100 Eq. 2
(%) Initial quercetin [Eq. 2]

3.3.4. Hydrophobicity assay

The hydrophobicity of the nanoparticles was analysed using the Rose Bengal method
with minor modifications (202). For each formulation, five serial dilutions were prepared
from a dispersion of 9.5 mg in 1.5 mL water, in triplicate. Afterwards, 500 pL of each
dilution were incubated with 1 mL of an aqueous solution of Rose Bengal (100 pg/mL)
for 30 minutes, at 25 °C and 300 rpm in a Labnet Vortemp 56 EVC incubator (Labnet
International Inc, Edison, NJ, USA). Then, samples were centrifuged for 30 minutes
(13500 g at 4 °C) in a Mikro 220R Hettich centrifuge (Hettich, Tuttlingen, Germany).
Finally, 200 uL of the supernatants were placed in a 96 round bottom well plate and the
absorbance was measured at 548 nm in a BioTek PowerWave XS microplate
spectrophotometer (BioTek Instruments Inc, Winooski, VT, USA). Also, a triplicate of 200
uL of the Rose Bengal solution was measured.

The hydrophobicity of the nanoparticles was calculated as the slope of the linear
regression obtained by plotting the partitioning quotient (PQ) versus the total surface
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area (TSA, in m?/mL). The greater the slope, the greater the hydrophobicity. To calculate
the PQ, the following equation (Equation 3) was employed:

Abs
PQ _ RB bound [Eq. 3]

AbsRB unbound
where Absrs bound is the absorbance of the fraction of Rose Bengal bound to the
nanoparticles (as the subtraction of the absorbance of the Rose Bengal alone and the
absorbance of each supernatant) and Absrs unbound is the absorbance of the fraction
present in the supernatant for each concentration. At the same time, the TSA was
calculated using the total area of all the nanoparticles in the sample (Equation 4).

in which Anp is the area of a single nanoparticle (4mr?) and Nye the number of
nanoparticles dispersed in water calculated as in Equation 5, assuming that the
nanoparticles are spherical and monodisperse. The radius of the nanoparticles was
obtained from the measurement by DLS previously obtained.

TMyp
NP Myp

[Eq. 5]

being TMnp the total mass of nanoparticles and Mnp the mass of a single nanoparticle,
calculated as in Equation 6:

Myp = Vnp. Pzein [Eq. 6]

where Vip is the volume of a single nanoparticle (4/3mr3) and pzein the density of zein
(1.41 g/mL) previously calculated by pycnometry (203).

3.3.5. Fourier Transform Infrared spectroscopy (FTIR) analysis

The presence of the wheat germ oil inside the nanocapsules was analysed by FTIR
spectroscopy. Dry powder of nanoparticles was placed in the diamond crystal of a
Fourier Transform spectrophotometer IR Affinity-1S (Shimadzu, Kyoto, Japan) equipped
with a MKIlI Golden-Gate single reflection ATR system (Specac, Orpington, UK), and
spectra were collected from 600 to 4,000 cm™ with a resolution of 2 cm™ and 50 scans
per spectrum. Data were then analysed with Labsolution IR software (Shimadzu, Kyoto,
Japan).

3.4. In vitro release studies

In vitro release studies of quercetin from nanoparticles were carried out in simulated
gastric (SGF, pH 1.2) and intestinal fluids (SIF, pH 6.8) containing 1% (w/v) of 2-
hydroxypropyl-B-cyclodextrin (HP-B-CD) as a solubilizing agent in order to offer sink
conditions. Experiments were carried out at 37 °Cin an Unitronic 320 OR bath (P Selecta,
Barcelona, Spain) with stirring (300 rpm) using a Cimarec™ i Telesystem Multipoint
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Stirrer (Thermo Fisher Scientific, Waltham, MA, USA). Thus, amount of nanoparticles
equivalent to 250-300 pg quercetin (12.1 mg of each formulation approximately) was
dispersed in 5 mL water and introduced in a Float-A-Lyzer®G2 Dialysis Device with a
molecular weight cut-off of 300 kD (Spectrum Laboratories, Inc., Rancho Dominguez, CA,
USA). Immediately, the devices were immersed in 47 mL of SGF and after 2 h, changed
to 47 mL of SIF. At different timepoints, 500 uL of external media was taken, replacing
the extracted volume with new media, and immediately analysed by HPLC. Quercetin
was quantified using the chromatographic method previously described (see section
3.3.3). In this case, calibration curves were prepared in ethanol ranging from 0.3 pg/mL
to 12 ug/mL (R? > 0.998). The limit of detection was calculated to be 0.3 pg/mL and the
limit of quantification 0.9 ug/mL.

3.5. Diffusion of nanoparticles in pig intestinal mucus by multiple
particle tracking (MPT)

Fluorescently labelled nanoparticles with Lumogen® Red were used to analyse the
diffusion of nanoparticles through pig intestinal mucus, based on the multiple particle
tracking technique described by Abdulkarim et al. (204). For this purpose, 4 mg of
formulation powder were dispersed in 1 mL water, and 25 uL of this suspension was
incorporated in approximately 0.5 mL pig intestinal mucus.

To obtain the mucus, the small intestine from pigs were collected from a
slaughterhouse and kept in ice for 2 h maximum. Then, the intestine was cut in portions
of approximately 10 cm and opened to expose the lumen. After washing with PBS,
mucus was collected using a spatula, scraping gently to avoid dragging the epithelial
tissue. The recovered mucus was mixed and, from this pool, aliquots of approximately
0.5 mL were frozen and stored in microtubes at -80 °C until use.

Once the nanoparticles were incorporated in the mucus, the sample was incubated
for 2h in a Labnet Vortemp 56 EVC incubator (Labnet International Inc., Edison, NJ, USA)
at 37 °C and 300 rpm. Then, the mucus was placed in a 35 mm Petri dish with a 14 mm
microwell and visualized in a Confocal Microscope Cell Observer Z1 (Zeiss Microscopy,
Jena, Germany) equipped with a Plan-Apochromat 63x/1.4 Oil objective and using the
rhodamine filter. Two-dimensional videos were captured, with a duration of 15 s and a
total of 378 frames. More than 300 nanoparticles were analysed for each type of
nanoparticles. Videos were analysed using Fiji ImagelJ (205). Only particles present in the
X-Y plane for more than 30 sequential frames were evaluated, whose trajectories were
converted into numeric pixel data and then into metric distance. The distance was
expressed as squared displacement (SD) in a time interval (At), and the mean square
displacement (MSD) of each particle was calculated, which represents the geometric
mean of particle’s squared displacements along its 30-frame trajectory. MSD was
calculated as shown in Equation 7.

MSD = (Xp0)? + (Yar)? [Eq. 7]
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For each kind of nanoparticle, the “ensemble mean square displacement” (<MSD>)
was determined by calculating the MSD of 100 individual trajectories. The Effective
Diffusion Coefficient (<Deff>) was calculated by Equation 8.

< MSD >

<D€ff>=ﬁ [Eq. 8]

where 4 is a constant related to the 2-dimensional mode of video capture.

Moreover, the diffusion coefficient (D°) of the nanoparticles in water was calculated
by the Stokes-Einstein equation (Equation 9) at a temperature of 37 °C:

D° = kT Eqg. 9
- 6mnr [Eq. 9]

where kis the Boltzmann constant, T is absolute temperature, n is water viscosity and
ris the radius of the nanoparticle.

The diffusion of the particles was also expressed as the ratio <Deff>/D° (%). This ratio
provides a measure of the relative diffusion of the nanoparticles in intestinal mucus
when considering their Brownian motion in water.

3.6. In vivo studies in Caenorhabditis elegans

3.6.1. C. elegans strains and maintenance

Wild-type N2 Bristol strain was obtained from the Caenorhabditis Genetics Center
(CGC, University of Minnesota, MN, USA) and grown in Nematode Growth Medium
(NGM) at 20 °C, using Escherichia coli OP50 as normal diet, as previously described
(206,207). For the following experiments, the nematodes were age-synchronized by
standard sodium hypochlorite treatment. Finally, eggs were incubated in M9 medium
for at least 18 hours to promote the hatching.

3.6.2. Intake of nanoparticles

To evaluate the ingestion of nanoparticles by the worms, L1/L2 larvae were grown to
L4 larvae in NGM. Treatment plates were prepared as a mixture of NGM and Lumogen®
Red-loaded nanospheres, adding E. Coli on the surface of the dry media. At L4 stage,
worms were put in these plates and two hours later, they were collected with PBST
(0.01% Triton X-100 in Phosphate Buffered Saline) and placed in a 2% agarose pad with
1% of sodium azide (w/v). Samples were visualized using an Automated Microscope
Zeiss Axio Imager M1 with an Axiocam MRm camera (Zeiss Microscopy, Jena, Germany),
using the rhodamine filter to visualize the Lumogen® Red-loaded nanospheres and the
DAPI filter to see the autofluorescence of the worms. The photographs were taken with
ZEN software (Zeiss Microscopy, Jena, Germany) and processed with Imagel (205).
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3.6.3. Evaluation of fat accumulation

The evaluation of the accumulation of fat in the body of the nematode C. elegans was
performed by the Nile Red method, as previously described (208). First, the effect of
free quercetin was evaluated. For that purpose, different quercetin concentrations were
analysed (10 uM, 50 uM, and 100 uM), by mixing the adequate volume of quercetin
stock solutions in dimethyl sulfoxide (DMSO) with 4 mL NGM in 6-well plates (only 4
wells were used). Orlistat was used as a positive control of fat reduction (6 pg/mL in
DMSO), and an equivalent volume of DMSO was added to the control NGM plates as a
negative control.

Once the plates were prepared, dried, and E. Coli was added, between 300 and 500
L1/L2 larvae per well were transferred. After 46 h, L4 worms were collected in 1 mL PBST
for each well, centrifuged for 4 minutes at 263 g in a Microfuge® 16 centrifuge (Beckman
coulter, Brea, CA, USA), and the supernatant was eliminated. Worms were redispersed
in PBST and put in ice for 15 minutes. After the supernatant was removed, 200 plL
isopropanol 40% (v/v) were added to the pellet, and after 3 minutes of incubation, the
samples were centrifuged. The supernatant was eliminated, 150 uL of Nile Red staining
(3 pg/mL in isopropanol 40% vol.) was added to the pellet, and the mixture was
incubated at 20 °C for 25-30 minutes in an orbital shaker at 60 rpm. Then, samples were
centrifuged, the supernatant was again removed, and the obtained pellet was washed
with PBST, by the addition of 1 mL of PBST, centrifugation, and elimination of the
supernatant. Finally, worms present in the pellet were mounted in 2% (w/v) agarose pad
to be visualized afterwards in a fluorescent microscope. Images were taken at 100x
magnification in a Nikon SMZ18 stereomicroscope equipped with an epi-fluorescence
system with a DS-FI1C refrigerated color digital camera (Nikon Instruments Inc., Tokyo,
Japan), using a GFP filter (Ex 480-500; DM 505; BA 535-550), and fat was quantified using
the software ImagelJ (205).

On the other hand, the possible effect of the components of nanoparticles (zein and
mannitol) on the nematode was evaluated. With this aim, free zein, mannitol, and a
mixture of both, as well as empty nanospheres with and without mannitol were
analysed. Treatments were added as described, mixing the nanoparticles with the NGM,
letting dry, and adding E. Coli as a normal nematode diet. Then, worms were collected,
dyed, and mounted as described above.

Finally, glucose-supplemented NGM was used to evaluate the effect of the quercetin
nanoparticles on the accumulation of fat, at a concentration equivalent to 50 uM
quercetin. For that purpose, 0.5% (w/v) glucose was added to NGM in order to have an
increased fat accumulation. Treatments were added as previously described, and
normal NGM was used as a control of the rise of fat accumulation.
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3.7. Biodistribution studies in Wistar rats

3.7.1. In vivo gastrointestinal transit of Technetium Ilabelled
nanoparticles

In order to evaluate the biodistribution through the gastrointestinal tract of the
nanoparticles, they were radiolabelled with technetium-99m (°*™Tc). The radiolabelling
was performed in a direct way by reduction and reaction of a solution of *°™Tc with the
nanoparticles. For that purpose, 2.5 mg nanoparticles were dispersed in 100 pL water,
and 50 pL of a solution of SnCl,:2H,0 (0.05 mg/mL) were added, purging afterwards the
dispersion with N, for 5 minutes. Then, 111 + 11 MBq of a solution of [**™Tc]TcO4 was
added, obtained from a ®Mo/?°™Tc generator (8,6 GBq Drytec, General Electric, Boston,
MA, USA), in a volume lower than 200 pL. After incubation for 10 minutes, the
radiolabelling was verified by radio-TLC, using iTLC-SG paper (Agilent Technologies,
Santa Clara, CA, USA) as stationary phase and 2-butanone as mobile phase, where
nanoparticles remain in the origin and [*°™Tc]TcOs” moved forward. Finally, the sample
was mixed with 7.5 mg of non-modified nanoparticles.

All the experiments were approved by the Ethical and Biosafety Committee for
Research on Animals of the University of Navarra (protocol number 066-16). Female
Wistar rats (weight 250 g) were slightly anesthetized with 2% isoflurane gas,
radiolabelled nanoparticles were administered dispersed in 1 mL water by oral gavage,
and then the animals were quickly awakened.

Animals were scanned by single photon emission computed tomography (SPECT) in a
U-SPECT6/E-class (MlLabs, Houten, The Netherlands) using a UHR-RM-1 mm multi-
pinhole collimator. After 1 h, 2 h, 4 h, and 8 h of the administration, rats were placed
prone on the scanner bed under continuous anaesthesia with isoflurane (2% in 100% O,
gas) to acquire a whole body scan over 15 min. Following the SPECT acquisition, CT scans
were performed to obtain anatomical information using a tube setting of 55 kV and 0.33
mA. The SPECT images were reconstructed using the ®°™Tc photopeak centered at 140
keV with a 20% energy window width and using a calibration factor to obtain the activity
information (MBg/mL). Finally, attenuation correction was applied using the CT
attenuation map. Studies were visualized using PMOD software (PMOD Technologies
Ltd., Adliswil, Switzerland).

3.7.2. Invivo biodistribution on the gastrointestinal mucosa of Lumogen®
Red-loaded nanoparticles

For the evaluation of the in vivo biodistribution of nanoparticles in the
gastrointestinal tract, Lumogen® Red-loaded nanoparticles were administered to Wistar
rats by the oral route, as previously described with minor modifications (209). Wistar
male rats were provided by Envigo (Indianapolis, IN, USA). They were acclimated at least
for a week, in 12 hours dark/light cycles at 23 + 2 °C, with free access to food and water.
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All the experiments were approved by the Ethical and Biosafety Committee for Research
on Animals of the University of Navarra (protocol number 045-18).

Animals were fasted overnight, nanoparticles were dispersed in water and
administered by oral gavage at a dose of 20 mg nanoparticles per rat. After 4 hours,
animals were sacrificed and different parts of the gastrointestinal tract were extracted
(portions of around 1 cm), washed with PBS, collected in Tissue-Tek® O.C.T. Compound
and immediately frozen at -80 °C until analysis. Free Lumogen® Red was used as a
control, as a suspension in water (0.07 mg/mL) with 0.35% (v/v) Polysorbate 80 as
dispersing agent.

Frozen samples were cutin 5 um slices with a Microm HM550 cryostat (Thermo Fisher
Scientific, Waltham, MA, USA), placed in a slide, and dried for 1h. Samples were fixed
with formaldehyde (3.7-4.0 % w/v buffered to pH=7 and stabilized with methanol) for 5
minutes, washed with tap water and then with Tris-buffered saline with 0.05% Tween
20 (TBS-T). Samples were covered with a solution of DAPI (2.5 pug/mL) for 15 minutes,
washed with TBS-T and a cover slip was put with PBS/glycerol gelatin (1:1).

Pictures were taken in an Automated Microscope Zeiss Axio Imager M1 with an
Axiocam MRm camera (Zeiss Microscopy, Jena, Germany) using the DAPI filter to see the
cellular nuclei of the enterocytes and Rhodamine filter to see Lumogen® Red-loaded
nanoparticles. Images were taken using ZEN software (Zeiss Microscopy, Jena, Germany)
and posterior analysis was carried out with the Imagel software (205).

3.8. Pharmacokinetic study

For the pharmacokinetic assay, Wistar rats were purchased from Envigo
(Indianapolis, IN, USA) and acclimated at least for a week, in 12 hours dark/light cycles
at 23 £ 2 °C, with free access to food and water. All the experiments were approved by
the Ethical and Biosafety Committee for Research on Animals of the University of
Navarra (protocol number 056-19).

Rats were fasted overnight and an oral single dose of quercetin (15 mg/kg), either as
an aqueous suspension (Q-Susp) or loaded in nanoparticles dispersed in water, was
administered by oral gavage. Q-Susp was formed by incorporating 6.25 mg/mL quercetin
and 30.2 mg/mL HP-B-CD in water, as previously described (108). At different times,
animals were anesthetized with inhaled isoflurane and blood samples were extracted
from the tail vein and added to EDTA tubes. An intravenous administration of quercetin
was also performed. For this purpose, 62.5 mg quercetin were dissolved in 10 mL of a
PEG 400:water mixture (6:4 v/v) (108). All blood samples were centrifuged for 10
minutes at 2,500 g and 4 °C, and supernatants were collected and frozen at -80 °C for
further quantification.

For quercetin extraction, plasma samples were defrosted and 100 pL of each sample
was mixed with 600 uL of cold 0.95% (v/v) HCl in methanol. Samples were vortexed at
2,500 rpm in a DXV-2500 Multi-Tube Vortexer (VWR International, Radnor, PA, USA) for
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15 minutes to induce the precipitation of proteins and centrifuged at 10,000 rpm for 10
minutes in a Mikro 220R Hettich centrifuge (Hettich, Tuttlingen, Germany).
Supernatants were collected and dried under nitrogen atmosphere using a TurboVap®
LV Evaporator (Caliper Life Sciences, Waltham, MA, USA) at 45 °C for 1 hour. Once the
samples were dried, 200 uL methanol were added to redissolve the quercetin, samples
were shaken in the multivortex for 5 minutes and centrifuged. Supernatants were
collected, dried again under nitrogen for 10 minutes and frozen until the quantification.

Samples were quantified by UHPLC-Q Exactive Orbitrap High-Resolution Mass
Spectrometry (Thermo Fisher Scientific, Waltham, MA, USA), using a Thermo Hypersil
GOLD column (1.9 um, 100 x 2.1 mm, Thermo Fisher Scientific, Waltham, MA, USA). The
mobile phase (gradient conditions shown in Table 6) was constituted by 0.1% of formic
acid in water (mobile phase A) and 0.1% of formic acid in ACN (mobile phase B), at a flow
rate of 0.25 mL/min. The injection volume was 2 pL, the column temperature 30 °C, and
the samples were maintained at 10 °C. A negative ionization mode was used, with the
following conditions: sheath gas flow rate: 40 (arbitrary units); auxiliary flow rate: 10
(arbitrary units); sweep gas flow rate: 1 (arbitrary units); spray voltage: 2.5 kV; capillary
temperature: 320 °C; S-lens RF level: 55%; aux gas heater temperature: 320 °C.

Table 6. Gradient conditions used for the quantification of plasma quercetin by UHPLC
mass spectrometry. A: 0.1% of formic acid in water; B: 0.1% of formic acid in ACN.

Time (min) A (%) B (%)
0 99 1
1 99 1
5 92 8
15 60 40
17 4 96
19 4 96
20 99 1
22 99 1

For the quantification of the quercetin extracted, samples were redissolved in 160 uL
of mobile phase (0.1% formic acid in water and 0.1% formic acid in ACN, 50:50 v/v) with
1 pg/mL of sulfadimethoxine, centrifuged at 15,000 rpm for 10 minutes, and
supernatants were injected in the UHPLC. To prepare the calibration curve, standard
solutions were prepared in a range from 0.25 to 1 pg/mL of quercetin in methanol.
Different volumes of these standards were mixed with 100 pL of commercial rat plasma
to form the calibration curve (R? > 0.99; LOQ: 0.25 pg/mL), and the same extraction
procedure was followed.

Finally, pharmacokinetic parameters (Tmax, Cmax, t1/2, AUC, and MRT) were calculated
using the Excel complement PKSolver (210), and the relative oral bioavailability was
calculated using Equation 10.
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AUCoral
Fr (%) = ——— x 100 Eg. 1
(%) AUC,, [Eq. 10]
where AUC,rq1 and AUC;,, are the Area Under the Curve of the oral treatment and the
intravenous treatment, respectively.

3.9. Efficacy study

3.9.1. Experimental design

For the efficacy study, 72 Wistar male rats were obtained from Envigo (Indianapolis,
IN, USA). Animals were received with a weight of 80 g, and acclimated for two weeks
with 12 hours dark/light inverted cycle, with free access to food and water. Then, 60
animals were fed with a high fat/high sucrose diet (HFS, D12451, Research Diets Inc.,
New Brunswick, NJ, USA) for 23 weeks, while 12 animals were followed feeding with
standard diet (2014, Teklad Global 14% Protein Rodent Maintenance Diet, Teklad Diets
Envigo, Madison, WI, USA). All the experiments were approved by the Ethical and
Biosafety Committee for Research on Animals of the University of Navarra (protocol
number 016-21).

At week 18, HFS-fed rats were divided into five experimental groups (n = 12): (i) HFS
control, (ii) quercetin-loaded nanospheres (Q-NS), (iii) quercetin-loaded nanocapsules
(Q-NC), (iv) PEG-coated quercetin-loaded nanospheres coated with a PEG-to-zein ratio
of 0.25 (Q-NS-PEG) and (v) free quercetin as an aqueous suspension of quercetin (Q-
Susp) prepared as previously described (see section 3.8). Rats were fasted overnight
every day, and water dispersed nanoparticles were administered daily by oral gavage at
a dose of 15 mg/kg quercetin for 5 weeks. All the formulations were prepared in the
absence of mannitol. An equivalent volume of water was administered to standard and
HFS controls.

Body weight was measured every week. At week 22, an oral glucose tolerance test
(OGTT) was performed. Also, the measurement of the proportion of body fat and lean
was carried out in duplicate for each rat, by magnetic resonance spectroscopy using the
EchoMRI™ system (Echo Medical Systems, Houston, TX, USA). Rats were sacrificed at
week 23, and blood, fat depots, liver, kidneys, spleen, and the gastrocnemius muscle
were extracted, weighted, and immediately frozen at -80 °C for further experiments.
Figure 10 summarizes the experimental design of the efficacy study.
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Figure 10. Summary of the efficacy experiment. Control: animals fed with standard diet;
HFS: animals fed with high fat/high sucrose (HFS) diet; Q-NS: animals fed with HFS diet
and treated with quercetin-loaded nanospheres; Q-NC: animals fed with HFS diet and
treated with quercetin-loaded nanocapsules; Q-NS-PEG: animals fed with HFS diet and
treated with quercetin-loaded PEG-coated nanospheres; Q-Susp: animals fed with HFS
diet and treated with quercetin suspension; OGTT: oral glucose tolerance test;
EchoMRI™: magnetic resonance spectroscopy.

3.9.2. Oral glucose tolerance test

At week 22, an oral glucose tolerance test (OGGT) was carried out. For that purpose,
2 g glucose per kg of body weight were administered dissolved in water, by oral gavage.
Glucose levels were measured at 0, 15, 30, 60, 120, and 150 minutes by venous tail
puncture using an Accu-Check® Aviva glucometer with Accu-Chek Aviva test strips
(Roche Diagnostics, Basel, Switzerland). The area under the curve (AUC) was calculated
using the trapezoid method (Equation 11). In addition, blood glucose levels were
quantified at week 17, previously to the treatment.

AUCy_150 = (BG+2615' % 15) " (615'-;630' % 15) n (030’2660’ % 30) n

(—“0'*20120' x 60) + x 30)

G120'4+G150’ [Eq. 11]

2

in which BG is the basal glycaemia and G; the glycaemia at different times.

3.9.3. Biochemical analysis

Some serum parameters were measured after the sacrifice using the HK-CP kit (ABX
Pentra, Montpelier, France) adapted for the Pentra C200 analyser (HORIBA ABX,
Montpelier, France). Triglycerides (TAG), total cholesterol, HDL-cholesterol, glucose,
aspartate transaminase (AST), and alanine transaminase (ALT) were quantified. Plasma
insulin and monocyte chemoattractant protein-1 (MCP-1) levels were determined using
specific rat ELISA kits (Mercodia, Uppsala, Sweden and Thermo Fisher Scientific,
Waltham, MA, USA, respectively). The atherogenic index of plasma (AIP) was calculated
using de following equation (Equation 12) (211):
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TAG
AIP =log (m) [Eq. 12]

in which TAG is the value obtained in serum for the triglycerides and HDL the value
obtained for the HDL-cholesterol.

The insulin resistance was evaluated using the homeostasis model of insulin
resistance (HOMA-IR), calculated using Equation 13 (212-214).

serum glucose levels (mTOI) X plasma insulin levels (mTU) [Eq. 13]

HOMA — IR =
22.5

3.9.4. Histological analyses

Samples from liver, epididymal fat, and retroperitoneal fat were collected and fixed
in formaldehyde (3.7-4.0 % w/v buffered to pH=7 and stabilized with methanol for
clinical diagnosis), and 48 hours later, they were transferred to absolute ethanol.
Samples were included in paraffin, cut, and dyed with haematoxylin-eosin.

Liver samples (6 samples per treatment) were analysed at 20x using a Histological
Slide Scanner Leica Aperio CS2 (Leica Biosystems, Wetzlar, Germany), to see any
differences at the histological level.

Furthermore, the size of the adipocytes for epididymal and retroperitoneal fat was
analysed using a Nikon SMZ18 stereomicroscope equipped with an epi-fluorescence
system and a DS-FI1C refrigerated color digital camera, using a GFP filter (Ex 480/40; DM
505; BA 535/50). For these experiments 6 rats per treatment were analysed. Pictures
were processed using the software Imagel and a macro modified from Navarro-Herrera
et al. (215). Once the diameter of the adipocytes was determined, the adipocytes of the
standard control diet were classified in four groups (quartiles); small, medium, large,
and extra-large. Later, the adipocytes of the HFS groups were classified using these
intervals.

3.9.5. Hepatic determination of the triglyceride content

For the extraction of triglycerides from the liver, a modification of the method
performed by Cui et al. was used (216). For the extraction, 100 mg of tissue were added
to 1 mL PBS and broken using a Mini-Beadbeater (Biospec products, Bartlesville, OK,
USA). Then, 5 mL of a mixture between chloroform and methanol (2:1 v/v) were added,
vortexed for 10 minutes at 2,100 rpm in a DXV-2500 Multi-Tube Vortexer (VWR
International, Radnor, PA, USA), and incubated at 4 °C overnight. Samples were
centrifuged for 10 minutes at 1,650 g and 4 °C in a 5804R centrifuge (Eppendorf,
Hamburg, Germany), and the bottom layer was extracted and added to a new tube.
Then, 600 puL MgCl; and 1.5 mL chloroform were added to the remaining phase,
vortexed, and left in ice for 30 minutes. Samples were centrifuged, and the bottom layer
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was added to the previous one. Afterwards, 4 mL of the sample were added to a new
tube, and 600 pL of 1% Triton X-100 in chloroform were added. Samples were
evaporated to dryness under vacuum at 40 °C in a LABCONCO vortex vacuum dry
evaporator (Hucoa-Erléss, Madrid, Spain). The pellet was dispersed in 600 uL water,
vortexed, and frozen at -80 °C until analysis. Finally, liver triglyceride content was
quantified using a Triglyceride Quantification Kit (Sigma-Aldrich, Steinheim, Germany).

3.9.6. RNA content and gene expression analyses

Total RNA was extracted from 500 mg of the retroperitoneal fat and liver of animals
from Control, HFS, and Q-NS-PEG groups, using a TRIzol® RNA isolation reagent
(Invitrogen Life Technologies, Paisley, UK). The concentration and purity of RNA were
determined by a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) at 260/280 nm. Then, 500 ng of RNA were treated with DNAse |
(DNase I-RNase free, Invitrogen Life Technologies, Paisley, UK) and reverse transcribed
into cDNA using 200 U of M-MLV-RT (Invitrogen Life Technologies, Paisley, UK) in the
presence of 40 IU of a recombinant RNAsin® Ribonuclease inhibitor (Promega, Madison,
WI, USA), with an incubation of 10 min at 25 °C, 50 min at 37 °C, and 15 min at 70 °C.

Gene expression analyses were performed by quantitative-real time PCR (qPCR) using
TagMan Universal PCR master mix and specific probes (TagMan™ Gene Expression
Assays, Thermo Fisher Scientific, Waltham, MA, USA) in triplicate using a CFX384 Touch™
Real-Time PCR Detection System (BioRad Laboratories, Hercules, CA, USA). Gene
expression levels were normalized compared to TATA box binding protein (Tbp) gene
expression as a housekeeping control. Differences in gene expression between Control,
HFS, and Q-NS-PEG groups were estimated using the relative quantification 2724¢
method (217).

In the liver, genes that encode proteins involved in lipid metabolism (Acot8, Acox1,
Cpt2) and synthesis (Fasn) were evaluated, and genes encoding transcription factors
related to adipogenesis (Pparg, Srebpl). In the retroperitoneal fat, genes encoding
proteins involved in lipid metabolism (Acot8, Acox1, Hsd17b4) and synthesis (Fasn, Scp2)
were analysed. Also, genes encoding two adipokines (AdipoQ, Lep) and a gene related
to the browning of fat (Ucpl) were evaluated. Genes encoding transcription factors
related to adipogenesis (Pparg, Srebp1) were also quantified.

3.10. Statistical analysis

For the statistical analysis, a one-way ANOVA was used when samples fulfilled
normality and homoscedasticity. Then, Dunnett’'s multiple comparison test was
performed, but in the case of the analysis of fat accumulation in C. elegans, Tukey’s
multiple comparison test was applied.
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In the case of the efficacy study, a t-Student test was used to compare the HFS diet
control with the standard diet control (when normality and homoscedasticity complied),
to verify the validity of the in vivo DIO model (Figure 11). In the cases where samples
respected the normality but did not respect the homoscedasticity, the t-test with
Welch’s correction was used. On the other hand, when the normality was not complied,
the Mann-Whitney test was used. A one-way ANOVA followed by a Dunnett’s multiple
comparison test was used to compare the treatments to HFS control when normality
and homoscedasticity complied (Figure 11). If the normality or/and homoscedasticity of
the samples were not respected, the Kruskal-Wallis test was used, followed by Dunn’s
multiple comparison test. Also, the adipocyte distribution was analysed by a contingency
assay using the Bonferroni correction. The gene analysis was performed by
ANOVA/Kruskal Wallis for the three selected groups.

All tests were done with GrapPad Prism v9.4 (San Diego, CA, USA) and data was
plotted using Origin 8.6 (OriginLab, Northampton, USA).

HFS vs Control Treatments vs HFS
A v
Complies Complies
normality? normality?
Yes No Yes No
Parametric test Nonparametric Parametric test Nonparametric
test test
x v
| ! ‘ One-way ‘ Kruskal-Wallis
Equal Mann-Whitney AL test
variances? test
Yes. No
A ' N
t-test t-test with
Welch's
correction

Figure 11. Statistical analysis of the efficacy study. HFS: high fat/high sucrose diet;
Control: standard diet control.
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Chapter 4

Results






4. Results

4.1. Empty zein nanoparticles

4.1.1. Size, zeta potential and morphology

In this work, three different types of zein-based nanoparticles were designed,
optimized, and evaluated: nanospheres (NS), PEG-coated nanospheres (NS-PEG), and
nanocapsules (NC). Both nanospheres and nanocapsules were prepared by a
desolvation procedure after the addition of water to a hydroalcoholic solution of zein.
The resulting nanospheres (NS) were incubated with PEG 35,000 to produce PEG-coated
NS. For the preparation of nanocapsules, the hydroalcoholic solution of zein also
included wheat germ oil. In all cases, the resulting nanoparticles were always dried by
spray drying.

Table 7 compiles the main physico-chemical characteristics of the different
nanoparticulate devices employed as drug carriers in this work. NS displayed a mean
size close to 230 nm and a negative zeta potential of -40 mV. The coating of NS with PEG
induced a slight decrease of the mean size of resulting nanoparticles (between 210 and
220 nm) as well as a moderate increase of the negative zeta potential (about -45 mV).
NS-PEG were prepared at two different PEG-to-zein ratios (0.25 and 0.50). Both NS-
PEG25 and NS-PEG50 displayed similar sizes and zeta potential values. On the other
hand, the incorporation of wheat germ oil in the matrix of zein-based nanoparticles (NC)
produced a significant increase of the mean size (about 10%; p < 0.01), compared with
plain NS, without apparent modification of the negative zeta potential. Another
important aspect to highlight was that, in all cases, the polydispersity index of the
different types of nanoparticles was always below 0.2, evidencing a high homogeneity
of the formulations. The mean yield of the process obtained in the Spray Dryer ranged
from 58% to 64%.

Table 7. Physico-chemical characteristics of zein nanospheres (NS, NS-PEG25, NS-
PEG50) and nanocapsules (NC). The formulations were dried by spray drying using
mannitol as protectant. Data are expressed as mean * SD (n = 3, *p < 0.05, **p < 0.01,
compared to NS). PDI: polydispersity index.

Size PDI Zeta potential
(nm) (mV)
NS 2286 0.08 £ 0.05 -40.6 £ 1.6
NC 247 + 5** 0.11 +0.02 -42.1+0.9
NS-PEG25 209 + 3** 0.06 £ 0.03 -43.7 £ 1.4*
NS-PEG50 218+ 4 0.10+£0.02 -44.9 £ 0.7**
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Figure 12 shows the morphology and shape of NSand NC. In both cases, nanoparticles
were characterized by a spherical shape, with an apparent diameter similar to that
determined by dynamic light scattering (Table 7). Furthermore, NC displayed a structure
with a continuous inner medium surrounded by a corona of about 37 nanometres. This
structure would be compatible with an oil nucleus covered by zein.

Figure 12. Scanning electron microscopy (SEM) of zein nanospheres (NS; A) and
nanocapsules (NC; B).

4.1.2. Zein quantification

In order to quantify the amount of zein present in the preparation of nanoparticles,
the samples were broken using ethanol 75% and the zein content was quantified by
MicroBCA Protein Assay Kit.

Data were expressed in percentage as the proportion of weight of nanoparticles in
the total weight formulation (Table 8). These experimental values were similar to
theoretical ones (all data were only between 6 and 10% higher than the theoretic zein
content). NS presented an amount of zein of 33.7%. The coating of NS with PEG
decreased the total proportion of zein. Thus, the zein content was calculated to be 32.1%
for NS-PEG25 and 30.5% for NS-PEG50. NS and NC presented similar zein percentages
(33.3% for NC), since the only difference between them was the small amount of oil in
the formulation (20 mg of oil in 650 mg of formulation).

Table 8. Zein content in nanospheres (NS, NS-PEG25, and NS-PEG50) and nanocapsules
(NC). The formulations were dried by spray drying using mannitol as protectant. Data
are expressed as mean + SD (n = 3).

Zein content Theoretic zein
(%) content (%)
NS 33.7+04 31.7
NC 33.3+0.3 30.8
NS-PEG25 32.1+£1.0 29.4
NS-PEG50 30.5+2.2 27.4
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4.1.3. Hydrophobicity assay

The hydrophobicity of the surface of the nanoparticles was analysed by the Rose
Bengal method. For this purpose, a solution of Rose Bengal was incubated with serial
dilutions of the nanoparticles in water before the measurement of the absorbance by
spectrophotometry. Hydrophobicity was calculated as the slope of the linear regression
for the representation of the partitioning quotient (PQ) versus the total surface area
(TSA) of the nanoparticles (Equations 3 and 4 in section 3.3.4). When increasing the
slope, the higher the hydrophobicity.

Figure 13 shows the hydrophobicity of nanoparticles employed in this study.
Interestingly, NS and NC displayed a similar value of hydrophobicity, so the presence of
the oil in NC did not affect the hydrophobicity of the surface compared to NS, suggesting
that the wheat germ oil would be inside the nanoparticles. On the other hand, when
nanospheres were coated with PEG, the hydrophobicity of the resulting nanocarriers
significantly decreased (p < 0.001), confirming that the PEG-coating confers hydrophilic
properties to the nanoparticles.
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Figure 13. Hydrophobicity values obtained in the Rose Bengal assay. The formulations
were dried by spray drying using mannitol as protectant. Data are expressed as mean %
SD (n = 3, ***p < 0.001). NS: nanospheres; NC: nanocapsules; NS-PEG50: PEG-coated
nanospheres (PEG-to-zein ratio 0.5 (w/w)).

4.1.4. Fourier Transform Infrared spectroscopy (FTIR) analysis

Figure 14 shows the FTIR spectra of zein nanoparticles in the presence of mannitol,
as well as some raw materials employed in the preparation (mannitol and wheat germ
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oil). Both NS and NC, displayed the characteristic absorption vibrations corresponding
to the amide groups of zein: 1653, 1531, and 1448 cm™, for C=0 stretching vibration of
amide |, N-bending coupled to -C-N stretching vibration of amide Il, and N-H in plane
bending and C-N vibration of amide lll, respectively. In addition, the double signal at
3248 and 3190 cm* corresponds to N-H vibration.

Regarding the wheat germ oil, the stretching vibrations associated to -CH3 and -CH;
appeared at 2950-2920 and 2850 cm?, respectively, whereas the signal observed at
3007 cm™ could be attributed to the presence of linoleic acid. One of the most
characteristic absorption peaks appeared at 1741 cm™ which is associated to -C=0
stretching vibration of fatty acids. It is noticeable that in the IR spectrum of NC, the
presence of the oil is detected since a weak intensity signal appears at 1743 cm™ with a
shoulder associated at 1726 cm™ that can be attributed to carbonyl group (-C=0) of
wheat germ oil interacting with the zein. The low intensity of this signal is due to the
small amount of oil (20 mg) with respect to the rest of components present in
nanocapsules (about 650 mg).

Finally, mannitol, which was used as protectant in the preparation of nanoparticles,
displayed a broad band around 3400 cm™ (OH) and two intense peaks at 1076 and 1016
cm® corresponding to OH stretching vibrations of alcoholic groups. In the case of the
nanoparticles, both showed the two strongest mannitol peaks corresponding to OH
stretching vibrations slightly shifted to a higher frequency (1082 and 1022 cm™?).
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Figure 14. FTIR spectra of zein nanospheres (NS), zein nanocapsules (NC), wheat germ
oil, and mannitol. Dashed lines correspond to wheat germ oil (1741 cm™?) and mannitol
bands (1076 and 1016 cm™).

4.2. Quercetin-loaded zein nanoparticles

4.2.1. Size, zeta potential, quercetin content and morphology

Once the three types of nanoparticles were developed and characterized, the
flavonoid quercetin was nanoencapsulated, resulting in quercetin-loaded nanospheres
(Q-NS), PEG-coated quercetin-loaded nanospheres (Q-NS-PEG25 and Q-NS-PEG50) and
quercetin-loaded nanocapsules (NC). These nanoparticles were also prepared by the
desolvation method, and quercetin was quantified by HPLC.

Table 9 summarizes the main physico-chemical characteristics of quercetin-loaded
nanoparticles. Q-NS displayed a mean size and zeta potential similar to NS (around 230
nm and a negative zeta potential of -42 mV). When these nanoparticles were coated
with PEG, no significant effect on the size of the resulting nanoparticles was observed;
although, the zeta potential slightly decreased (about -45 mV). On the contrary, for Q-
NC, their size was significantly higher than for Q-NS (254 nm; p < 0.0001), showing a zeta
potential of -45 mV. In all cases, the PDI was below 0.2, suggesting that the
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encapsulation of quercetin did not affect the homogeneity of the formulations. The
mean yield of the process obtained in the Spray Dryer was between 56% and 65%.

The quercetin loading in the nanoparticles ranged from 70 to 76 ug per milligram
nanoparticles. The lowest quercetin payload was found for Q-NS-PEG50. In a similar
way, the encapsulation efficiency was, for all the formulations, around 80%.

Table 9. Physico-chemical characteristics of quercetin-loaded nanospheres (Q-NS, Q-NS-
PEG25, and Q-NS-PEG50) and nanocapsules (Q-NC). The formulations were dried by
spray drying using mannitol as protectant. Data are expressed as mean +SD (n =3, *p <
0.0001, compared to Q-NS). PDI: polydispersity index; EE: encapsulation efficiency.

Size PDI Zeta potential Quercetin loading EE

(nm) (mV) (ng/mg NP) (%)
Q-NS 2262 0.08 £ 0.04 -41.8+4.0 74.8+0.8 82.3+0.5
Q-NC 254+5* 0.12+0.01 -445+2.1 74.1+7.8 82.3+8.3
Q-NS-PEG25 224 +1 0.07 £0.03 -45.1+2.1 76.0t2.1 84.3+3.3
Q-NS-PEG50 228 £2 0.08 £ 0.03 -44.4+1.3 69.5+2.0 79.5+£2.3

In order to compare empty nanoparticles with quercetin-loaded ones, Tukey’s
multiple comparison test was performed. Comparing the size of NS, NC, and NS-PEG50
with their quercetin-loaded homologues, no significant differences were found, except
for NS-PEG25 and Q-NS-PEG25 (p < 0.01), in which the presence of quercetin seemed to
increase the size of the nanospheres. No significant differences were found regarding
the zeta potential.

SEM images were taken for quercetin-loaded nanospheres and nanocapsules (Figure
15). In all cases, the different quercetin-loaded nanocarriers displayed a spherical shape
and a size similar to that determined by DLS (Table 9). Besides, some sponginess could
be appreciated for PEG-coated nanospheres.
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Figure 15. Scanning electron microscopy of quercetin-loaded nanoparticles. A:
quercetin-loaded nanospheres (Q-NS), B: quercetin-loaded nanocapsules (Q-NC); C:
PEG-coated quercetin-loaded nanospheres, PEG-to-zein ratio 0.25 (Q-NS-PEG25), D:
PEG-coated quercetin-loaded nanospheres, PEG-to-zein ratio 0.5 (Q-NS-PEG50).

4.3. In vitro release studies

The in vitro release of quercetin from the nanoparticles was evaluated in simulated
gastric fluid (SGF) for 2 h and, then, in simulated intestinal fluid (SIF) for 8 supplementary
hours (Figure 16). Samples were taken, quantified by HPLC, and replaced with new
media.

Profiles presented a similar shape for the three types of nanoparticles, and all of them
were capable of releasing a similar amount of quercetin (about 70% of total content). In
SGF, one-third of the flavonoid content was released in 2 h from the three types of
nanoparticles. In SIF, the amount of quercetin released was also similar for the three
formulations (about 35-40% of the total content); although at the end of the experiment
the amount of quercetin released was slightly lower for Q-NS than for Q-NC and Q-NS-
PEG50. These results suggest that the release of quercetin from zein-based
nanoparticles was independent of the pH conditions and the structure of nanoparticles.
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Figure 16. In vitro release profile of quercetin-loaded nanospheres (Q-NS and Q-NS-
PEG50) and quercetin-loaded nanocapsules (Q-NC). The formulations were dried by
spray drying using mannitol as protectant. Data are expressed as mean + SD (n = 3).

4.4. Diffusion of nanoparticles in pig intestinal mucus by multiple
particle tracking (MPT)

In order to analyse the diffusion of the nanoparticles through the intestinal mucus,
the multiple particle tracking technique was carried out. For this purpose, the diffusion
of Lumogen® Red-loaded nanoparticles in pig intestinal mucus was quantified.

Results obtained for this technique are shown in Table 10. Some examples of the
movement of nanoparticles in pig intestinal mucus can be observed in Figure 17.
Effective Diffusion Coefficient (<Deff>) values obtained for NS and NC were similar
(0.063 and 0.046 x 10° cm?/s, respectively), but when nanospheres were coated with
PEG at a PEG-to-zein ratio of 0.5 (w/w), this value increased significantly to 0.108 x 10-°
cm?/s (p < 0.05). When the <Deff>/D° ratio was calculated (being D° the diffusion
coefficient in water), PEG-coated nanospheres displayed two times higher ratio than NS
(p < 0.05), while NC showed similar values compared to NS (Table 10). These results
denote that PEG-coated nanospheres displayed a higher ability to move and diffuse
through the mucus than both plain NS and NC.
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Table 10. Diffusion of nanoparticles in pig intestinal mucus obtained by the MPT
technique. The formulations were dried by spray drying using mannitol as protectant.
Data are expressed as mean + SD (n = 3, *p < 0.05 compared to NS). NS: nanospheres;
NC: nanocapsules; NS-PEG50: PEG-coated nanospheres; <Deff>: Effective Diffusion
Coefficient; D° (water): diffusion coefficient in water; <Deff>/D°: quotient between the
diffusion coefficients of nanoparticles in mucus and water (expressed in percentage); R:
ratio between <Deff>/D° of NC or NS-PEG50, and the value for NS.

<Deff> - 10 D° (water) - 10°° <Deff>/D°

(cm? - s?) (cm?-s1) (%) R
NS 0.063 £ 0.036 18.1 0.35+0.12 1.00
NC 0.046 £ 0.028 18.0 0.26 £0.10 0.74
NS-PEG50 0.108 + 0.055* 15.8 0.69 £ 0.06* 1.97

Figure 17. Some examples of trajectories of nanoparticles through intestinal mucus. A:
nanospheres (NS); B: nanocapsules (NC); C: PEG-coated nanospheres at a PEG-to-zein
ratio of 0.5 (w/w) (NS-PEG50).

4.5. In vivo studies in Caenorhabditis elegans

4.5.1. Intake of nanoparticles

Previously to the evaluation of the effect of zein nanoparticles in the fat accumulation
of the nematode C. elegans, their intake by the worms was assessed. For this purpose,
L4 larvae were put in contact with Lumogen® Red-loaded nanospheres and pictures
were taken. In Figure 18 fluorescent images of worms (taken 2 h after the addition of
fluorescently labelled nanoparticles to the NGM) are shown. Figure 18A shows the
autofluorescence of the worm, and in Figure 18B the nanoparticles through the
gastrointestinal lumen of C. elegans can be observed, evidencing that nanoparticles
enter the worm by the oral route.
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Figure 18. Fluorescent images of C. elegans 2 hours post-administration. A: self-
fluorescence of C. elegans. B: worm fed with Lumogen® Red-loaded nanospheres.

4.5.2. Evaluation of fat accumulation

The effect of free and encapsulated quercetin on the accumulation of fat by C.
elegans was evaluated. Worms were age-synchronized in L1/L2 larval stage and grown
in a NGM supplemented with either free quercetin or quercetin-loaded nanoparticles.
The fat content was always quantified when worms achieved L4 stage. First, the
effective quercetin concentration was evaluated, by dissolving the flavonoid in DMSO
and mixing it with the NGM.

4.5.2.1. Effect of free quercetin in the fat content of C. elegans

Three quercetin concentrations were evaluated (10 uM, 50 uM, and 100 puM) as
shown in Figure 19. The positive control Orlistat decreased the fat accumulation in a
40.2% (p < 0.0001) compared to NGM. On the other hand, the concentration of 10 uM
of quercetin significantly decreased the fat accumulation in C. elegans in a 5.7%
compared to NGM (p < 0.001). This reduction was two times higher for the
concentrations of 50 uM and 100 uM, achieving a decrease of 11.7% and 12.6% (p <
0.0001), respectively, compared to NGM. The effect for both concentrations was similar
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and significantly different to 10 uM (p < 0.0001). In view of these results, the
concentration of 50 uM of quercetin was chosen for further experiments.
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Figure 19. Evaluation of the effect of free quercetin in the fat accumulation of C. elegans,
represented as the mean fat content normalized to NGM. Worms were cultured on NGM
containing E. Coli OP50. Orlistat was employed as a positive control. Data are expressed
as mean £ SD (n > 76, ***p < 0.001, ****p < 0.0001).

4.5.2.2. Effect of zein nanospheres in the fat content of C. elegans grown
in NGM

Once the quercetin concentration was evaluated and the working concentration was
established, a preliminary study was performed to analyse the effect of the formulation
components (zein and mannitol) in the accumulation of fat by C. elegans (Figure 20).
Free zein had no effect on the fat accumulation of C. elegans at a concentration
equivalent to that employed when nanoparticles were evaluated. On the contrary,
mannitol (at the concentration present in the nanoparticles) increased the accumulation
of fatina 11.7% (p < 0.0001) compared to NGM.

When worms were treated with a mixture of zein and mannitol, the amount of fat
was increased in a 13.7% (p < 0.0001). When nanospheres containing mannitol were
evaluated, the amount of fat increased in a 31.6% (p < 0.0001) compared to NGM.
However, for NS prepared in the absence of mannitol, the amount of fat accumulated
in the body of C. elegans was similar to that quantified in control animals (NGM). Thus,
NS with mannitol presented 30.8% higher fat accumulation than NS (p < 0.0001), being
the latter similar to free zein. The positive control Orlistat decreased the fat
accumulation in a 40.0% compared to NGM (p < 0.0001).
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Figure 20. Fat accumulation of C. elegans, represented as the mean fat content
normalized to NGM. Worms were cultured on NGM containing E. Coli OP50. Data are
expressed as mean + SD (n > 112, ****p < 0.0001 compared to NGM). NS: empty
nanospheres, with and without mannitol.

4.5.2.3. Effect of quercetin-loaded nanospheres on the accumulation of
fat by C. elegans in a glucose-supplemented NGM

The effect of nanoencapsulated quercetin in NS and NS-PEG50 was analysed in a
glucose-supplemented NGM (Figure 21). To assess the effect of glucose, a control in
NGM without glucose was added, obtaining that glucose increased the amount of fat in
a 19.2% (p < 0.0001, data not shown). Also, the positive control Orlistat decreased the
fat accumulation in a 31.5% (p < 0.0001) compared to NGM.

Free zein (at the concentration present in NS) was also analysed in this glucose-
supplemented media, obtaining an increase of 5.4% (p < 0.0001), compared to NGM. On
the other hand, free quercetin decreased the accumulation of fat significantly compared
to NGM by 5.7% (p < 0.0001). The administration of Q-NS significantly decreased the
accumulation of fat, achieving a decrease of 12.4% (p < 0.0001) compared to NGM.
When these nanospheres were coated with PEG at a PEG-to-zein ratio of 0.5 (w/w) (Q-
NS-PEG50), the fat accumulation decreased by 9.1% (p < 0.0001) compared to NGM. Q-
NS achieved a slightly higher decrease in the accumulation of fat compared to Q-NS-
PEG50 (3.3%; p < 0.05). When these nanospheres (NS and NS-PEG50) were analysed
without quercetin, the accumulation of fat increased by 3.8% and 4.2% (p < 0.0001)
compared to NGM, respectively. Comparing empty and loaded nanospheres, Q-NS
significantly decreased the accumulation of fat compared to NS by 16.2% (p < 0.0001).
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A similar phenomenon was observed when PEG-coated nanospheres were evaluated. In
this case, Q-NS-PEG50 decreased the accumulation of fat value by 13.3% compared to
NS-PEG50 (p < 0.0001).
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Figure 21. Fat accumulation of C. elegans, represented as the mean fat content
normalized to NGM. Worms were cultured on a glucose-supplemented (0.5% w/v) NGM
containing E. Coli OP50. Quercetin dose: 50 uM. Data are expressed as mean + SD (n 2
129, ****p < 0.0001 compared to NGM, ###%5 < 0.0001). NS, Q-NS: empty and quercetin-
loaded nanospheres; NS-PEG50, Q-NS-PEG50: empty and quercetin-loaded PEG-coated
nanospheres. Nanoparticles were prepared without mannitol. All the significances are
not shown.

4.5.2.4. Effect of quercetin-loaded nanocapsules on the accumulation of
fat by C. elegans in a glucose-supplemented NGM

The effect of quercetin loaded in nanocapsules was also evaluated (Figure 22). The
same controls as for nanospheres were employed (NGM, Orlistat, and quercetin). When
wheat germ oil was incorporated in the growth medium of worms at the same
concentration present in NC, the amount of fat accumulated by these animals
significantly increased (10.5%; p < 0.0001) compared to NGM group. In the same way,
the addition of a mixture of oil and free zein also increased the accumulation of fat by
12.6% (p < 0.0001).

When nanocapsules (NC) were analysed, they increased the fat accumulation again
by 12.6% (p < 0.0001) compared to NGM. On the contrary, when quercetin was
encapsulated (Q-NC), the fat accumulation in the worms was similar to the control. In
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any case, Q-NC significantly decreased the amount of fat in a 12.3% compared to NC (p
< 0.0001), demonstrating again that quercetin decreases the fat accumulation in C.
elegans.
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Figure 22. Fat accumulation of C. elegans, represented as the mean fat content
normalized to NGM. Worms were cultured on a glucose-supplemented (0.5% w/v) NGM
containing E. Coli OP50. Quercetin dose: 50 uM. Data are expressed as mean = SD (n 2
92, ****n < 0.0001 compared to NGM, ####5 < 0.0001). NC, Q-NC: empty and quercetin-
loaded nanocapsules. Nanoparticles were prepared without mannitol. All the
significances are not shown.

4.6. Biodistribution studies in Wistar rats

4.6.1. In vivo gastrointestinal transit of Technetium labelled
nanoparticles

The fate of nanoparticles in the gut, radiolabelled with ®*™Tc, was evaluated in Wistar
rats. It was observed that the radioactivity was only present in the gastrointestinal tract,
indicating that nanoparticles (at least during the experimental period of time) were not
absorbed or translocated to other regions of the body. In that way, nanoparticles
ensured the gastrointestinal release of the entrapped bioactive, reducing the possible
toxicity that could be developed in other regions.

108



The gastrointestinal profile of nanoparticles was similar in all cases, where particles
moved towards the distal zones of the small intestine. During the overall experiment, a
high intensity of radioactivity was observed in the stomach of animals. This observation
may be explained by the release of a fraction of the radioactive tag bound to the surface
of nanoparticles inside the stomach and/or by the high binding affinity of pertechnetate
for the stomach mucosa (218).

For NS (Figure 23), 1 h and 2 h post-administration, radioactivity was visualized in the
stomach and small intestine. At 4 h post-administration, nanospheres continued moving
forward, arriving to the latest portion of the small intestine and cecum, with presence
in the stomach. At 8 h post-administration, the quantity of NS in cecum seemed to be
increased.

In case of NC (Figure 24), radioactivity was present in the stomach and in the small
intestine at 1 h and 2 h post-administration, similarly to NS. At 4 h post-administration,
nanoparticles were localized in the cecum and ascending colon (apart from the
stomach). At 8 h, NC arrived to the descending colon, being present in the stomach,
cecum, and ascending colon too. Also, NC seemed to be forming aggregates, due to the
presence of red colour in the longitudinal sections, and seemed to move faster than NS.

PEG-coated nanospheres were also analysed (Figures 25 and 26). For NS-PEG25
(Figure 25), at 1 h and 2 h post-administration nanospheres were localized in the
stomach and more modestly in small intestine. At 4 h after administration, nanospheres
were present more considerably and reached the cecum. At the end of the experiment,
8 h post-administration, coated nanospheres achieved notably the cecum, and were still
present in stomach and small intestine. NS-PEG25 seem to move in a similar way than
NS.

Similarly to the rest of the nanoparticles, NS-PEG50 were present in stomach and
small intestine at 1 h and 2 h post-administration (Figure 26). At 4 hours, particles were
localized in cecum too, and at 8 h, also in ascending colon, so it seemed to be faster than
NS during the journey through the gastrointestinal tract, due to the lower
hydrophobicity and higher diffusivity in intestinal mucus, as seen in sections 4.1.3 and
4.4,

Thus, considering the regions of the gastrointestinal tract that nanoparticles achieved
at 4 and 8 h post-administration, NC seemed to be the fastest ones, followed by NS-
PEG50, then NS-PEG25, and finally NS. In addition, spots of radioactivity were present in
the gastrointestinal tract of rats administered with NS and NC, while for PEG-coated
nanospheres (NS-PEG25 and NS-PEG50) rests covering the mucosa could be observed.
These rests could be related to the permeability of the nanoparticles through the
intestinal mucus, obtaining a higher residence time inside the intestine.
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Figure 23. Gastrointestinal transit of Technetium-labelled nanospheres (NS) at different
times. Longitudinal slices are also shown. s: stomach; si: small intestine; cc: cecum.
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Figure 24. Gastrointestinal transit of Technetium-labelled nanocapsules (NC) at different
times. Longitudinal slices are also shown. si: small intestine; cc: cecum; ac: ascending
colon; dc: descending colon.
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Figure 25. Gastrointestinal transit of Technetium-labelled PEG-coated nanospheres
(PEG-to-zein ratio 0.25, NS-PEG25) at different times. Longitudinal slices are also shown.
s: stomach; si: small intestine; cc: cecum.
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Figure 26. Gastrointestinal transit of Technetium-labelled PEG-coated nanospheres
(PEG-to-zein ratio 0.50, NS-PEG50) at different times. Longitudinal slices are also shown.
s: stomach; si: small intestine; cc: cecum; ac: ascending colon; dc: descending colon.

111



4.6.2. In vivo biodistribution on the gastrointestinal mucosa of Lumogen®
Red-loaded nanoparticles

In order to evaluate the biodistribution of zein-based nanoparticles at the
microscopic level, the different nanocarriers were labelled with Lumogen® Red and
orally administered to Wistar rats (dose of 20 mg). The animals were sacrificed 4 h post-
administration, and different parts of the gastrointestinal tract were extracted and
visualized by fluorescent imaging.

The biodistribution of the fluorescent marker Lumogen® Red was performed as
control (Figure 27). Almost all the Lumogen® was present in the stomach at 4 h, forming
large aggregates. A small quantity was found in the duodenum and cecum, probably due
to the presence of Polysorbate 80 used to prepare the aqueous suspension, which made
Lumogen® not only to achieve the microvilli but also to move forward through the
gastrointestinal tract.

In Figure 28 the biodistribution of NS and NC is shown. At 4 h, NS could be found in
the stomach, small intestine, and cecum, confirming the results obtained in the previous
section (4.6.1). No particles were found in the duodenum, while some were localized in
the jejunum and ileum. In the ileum, nanoparticles appeared to be attached to the
mucus layer. In case of NC, particles were particularly present in the stomach and cecum
at 4 h post-administration, while very little quantity seemed to be in the small intestine.
This could be because probably NC already arrived ascending colon, as previously shown
in the in vivo gastrointestinal transit assay (Figure 23, section 4.6.1).

On the other hand, the distribution of PEG-coated nanospheres can be observed in
Figure 29. NS-PEG25 were found all along the tract (stomach, small intestine, and
cecum). In duodenum, nanoparticles appeared to be attached to the microvilli, while in
the jejunum, where the highest amount of particles was observed, some of them were
in the microvilli and others in the intestinal lumen. It seemed that a little quantity of
particles was localized in the ileum and cecum. In case of NS-PEG50, similar results were
obtained. Particles were found in every segment, being the ileum the one that seemed
to have the highest quantity. This also would prove the movement of the particles
through the intestinal mucus, not only to reach the microvilli but also through the
gastrointestinal tract, because NS-PEG25 seemed to concentrate in jejunum and NS-
PEG50 in ileum. NS-PEG50 in close contact with the microvilli could be seen in
duodenum and jejunum. A very low quantity of nanospheres was found in cecum,
confirming the previously obtained results in section 4.6.1 (Figure 23).
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Figure 27. Biodistribution of free Lumogen® Red through the gastrointestinal tract of Wistar
rats 4 h post-administration.
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Figure 28. Biodistribution of nanospheres (NS) and nanocapsules (NC) (containing mannitol)
through the gastrointestinal tract of Wistar rats 4 h post-administration.
114



NS-PEG25 NS-PEG50

Stomach

Duodenum

Jejunum

lleum

Cecum

Figure 29. Biodistribution of PEG-coated nanospheres (NS-PEG25 and NS-PEG50) (containing
mannitol) through the gastrointestinal tract of Wistar rats 4 h post-administration.
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4.7. Pharmacokinetic assay

The pharmacokinetic profile of quercetin-loaded nanoparticles and the relative oral
bioavailability of the flavonoid when formulated in zein-based nanoparticles was
evaluated in Wistar rats. In all cases, the dose of quercetin was 15 mg/kg, either as a
quercetin suspension or as loaded in the developed zein-based nanoparticles. As
intravenous control, a solution of quercetin in a mixture of PEG 400 and water was used.

Figure 30 shows the pharmacokinetic profile of the intravenous administration of
quercetin formulated as a solution in a mixture of PEG 400 and water (6:4 v/v). The
maximum quercetin concentration reached in plasma (Cmax) was about 70 pg/mL at time
0 (Tmax), and, then, the concentration decreased (as in a typical intravenous bolus
administration) until 8h, where the concentration was 2,350 ng/mL. The
pharmacokinetic parameters are summarized in Tables 11 and 12. The half-life (t1/2) was
calculated to be 4.0 h, and the mean residence time (MRT) was 3.5 h.
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Figure 30. Pharmacokinetic profile of intravenously administered quercetin after a
single dose of 15 mg/kg, as a quercetin solution in PEG400 and water. Data are
expressed as mean + SD (n = 5).

The pharmacokinetic profiles of quercetin formulations are shown in Figure 31. For
all the formulations tested (aqueous suspension and nanoparticles) a similar pattern was
observed. This profile was characterized by an initial rapid increase of quercetin plasma
levels, followed by a plateau up to 8 h post-administration, and finally a slow decrease
during the following hours. Overall, the encapsulation of quercetin in nanoparticles
increased the amount of the flavonoid quantified in plasma.
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The pharmacokinetic parameters, calculated from the plasma quercetin levels vs
time curve, are summarized in Table 11. The quercetin control formulation (Q-Susp)
displayed the lowest plasma profile, with a Cmax of 358 ng/mL of quercetin in plasma. On
the contrary, Q-NS offered the highest Cmayx, achieving a five times higher concentration,
1,925 ng/mL. In all cases, Tmax Were between 0.5 and 1 hour post-administration.
Nevertheless, regarding the ti/2 and MRT the results were different. Whereas Q-Susp
showed a t1/2 of 8.2 h, Q-NS-PEG25 had the highest half-life, 48.9 h, that is, six times
higher (p < 0.001). Regarding the MRT, the same phenomenon was observed. Q-Susp
had a mean residence time of 12.3 h, which was significantly increased to 70.4 h in case
of Q-NS-PEG25 (p < 0.01).

Moreover, the area under the curve (AUC) for each treatment was calculated, from
time 0 to infinity (Table 12). Q-NS showed an AUC of 56,019 ng-h/mL, significantly higher
than for Q-Susp (4,790 ng-h/mL; p < 0.01). These AUC values were compared to the
intravenous ones, to obtain the relative oral bioavailability (Table 12). Q-Susp displayed
a quercetin oral bioavailability close to 5%, while all nanoparticles increased this value.
Q-NS increased the Fr to 57.4%, twelve times higher than Q-Susp, being the formulation
that obtained the highest Fr, followed by Q-NS-PEG25 (37.3%), Q-NC (25.6%), and Q-NS-
PEG50 (20.0%), that increased the Fr seven, five and four times compared to Q-Susp,
respectively.
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Figure 31. Pharmacokinetic profile of oral administered free quercetin or quercetin-
loaded nanoparticles after a single dose of 15 mg/kg. The formulations were dried by
spray dryer without mannitol. Data are expressed as mean = SD (n = 5). Q-Susp:
quercetin suspension; Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-loaded
nanocapsules; Q-NS-PEG25 and Q-NS-PEG50: PEG-coated quercetin-loaded
nanospheres.
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Table 11. Pharmacokinetic parameters obtained for the administration of free and
encapsulated quercetin at 15 mg/kg. Data are expressed as mean+SD (n > 5, **p <0.01,
***p < 0.001, ****p < 0.0001, nanoparticles compared to Q-Susp). i.v.: intravenous
administration of quercetin; Q-Susp: quercetin suspension; Q-NS: quercetin-loaded
nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG25 and Q-NS-PEG50:
PEG-coated quercetin-loaded nanospheres. Tmax: time to reach maximum plasma
concentration; Cmax: maximum plasma concentration; ti: half-life; MRT: mean
residence time.

Tmax Cimax ti2 MRT

(h) (ng/mL) (h) (h)
i.v. 0 69,494 + 13,067 40+2.1 35+2.0
Q-Susp 0.5 358 £128 8.2+1.7 12.3+2.3
Q-NS 0.5 1,925 + 561**** 11.5+4.2 16.7+6.4
Q-NC 0.5 955 + 400 20.1+4.38 305+7.1
Q-NS-PEG25 1 893 £ 334 48.9 + 31.8%** 70.4 + 47.6**
Q-NS-PEG50 0.5 683 + 376 16.6 + 10.5 25.3+14.7

Table 12. Area under the curve (AUC) and relative oral bioavailability (Fr) obtained for
the administration of free and encapsulated quercetin at 15 mg/kg. Data are expressed
as mean + SD (n = 5, **p < 0.01, nanoparticles compared to Q-Susp). i.v.: intravenous
administration of quercetin; Q-Susp: quercetin suspension; Q-NS: quercetin-loaded
nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG25 and Q-NS-PEG50:
PEG-coated quercetin-loaded nanospheres.

AUC o Fr

(ng h/mL) (%)
iv. 97,524 + 34,067 100
Q-Susp 4,790 + 1,478 4.9
Q-NS 56,019 + 44,131** 57.4
Q-NC 24,986 + 8,860 25.6
Q-NS-PEG25 36,380 + 23,554 37.3
Q-NS-PEG50 19,525 + 7,921 20.0

4.8. Efficacy study

4.8.1. Diet induced obesity (DIO) model

For the efficacy study, 72 Wistar male rats were divided in two groups depending on
the diet: 12 rats were fed with standard diet (Control) and 60 rats were fed with a high
fat/high sucrose diet (HFS) for 23 weeks. Before starting the treatments, animals were
weighed every week (Figure 32). The initial body weight was similar for both groups,
around 120 g per animal, and it increased in a similar way in both groups until week 5.
Significant differences were not found between groups until week 6, with a weight of
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344 g for Control and 363 g for HFS on average, indicating a higher body weight for HFS-
fed rats than for Control animals (p < 0.05). The difference between the weight of
animals fed with HFS and the standard diet increased with time. Thus, just before the
beginning of the treatments (week 17), the weight of the animals fed with HFS was about
16% higher (p < 0.0001) than that of animals fed with the standard diet (Figure 31).
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Figure 32. Weight gain before the administration of the treatments in the efficacy study.
Data are expressed as mean + SD (n = 12 for Control and n = 60 for HFS, *p < 0.05, **p
<0.01, ***p < 0.001, ****p < 0.0001). Control: standard diet; HFS: high fat/high sucrose
diet.

4.8.2. Body composition

In the efficacy study, DIO model Wistar rats were daily treated with the equivalent to
15 mg/kg of quercetin for 5 weeks. The different treatments were as follows: (i)
quercetin-loaded nanospheres (Q-NS), (ii) quercetin-loaded nanocapsules (Q-NC), (iii)
PEG-coated quercetin-loaded nanospheres at a PEG-to-zein ratio of 0.25 (w/w) (Q-NS-
PEG), and (iv) quercetin suspension (Q-Susp). The formulations of quercetin
encapsulated in nanoparticles (Q-NS, Q-NC, and Q-NS-PEG) were, in all cases, prepared
without mannitol.

The body weight gain during the treatment was calculated as the subtraction of the
weight at the end of the experiment (week 23) and the weight before the start of the
treatments (week 17). Figure 33 presents the body weight gain for each treatment.
Control rats increased their weight by 30 g, while for HFS rats this gain was of 36 g. A
slight tendency of Q-NS and Q-NS-PEG to reduce the body weight gain was observed (24
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and 28 g of weight gain, respectively); although no differences were found between
treatments and HFS in the a posteriori test, even if ANOVA was significant (p < 0.05).
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Figure 33. Body weight gain during the period of the treatments (from week 18 until
week 23). Data are expressed as mean = SD (n > 11). Control: standard diet; HFS: high
fat/high sucrose diet; Q-NS; quercetin-loaded nanospheres; Q-NC: quercetin-loaded
nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin
suspension.

The previous week to the sacrifice of the animals (week 22), the amount of both body
fat and lean was measured by magnetic resonance spectroscopy (by EchoMRI) and the
proportion to the body weight calculated (Figure 34). Control rats displayed a proportion
of fat of 13% of the total body weight (Figure 34A), while HFS rats presented a double
amount of fat (26%; p < 0.0001). Quercetin slightly decreased the fat content in
comparison to HFS, being Q-NS-PEG the treatment that significantly decreased the fat
content up to 20% (p < 0.01).

Regarding the lean mass (Figure 34B), Control presented a 59% of lean mass in the
total body weight, while this value was significantly lower for HFS (52%; p < 0.01). All
treatments displayed similar results to HFS (between 54 and 55%), indicating that none
of the treatments was capable of reverting the HFS effect on the lean content during the
experiment period.
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Figure 34. Fat (A) and lean (B) content (in percentage) obtained by magnetic resonance
spectroscopy (EchoMRI) at week 22. Data are expressed as mean + SD (n > 10). ##p <
0.01, ###%p < 0.0001, HFS compared to Control. **p < 0.01, treatments compared to
HFS. Control: standard diet; HFS: high fat/high sucrose diet; Q-NS; quercetin-loaded
nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-
loaded nanospheres; Q-Susp: quercetin suspension.
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The effect of quercetin treatment on the Fat-to-Lean ratio is shown in Figure 35.
Control rats displayed a ratio of 0.22, whereas for HFS rats the ratio was 0.5 (two times
higher; p <0.0001). Similarly to the fat content (Figure 34A), quercetin slightly decreased
the fat-to-lean ratio (between 0.43 and 0.45). For Q-NS-PEG, this decrease (0.35) was
significant (p < 0.01).
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Figure 35. Relationship between fat and lean obtained by magnetic resonance
spectroscopy (EchoMRI) at week 22. Data are expressed as mean + SD (n > 10). ####p <
0.0001, HFS compared to Control. **p < 0.01, treatments compared to HFS. Control:
standard diet; HFS: high fat/high sucrose diet; Q-NS; quercetin-loaded nanospheres; Q-
NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded
nanospheres; Q-Susp: quercetin suspension.

After 5 weeks of treatment (week 23), rats were sacrificed and different fat depots
and organs were extracted and weighted (Figures from 36 to 39). The content of
epididymal fat (expressed as percentage to the total body weight), localized in the
perigonadal region (219), is shown in Figure 35A. Control rats displayed an amount of
epididymal fat of 2.33%, while this value was two times higher for HFS rats (4.38%; p <
0.0001). Quercetin treatments decreased the amount of this kind of fat (between 12
and 17% compared to HFS), but only Q-NS-PEG and Q-Susp did it in a significant way (p
< 0.05), up to 3.66% and 3.64%, respectively.

Retroperitoneal fat, the fat located on the kidneys (219), was also extracted (Figure
36B). Control rats presented a percentage of 2.51% of retroperitoneal fat, while for HFS
this value was 5.11% (p < 0.0001). As for epididymal fat, all the treatments slightly
decreased the fat proportion compared to HFS. Again, only Q-NS-PEG displayed a
significant decrease compared to the animals of the HFS group (up to 3.90%; p < 0.01).
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Mesenteric fat (the fat located alongside the intestinal tract (219)) was also extracted
after the sacrifice, as shown in Figure 37A. Control rats exhibited an amount of 0.56% of
mesenteric fat in the total body weight, while for HFS rats this value rose to 1.33%, more
than two times higher than Control rats (p < 0.0001). Quercetin was able to decrease
the amount of mesenteric fat with percentages between 1.09% and 1.28%, but no
significant differences were found compared to HFS, being Q-NS-PEG the treatment that
showed the highest tendency to decrease mesenteric fat.

Percentages of subcutaneous fat, which is the fat present between the skin and the
abdominal wall (220), are shown in Figure 37B. Control rats displayed an amount of
1.64% of subcutaneous fat, while for HFS the percentages to total body weight increased
more than two times (3.56%; p < 0.0001). Quercetin decreased subcutaneous fat and,
as with epididymal fat, Q-NS-PEG and Q-Susp significantly reduced the subcutaneous fat
proportion up to 2.72% and 2.76% compared to HFS (p < 0.05), respectively.

On the other hand, interscapular brown fat (219,221) was also extracted and
weighted (Figure 38A). The amount of this kind of fat was 0.16% for Control and 0.23%
for HFS, significantly higher (p < 0.001). All treatments reduced brown fat, but only Q-
Susp decreased it in a significant way (0.17%; p < 0.01).

Finally, visceral white adipose tissue (WAT) was calculated as the sum of epididymal,
retroperitoneal, and mesenteric fats, as shown in Figure 38B. Control presented a
percentage of visceral WAT of 5.6% of the total body weight, while this value was
increased almost twice for HFS, up to 10.8%. In this case, three treatments decreased
significantly visceral WAT: Q-NC (9.2%; p < 0.05), Q-NS-PEG (8.6%; p < 0.01), and Q-Susp
(9.1%; p < 0.05).

After the sacrifice at week 23, some organs were extracted and weighted (Figure 39).
For the liver (Figure 39A) and kidneys (Figure 39B), all controls and treatments had a
similar percentage to total body weight, and quercetin did not have an effect on the
weight of these organs compared to HFS, even though the Kruskal-Wallis” test was
significant for the liver (p < 0.05). In case of the spleen (Figure 39C), Control displayed a
percentage of 0.14% while the value for HFS was significantly lower, 0.12% (p < 0.01). In
case of the gastrocnemius muscle (Figure 39D), one of the muscles present in the hind
limb (222), Control presented an amount of 0.59% and HFS 0.47%, that is, rats fed with
standard diet displayed higher percentage of muscle than HFS-fed rats (p < 0.0001). All
treatments had similar values compared to HFS regarding the spleen and the
gastrocnemius muscle.
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Figure 36. Fat depots extracted at week 23: epididymal (A) and retroperitoneal (B) fats
(percentage to total body weight). Data are expressed as mean = SD (n > 11). ####p <
0.0001, HFS compared to Control. *p < 0.05, **p < 0.01, treatments compared to HFS.
Control: standard diet; HFS: high fat/high sucrose diet; Q-NS; quercetin-loaded
nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-
loaded nanospheres; Q-Susp: quercetin suspension.
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Figure 37. Fat depots extracted at week 23: mesenteric (A) and subcutaneous (B) fats
(percentage to total body weight). Data are expressed as mean = SD (n > 11). ####p <
0.0001, HFS compared to Control. *p < 0.05, treatments compared to HFS. Control:
standard diet; HFS: high fat/high sucrose diet; Q-NS; quercetin-loaded nanospheres; Q-
NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded
nanospheres; Q-Susp: quercetin suspension.
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Figure 38. Fat depots extracted at week 23: brown fat (A) and visceral WAT (B)
(percentage to total body weight). Visceral WAT (white adipose tissue) corresponds to
the sum of epididymal, retroperitoneal and mesenteric fat. Data are expressed as mean
+SD (n>11). ##%p < 0.001, ####p < 0.0001, HFS compared to Control. *p < 0.05, **p <
0.01, treatments compared to HFS. Control: standard diet; HFS: high fat/high sucrose
diet; Q-NS; quercetin-loaded nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-
NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin suspension.
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4.8.3. Oral glucose tolerance test

At week 22, an oral glucose tolerance test (OGTT) was performed. For this purpose,
glucose was orally administered to rats and blood levels were measured along the time
using a glucometer. In addition, before the start of the treatment (week 17), blood
glucose levels were also measured.

Table 13 compares blood glucose levels at weeks 17 and 22. At week 17, Control rats
displayed a blood glucose of 103 mg/dL, while in HFS rats this value was significantly
increased up to 117 mg/dL (p < 0.001). At week 22 (time 0 of the OGTT), Control
presented an amount of 108 mg/dL of glucose, while HFS showed significantly higher
levels (120 mg/dL; p < 0.001), and quercetin treatments slightly decreased these glucose
levels compared to HFS.

Table 13. Blood glucose levels of animals before the treatment (week 17) and at the end
of the treatment (week 22, time 0 of the OGTT). Data are expressed as mean * SD (###p
< 0.001, HFS compared to Control). Control: standard control; HFS: high fat/high sucrose
diet; Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-
NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin suspension.

Week 17 n>11 Week 22
(mg/dL) - (mg/dL)
Control (n=12) 103 +12 Control 108 +7
HFS (n =59) 117 + 10### HFS 120 + 9###
Q-NS 114+ 10
Q-NC 1135
Q-NS-PEG 112 +12
Q-Susp 118+ 12

In the OGTT, the blood glucose concentration profile across time showed a similar
shape for all treatments (Figure 40). Control rats started with a lower glycaemia than
HFS rats (p < 0.001, see also Table 13). Statistics were performed for each timepoint,
obtaining that in all of them (except 15 min), blood glucose concentrations were
significantly lower for Control than for HFS. Comparing HFS with treatments, ANOVA
was statistically significant (p < 0.05) for 30 and 60 minutes, but Dunnet’s test did not
find any differences between HFS and treatments. At the end of the OGTT (150 min), Q-
NC and Q-NS-PEG showed lower glucose levels compared to HFS (p < 0.05, not shown in
the figure, ANOVA p < 0.01).
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Figure 40. Blood glucose levels across the time in the OGTT. Data are expressed as mean
(n>11;#%p < 0.01, ##%p < 0.001, HFS compared to Control; ANOVA *p < 0.05, **p < 0.01,
treatments compared to HFS). Control: standard control; HFS: high fat/high sucrose diet;
Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG:
PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin suspension.

Table 14 summarizes the maximum glucose concentration obtained for the OGTT as
a function of the treatment. Control, HFS, Q-NS, and Q-NS-PEG achieved the maximum
glucose concentration 15 minutes after the administration, while Q-NC and Q-Susp
reached this maximum one hour post-administration. Maximum concentrations
obtained ranged from 160 to 180 mg/dL. Even if no statistical differences were found,
Control achieved a lower Cmax (159 mg/dL) compared to HFS. In a similar way, animals
treated with Q-NS-PEG presented a slightly lower glucose Cmax than the other HFS-fed
animals.

In addition, the areas under the curve (AUC) of the OGTT profiles were calculated
(Figure 41). As expected, HFS presented a significantly higher AUC than Control (14%; p
< 0.0001). Any differences were found in the AUC between HFS and the rest of the
treatments by Dunnett’s test, even if ANOVA was significant (p < 0.01), meaning that
free or encapsulated quercetin did not improve the AUC of the OGTT study compared
to HFS. In any case, the tendency observed was that Q-NS-PEG decreased the AUC by
8% compared to HFS group.
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Table 14. Maximum glucose concentration (Cmax) and the time when this concentration
was reached (Tmax) obtained for the OGTT. Control: standard control; HFS: high fat/high
sucrose diet; Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-loaded
nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin
suspension.

Tmax Cmax

(min) (mg/dL)
Control 15 159 + 20
HFS 15 175+ 23
Q-NS 15 175+ 23
Q-NC 60 182+ 15
Q-NS-PEG 15 166 + 15
Q-Susp 60 183+ 14
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Figure 41. Area under the curve for each treatment obtained for the OGTT. Data are
expressed as mean * SD (n > 11; ###%p < 0.0001, HFS compared to Control). Control:
standard control; HFS: high fat/high sucrose diet; Q-NS: quercetin-loaded nanospheres;
Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded
nanospheres; Q-Susp: quercetin suspension.

4.8.4. Biochemical analysis

After the sacrifice of the animals (week 23), blood samples were collected, and some
biochemical parameters were quantified (Figures from 42 to 48). The biochemical
parameters were: serum total cholesterol, HDL-cholesterol, triglycerides (TAG), alanine

130



transaminase (ALT), aspartate transaminase (AST), and glucose, and also plasma insulin
and monocyte chemoattractant protein-1 (MCP-1).

Control rats displayed a total serum cholesterol of 90 mg/dL, while HFS control and
treatments ranged from 97 to 106 mg/dL, but no significant differences were found,
neither between HFS and Control nor between treatments and HFS (Figure 42A).
Consequently, HFS diet did not have any effect on the serum total cholesterol levels,
during the evaluated period of time.

Regarding HDL-cholesterol (Figure 42B), Control rats presented 28 mg/dL of HDL-
cholesterol in serum. This value was significantly lower for animals of the HFS group (up
to 26 mg/dL; p < 0.05). On the other hand, quercetin treatments did not significantly
modify the HDL-cholesterol levels of animals fed with HFS, except for animals treated
with Q-Susp (p < 0.05).
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Figure 42. Biochemical parameters obtained in serum at week 23: total cholesterol (A)
and HDL-cholesterol (B). Data are expressed as mean + SD (n > 11). #p < 0.05, HFS
compared to Control. *p < 0.05, treatments compared to HFS. Control: standard control;
HFS: high fat/high sucrose diet; Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-
loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp:
quercetin suspension.
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The ratio between HDL-cholesterol and total cholesterol was also calculated (Figure
43). Control displayed a ratio of 0.32, while for HFS this value was calculated to be 0.26
(p < 0.01). Treatments with nanoencapsulated quercetin presented similar HDL/total
cholesterol ratio than HFS (between 0.24 and 0.28), and only Q-Susp significantly
decreased this ratio (0.22; p < 0.05).
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Figure 43. Biochemical parameters obtained in serum at week 23: HDL vs total
cholesterol. Data are expressed as mean + SD (n > 11). ##p < 0.01, HFS compared to
Control. *p < 0.05, treatments compared to HFS. Control: standard control; HFS: high
fat/high sucrose diet; Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-loaded
nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin
suspension.

Triglycerides (TAG) were also quantified in the serum of animals (Figure 44A). Control
rats exhibited 64 mg/dL of triglycerides, value significantly increased in HFS group by
35%, up to 100 mg/dL (p < 0.0001). The three kinds of nanoparticles reduced serum
triglyceride levels compared to HFS. Animals treated daily with either Q-NS or Q-NC
displayed levels of about 57 mg/dL (p < 0.01). On the other hand, animals treated with
Q-NS-PEG presented the lowest triglyceride values: 49 mg/dL (p < 0.0001). These values
seemed to be similar to Control.

Using the TAG and HDL-cholesterol data, the atherogenic index of plasma (AIP) was
calculated using Equation 12, as shown in Figure 44B. Control rats presented an AIP of
0.35, while this index was significantly higher for HFS (0.58; p < 0.0001). These results
are in accordance with TAG and HDL results (for HFS, higher values of TAG and lower
values of HDL, increased the AIP). All the treatments of nanoencapsulated quercetin
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decreased the AIP in a significant way compared to HFS. Thus, the animals treated with
Q-NS presented an AIP of 0.34 (p < 0.001), for those treated with Q-NC the AIP was 0.36
(p < 0.001) and the index for animals receiving Q-NS-PEG offered an AIP of 0.27 (p <
0.0001).

Alanine transaminase (ALT) and aspartate transaminase (AST) were also quantified in
serum (Figure 45). For ALT (Figure 45A), Control and HFS displayed similar levels; Control
presented 51.4 U/L and HFS 48.3 U/L of ALT. All treatments showed slightly lower values,
between 44 and 50 U/L. A similar effect was seen for AST (Figure 45B), where Control
presented 179.6 U/L and HFS 155.7 U/L of AST, and treatments exhibited slightly higher
values compared to HFS, being in a range from 174 to 221 U/L. In any case, no statistical
differences were found between HFS and Control, or between treatments and HFS,
neither for ALT nor AST, indicating that diet and treatments did not have a significant
effect on transaminases.

Figure 46 presents the glycaemia and insulin plasma levels of animals as a function of
the treatment. For Control animals, the glucose level in serum was of about 120 mg/dL
(Figure 46A), whereas for animals fed with HFS, the glycaemia was of about 150 mg/dL
(p <0.0001). The animals treated with quercetin formulations, presented glucose levels
slightly lower than for animals of the HFS group. However, the animals treated with Q-
NS-PEG presented glucose levels in serum significantly lower than HFS (123 mg/dL; p <
0.01). These results are in accordance with the OGTT (section 4.8.3), in which the rise of
glucose levels by HFS compared to Control was seen, and showing Q-NS-PEG the highest
effect at 150 min.

Regarding insulin levels (Figure 46B), Control presented 1.34 pg/L of plasma insulin,
while HFS exhibited a significantly higher level (35% more), 2.05 ug/L (p < 0.001).
Nanoparticles displayed values from 1.7 to 2 pg/L, and Q-Susp presented even a higher
value (3.39 pg/L). In the comparison of HFS and treatments, even if the Kruskal-Wallis
test was significant (p < 0.05), statistical differences were not found between groups.
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Figure 44. Biochemical parameters obtained in serum at week 23: triglycerides (TAG) (A)
and atherogenic index of plasma (AIP) (B). Data are expressed as mean * SD (n > 11).
###%5 < 0.0001, HFS compared to Control. **p < 0.01, ***p < 0.001, ****p < 0.0001,
treatments compared to HFS. Control: standard control; HFS: high fat/high sucrose diet;
Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG:
PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin suspension.
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Figure 45. Biochemical parameters obtained in serum at week 23: alanine transaminase
(ALT) (A) and aspartate transaminase (AST) (B). Data are expressed as mean * SD
(n = 11). Control: standard control; HFS: high fat/high sucrose diet; Q-NS: quercetin-
loaded nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated
guercetin-loaded nanospheres; Q-Susp: quercetin suspension.
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Figure 46. Biochemical parameters obtained in serum and plasma at week 23: glucose
(A) and insulin (B). Data are expressed as mean = SD (n > 10). ###p < 0.001, ###%p <
0.0001, HFS compared to Control. **p < 0.01, treatments compared to HFS. Control:
standard control; HFS: high fat/high sucrose diet; Q-NS: quercetin-loaded nanospheres;

Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded
nanospheres; Q-Susp: quercetin suspension.
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Linking glucose and insulin levels, the homeostasis model of insulin resistance
(HOMA-IR) was calculated using Equation 13. The results are shown in Figure 47. Control
animals presented a HOMA-IR of 10.0, while the value for HFS was significantly higher,
18.7 (p < 0.0001). All nanoparticles presented a slight decrease compared to HFS. Q-NS
and Q-NC presented a HOMA-IR around 16, while Q-NS-PEG exhibited the lowest value,
13.3. Nevertheless, no statistical differences were found between HFS and each
treatment, even the Kruskal-Wallis test was significant (p < 0.001).
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Figure 47. Biochemical parameters obtained in serum at week 23: homeostasis model
of insulin resistance (HOMA-IR). Data are expressed as mean + SD (n > 10). ###%p <
0.0001, HFS compared to Control. Control: standard control; HFS: high fat/high sucrose
diet; Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-
NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin suspension.

Finally, the monocyte chemoattractant protein-1 (MCP-1) in plasma was quantified
by ELISA (Figure 48). Control rats exhibited protein levels of 4,832 pg/mL, and this value
was significantly increased by HFS diet to 6,843 pg/mL (p < 0.01). Al treatments
decreased plasma MCP-1 values compared to HFS, three of them in a significant way; Q-
NS displayed MCP-1 levels of 4,696 pg/mL (p < 0.05), Q-NS-PEG 4,642 pg/mL (p < 0.05)
and Q-Susp 3,930 pg/mL (p < 0.0001). These results seem to be similar to the Control
ones.
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Figure 48. Biochemical parameters obtained in plasma at week 23: monocyte
chemoattractant protein-1 (MCP-1). Data are expressed as mean + SD (n = 11). ##p <
0.01, HFS compared to Control. *p < 0.05, ****p < 0.0001, treatments compared to HFS.
Control: standard control; HFS: high fat/high sucrose diet; Q-NS: quercetin-loaded
nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-
loaded nanospheres; Q-Susp: quercetin suspension.

4.8.5. Histological analyses

When livers were extracted at week 23, colour differences were observed at a glance
between the Control diet and PEG-coated nanospheres with other high fat/high sucrose
diet treatments. Control and Q-NS-PEG presented a reddish bright colour while the livers
of the rest of the treatments had a paler colour, with marron dots. An example of the
extracted livers is shown in Figure 49.

Figure 49. Example of extracted livers. Standard diet (Control, A) and two treatments
are shown. B: PEG-coated quercetin-loaded nanospheres (Q-NS-PEG); C: quercetin
suspension (Q-Susp).
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These observations were confirmed by histological images presented in Figure 50.
For that purpose, liver sections were fixed, dyed with haematoxylin-eosin, and images
were taken. In Control livers, healthy hepatocytes were seen, but in HFS rats, hepatic
steatosis was observed, as white lines among cells. Steatosis is characterized as the
accumulation of small or big lipid inclusions, being the bigger ones more usual in
alcoholic hepatic steatosis (223). Therefore, our model presents hepatic steatosis due to
obesity, and quercetin decreased this steatosis, especially in those animals treated with
either Q-NC or Q-NS-PEG.

i

a-nstpee |

Figure 50. Example of histological analysis of the liver. White arrows indicate steatosis.
Control: standard control; HFS: high fat/high sucrose diet; Q-NS: quercetin-loaded
nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-
loaded nanospheres; Q-Susp: quercetin suspension.
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On the other hand, the size of the adipocytes present in the epididymal and
retroperitoneal fats was analysed. The size distribution of adipocytes was calculated
and, then, the obtained data evaluated by a contingency assay.

In Figure 51 the distribution of the adipocytes in the epididymal and retroperitoneal
fat can be observed, classified as extra large, large, medium, and small. This classification
was obtained by calculating quartiles for Control and using the values for classifying the
rest of the groups in consequence.

In case of the epididymal fat (Figure 51A), HFS presented 42% of extra large
adipocytes, while treatments ranged from 32 to 37%. The proportion of large adipocytes
was similar in all controls and treatments. Regarding small and medium adipocytes, HFS
had an amount of 17% each, while samples were between 20 and 22% for medium, and
between 19 and 22% for small adipocytes. All treatments showed an effect, specially on
the size of the extra large adipocytes, being Q-NC the ones that have less effect (p <
0.01). All this data can be visualized in the pictures of Figure 52. Together with the
previous data of fat percentage (Figure 36A) we can obtain that Q-NS and Q-NC
decreased the size of the epididymal adipocytes but not the amount of fat, while Q-NS-
PEG had the ability to decrease both parameters.

In case of the retroperitoneal fat (Figure 51B), the extra large proportion of
adipocytes was similar in HFS and all treatments (39% for HFS and 35-41% for
treatments). In the case of large adipocytes, HFS showed 22% of adipocytes and
treatments had 20-23%, for medium adipocytes 20% for HFS and 19-21% for treatments,
and for small adipocytes 19% for HFS and 18-23% for treatments. Only Q-NS-PEG had a
significant effect on the size of the adipocytes of the retroperitoneal fat (p < 0.0002), so
this formulation not only decreased retroperitoneal fat as shown in Figure 36B, but also
the size of the adipocytes of this tissue.
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Figure 51. Adipocyte distribution for epididymal (A) and retroperitoneal (B) fats,
classified according to the quartiles obtained for the standard control (Control). Data are
expressed as the proportion of the adipocytes for each treatment. Asterisks represent
the differences with the HFS group (*p < 0.05/k; **p < 0.01/k; ***p < 0.001/k; ****p <
0.0001/k, where k = 5 is the number of comparisons). HFS: high fat/high sucrose diet; Q-
NS: quercetin-loaded nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG:
PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin suspension.
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Figure 52. Example of the fluorescent images of the adipocytes from the epididymal fat.
Control: standard control; HFS: high fat/high sucrose diet; Q-NS: quercetin-loaded
nanospheres; Q-NC: quercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-
loaded nanospheres; Q-Susp: quercetin suspension.

4.8.6. Hepatic determination of the triglyceride content

At week 23, livers were extracted and frozen until use. Afterwards, organs were
defrosted and a portion was cut. These liver sections were broken mechanically, hepatic
triglycerides were extracted using chloroform and methanol, and quantified using a
commercial Triglyceride Quantification Kit. Data from hepatic triglycerides are
presented in Figure 53.
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Control livers displayed an amount of 5.0 ug of triglycerides by mg of tissue, while
HFS had an amount of 16.3 ug/mg tissue, that is, HFS diet increased the hepatic
triglycerides more than three times compared to Control (p < 0.0001). These results are
consistent with the previous histological analysis of the liver (Figure 50). On the other
hand, quercetin showed a slight decrease of this amount compared to HFS, but only Q-
NS-PEG decreased significantly hepatic triglycerides (p < 0.01), reaching an amount of
10.6 pg triglyceride/mg tissue.
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Figure 53. Hepatic triglyceride content, given as ng of triglyceride per mg of liver
analysed. Data are expressed as mean * SD (n = 10). ####p < 0.0001, HFS compared to
Control. **p < 0.01, treatments compared to HFS. Control: standard control diet; HFS:
high fat/high sucrose diet; Q-NS: quercetin-loaded nanospheres; Q-NC: quercetin-
loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp:
quercetin suspension.

4.8.7. Gene expression analyses

With the aim of evaluating the effects of HFS diet and the treatment with Q-NS-PEG
in DIO rats, some obesity-related genes were analysed in the liver and retroperitoneal
fat of Control, HFS, and Q-NS-PEG groups, by quantitative-real time PCR (gqPCR), and
evaluated by 2722t method. Different genes were evaluated, such as genes that encode
proteins involved in lipid metabolism (Acot8, Acox1, Cpt2, Hsd17b4) and synthesis (Fasn,
Scp2), genes encoding adipokines (AdipoQ, Lep), a gene related to the browning of fat
(Ucpl), and genes encoding transcription factors related to adipogenesis (Pparg,
Srebp1).
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In the liver, slight differences were found regarding the genes that codify proteins
involved in lipid metabolism (Figure 54). In this context, Acot8 gene, which encodes an
enzyme present in the peroxisome (Acyl-CoA thioestherase 8, ACOT8) (224), is
significantly downregulated in HFS group compared to Control (p < 0.001), while Q-NS-
PEG slightly upregulated it. In case of Acox1, a gene encoding an enzyme involved in the
peroxisomal B-oxidation (Acyl-CoA oxidase 1, ACOX1) (225), any significant differences
were found among groups, even if slight differences were found (a slight
downregulation by HFS and upregulation by Q-NS-PEG). The gene Cpt2, which encodes
an enzyme (Carnitine palmitoyltransferase-2, CPT2) involved in the mitochondrial -
oxidation (226), was downregulated in HFS and Q-NS-PEG groups compared to Control,
but only in the case of the nanospheres this downregulation was significantly lower than
Control (p < 0.05), although no differences were found with respect to HFS.
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Figure 54. Expression levels of genes encoding proteins involved in the lipid metabolism
in the liver: Acot8, Acox1, and Cpt2. Data are expressed as 222t with respect to HFS, and
error bars are expressed as 278Cts) gnd 2-BACts) (R > 8), *p < 0.05, ***p < 0.001,
compared to Control. Control: standard control diet; HFS: high fat/high sucrose diet; Q-
NS-PEG: PEG-coated quercetin-loaded nanospheres.

Regarding the gene Fasn (Figure 55), which encodes the enzyme fatty acid synthase
(FASN), involved in lipid de novo synthesis (227), significant differences were found. This
gene was significantly underexpressed in both the liver of HFS and Q-NS-PEG treated
rats compared to Control (p < 0.01 and p < 0.0001, respectively). No differences were
found between HFS and Q-NS-PEG groups.
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Figure 55. Expression levels of a gene encoding an enzyme involved in the lipid synthesis
in the liver: Fasn. Data are expressed as 222t with respect to HFS, and error bars are
expressed as 27(8ACts) gnd 2-BACts) (n > ) **p < 0.01, ****p < 0.0001, compared to
Control. Control: standard control diet; HFS: high fat/high sucrose diet; Q-NS-PEG: PEG-
coated quercetin-loaded nanospheres.

Finally, genes encoding two adipogenesis transcription factors were also analysed in the
liver, Pparg and Srebp1 (Figure 56), which encode the peroxisome proliferator-activated
receptor y (PPARy) and the sterol regulatory element-binding protein-1 (SREBP-1),
respectively (228,229). Both are transcription factors that activate genes, in the case of
PPARy, for white adipogenesis, and in the case of SREBP-1, for the synthesis of
cholesterol and unsaturated fatty acids. In this case, any differences were observed
between groups. However, a slight overexpression was observed in Pparg in HFS-fed
rats, while the treatment with Q-NS-PEG decreased it. Similarly, a slight underexpression
was obtained in Srebp1 in the liver of HFS and Q-NS-PEG groups, compared to Control
livers.
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Figure 56. Expression levels of genes encoding transcription factors related to
adipogenesis in the liver: Pparg and Srebp1. Data are expressed as 222t with respect to
HFS, and error bars are expressed as 288Cts) gnd 2-(84Cts) (n > 8). Control: standard
control diet; HFS: high fat/high sucrose diet; Q-NS-PEG: PEG-coated quercetin-loaded
nanospheres.

Different genes were also evaluated in the retroperitoneal fat of Control, HFS, and Q-
NS-PEG groups, and significant differences were found for all the analysed genes
(Figures 57 to 61). For genes involved in the lipid metabolism (Figure 57), Acot8 was
significantly downregulated in HFS-fed rats compared to Control rats (p < 0.05), while
the treatment with Q-NS-PEG increased its overexpression six times compared to HFS (p
< 0.0001) and three times compared to Control (p < 0.001). For Acox1, a slight
underexpression was obtained in HFS compared to Control, and this gene was
significantly overexpressed in the retroperitoneal fat of the rats treated with Q-NS-PEG
(p < 0.001), compared to HFS rats. The gene Hsd17b4 was also analysed. This gene
encodes the multifunctional enzyme 2 (MFE-2), involved in the peroxisomal B-oxidation
(225). It was significantly overexpressed in the retroperitoneal fat of rats treated with
the formulation Q-NS-PEG compared to HFS (p < 0.0001) and Control (p < 0.0001).
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Figure 57. Expression levels of genes encoding proteins involved in the lipid metabolism
in retroperitoneal fat: Acot8, Acox1, and Hsd17b4. Data are expressed as 2°22¢t with
respect to HFS, and error bars are expressed as 2-22Cts) gpd 2-(4ACts) (n > 7), *p < 0.05,
***p < 0.001, ****p < 0.0001, compared to Control. ###p < 0.001, ###%#p < 0.0001, Q-NS-
PEG compared to HFS. Control: standard control diet; HFS: high fat/high sucrose diet; Q-
NS-PEG: PEG-coated quercetin-loaded nanospheres.

Genes related to the lipid synthesis were also quantified in retroperitoneal fat (Figure
58). Fasn was significantly downregulated in HFS rats compared to Control (p < 0.0001),
and the treatment with Q-NS-PEG significantly increased the expression of this gene
when comparing to HFS (p < 0.05). The gene Scp2 was also analysed, which encodes the
sterol carrier protein-2 (SCP-2), involved in the transport of cholesterol and other lipids
(230). No differences were found between HFS and Control expression levels, but the
retroperitoneal fat of Q-NS-PEG rats significantly overexpressed this gene, both
compared to HFS (p < 0.05) and Control (p < 0.01).

148



20 ] I Control

HFS
184 Q-NS-PEG

16 -
14 4
12 -

10

-AACt
2

4 *%

] e NN \
. . .

Fasn Scp2

Figure 58. Expression levels of genes encoding proteins involved in the lipid synthesis in
retroperitoneal fat: Fasn and Scp2. Data are expressed as 224t with respect to HFS, and
error bars are expressed as 288Cts) gnd 2-(8ACts) (> 7). *p < 0.05, **p < 0.01, ****p <
0.0001, compared to Control. #p < 0.05, Q-NS-PEG compared to HFS. Control: standard
control diet; HFS: high fat/high sucrose diet; Q-NS-PEG: PEG-coated quercetin-loaded
nanospheres.

Two genes encoding adipokines (molecules secreted by adipocytes) were also
evaluated in the retroperitoneal fat of Control, HFS, and Q-NS-PEG groups (Figure 59).
AdipoQ, encoding adiponectin, and Lep, encoding leptin (231) were analysed. For
AdipoQ, the gene was significantly downregulated by the HFS diet compared to Control
(p < 0.01), and significantly upregulated by the treatment with Q-NS-PEG, both
compared to HFS (p < 0.0001) and Control (p < 0.01). Lep was slightly upregulated in HFS
rats, and significantly upregulated by Q-NS-PEG, obtaining levels six times higher than
for HFS (p < 0.05).
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Figure 59. Expression levels of genes encoding adipokines in retroperitoneal fat: AdipoQ
and Lep. Data are expressed as 222 with respect to HFS, and error bars are expressed
as 27(8ACts) gnd 2-(BACHs) (n > 7). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
compared to Control. #p < 0.05, ###%p < 0.0001, Q-NS-PEG compared to HFS. Control:
standard control diet; HFS: high fat/high sucrose diet; Q-NS-PEG: PEG-coated quercetin-
loaded nanospheres.

In the retroperitoneal fat, the Ucpl gene was also analysed (Figure 60), which
encodes the uncoupling protein 1 (UCP1), a proton channel involved in the browning of
the adipose tissue (232). In this case, Q-NS-PEG group presented an overexpression of
Ucpl of almost 170 times higher than in HFS group (p < 0.001), being the most
remarkable result of gene expression analysis, and indicating that white adipose tissue
was suffering the process of browning due to the treatment with Q-NS-PEG.
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Figure 60. Expression levels of a gene related to the browning of fat in retroperitoneal
fat: Ucpl. Data are expressed as 222t with respect to HFS, and error bars are expressed
as 27(8ACts) gpd 2-(BACHs) (> 8). *p < 0.05, ***p < 0.001, compared to Control. ###p <
0.001, Q-NS-PEG compared to HFS. Control: standard control diet; HFS: high fat/high
sucrose diet; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres.

Finally, genes encoding adipogenesis transcription factors (Pparg and Srebp1) were
evaluated in the retroperitoneal fat of rats (Figure 61). Pparg was significantly
underexpressed in HFS rats compared to Control rats (p < 0.001), while the treatment
with the formulation Q-NS-PEG significantly overexpressed this gene, both compared to
HFS (five times higher, p < 0.0001) and Control (p < 0.0001). Similar results were
obtained for Srebp1, where the gene was significantly decreased in the retroperitoneal
fat of HFS rats compared to Control ones (p < 0.001), and the treatment with Q-NS-PEG
significantly overexpressed this gene, compared to HFS (p < 0.0001) and Control (p <
0.05).
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Figure 61. Expression levels of genes encoding transcription factors related to
adipogenesis in retroperitoneal fat: Pparg and Srebp1. Data are expressed as 222t with
respect to HFS, and error bars are expressed as 2-(2Cts) gpd 2-(4ACts) (n > 9), *p < 0.05,
**%p <0.001, ****p <0.0001, compared to Control. ####p < 0.0001, Q-NS-PEG compared
to HFS. Control: standard control diet; HFS: high fat/high sucrose diet; Q-NS-PEG: PEG-
coated quercetin-loaded nanospheres.
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5. Discussion

5.1. Why zein nanoparticles were selected as vehicles for quercetin
administration?

Zein is the major storage protein of corn (233). Its origin from renewable sources, its
biodegradability, price, and GRAS (Generally Recognized as Safe) regulatory status by
FDA justify its choice for pharmaceutical, cosmetic, food, or nutraceutical applications,
such as coating for tablets, as an excipient, food coating, or packaging, or to manufacture
biodegradable plastics, adhesives, or textile fibers (233,234). Zein is not considered a
human food product because of its insolubility and poor nutritional value (it lacks some
essential amino acids) (234). Because of all these reasons, zein is a good choice to
prepare nanoparticles for the oral delivery of bioactives. This protein can be easily
transformed into nanoparticles by desolvation or coacervation methods, starting from
a hydroalcoholic solution and adding water to form fractal-like nanoparticles, without
using toxic reagents (161,233).

Zein-based nanoparticles have previously been studied for the oral administration of
hydrophilic (235) and hydrophobic (236) compounds. Among the hydrophobic
compounds, quercetin was previously encapsulated in zein nanoparticles using the
desolvation method (108,195,198,199). The average sizes described in previous works
are similar to those obtained in this work (Table 15), with differences probably owing to
slight changes in the methodology or the presence of coatings. Regarding the quercetin
loading, the payload of the flavonoid obtained in this work was similar to that described
by Penalva et al. (108) or Moreno et al. (195) (around 70 pg quercetin/mg
nanoparticles). Those payload levels are significantly higher than that obtained by Zhou
et al. (199) (between 1.6 and 2.9% of quercetin loading, equivalent to 16-29 pug
quercetin/mg nanoparticles).

Table 15. Quercetin-loaded zein-based nanoparticles developed by desolvation method
present in the literature. NP: nanoparticles. PW: present work.

Formulation Size (nm) Payload Reference
Nanospheres, nanocapsules 225-254 69.5-76 ug/mg NP PW
NP 358 62.4 ug/mg NP

(108)
NP with HP-B-CD 294 68.7 ug/mg NP
NP with HP-B-CD 260 70 ug/mg NP (195)
NP with caseinate coating 198 1.6% (199)
1
NP with caseinate-chitosan coating 1011 2.9%
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5.2. What were the expected advantages from the formulation of zein-
based nanocapsules?

Two strategies were followed to improve the characteristics of the zein nanospheres
(NS). The first strategy was based on the addition of an oil to form zein nanocapsules
(NC), in order to improve the quercetin loading, modify the in vitro release, and promote
the quercetin absorption by the lymphatic system (96), minimizing its pre-systemic
metabolism. For this purpose, wheat germ oil was chosen. Wheat germ oil is used for
formulation purposes (in the medicine or cosmetic industry) and as a dietary
supplement (237,238).

Wheat germ oil was successfully entrapped in zein nanocapsules, as confirmed by
FTIR assay (4.1.4 section). However, any differences were found in the quercetin loading
(Table 9) or in the in vitro release profile of the flavonoid (Figure 16) when compared
with quercetin-loaded nanospheres (Q-NS). This could mean that quercetin was only
partly dissolved in the oil, due to a similar payload but a slightly higher amount released
at 10 hiin the in vitro release, or that the oil-to-zein ratio (0.10 w/w) was not high enough
to dissolve the flavonoid and modify the characteristics of nanoparticles. Furthermore,
the relative oral bioavailability (Fr) was not improved (Table 12), indicating that
guercetin absorption by the lymphatic system was not promoted, probably due to the
mentioned reasons. Besides, a faster transit into the gastrointestinal tract probably
caused a higher difficulty to release all the loaded quercetin, giving a lower relative oral
bioavailability compared to Q-NS.

5.3. What were the expected advantages from the coating of
nanospheres with PEG?

The intestinal epithelium is covered with a mucus layer, which is secreted by Goblet
cells. When nanoparticles are orally administered, they must pass through the mucus in
order to reach the surface of the enterocytes. Their passage through this mucus layer
depends on their physico-chemical characteristics, particularly size, shape, and surface
properties (141,239). Regarding the size, nanocarriers decrease their ability to diffuse
through the mucus when the size increases (240). Regarding surface characteristics,
neutral nanoparticles larger than 50-55 nm are not able to cross the mucus layer.
Cationic particles would remain trapped in the negatively charged mucus, while anionic
nanoparticles could cross the mucus layer (Figure 62) (141,239). In addition, mucus-
permeating systems can be developed, classified as active and passive systems. Active
systems interact with the mucus layer and can partially break down the three-
dimensional structure of the mucus. Passive systems, however, minimize the
development of adhesive interactions of nanoparticles with the mucus (240).

Among the passive systems, one strategy is the modification of the surface by
PEGylation (240,241). It has been demonstrated that nanoparticles can cross the
intestinal mucus layer when they are coated with polyethylene glycol (PEG) (Figure 62)
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(209,235,239). In this context, the second strategy for our zein-based nanospheres
consisted in the coating of the nanospheres with PEG 35,000, to confer them mucus-
permeating properties. PEG is a GRAS considered polymer used as an excipient (241,242)
that can be adsorbed into the surface of zein-based nanoparticles, with the advantage
of simple operation and the lack of new chemical entities (201,243).
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Figure 62. Schematic representation of the behaviour of mucoadhesive and mucus-
permeating nanoparticles in the gastrointestinal tract.

Recently, Reboredo et al. reported the production of PEG-coated zein nanoparticles,
demonstrating the presence of PEG in the nanoparticles by FTIR (201). In this work, the
surface modification was confirmed by the hydrophobicity assay (section 4.1.3), where
PEG conferred hydrophilic properties to the hydrophobic surface of zein nanospheres.
The diffusive properties of these nanoparticles (NS-PEG) through the pig intestinal
mucus were higher than for bare nanospheres (NS) (section 4.4). This observation is in
line with the hydrophobic characteristics obtained by the Rose Bengal method. Coated
nanospheres were less hydrophobic than NS, which is related to the higher penetration
capability in intestinal mucus. Thus, these coated nanospheres showed an improved
capability to diffuse through the mucus. These results are in accordance with previously
reported ones, in which PEG demonstrated to improve mucus permeating properties of
different kinds of nanoparticles (201,209,244).

5.4. Why evaluate the developed formulations in Caenorhabditis
elegans?

Caenorhabditis elegans is a transparent nematode that lives in soil, being an adult
worm approximately 1 mm long. It presents a short life cycle; this nematode develops
from an egg into a fertile adult in 3 days at 25 °C. It is a multicellular organism with an
invariant number of somatic cells, with different organs and tissues, including muscle,
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hypoderm, intestine, reproductive system, secretory-excretory system, and glands
(245,246). This nematode has widely been used in research due to its small size, ease of
cultivation, short life cycle, low cost of the maintenance, long-term cryopreservation,
transparency, invariant cell number, and development. They also have a high progeny
(around 300 self-progeny) and are benign to humans (246). Moreover, its complete
genome sequence is available and between the 60 and 80% of human genes have an
ortholog in C. elegans genome (246), allowing gene expression studies.

Furthermore, the gastrointestinal tract of the nematode, even if it comprises only a
simple pharynx (oesophagus), intestine, and hindgut (rectum) (247), presents
similarities to the mammalian tract, like an acid lumen, microvilli forming a brush border,
secretion of digestive enzymes, uptake of digested components, and peristalsis (248).
Also, this nematode stores fat in lipid droplets in its intestinal and hypodermal cells
(249), and they can be dyed and quantified (208).

Thus, C. elegans has become a useful model to evaluate different diseases, including
obesity (250), and it has been previously used to study the effect of bioactives on fat
accumulation, both in glucose-supplemented (251-254) and non-supplemented
(208,211,215,254-256) nematode growth medium (NGM). Moreover, this nematode
has also been used to analyse these effects in the accumulation of fat when using such
bioactives  encapsulated in zein-based nanoparticles (203,235,257-259),
poly(anhydride) nanoparticles (260,261), or nanoemulsion-based delivery systems
(262). For all the mentioned reasons, C. elegans is a good in vivo model for the screening
of the developed formulations.

5.5. What was the effect of quercetin formulations on the fat content
of C. elegans?

It was previously reported that some phenolic compounds such as curcumin or
resveratrol decreased the fat accumulation in C. elegans at a concentration between 10
and 500 uM (255). Nevertheless, to our knowledge, only one study has analysed the
effect of quercetin on the C. elegans fat accumulation. Lin et al. observed a reduction in
the fat accumulation of N2 strain at 50 and 100 uM (about 20% and 35%, respectively),
but any effect was seen at 25 uM (249).

In this work, it has been demonstrated that quercetin decreases the accumulation of
fat in the nematode in a range of concentrations from 10 to 100 uM (Figure 19). When
C. elegans was grown in a glucose-supplemented NGM, quercetin still maintained its fat
reduction effect at a concentration of 50 uM; particularly when nanoencapsulated in
zein nanospheres (both bare or PEG-coated, Figure 21). However, the fat reduction was
lower in normal NGM compared to the previous work (249), even if a reduction was also
observed at 10 pM. These differences between studies could be related to the
differences in the methodology. Lin and co-workers fed the nematode with dead E. coli
OP50 (to exclude the influence of the bacterial metabolism), left the worms with the
treatment for 44h (while we did for 46h), and used Oil Red O Staining for the
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quantification of the fat accumulation (Nile Red allows for the quantification of total
lipid levels, while Oil Red O facilitates the evaluation of lipid distribution among tissues
(263)).

Table 16 summarizes the effect of free and encapsulated quercetin (50 uM) in the fat
accumulation of C. elegans grown in a glucose-supplemented NGM. Nanospheres (plain
or PEG-coated) induced a decrease between 9 and 12% compared to NGM, and the
decrease in the fat accumulation for Q-NS was 2.2-fold higher than free quercetin, while
for Q-NS-PEG50 was 1.6-fold. Nanospheres would protect quercetin against the
environment (NGM and E. Coli) and allow it to achieve the C. elegans intestine,
improving the bioavailability of the flavonoid and consequently its effect on the
nematode.

Table 16. Fat accumulation decrease in C. elegans in a glucose-supplemented NGM. Q-
NS: quercetin-loaded nanospheres; Q-NS-PEG50: quercetin-loaded PEG-coated
nanospheres; Q-NC: quercetin-loaded nanocapsules.

Decrease of fat
accumulation (%)

Free quercetin 50 uM 5.7
Q-NS 12.4
Q-NS-PEG50 9.1
Q-NC 0.3

On the other hand, Q-NC did not show any differences compared to NGM (Figure 22),
where the effect of quercetin was inhibited when administered with the wheat germ oil,
because free oil increased fat accumulation in C. elegans at the concentration present
in NC. Table 17 summarizes the composition of the wheat germ oil used in this work.
Navarro-Herrera et al. analysed the effect of different fatty acids in the fat accumulation
of C. elegans, obtaining that linoleic acid increased fat accumulation at 10 uM, and oleic
acid did not modify the accumulation of fat compared to NGM; although, a slight
increase was observed (208). These results would be in line with our results, due to the
fact that linoleic and oleic acids were the main components of the wheat germ oil used
to prepare zein nanocapsules.
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Table 17. Composition of wheat germ oil used for the preparation of nanocapsules,
obtained from Guinama (La Pobla de Vallbona, Spain).

Common name Percentage (%)
Linoleic acid (18:2) 57.2
Palmitic acid (16:0) 16.8
Oleic acid (18:1) 16.7
Linolenic acid (18:3) 5
Stearic acid (18:0) 1.2

It is worth mentioning that the three kinds of nanoparticles decreased the
accumulation of fat when quercetin was encapsulated (Figures 21 and 22), compared to
each type of empty nanoparticles. These findings evidence the fat-lowering effect of
quercetin in C. elegans.

Empty zein-based nanoparticles were also evaluated in the nematode, in order to
verify that the effect of quercetin-loaded nanoparticles was attributed to the flavonoid
(Figure 20). Free zein did not have an effect at the same concentration as in
nanospheres; although mannitol and the mixture of zein and mannitol increased the fat
accumulation by 13%. When NS with mannitol were administered, this effect increased
more than two times (32%), what may suggest that NS are more accessible than free
zein. Zein nanospheres were previously evaluated in C. elegans by Lucio et al., and,
similarly to our work, they demonstrated that mannitol containing empty zein
nanospheres increased the accumulation of fat by more than 10% compared to the NGM
(258). In both works, the fat accumulation was increased due to the presence of
mannitol, because NS free of mannitol were similar to NGM. The difference in the
percentage between works could be due to the dose of nanospheres given to the
worms, because of the different loading of the active in the nanoparticles and the
differences in the effective concentration in NGM.

Empty vehicles were also evaluated in a glucose-supplemented NGM (Figures 21 and
22). In all cases, empty nanoparticles increased the fat accumulation, as well as zein,
wheat germ oil, and a mixture of wheat germ oil and zein. Reboredo et al. evaluated the
effect of these nanospheres in a glucose-supplemented NGM, obtaining a decrease by
11% compared to control (235). In our work, free mannitol empty nanospheres
increased the fat accumulation by 4%. A similar fact was observed for PEG-coated
nanospheres (PEG-to-zein ratio 0.50), which increased the amount of fat in the
nematode by 4%, compared to the decrease of 14% previously described. These
differences could be attributed to the concentration of nanoparticles added to the NGM.
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5.6. How the morphology of nanoparticles influences their
biodistribution and gastrointestinal transit?

The intestinal transit study in Wistar rats showed that all the formulations tested
were capable to reach the small intestine in less than 1 h, the cecum in about 4 hours,
and the colon in less than 8 hours (Figures 23-26). The transit of these nanoparticles
along the gut seemed to be faster for NC than for NS and PEG-coated NS. Eliminating
the radioactivity observed in the stomach, certain differences between bare and PEG-
coated NS may be observed. Thus, plain NS and NC mainly appeared as large and intense
spots along the gut, suggesting the presence of a large amount of radioactivity in the
lumen of animals, whereas PEG-coated nanoparticles displayed a more diffuse presence,
outlining (in some areas) the wall of the digestive tract.

At a microscopic level, the distribution of the nanoparticles (fluorescently labeled) in
the gut presented a different behaviour than that observed for the control formulation
(dispersion of the marker in water) (Figures 27-29). Again, the fate of bare and PEG-
coated nanoparticles appeared to be different. Plain nanoparticles appeared in the
mucus layer covering the surface of the epithelium, whereas PEG-coated nanospheres
were mainly observed on the surface of cells that form the mucosa. This different
behaviour is in line with the capability of these nanoparticles to diffuse in intestinal pig
mucus (Figure 17), evidencing the importance of the surface characteristics of the
nanoparticles for their distribution in vivo.

5.7. What was the effect of the encapsulation of quercetin on its
pharmacokinetic properties?

Quercetin was orally administered as a single dose of 15 mg/kg to Wistar rats as an
aqueous suspension (Q-Susp) or nanoencapsulated in zein-based nanoparticles (Figure
31). The pharmacokinetic plasma profile was similar for all the formulations tested;
although higher levels of the flavonoid were observed for the nanoencapsulated
qguercetin than for the control formulation, particularly for Q-NS. For Q-NS, both the
maximum plasma concentration (Cmax) and the AUC were significantly higher than for
the other formulations tested (Tables 11 and 12). Interestingly, the half-life (t1/2) and the
mean residence time (MRT) of quercetin in plasma were significantly longer for Q-NS-
PEG25 than for bare nanoparticles (up to four times for t1/2 and three times for MRT
when compared with Q-NS). This slow elimination for quercetin when
nanoencapsulated in PEG-coated nanoparticles would be related to their mucus-
permeating properties (Figure 17, Figure 29) and their slow gastrointestinal transit
(Figure 25).

The relative oral bioavailability of quercetin when formulated as aqueous suspension
was calculated to be close to 5%. This result is in line with previously published data in
which quercetin was formulated in conventional oral formulations (solutions or
suspensions), including the works from Chen and co-workers (5.3%) (264), Penalva and
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collaborators (4.1%) (108), or Li et al. (3.6%) (265). For nanoencapsulated quercetin, Q-
NS displayed the highest relative oral bioavailability (about 57%), followed by Q-NS-
PEG25 (37%) and Q-NC (26%). In any case, the nanoencapsulation of quercetin in zein-
based nanoparticles dramatically improved the oral bioavailability of quercetin. This
observation is in agreement with Penalva and collaborators, who performed a
pharmacokinetic study in Wistar rats using quercetin-loaded zein-based nanoparticles
at an oral single dose of 25 mg/kg (108).

5.8. Validity and robustness of the rat model of obesity fed with a high
fat/high sucrose diet.

Obesity is defined as a complex multifactorial disease characterized by an excess of
adiposity that can be risky to health (1). In this context, rodents are the most used pre-
clinical human obesity model. For example, mesenteric fat is considered the most
analogous to human intra-abdominal adipose tissue because of its biology and location
(it has access to the portal vein), even if it is not well studied in rodents (219). In our
efficacy study, male Wistar rats were fed with a high fat/high sucrose (HFS) diet for 18
weeks previously to the treatment, with the objective of achieving a diet-induced
obesity (DIO) model. Following the definition of obesity, this objective was successfully
achieved. It was demonstrated that the HFS diet increased body weight (Figure 32) and
the proportion of epididymal, retroperitoneal, and mesenteric fats, that is, visceral white
adipose tissue (WAT), compared to the standard diet (Figures from 36 to 38).
Subcutaneous and brown fats were also increased (Figures 37B and 38A). All the effects
caused by the HFS diet are summarized in Table 18.

In obesity, adipocytes suffer hypertrophy (increased size of adipocytes) and
hyperplasia (higher number of adipocytes), what result in the release of fatty acids,
because they lose the ability to buffer circulating fatty acids. These fatty acids are
deposited in non-adipose tissues, such as the liver (31). Here, this fact is confirmed; rats
fed with HFS diet presented a higher size of epididymal and retroperitoneal fat
adipocytes compared to rats fed with standard diet (Control) (Figure 51). In addition,
HFS-fed rats presented an important accumulation of fat in the liver, compared to
Control rats (Figure 50).

Some biochemical parameters were also disrupted in HFS-fed animals compared to
those receiving the standard diet (Figures 42-47). Patients with obesity commonly
present increased triglyceride (TAG) levels (8,266—-268) and low HDL-cholesterol levels
(8,269), a tendency that was also observed in our results. Total cholesterol levels
(266,267,269,270), alanine transaminase (ALT), and aspartate transaminase (AST)
(266,270) are commonly in the normal range, as happened with the DIO rat model.
However, glucose levels can be elevated (267,271) or be in the normal range (268,269)
in obese patients. So, taking into account all the presented data, we consider that the
DIO model was successfully achieved in Wistar male rats, induced by the HFS diet.
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Table 18. Summary of the effects of HFS diet compared to Control in the efficacy study.
WAT: white adipose tissue; TAG: triglycerides; AIP: atherogenic index of plasma; ALT:
alanine transaminase; AST: aspartate transaminase; HOMA-IR: homeostasis model of
insulin resistance; MCP-1: monocyte chemoattractant protein-1; 4*: HFS increased the
proportion or amount. { : HFS decreased the proportion or amount; -: any effect was
seen.

Fat (%) 1 Serum total cholesterol -
Lean (%) A Serum HDL-cholesterol J
Fat/Lean t HDL vs total cholesterol J
Epididymal fat (%) 3N Serum TAG 1t
Epidydimal adipocyte size T AlIP ™
Retroperitoneal fat (%) T Serum ALT -
Retroperitoneal adipocyte size T Serum AST -
Mesenteric fat (%) T Serum glucose ™
Subcutaneous fat (%) ™ Plasma insulin Y
Brown fat (%) ™ HOMA-IR Y
Visceral WAT (%) ™ Plasma MCP-1 Y
Liver (%) - Hepatic TAG ™
Spleen (%) J

Kidneys (%) -

Gastrocnemius muscle (%) N

In addition to obtaining an obesity model, we have managed to mimic some
associated comorbidities. DIO rats presented not only a higher weight and fat content,
but they also had altered biochemical values in blood, and hepatic steatosis. We could
consider that a model of metabolic syndrome was also achieved, due to the fact that
apart from obesity, HFS-fed rats also presented increased TAG and glucose levels, and
decreased HDL-cholesterol values, fulfilling three of the four criteria to consider that
metabolic syndrome is present (29).

Peripheral insulin resistance can cause fatty liver by increasing fatty acid, glucose, and
insulin plasma levels, which stimulates hepatic lipid synthesis and impairs hepatic B-
oxidation (111). Animals also presented hepatic steatosis, which could be observed in
the histology of the liver (Figure 50) and in the triglyceride quantification in the organ
(Figure 53). Thus, it could be considered that a model of non-alcoholic fatty liver disease
(NAFLD) was also achieved, characterized by the accumulation of fat in the hepatocytes
(35). However, ALT and AST were not altered (Figure 45). ALT and AST are enzymes
found mainly in the liver. They can also be found in red blood cells, heart cells, muscle
tissue, or in some organs (like the pancreas and kidneys). These enzyme levels are used
in the diagnosis of liver disease. If a body tissue like the liver is damaged or has a disease,
additional ALT and AST are released into the bloodstream, causing an increase in the
levels of these enzymes. Also, ALT and AST amount is directly related to the extent of
the tissue damaged (272). Therefore, in NAFLD there is a rise in ALT and AST (273-275).
In this work, serum ALT and AST levels were not modified by the HFS diet compared to
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standard diet, so we could conclude that even if obese rats presented hepatic steatosis
and high levels of TAG in the liver, probably there was not a serious damage.
Furthermore, we have confirmed that NAFLD was reversible (quercetin-loaded
nanoparticles decreased the hepatic steatosis and liver TAG levels).

Diabetes is another obesity-induced comorbidity (33). In Wistar rats, animals are
usually considered as diabetic when fasting glucose levels are higher than 200 mg/dL
(276,277) or 250 mg/dL (235,259,278,279). In our case, fasting glucose levels were
always lower than 120 mg/dL in mean (Table 13), so we could conclude that HFS diet did
not induce diabetes in Wistar rats after 23 weeks of feeding. However, the homeostasis
model of insulin resistance (HOMA-IR) was increased (Figure 47), indicating that insulin
resistance was probable. Insulin resistance is defined as a reduced biological action of
insulin (280). It increases the incidence of metabolic syndrome and is a major
pathophysiological factor in the development and progression of diabetes. HOMA-IR is
a key index for the assessment of insulin resistance, but cut-off values are different
between races, ages, genders, etc.

Other authors have previously worked with rodent obesity models. Aranaz et al.
(211,281) and Navarro-Herrera et al. (215) previously performed similar efficacy studies,
with Wistar male rats fed with standard diet for 6 weeks and then with HFS diet for 10
weeks. Similar results were obtained regarding the fat depots and organs percentage to
total body weight, being our results of fat percentage by magnetic resonance
spectroscopy slightly higher. Regarding the biochemical analysis, some of the levels
obtained in this work were higher than previously obtained ones, such as cholesterol,
HDL-cholesterol, glucose, or insulin levels. However, unlike in this work, they observed
an increase in the body weight gain in HFS compared to standard diet, and they did not
observe an effect in the brown fat proportion, spleen weight, TAG, or glucose levels
(211,215,281). They also saw a reduction in kidney weight (211,281) and any effect in
gastrocnemius muscle (215). Nevertheless, all these dissimilarities could be ascribed to
the differences in the experimental design (10 weeks fed with HFS compared to 23
weeks). Ragab et al. also fed Wistar rats with HFS diet for 12 weeks, but they did not
obtain any significant change in the body weight compared to standard diet group (111).
However, similarly to our results, they found an increase in serum TAG and insulin, a
decrease in HDL-cholesterol levels, accompanied by hepatic steatosis and increased
hepatic TAG levels, but they found an increase in serum total cholesterol too.

Other types of rodents have also been used. Rivera et al. worked with obese Zucker
rats (113). Similarly to our results, they obtained that obese rats displayed higher body
weight, plasma TAG levels, insulin, and HOMA-IR compared to lean controls. However,
they observed increased plasma levels of total cholesterol and body weight gain, with
any change in glucose levels. On the other side, Kobori et al. fed C57BL/6J mice with a
high-fat, high-cholesterol and high-sucrose Western diet for 20 weeks (115). They
observed that these Western diet-fed mice exhibited higher visceral fat and body weight
compared to control diet, with increased blood glucose, plasma insulin, TAG, and hepatic
TAG, as happened in our work. However, plasma total cholesterol was increased too.
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Seo et al. used ICR mice fed with a high-fat diet for 10 weeks. Similarly to our results,
they obtained that obese mice presented higher amount of epididymal fat, with
increased levels of plasma TAG, HOMA-IR, and the presence of hepatic steatosis
compared to a normal diet (116). However, they also observed an increase in the liver
weight and plasma total cholesterol levels, without differences in HDL-cholesterol levels.

Therefore, different obesity models can be used in research. We used the diet HFS to
obtain a DIO model in rats, which was successfully achieved, in order to evaluate the
effect of quercetin and quercetin-loaded zein-based nanoparticles in this pathology. As
can be observed, several similarities are present among obesity models in rodents, but
slight differences also appear in some parameters, such as in cholesterol levels, which
in this work was only slightly increased in HFS rats. These differences could be attributed
to differences in experimental designs, diets, species, and/or age of the animals.

5.9. What was the effect of quercetin on the weight of animals fed with
HFS diet?

After 5 weeks of the treatment with free or nanoencapsulated quercetin, none of the
treatments had a significant effect on the body weight gain of HFS-fed rats. However, a
trend toward gradual weight reduction in animals treated with quercetin was observed;
particularly in those groups of animals that received Q-NS or Q-NS-PEG (see Figure 33).

Different results have previously been obtained on quercetin treatment and body
weight. Ragab et al. did not find any differences in body weight between quercetin
treatment (daily 50 mg/kg for 6 weeks) in HFS-fed Wistar rats and obese controls (111),
as well as Arias et al. (male Wistar rats fed with HFS diet supplemented with quercetin
at 30 mg/kg for 6 weeks) (112). However, Rivera and co-workers observed a reduction
in the final body weight of Zucker obese rats when administered 10 mg/kg of daily
quercetin by oral gavage for 10 weeks, but not when the dose was 2 mg/kg (113). They
also found a reduction in the body weight gain at 10 mg/kg. In another interesting work,
Kuipers et al. observed that supplementation of high-fat diet with quercetin (0.1% w/w)
in C57BL/6J mice for 12 weeks did not affect the body weight (114), whereas Kobori et
al. reported that quercetin supplementation (0.05%) to a high-fat, high-cholesterol and
high-sucrose Western diet decreased body weight at 20 weeks compared to Western
diet (115). A dose-dependent reduction of body weight due to quercetin
supplementation for 10 weeks (25, 50, and 100 mg/kg) was also observed in high fat-fed
ICR mice by Seo and co-workers (116).

All these differences among studies could be due to the use of different species,
doses, type of treatment administration (for example, supplementation on the diet
(114,115) or oral gavage (113)) and/or length of the treatment. In the present study,
quercetin did not have an effect on body weight gain after 5 weeks of treatment at a
daily dose of 15 mg/kg, like similarly described by Ragab et al. in Wistar rats (50 mg/kg
for 6 weeks) (111). If the treatment had continued, changes in weight gain of the animals
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would probably have been seen, maybe with Q-NS and Q-NS-PEG decreasing the body
weight gain significantly.

5.10. What was the effect of quercetin formulations on the fat content
of animals fed with HFS diet?

After the treatment with quercetin for 5 weeks, a tendency to decrease the weight
of fat depots of obese rats was observed (Figures 36-38). PEG-coated nanospheres
decreased almost all kinds of fat significantly after five weeks of administration.
Surprisingly, Q-NC did not have any effect on fat depots, but when visceral white adipose
tissue was calculated, an effect was seen, probably attributed to the sum of the slight
reductions observed in epididymal, retroperitoneal, and mesenteric fats. On the other
hand, an increased body fat and/or reduced lean mass have higher risk of
cardiometabolic diseases and mortality (282). Here, lean mass was decreased by HFS
diet, but it was not modified by quercetin. All the effects of free or encapsulated
guercetin in HFS-fed rats are summarized in Table 19.

Obesity is also defined as a result of expansion in both the number and size of
adipocytes (283). In this work, it was confirmed that HFS diet increased the size of the
adipocytes, and quercetin (free or encapsulated in zein-based nanoparticles) decreased
adipocyte size in epididymal fat. However, this effect was less noticeable in
retroperitoneal fat, in which only PEG-coated nanospheres decreased the adipocyte size
in a significant way (Figure 51), result that is in accordance with the fact that it was the
only treatment decreasing retroperitoneal fat significantly (Figure 36B).

Table 19. Summary of the effects of the nanoparticles in fat proportion and adipocyte
size compared to HFS in the efficacy study. Q-NS; quercetin-loaded nanospheres; Q-NC:
guercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres;
Q-Susp: quercetin suspension; WAT: white adipose tissue. -l : treatment decreased the
proportion or amount; -: any effect was seen.

Q-NS Q-NC Q-NS-PEG Q-Susp
Fat (%) - - -
Lean (%) - - - -
Fat/Lean - - -
Epididymal fat (%) - -
Epidydimal adipocyte size
Retroperitoneal fat (%) - - -
Retroperit. adipocyte size - - -
Mesenteric fat (%) - - - -
Subcutaneous fat (%) - -
Brown fat (%) - - -
Visceral WAT (%) -
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These results are partially in accordance with the ones obtained for C. elegans fat
accumulation assay. As happened with the worms, Q-NS-PEG decreased the fat content,
and Q-NC did not have an effect. On the other hand, the effect of Q-NS was less marked
in rats, where a decrease was observed, but it was not statistically significant.

Our results are in line with the ones obtained by Kobori et al. in C57BL/6J mice
(quercetin-supplemented high-fat, high-cholesterol and high-sucrose Western diet-fed
mice for 20 weeks), who saw a decrease of the visceral fat weight (115). However, using
the same mice but a different diet, Kuipers et al. did not see an effect of quercetin
(supplemented high-fat diet for 12 weeks) in the fat and lean composition (114), as well
as Arias et al., who observed a decrease in the sum of epididymal, perirenal, mesenteric
and subcutaneous fat of Wistar obese rats in a non-significative way after
supplementation with quercetin for 6 weeks (112). Seo et al. also saw a decrease in the
epididymal weight and adipocyte size in ICR mice after 10 weeks of quercetin
supplementation (116).

5.11. What was the effect of quercetin formulations on the lipid profile
of animals fed with HFS diet?

In the efficacy study, the lipid profile of the animals was evaluated after 5 weeks of
treatment with free or encapsulated quercetin. The serum total cholesterol was not
modified compared to the HFS group (Figure 42A), while all kinds of zein-based
nanoparticles decreased serum TAG levels (Figure 44A). The complete lipid profile is
summarized in Table 20.

Table 20. Summary of the effects of the nanoparticles in the serum lipidic profile

compared to HFS in the efficacy study. Q-NS; quercetin-loaded nanospheres; Q-NC:

guercetin-loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres;

Q-Susp: quercetin suspension; TAG: triglycerides; AIP: atherogenic index of plasma;
, ¥ : treatment decreased the proportion or amount; -: any effect was seen.

Q-NS Q-NC Q-NS-PEG Q-Susp
Total cholesterol - - - -
HDL-cholesterol - - - J
HDL vs total cholesterol - - - J
TAG -
AIP -

Our results are in accordance with previously obtained ones. Thus, Ragab et al. fed
Wistar rats with HFS diet for 6 weeks, and then they were treated with 50 mg/kg oral
quercetin daily for 6 weeks more (111). Quercetin treatment decreased TAG levels,
maintaining HDL-cholesterol levels compared to HFS diet. In another interesting study
with obese Zucker rats, animals were fed with 2 or 10 mg/kg quercetin (in 1% of
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methylcellulose) by gavage for 10 weeks, achieving lower TAG levels compared to obese
rats (113). However, both studies observed a decrease in total cholesterol levels.

Similarly, the plasma TAG levels of C57BL/6J mice, fed with a high-fat diet, decreased
by quercetin supplementation (0.1% in high-fat diet for 12 weeks), without affecting
plasma glucose, but increasing plasma total cholesterol (114). Using the same mice,
Kobori et al. fed the animals with a high-fat, high-cholesterol and high-sucrose Western
diet supplemented with quercetin for 20 weeks, observing a lowering effect of the diet
in plasma TAG and cholesterol levels compared to non-supplemented Western diet
(115). Seo et al. used ICR mice fed with high-fat diet supplemented with quercetin for
10 weeks, obtaining a decrease in TAG and total cholesterol plasma levels (116).

To sum up, all the studies observed a decrease in TAG levels by quercetin, what is in
accordance with the obtained results. However, almost all of them found an effect of
qguercetin in decreasing total cholesterol levels, because obese animals presented
increased levels of cholesterol compared to lean ones. In our case, HFS diet did not have
a significant effect increasing the serum total cholesterol of obese rats, so quercetin did
not have an effect on improving this value.

5.12. What was the effect of quercetin formulations on the glycaemic
profile of animals fed with HFS diet?

Serum glucose and plasma insulin levels were quantified at the end of the efficacy
study (Figure 46). Quercetin slightly decreased glucose levels, but only when
encapsulated in PEG-coated nanospheres was able to decrease these levels significantly.
However, insulin levels were not modified by quercetin treatment. A slight decrease was
observed in the HOMA-IR (Figure 47), which means that quercetin was not able to
decrease significantly the insulin resistance caused by the HFS diet. A summary of these
effects can be observed in Table 21.

In addition, blood glucose levels were measured before the treatments by a
glucometer, indicating again an increase in glucose levels of HFS compared to the
standard diet (Table 13). An oral glucose tolerance test was performed, in which the
area under the curve was slightly modified by quercetin, and at the end of the test, Q-
NC and Q-NS-PEG presented lower glucose levels compared to HFS. On the other hand,
serum glucose levels (measured by Pentra C200 analyser) were slightly higher than
blood glucose levels (measured by a glucometer), because red blood cells have higher
protein concentration, while serum has higher water content and higher quantity of
glucose dissolved in it (284).
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Table 21. Summary of the effects of the nanoparticles in the glycaemic profile compared
to HFS in the efficacy study. Q-NS; quercetin-loaded nanospheres; Q-NC: quercetin-
loaded nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp:
quercetin suspension; HOMA-IR: homeostasis model of insulin resistance; -/ : treatment
decreased the proportion or amount; -: any effect was seen.

Q-NS Q-NC Q-NS-PEG Q-Susp
Serum glucose - - -
Plasma insulin - - - -
HOMA-IR - - - -

Different results have been reported regarding the glycaemic profile of obese
animals. Quercetin treatment in obese rodents has been demonstrated to cause a
decreaseininsulinlevels (111-113,115), but different effects have been found regarding
glucose levels. Kobori et al. (115) and Arias et al. (112) found a glucose decrease in
C57BL/6) obese mice (quercetin supplementation for 20 weeks) and Wistar rats
(quercetin supplementation for 6 weeks, 30 mg/kg), respectively, by quercetin
treatment. However, Rivera et al. (113) and Kuipers et al. (114) did not find differences
in obese Zucker rats (quercetin oral treatment for 10 weeks, 10 mg/kg) and C57BL/6)
mice (quercetin supplementation for 12 weeks), respectively, compared to obese
control. Some researchers also found a reduction of the HOMA-IR in obese Zucker rats
(113), Wistar rats (112), and ICR mice (116). A glucose tolerance test was performed in
Wistar obese rats, obtaining that for the supplementation with quercetin for 6 weeks,
the glucose levels in the test and the AUC were decreased (112). In this work, glucose
and insulin levels were not modified by quercetin, probably due to the dose and duration
of the treatment (15 mg/kg, 5 weeks), in view of the mentioned previous results. If the
treatment was longer or with a higher dose, it would probably decrease glucose levels,
and consequently, insulin and HOMA-IR levels.

5.13. What was the effect of quercetin formulations on the
inflammatory markers of animals fed with HFS diet?

Obesity induces a chronic inflammation in the adipose tissue, liver, skeletal muscle,
and vascular system, and this chronic inflammation induces the release of
proinflammatory cytokines such as tumour necrosis factor-a (TNF-a), monocyte
chemoattractant protein-1, and interleukin-6 (IL-6) (285).

Monocyte chemoattractant protein-1 (MCP-1), also known as Chemokine ligand 2
(CCL2), is the first discovered and mostly studied human C-C class chemokine. It is one
of the key factors involved in the initialization of inflammation, and its expression is
present in different cell types and upregulated by a variety of stimuli (283,286). One of
the sources of MCP-1 is the adipocytes (283), and this protein has been found to be
increased in the plasma (270) and serum (287) of obese patients. It was also
demonstrated that MCP-1 is expressed in murine adipocytes and its expression is
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upregulated in white adipose tissue and plasma of obese mice (288). These data confirm
our results, where plasma MCP-1 was significantly increased in obese rats (Figure 48).

Obesity also induces systemic oxidative stress, what is related to irregular production
of adipokines (white adipose tissue produced cytokines), such as TNF-a, IL-1, or IL-6.
These adipokines stimulate the production of reactive oxygen species (ROS) and
nitrogen species by macrophages and monocytes (289). Reactive oxygen species may
act as signal transduction messengers for some transcription factors, including the pro-
inflammatory nuclear factor kappa B (NF-kB). At the same time, MCP-1 expression is
regulated at the transcriptional level by stimulatory agents like TNF-q, interferon gamma
(INF-y), platelet-derived growth factor (PDGF), and stress factors. In many of these
regulatory responses, NF-kB transcription factor plays a key role (Figure 63) (286).

Adipocytes

!

Adipokines

such a{

TNF-a

Figure 63. Factors that stimulate MCP-1 transcription. Based on Melgarejo et al. (286)
and Ferndndez-Sanchez et al. (289). ROS: reactive oxygen species; TNF-a: tumour
necrosis factor alpha; NF-kB: nuclear factor kappa B; PDGF: platelet-derived growth
factor.

We demonstrated that quercetin decreased plasma MCP-1 levels in obese rats.
Quercetin is a powerful scavenger of ROS (84), what could decrease NF-kB activity and
hence, induce a reduction of MCP-1. In fact, quercetin has been demonstrated to inhibit
the activity of NF-kB and the generation of inflammatory cytokines in vitro (290,291) and
invivo (118,291). In this work, free and encapsulated quercetin decreased MCP-1 plasma
levels, being this decrease significant for Q-NS, Q-NS-PEG, and Q-Susp (Figure 48,
summary in Table 22). Therefore, a feasible hypothesis could be that quercetin
decreases MCP-1 levels by its antioxidant effect, what indirectly causes an anti-
inflammatory effect.
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Table 22. Effects of the nanoparticles in the plasma MCP-1 levels compared to HFS in
the efficacy study. Q-NS; quercetin-loaded nanospheres; Q-NC: quercetin-loaded
nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin
suspension; MCP-1: monocyte chemoattractant protein-1; . : treatment decreased the
proportion or amount; -: any effect was seen

Q-NS Q-NC Q-NS-PEG Q-Susp
Plasma MCP-1 -

5.14. What was the effect of quercetin formulations on the histology
and triglyceride content in the liver of animals?

After 5 weeks of treatment, obese rats were sacrificed and livers were extracted.
Differences were visually observed, which were afterwards confirmed by the histological
analysis (Figures 49 and 50). Hepatic steatosis was observed in HFS groups compared to
standard diet, and it was slightly improved by quercetin treatment, especially after the
treatment with Q-NC and Q-NS-PEG. In addition, hepatic TAG levels were decreased by
quercetin, particularly when animals were treated daily with Q-NS-PEG (p < 0.01; Figure
53), which is in accordance with steatosis images (data are summarized in Table 23).

These results are also in accordance with serum TAG levels (Figure 44A); in both
cases, nanoparticles decreased TAG in a higher way than free quercetin. Besides, as
previously explained, adipocytes suffer hypertrophy and hyperplasia in obesity,
releasing fatty acids that are accumulated in some tissues, such as the liver (31). Here,
all treatments decreased the hypertrophy of epididymal fat, probably leading to a
reduction of the release of fatty acids and consequently lower deposition in the liver. In
the case of Q-NS-PEG, it was the only treatment decreasing retroperitoneal adipocyte
size, apart from epididymal fat adipocyte size, what could explain its significant
reduction of hepatic TAG and steatosis. Q-NC also appeared to decrease hepatic
steatosis, probably due to beneficial effects of the wheat germ oil in the liver (wheat
germ oil decreases liver cholesterol (237)).

Table 23. Summary of the effects of the nanoparticles in the liver compared to HFS in
the efficacy study. Q-NS; quercetin-loaded nanospheres; Q-NC: quercetin-loaded
nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin
suspension; TAG: triglycerides; -/ : treatment decreased the proportion or amount;
-: any effect was seen.

Q-NS Q-NC Q-NS-PEG Q-Susp
Hepatic steatosis - -
Hepatic TAG - - -

The obtained results are in accordance with previous studies in rodents. Oral daily
administration of quercetin for 6 weeks (50 mg/kg) to HFS-fed Wistar rats reduced
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hepatic TAG levels compared to HFS-fed rats, but the steatosis was not improved (111).
In C57BL/6J mice, the supplementation of a Western diet with quercetin (0.05%) for 20
weeks reduced hepatic TAG and steatosis (115).

When fat is accumulated in the liver, usually there is an increase in reactive oxygen
species (ROS), produced because of the mitochondrial dysfunction and impaired fatty
acids. This oxidative stress stimulated the production of proinflammatory cytokines
through the induction of the NF-kB. ROS can also damage mitochondria, what produces
more ROS. Flavonoids can overcome this situation by their antioxidant effect. They
scavenge reactive oxygen species and correct mitochondrial dysfunction. Flavonoids are
also able to inhibit the enzyme nicotiamide adenine dinucleotide phosphate oxidase
(NOX2), what plays a role in the production of ROS, and are transition metal chelators,
so they can bind and inhibit hepatic iron, which has a strong oxidative potential (31).

5.15. What was the effect of quercetin formulations on the expression
of determined genes in the adipocytes of retroperitoneal fat and liver of
animals fed with HFS diet?

In most organisms, fatty acid degradation occurs primarily via the B-oxidation cycle.
In mammals, B-oxidation occurs in both mitochondria and peroxisomes (225).

When free fatty acids enter the cell, they are activated by the conversion to fatty-
acyl-CoAs (free fatty acid esterified with coenzyme A (CoA), Figure 64) (224). The
mitochondrial membrane is impermeable to acyl-CoAs, so they enter the mitochondria
using the carnitine shuttle. Once the acyl-CoAs are inside the mitochondria, they are
degraded to acetyl-CoA units by B-oxidation (292). These CoA esters are also transported
into peroxisomes (293).

Both mitochondrial and peroxisomal B-oxidation catalyse the chain shortening of
acyl-CoA esters between carbons 2 and 3, yielding as products chain-shortened acyl-CoA
and acetyl-CoA or propionyl-CoA, depending on substrates. Fatty acids and their CoA
esters have many roles in cellular processes by serving as components in cellular lipids,
carbon storage as triacylglycerols, regulators of enzymes and membrane channels,
ligands for nuclear receptors, precursor molecules for hormones, signaling molecules
including second messengers, and substrates for a-, B-, and w- oxidations (225).
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Figure 64. B-oxidation in mammalian cells. CoA: coenzyme A; CPT1 and CPT2: Carnitine
palmitoyltranferase-1 and -2; ACOT: Acyl-CoA thioestherase. Based on Houten et al.
(292) and Hunt et al. (294).

The gene Acot8 encodes an enzyme from the Acyl-CoA thioestherase (ACOT) family,
enzymes that within the peroxisome, convert fatty acyl-CoAs into free fatty acids and
coenzyme A (Figure 64) (224,294). The protein ACOTS8 activity is inhibited by CoA and its
expression is upregulated by fasting and PPARa activation. Also, its overexpression leads
to peroxisomal proliferation in murine and human cell lines (224). The overexpression
was associated with increased PPARy expression, suggesting that high ACOT8 activity
caused lipid accumulation. Thus, strong overexpression of ACOT8 inhibits peroxisomal
B-oxidation to such an extent that lipids accumulate in droplets (294). However, it is
thought that ACOTs regulate lipid metabolism by maintaining suitable levels of acyl-CoA,
CoA, and free fatty acids. During periods of high B-oxidation, and in particular during
conditions that decrease cellular carnitine content, ACOTs would have important
functions in hydrolysing acyl-CoAs in peroxisomes to release CoA and enable efficient B-
oxidation to proceed. The free fatty acids released may be transported out of the
peroxisome and reesterified in a futile cycle similar to that proposed for mitochondria
(295).

In the present study, Acot8 is underexpressed in the retroperitoneal fat of HFS rats
compared to Control, and this situation is reverted by Q-NS-PEG, who significantly
overexpressed the gene compared to HFS (Figure 57). Due to the effects performed by
this formulation in the efficacy study, we could think that the peroxisomal B-oxidation
was promoted, what could cause an overexpression of Acot8 in order to release CoA and
permit efficient B-oxidation. These results are also in accordance with Pparg
overexpression in retroperitoneal fat of Q-NS-PEG treated rats (Figure 61). In the liver,
a similar tendency was observed (Figure 54) which is in accordance with Aranaz et al.,
who reported that Acot8 was downregulated in the liver of HFS-fed rats compared to
standard control (211).
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Carnitine palmitoyltranferase-2 (CPT2), an enzyme encoded by the gene Cpt2, is
located in the inside of the mitochondrial membrane, and is necessary for the oxidation
of long chain fatty acids (226,296). In the previously mentioned carnitine shutter, CPT1
converts acyl-CoA into acylcarnitine, and once inside the mitochondria, CPT2 reconverts
the acylcarnitine to acyl-CoAs (Figure 64) (292). Thus, the dysfunction of CPT2 affects
the B-oxidation of long-chain fatty acids in the mitochondrial matrix, and it has been
demonstrated that CPT2 deficiency or dysfunction plays important roles in lipid
metabolic diseases, like obesity, NAFLD, or diabetes (226). This fact is confirmed in our
results, where Cpt2 was slightly downregulated in the liver of HFS rats, but
nanoencapsulated quercetin did not have the ability to increase again the expression of
the gene (Figure 54).

The peroxisomal Acyl-CoA oxidase 1 (ACOX1) is an enzyme encoded by the gene
Acox1. In the peroxisomal B-oxidation, it catalyses the initial and rate-determining
reaction using long and medium straight-chain fatty acyl-CoAs as substrates, which
donates electrons to molecular oxygen, generating hydrogen peroxide (225,297).
Disruption of Acox1 in mice results in liver abnormalities (225), and Acox1-deficient and
mutant mice exhibit spontaneous steatosis and steatohepatitis (298,299). It has also
demonstrated that NAFLD progression associated with Acox1 mutation resulted in
accelerated and exacerbated hepatocellular damage (300). Here, Acox1 was similar in
HFS and Control rats in retroperitoneal fat, and it was upregulated by Q-NS-PEG (Figure
57). In the liver, Acox1 was slightly decreased in HFS rats compared to Control (Figure
54), similarly that happened in previous studies, where Acox1 was downregulated in the
liver of HFS-fed Wistar rats (211), and it was slightly upregulated by Q-NS-PEG. These
results would confirm the hepatic steatosis present in HFS, which was reduced by PEG-
coated nanospheres (Figure 50).

In the peroxisomal B-oxidation, multifunctional enzymes (MFE-1 and MFE-2) catalyse
the second and third reactions of the pathway (225). Hsd17b4 gene encodes the protein
17b-hydroxysteroid dehydrogenase type 4 (HSD17B4), also known as multifunctional
protein 2 (MFP-2 or MFE-2) and D-bifunctional protein (DBP) (225,301). It is crucial for
fatty acid utilization and lipid metabolism, as contributes to the synthesis of bile acids
and docosahexaenoic acid (225). The deficiency of MFP-2 at birth causes neonatal
hypotonia, and it has been seen that large fat droplets are present in hepatocytes of
several patients, or other less common liver pathologies have also been detected (302).
In the present work, obesity did not upregulate or downregulate Hsd17b4 gene in
retroperitoneal fat of HFS rats, but Q-NS-PEG upregulated it (Figure 57), which would
indicate that the peroxisomal B-oxidation was activated and fatty acids were degraded.

Adipose tissue is not only an energy storage organ, but also an active endocrine
organ, secreting cytokines, chemokines, and hormone-like factors. These molecules are
known as adipokines and are produced and secreted by adipocytes. Two examples of
adipokines are adiponectin and leptin, encoded by the genes AdipoQ and Lep,
respectively (Figure 65) (231).
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Adiponectin is an anti-inflammatory and insulin-sensitizing hormone that promotes
lipid oxidation in some tissues, such as the liver. It also produces an antiatherosclerotic
effect, as it strongly inhibits the expression of adhesion molecules and growth factors.
Adiponectin serum levels are inversely correlated with body fat percentage in obese
subjects, and its gene AdipoQ has been identified as a susceptibility locus for metabolic
syndrome (231). In this work, AdipoQ in the retroperitoneal fat of HFS rats was
downregulated compared to Control rats, as could be expected, and levels were
increased by quercetin-loaded nanoparticles (Figure 59), improving the effects of
adiponectin.

Leptin is produced mainly in WAT, it regulates food intake and body mass, and plays
important role in proinflammatory immune responses and lipolysis, among others.
Leptin levels increase with percentage of body fat. When fat cells increase, leptin levels
rise proportionally, then bind to leptin receptors in the brain that send signals to inhibit
food intake and increase the energy expenditure. When a positive energy balance
(caloric intake is higher than energy expenditure) is sustained in time, weight gain is
produced (303). In this work, any differences were observed between HFS and Control
rats in the retroperitoneal fat (Figure 59), probably due to the intake of an HFS diet for
a long period of time. However, Q-NS-PEG treatment significantly overexpressed Lep in
retroperitoneal fat of HFS-fed rats, what could be translated in an inhibition of the food
intake and a rise in energy expenditure.

Adipocytes are classified as white, brown, and beige (brown-like adipocytes within
white adipose tissue) according to their morphophysiological properties (Figure 65)
(221,232). White adipocytes are specialized for lipid storage and release, while brown
and beige adipocytes are specialized thermogenic cells able to expend nutritional energy
in the form of heat (10). Brown adipose tissue is considered a target against obesity, due
to the fact that the activation of this tissue increases energy expenditure and reduces
adiposity (232).

Brown and beige adipocytes express the uncoupling protein 1 (UCP1) encoded by the
gene Ucpl (228). When UCP1 is expressed in beige adipocytes, the process is known as
WAT browning (Figure 65) (232). UCP1 is a proton channel present in the inner
mitochondrial membrane. Its activation allows energy-charged protons to leak across
the inner mitochondrial membrane, uncoupling oxidative phosphorylation from ATP
synthesis and dissipating chemical energy as heat (228). Thus, UCP1 plays important
roles in thermogenesis, regulation of energy expenditure, and decreasing oxidative
stress. Thermogenesis in brown adipose tissue has important roles in thermal and
energetic balance and, when deficient, may lead to obesity (304). In the present study,
Ucp1 was slightly decreased in the retroperitoneal fat of HFS rats compared to Control
(Figure 60), and it was significantly overexpressed in Q-NS-PEG (170 times higher),
indicating that UCP1 was working on thermogenesis, regulating energy spending, and
decreasing oxidative stress. In addition, Ucpl was quantified in white fat
(retroperitoneal fat), indicating that the formulation had the ability to promote WAT
browning. Adipose tissue browning consists of the induction of thermogenically active
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adipocytes in white depots (these adipocytes are called beige, and they express high
levels of UCP1), and studies suggest that browning of subcutaneous and visceral white
adipose tissue could have a beneficial effect on global energy metabolism (305).

Few studies have been performed in the analysis of the connection between
quercetin and UCP1, and our results are in agreement with these previously reported
ones. Kuipers and co-workers reported that quercetin administration (as high fat diet
supplemented with quercetin 0.1% w/w for 12 weeks) increased Ucpl levels in the
subcutaneous white adipose tissue of obese C57BL/6J mice, but it did not modify it in
the brown adipose tissue, gonadal WAT, and visceral WAT (114). This increase was three
times compared to obese control. Choi et al. used the same mice and diet, obtaining
that quercetin supplementation for 9 weeks (0.05% w/w) increased Ucpl levels on
inguinal WAT and brown adipose tissue, and also in 3T-L1 adipocytes in vitro (306). In
the present work, the treatment with Q-NS-PEG overexpressed Ucpl more significantly
than in the mentioned works, probably due to the formulation of the quercetin in zein-
based nanocarriers, which would promote higher bioavailability and effects that
guercetin-supplemented diet.

White adipocytes Beige adipocytes Brown adipocytes

&
VAN .

Adiponectin Leptin
WAT browning

Figure 65. Type of adipocytes and schematic representation of AdipoQ, Lep, and Ucp1.

Peroxisome proliferator-activated receptor y (PPARy, encoded by the gene Pparg) is
a transcription factor needed for white adipogenesis (115,228). It is primarily expressed
in adipose tissue (white and brown), but also in the liver, large intestine, spleen, and
muscle tissue (307,308). It plays a key role in the regulation of adipogenesis, energy
balance, and lipid biosynthesis, participates in lipoprotein metabolism and insulin
sensitivity (308). Its ability to stimulate preadipocyte differentiation into either white or
brown/beige adipocytes appears to be determined by its associated coactivators (228).
PPARy has an important role in the lipogenesis of adipocytes by promoting the uptake
of free fatty acids and increasing the content of triglycerides in the adipocytes and
reduction of free fatty acids delivery to the liver (111). Hepatic free fatty acids synthesis
is catalysed by acetyl-CoA carboxylase and fatty acid synthase, an enzyme that is
complexly regulated by nuclear receptors (PPARa and PPARy) (111). The dysregulation
of Pparg is related to the development of obesity, T2DM, atherosclerosis, and other
diseases (308). PPARy regulates high-fat diet-induced fat accumulation in the liver (115),
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and its overexpression induces hepatic steatosis (309). In fact, PPARy is increased in
livers with steatosis of both animal models of obesity and NAFLD patients (310).

Thus, in this work a very slight increase of Pparg was seen in the liver of HFS rats,
which could be related to hepatic steatosis, and the gene expression was slightly
decreased by Q-NS-PEG (Figure 56), what could explain the improvement of the
steatosis. However, in adipocytes, the activation of PPARy ensures the adequate and
balanced secretion of adipocytokines (adiponectin and leptin) (308). In addition, Pparg
upregulation improves metabolic indices in T2DM (308). Inflammatory factors decrease
the expression of PPARy and increase free fatty acids in the circulation by promoting
lipolysis through inhibiting the insulin signaling pathway in an indirect way (27). In this
work, HFS diet produced inflammation (measured by MCP-1), what could explain the
underexpression of Pparg in the retroperitoneal fat of HFS rats compared to Control,
while Q-NS-PEG reverted this situation, overexpressing the gene compared to HFS
(Figure 61). This situation is in accordance with the overexpression of AdipoQ and Lep in
the retroperitoneal fat of rats treated with Q-NS-PEG (Figure 59), compared to HFS, and
with the serum glucose reduction observed by the formulation (Figure 46A). Our results
are only partially in accordance with previously reported ones, in which PPARy was
downregulated in HFS-fed Wistar rats in adipose tissue and in the liver, and quercetin
did not revert this situation (111). However, in Western diet-fed C57BL/6J mice, Pparg
was upregulated in the liver compared to standard diet, while quercetin decreased this
value compared to obese mice (115).

Sterol regulatory element-binding proteins (SREBPs) are a family of transcription
factors that activate genes that encode enzymes required for the synthesis of
cholesterol and unsaturated fatty acids. Srebp1 gene encodes SREBP-1a and SREBP-1c,
that activate transcription of genes required for the synthesis of fatty acids and
triglycerides, including acetyl-coenzyme A carboxylase, fatty acid synthase, stearoyl-CoA
desaturase, and glycerol 3-phosphate acyltransferase (229). Among the two isoforms,
SREBP-1c is weaker transcriptional activator than SREBP-1a, but is the main isoform in
animal and human tissues, including liver and adipose tissue (311). SREBP1 activation
causes lipid-mediated cellular stress (lipotoxicity) that contributes to metabolic diseases
such as obesity, diabetes, or hepatic steatosis (312). However, global SREBP-1 deficiency
completely ameliorates hepatic steatosis in mouse models of obesity, while SREBP-1c
deficiency partially ameliorates hepatic steatosis (312).

In our case, a slight decrease of Srebpl was observed in the livers of HFS compared
to Control, while Q-NS-PEG did not modify these values (Figure 56), what could indicate
that the effect of SREBP-1 on hepatic steatosis was not significant. This tendency is not
in accordance with previously obtained results; Srebp1 was previously upregulated in
the livers of HFS-fed Wistar rats (211) and western diet-fed C57BL/6J mice (115) in
previous studies, and quercetin diet supplementation for 20 weeks downregulated it
(115). These differences could be attributed to the obesity model (specie, diet) and
length of treatment. In the retroperitoneal fat, Srebp1 was downregulated in HFS rats,
and overexpressed in Q-NS-PEG (Figure 61). Oberkofler et al. demonstrated that SREBP-
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1a mRNA expression levels in intra- and extraperitoneal adipose tissue of obese, never-
obese, and post-obese humans were similar, but differences were found in SREBP-1c
(311). SREBP-1c mRNA levels on intraperitoneal tissue were as follows: obese < never-
obese < post-obese, a fact that would be in accordance with our results, being obese
HFS rats, never-obese Control rats, and post-obese Q-NS-PEG-treated rats.

In animal metabolism, fatty acids come from two different sources: the exogenously
derived fatty acids (dietary fatty acids) or endogenously synthetized de novo (313). Fasn
gene encodes the enzyme fatty acid synthase (FASN), that catalyses the endogenous
synthesis of fatty acids and plays a key role in the synthesis of short- and medium-chain
fatty acids in mammals (227). Under normal physiological conditions, FASN is a
housekeeping protein in the liver where controls the hepatic triglyceride mechanism.
When a high amount of carbohydrates is present, glucose is converted to fatty acids with
the help of FASN. Excess fatty acids are then assembled into triglycerides and stored in
the form of lipid droplets or secreted as very low-density lipoproteins (314).

In retroperitoneal fat, Fasn was significantly downregulated in HFS rats compared to
Control, and was again upregulated by Q-NS-PEG (Figure 58). In the liver, the gene was
decreased in HFS-treated rats compared to Control, and, even more with the Q-NS-PEG
treatment, but any differences were found between HFS and Q-NS-PEG (Figure 55).
These results are not in accordance with previously reported ones, where Fasn was
upregulated in the liver of HFS-fed Wistar rats in the study performed by Aranaz and co-
workers (211), and also in the one performed by Kobori et al., where quercetin
downregulated Fasn (115). Nevertheless, as previously explained, obesity induces a
chronic inflammation in the adipose tissue and liver, and this chronic inflammation
induces the release of proinflammatory cytokines such as TNF-a (285). It has been
demonstrated that TNF-a decreases the expression of some genes in adipocytes,
including Fasn (313), what could explain its downregulation in retroperitoneal fat of HFS
rats. At the same time, it was demonstrated that quercetin decreases TNF-a (101,315),
what could lead to an increase in FASN in retroperitoneal fat.

The sterol carrier protein-2 (SCP-2), encoded by the gene Scp2 (316), is a multi-
purpose lipid binding protein that transports cholesterol and other lipids from the
endoplasmatic reticulum (where they are synthesized) to the surface of the cell, or from
the outer to the inner mitochondrial membrane. It can bind to different types of lipids,
such as fatty acids, fatty acyl CoA derivatives, and phospholipids, facilitating the transfer
of those lipids between membranes (230,317). It also promotes the transport of fatty
acids, glycosphingolipids, and gangliosides between vesicles (317). Recently, it is been
demonstrated that SCP-2 is closely related to the development of metabolic disorders,
such as obesity or T2DM, but it has been found to protect against NAFLD by regulating
the intracellular transport and metabolism of lipids, such as cholesterol,
endocannabinoid, and fatty acid (317). In this work, Scp2 was not modified in HFS-fed
rats, whereas Q-NS-PEG had the ability to upregulate the gene in the retroperitoneal fat
(Figure 58), probably protecting against NAFLD, and hence, reducing hepatic steatosis.
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Table 24 summarizes the effect of HFS diet compared to standard diet, and the effect
of the treatment with Q-NS-PEG compared to HFS group in the expression of all the
genes of the efficacy study. As can be observed, Q-NS-PEG upregulated significantly all
the analysed genes in retroperitoneal fat, while any significant effect was present in the
liver. This would be translated in a high effect on fat lipolysis, B-oxidation, reduction of
hepatic steatosis, and WAT browning.

Table 24. Summary of the effects of HFS (compared to Control) and Q-NS-PEG
(compared to HFS) in the expression of the analysed genes in retroperitoneal fat and
liver. Control: standard diet; HFS: high fat/high sucrose diet; Q-NS-PEG: PEG-coated
quercetin-loaded  nanospheres; ns:  non-significant; {: downregulation;
4 : upregulation.

Liver Retroperitoneal fat
Gene HFS Q-NS-PEG HFS Q-NS-PEG
(vs Control) (vs HFS) (vs Control) (vs HFS)
Acot8 J ns J Mt
Cpt2 ns ns - -
Acox1 ns ns ns t
Hsd17b4 - - ns t
AdipoQ - - J T
Lep - - ns t
Ucp1 - - ns t
Pparg ns ns Y T
Srebp1 ns ns J N
Fasn J ns J Mt
Scp-2 - - ns t

5.16. Which are the reasons that may explain the apparent lack of
correlation between the bioavailability and efficacy results obtained with
the Q-NS-PEG formulation?

From the experimental results presented in this work, it may be inferred a certain
lack of concordance between the pharmacokinetic data in healthy animals and the
efficacy results in the obese rat model. Thus, the formulation capable of achieving the
highest oral bioavailability of quercetin (NS) presented mediocre efficacy results,
significantly lower than those obtained with Q-NS-PEG25. This lack of concordance may
be explained by, at least, two different concepts (or a combination of both).

The former would be related with the slow elimination rate of quercetin when
nanoencapsulated in PEG-coated nanospheres. In principle, a long half-life usually
means a long duration of the effect (318). In a similar way, a long MRT implies an
increase of the average time that molecules of a dosed drug spend in the body (319).
This sustained effect that would promote PEG-coated nanoparticles would facilitate a
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prolonged and continuous presence of the flavonoid in the body and, thus, maintaining
the intensity of the pharmacological effect of quercetin for a long period than with the
other nanoformulations. This increased efficacy of sustained-release formulations is
widely reported for a number of drugs in the treatment of hypertriglyceridemia (320),
diabetes (321), or liver damage (322).

The latter would be related to a greater ability of PEG-coated nanoparticles to
conduct the loaded flavonoid and reach the colon than bare nanoparticles. In the human
gastrointestinal microbiota, the microbial density increases from the proximal to the
distal gut, and bacterial diversity increases in the same axes and manner (311). In the
colon, the released quercetin would be metabolized by the microbiota, yielding active
metabolites that would later reach the bloodstream. It is well known that colonic
microbiota can degrade flavonoids, generating a large number of metabolites that can
be absorbed and exert biological effects in the body (95,97). The major microbial
metabolite of quercetin is 3,4-dyhydroxyphenylacetic acid (DOPAC) (323,324), which
also has potent antioxidant properties (325). In spite of this microbiota-derived
metabolite of quercetin has scarcely studied, DOPAC would alleviate hyperglycaemia
and decrease insulin resistance of Type-2 diabetes mice (326). Furthermore, DOPAC
exhibits a significant anti-inflammatory effect by decreasing the levels of pro-
inflammatory cytokines (e.g., IL-6) and increasing that of anti-inflammatory cytokine IL-
10 (326).

5.17. Summary of the effects of the efficacy study

To sum up all the effects of quercetin either as free or encapsulated treatments,
Figure 67 has been developed. In the study, it was observed that Q-NS decreased the
epididymal adipocyte size, and also, serum TAG, AIP, and plasma MCP-1 levels. In the
case of Q-NC, similar results have been observed. Effects on the epididymal adipocyte
size, serum TAG, and AIP were similar. However, nanocapsules presented the ability to
decrease the visceral WAT and also hepatic steatosis, maybe due to the presence of the
oil, but they were not able to decrease MCP-1 levels significantly.

Regarding Q-Susp, the formulation was able to decrease epididymal fat and its
adipocyte size, but also subcutaneous fat, brown fat, and visceral WAT. Plasma MCP-1
levels were also decreased, but HDL-cholesterol levels too.

On the other hand, PEG-coated nanospheres were the ones that presented a higher
amount of positive effects in the DIO model. This formulation was the only one
decreasing the percentage of general body fat. It decreased epididymal and
retroperitoneal fats and the size of its adipocytes, subcutaneous fat, and visceral WAT.
It also exerted beneficial effects on biochemical parameters: Q-NS-PEG decreased serum
TAG levels, AIP, and serum glucose levels. It also presented a reduction of plasma MCP-
1. In the liver, it improved the steatosis and TAG levels.
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Q-NS Q-NC

Epididymal adipocyte size
*  Visceral WAT

Serum TAG and AIP
Hepatic steatosis

Fr
+  Epididymal adipocyte size
Serum TAG and AIP
Plasma MCP-1

Q-NS-PEG

Fat (%)
* Epididymal fat and adipocyte size
* Retroperitoneal fat and adipocyte size
*  Subcutaneous fat

* Visceral WAT

*  Serum TAG and AIP

*  Serum glucose

Plasma MCP-1

Hepatic steatosis and TAG

Epididymal fat and adipocyte size
* Subcutaneous fat

*  Brown fat

*  Visceral WAT
Plasma MCP-1

Figure 67. Positive effects of quercetin, as free or encapsulated formulations, in the
pharmacokinetic study in Wistar rats and in the efficacy study performed in a DIO model
of Wistar rats. Q-NS; quercetin-loaded nanospheres; Q-NC: quercetin-loaded
nanocapsules; Q-NS-PEG: PEG-coated quercetin-loaded nanospheres; Q-Susp: quercetin
suspension.
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6. Conclusions

1. Zein-based nanoparticles have successfully been prepared by the desolvation
method. Three kinds of nanoparticles have been developed: nanospheres,
nanocapsules (containing wheat germ oil), and polyethylene glycol 35,000 (PEG)-
coated nanospheres. The coating of nanospheres with PEG significantly
improved its hydrophilicity and its movement through intestinal mucus.

2. The flavonoid quercetin was successfully loaded in zein-based nanoparticles,
without affecting the physico-chemical properties of the nanocarrier. A similar
amount of flavonoid was encapsulated in all kinds of nanoparticles (between 70
and 76 ug quercetin/mg). The in vitro release profile of quercetin was not
affected by the nanoencapsulation of the flavonoid in zein-based nanoparticles.

3. Quercetin decreased the fat accumulation in the nematode Caenorhabditis
elegans, both in a nematode growth medium (NGM) and in a glucose-
supplemented NGM. Under high glucose conditions, the effect of quercetin was
significantly increased when encapsulated in zein nanospheres (bare or coated
ones). Nevertheless, this effect was inhibited when the flavonoid was formulated
in zein nanocapsules.

4. Allzein-based nanoparticles displayed similar gastrointestinal transit in rat, being
NC and NS-PEG50 the fastest formulations. PEG-coated nanospheres appeared
to be more internalized in the intestinal mucus layer.

5. Quercetin-loaded zein nanoparticles improved the relative oral bioavailability
and pharmacokinetic parameters after an oral single dose of 15 mg/kg in Wistar
rats, compared to an aqueous suspension of the flavonoid. The highest relative
oral bioavailability was obtained for Q-NS (about 57%), followed by Q-NS-PEG25
(37%).

6. Diet-induced obesity (DIO) model was achieved when Wistar male rats were fed
with a high fat/high sucrose diet for 18 weeks. Animals presented higher weight
and amount of fat depots, bigger adipocyte size, altered biochemical parameters,
hepatic steatosis, and higher hepatic triglycerides, compared to standard diet-
fed rats.

7. Quercetin demonstrated to have an effect in decreasing the proportion of fat
depots in the DIO model in Wistar rats after 5 weeks of daily treatment by oral
gavage at 15 mg/kg dose. Q-NS-PEG was the formulation that decreased more
kinds of fat depots (epididymal, retroperitoneal, subcutaneous, and visceral
white adipose tissue), including the decrease in the adipocyte size in epididymal
and retroperitoneal fats.
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10.

11.

12.

All the quercetin-loaded zein-based nanoparticles demonstrated to have an
effect in decreasing serum triglyceride levels in the DIO model in Wistar rats after
5 weeks of daily treatment by oral gavage at 15 mg/kg dose. The atherogenic
index of plasma (AIP) was also decreased.

Only PEG-coated quercetin-loaded zein nanospheres demonstrated to have an
effect in decreasing serum glucose levels in the DIO animal model.

Both quercetin-loaded bare and coated zein nanospheres (Q-NS and Q-NS-PEG)
decreased the amount of the inflammatory cytokine monocyte chemoattractant
protein-1 (MCP-1) plasma levels in the DIO model, due, probably, to the anti-
inflammatory effect of quercetin.

Quercetin slightly decreased the hepatic steatosis and triglycerides present in
the DIO model. Q-NS-PEG was the only formulation in decreasing liver
triglycerides significantly (35% lower liver triglycerides than obese control).

Q-NS-PEG promoted the overexpression of all the analysed genes (genes that
encode proteins involved in lipid metabolism (Acot8, Acox1, Hsd17b4) and
synthesis (Fasn, Scp2), genes encoding adipokines (AdipoQ, Lep), a gene related
to the browning of fat (Ucp1), and genes encoding transcription factors related
to adipogenesis (Pparg, Srebpl)) in the retroperitoneal fat of DIO model,
compared to obese control. In the case of the liver, there were not any changes
between treated and obese rats, although a reduction of Cpt2 and Fasn (genes
involved in lipid metabolism and synthesis, respectively) was observed, but
compared to Control.
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