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Abstract

Introduction

Lactase in addition to its role in the digestion of lactose available in milk and dairy products is implicated in the
metabolism of a range of phenolic phytochemicals in the gut. Experiments with Caco-2 cells have shown that
these cells which mimic the intestinal mucosa indicate that quercetin glucosides and quercetin aglycone (widely
consumed in onions and apples) block glucose uptake from the gut by competing with glucose for the sodium-
dependent SGLT-1 and sodium-independent GLUT-2 transporters respectively (Johnston et al., 2005a, Schulze
et al., 2015). It has been suggested that dietary phenolics that block glucose uptake from the gut may reduce the
risk of type 2 diabetes. However, the ability of quercetin glucosides to block SGLT-1 is lost or reduced when the
glucoside moiety is cleaved off during lactase hydrolysis. It is currently unknown if lactose-tolerant individuals
deglycosylate quercetin to a greater extent than lactose-intolerant individuals and therefore are less able to reduce
glucose uptake from the intestine. The aim of in vitro study was to model human gut condition for glucose
transport by using Caco-2 cell models and to model role of human intestinal LPH by incubation of Caco-2 cells
with quercetin flavonoids and purified B-galactosidases and in vivo was to investigate whether lactose-tolerant
and lactose-intolerant subjects show differences in the uptake of glucose.

Methods

Caco-2 cells were cultured in DMEM full medium in 24 well plates. Thereafter, glucose uptake assay was
conducted by using 3H-glucose in the presence and absence of sodium, to assess the effect of flavonoids such as
phloridzin, quercetin 4-glucoside, quercetin 3,4-diglucoside, quercetin 3-glucoside, and quercetin aglycone on
glucose uptake. Transwell inserts were also used to demonstrate the bidirectional permeability through Caco-2
monolayers, transport of glucose from apical (SGLT-1) to basolateral side (GLUT-2). B-galactosidase enzyme
assay was conducted by using (-galactosidase from Aspergillus oryzae, Caco-2 cells were treated with 100 pM
quercetin glucosides, 25% w/v onion extract and [-galactosidase in order to model the hydrolysis of flavonoids
by lactase in the small intestine. HPLC was carried out to determine if quercetin glucosides are found in onion
extract and test whether -galactosidase is active and result in deglycosylation of substrates such as individual
quercetin glucosides and quercetin glucosides in onion extract. For the clinical study, lactose intolerance was
identified by the hydrogen breath test (Gastrolyzer), and blood glucose levels were measured by taking finger-
prick blood samples in several intervals (0, 15, 30, 60, 90, 120) minutes using an EKF glucose analyser.

Results

Findings from the current in vitro research confirm that phloridzin is an inhibitor of sodium-dependent conditions
(SGLT-1) transporter with 80% reduction, this therefore was used as a positive control. Quercetin 4-glucoside
and quercetin 3,4-diglucoside at (100uM) significantly decreased the uptake of glucose in the presence of sodium
with up to 75% reduction compared to control p < 0.01. However, no significant glucose inhibition was found
from these quercetin glucosides in the absence of sodium condition (p > 0.5), whilst quercetin aglycone
significantly inhibited the glucose uptake with 50% reduction compared to control at significance levels of (p =
0.02). HPLC data identified quercetin 3,4-diglucoside and quercetin 4-glucoside with RT =4.082 min and 11.392
min in the onion extract by showing peaks at similar ranges with RT= 4.114 min and 11.385 min with their
standards, and the concentration of quercetin 4-glucoside was measured as the highest level (42ug/ml) in onion
extract compared to 3,4-glucoside and quercetin 3-glucoside. Further HPLC illustrated that, after incubation of
quercetin glucosides and onion extract with [-galactosidase Aspergillus oryzae for 20, 40 and 60 minutes, the
peaks occurred at similar RT =16.453 min and 16.441 min respectively in accordance with standard quercetin
(RT=16.239 min), suggesting the deglycosylation of these compounds with [-galactosidase from Aspergillus
oryzae. According to findings from the clinical study, reduction of peak glucose levels by an onion meal was
higher in lactose-intolerant people than lactose-tolerant people (44.2% versus 19.3%, p = 0.042). Also, the area
under the blood glucose curve was reduced more in lactose-intolerant people compared to lactose-tolerant people,
however was not statistically significant (54.5% versus 42.1%, p = 0.425).

Discussion

Our result suggests that quercetin 4-glucoside and quercetin 3,4-diglucosides and onion extract were the main
inhibitors of glucose uptake in sodium-dependent conditions (SGLT-1). Whereas, quercetin aglycone inhibited
GLUT-2 glucose transport on Caco-2 cell monolayers under sodium independent conditions. Our findings were
in accordance to several previous studies (Boyer et al., 2005, Kwon et al., 2007, Schulze et al., 2015). Notably, in
vitro studies were conducted to model whether the in vivo study is likely to succeed or not. Findings from our
human study showed that glucose uptake was blocked by the onion solution and a diet containing quercetin
glucosides (onion meal) may be of greater benefit for glycaemic control in lactose-intolerant people than in
lactose-tolerant people.
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1. CHAPTER ONE - GENERAL INTRODUCTION

1.1. Diabetes, Type 1 and Type 2

There are two major types of diabetes, which are dependent upon the secretion and sensitivity
to insulin. Type 1 diabetes mellitus is an autoimmune disease, in which the immune system
starts destroying the B-cells of the pancreas, and therefore exogenous insulin is required due to
the lack of insulin level. The second type of diabetes is non-insulin dependent diabetes in which
adequate amounts of insulin may be available. However, cells cannot use it effectively because

of insulin resistance (Chang-Chen et al., 2008).

Type 1 diabetes accounts for only 5 to 10% of all diabetic cases, whereas type 2 diabetes, which
is the most common type of diabetes, accounts for more than 90% of all diabetic patients (Yach
etal., 2006). The main factors contributing to the risk of type 2 diabetes could be genetic factors,
peripheral insulin resistance, ageing, and also possible changes in the source of food, quantity
of carbohydrates, as well as lack of physical activity (Schulze and Hu, 2005). For instance, the
key factor in the development of hyperglycaemia could be the result of a high intake of
carbohydrates in the form of beverages and snacks that contain a great amount of sugar.
Therefore, high glucose absorption will result in permanent stimulation of insulin secretion

(Yach et al., 20006).

In 2014, the estimated number of people with diabetes mellitus was almost 422 million adults
worldwide and it is anticipated to reach 552 million cases in 2030 (WHO, 2016). According to
the new figures released by Diabetes UK 2016, the population of people living with diabetes

in the UK has reached over 4 million.

According to a report, 709,000 deaths from stroke and 1,490,000 deaths from ischaemic heart
diseases were linked to high blood glucose levels (above optimum), and an indication that 13%
and 21% of all deaths resulted from these conditions (Danaei et al., 2006). It is noteworthy that
the rate of mortality of diabetics is over 4 million, which is comparable with the mortality rate
from smoking (4.8 million), high cholesterol (3.9 million) and obesity (2.4 million). This is
based on data from 52 countries provided by investigators, systematic reviews and individual-
level records in population health surveys (Danaei et al., 2006). Moreover, several studies have
also found that association of isolated post-challenge hyperglycaemia with the risk of

cardiovascular and atherosclerosis in type 2 diabetic patients is much greater than in isolated
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fasting hyperglycaemia (Balkau et al., 1999, Bonora, 2002). The postprandial hyperglycaemia
causes a 50% greater risk of CVD in impaired glucose-tolerance (IGT) patients who have not

undergone therapy, compared to those who have (Esposito et al., 2004).

Metabolic syndrome is highly prevalent among the patients with type 2 diabetes and is reported
as a major risk factor for development of cardiovascular diseases and dyslipidaemia as a result
of function of increasing BMI. Insulin resistance is present in majority of individuals with
metabolic syndrome, it is correlated with the risk of type 2 diabetes and cardiovascular diseases.
Moreover, elevated blood pressure associates with obesity and glucose intolerance and usually
occurs in insulin resistance individuals (Alberti et al., 2006). Adiponectin is an adipokine that
is modulated through expression of AdipoR1 and AdipoR2 receptors, leading to the activation
of AMPK pathway which is positively associated with insulin sensitivity and altered by various
environmental, genetic factors and pathological conditions. Thus, monitoring levels of
adiponectin is a good predictable marker for type 2 diabetes and metabolic syndrome

(Kadowaki et al., 2006).

Increased oxidative stress has been found as one of the major concerns of diabetes. Thus,
elevated levels of free radicals or reactive oxygen species (ROS) may cause stimulation of
oxidised low-density lipoprotein (Ox-LDL). Consequently, sustained hyperglycaemia and high
levels of oxidative stress are the major contributors in the development of diabetes. Retaining
a balance between antioxidants and ROS is a key mechanism in avoiding damage from

oxidative stress (Khaki et al., 2010).

1.1.1. Management of Diabetes

The recommended major therapy for patients with type 2 diabetes are lifestyle changes, such
as dietary changes, weight reduction and physical activity (Lindahl et al., 2009, Roumen et al.,
2008). For maintaining blood glucose levels, lifestyle intervention may not be enough;
therefore, patients with type 2 diabetes will additionally need antihyperglycaemic medications
such as metformin in combination with or without subcutaneous insulin injections. The
possible limitations regarding the use of antidiabetic drugs have resulted in undesirable side
effects, as well as contraindications due to the presence of co-morbid diseases including
hypertension and dyslipidaemia in patients (Tschope et al., 2013). Therefore, the demand for

antihyperglycaemic agents with minor side effects is required.
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Food can be powerful in preventing and reversing diabetes. However, dietary approaches have
changed as we have learned more about the disease (Roumen et al., 2008). The traditional
approach to diabetes focuses on limiting refined sugars and foods that release sugars during
digestion-starches, breads and fruits. With carbohydrates reduced, the diet may contain an
unhealthful amount of fat and protein. Therefore, diabetes experts have taken care to limit fats,
especially saturated fats that can raise cholesterol levels, and to limit protein for people with

impaired kidney function (Asif, 2014).

A recent report has concluded that there is strong evidence that a low glycaemic index (GI)
diet decreases the risk of type 2 diabetes and coronary heart disease, and also is most likely to
reduce the risk of obesity and several cancers (Augustin et al., 2015a). There is growing
evidence that secondary plant metabolites, particularly polyphenols (flavonoids), control
postprandial increase in levels of blood glucose. For instance, phloridzin, a dihydrochalcone,
which is highly found in apples and onions, has long been known as a very effective natural
SGLT-1 inhibitor (Ehrenkranz et al., 2005). Moreover, several pharmaceutical companies have
made SGLT-2 (glucose transporter) inhibitors that stop reabsorption of glucose from the kidney,
thus improving the hyperglycaemia in type 2 diabetic patients. The approved SGLT-2 inhibitor
in Europe is called dapagliflozin, which is used for type 2 diabetes treatment (Kilov et al.,

2013).

Fruits and vegetables are high in insoluble fibre. Diets that are high in fibre may be able to help
in the management of diabetes. Soluble fibre delays glucose absorption from the small intestine,
and thus may help prevent the spike in blood glucose levels that follow a meal or snack (Asif,

2014).

1.2. Intestinal Glucose Transport and Absorption

Glucose is the prime energy source for the majority of energy-dependent processes in living
organisms. Glucose is an essential metabolic substrate of all mammalian cells. It is not only a
precursor of glycoproteins, triglycerides, and glycogen, glucose metabolism governs many
functions, because the oxidation of glucose generates a major source of metabolic energy in
eukaryotic cells (Boyer et al., 2005). These functions are secondary to glucose uptake. Glucose
is a hydrophilic compound; it cannot pass through the lipid bilayer by passive diffusion, and
therefore requires specific carrier proteins to mediate its specific transport into the cytosol

(Gray, 2010). When glucose is metabolised in the presence of oxygen, the process leads to
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mitochondrial citric acid cycle, cytoplasmic glycolysis and oxidative phosphorylation.
Following digestion of glucose, it enters the blood stream and then into cells which mostly take
up glucose in an insulin dependent manner. Insulin is produced by the pancreas as a result of

increased glucose levels (Song et al., 2005).

There are two types of membrane proteins for the transport of glucose and other
monosaccharides across cell membranes through the body. The glucose uptake is regulated by
the action of facilitative glucose transporters (GLUTSs), coded by the solute carrier (SLC) 2
gene family, on the cell surface. There are three classes of GLUT isoforms: class I consists of
GLUT1-4; class II, GLUT®6, 8, 10 and 12; and class III, GLUTS5, 9 and 11. Several studies with
knockout or transgenic mice established the main role of these transporters in the regulation of

glucose uptake and storage (Hanhineva et al., 2010b, Bauche et al., 2007).

GLUT-1 and GLUT-3 control the glucose uptake at the basal membrane. GLUT-4 is expressed
through kidney and muscle cells and remains stored in insulin-responsive compartments within
the cells until insulin has facilitated its localisation on the cell surface (Hanhineva et al., 2010b).
The second glucose membrane proteins are sodium-coupled glucose cotransporters (SGLTS)
encoded by SLC5 gene family (Scheepers et al., 2004). While GLUTs passively and selectively
allow monosaccharides to transport a concentration gradient, the uptake of glucose by SGLTs
is mediated in a secondary active manner together with Na'-ions (Joost and Thorens, 2001,
Uldry and Thorens, 2004). The SGLT family of transporters transport sugars against the
concentration gradient utilising the sodium-electrochemical gradient (Roder et al., 2014). The
GLUT family are facilitative transporters that transport sugars along the concentration gradient.
After glucose enters normal cells, it is converted into pyruvate through glycolysis.
Subsequently, pyruvate is transformed into acetyl-CoA, which is used as substrate in

mitochondria to generate ATP (Szablewski, 2013).

1.2.1. The classical model of glucose transport via SGLT-1 and GLUT-2

The classical model of glucose transport is mediated by two classes of hexose transporters:
SGLT-1 expressed at apical membrane (AM) and GLUT-2 expressed at basolateral membrane
(BLM). Colon cells like Caco-2 are the most recognised cell line on presenting the two main
transporters of glucose; one is the sodium dependent (in the presence of sodium) glucose
transporter (SGLT-1), which is located in the apical membrane of the enterocyte. It is believed
that it is a high affinity, low capacity active transport protein. Whereas, GLUT-2 transporter is

not a sodium dependent glucose transporter and has a low affinity, high capacity and facilitated
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protein transport. GLUT-2 is located on the basolateral membrane, and thus mediates glucose

transport into the portal venous system (Zheng et al., 2011).

i Na+/K+-
SGLT1 — ‘/ATP&SG

):: Na+
D-glucose .% K+
D-fructose —.—» —
LUTS (
GLUT5 g - _ﬁGLUT‘?

Figure 1.1: Demonstration of glucose and fructose absorption in the small intestine (Shirazi-Beechay et al.,
2010).

In enterocytes, the SGLT-1 is responsible for the transport of Na* (two) coupled with glucose
or galactose and water (Drozdowski and Thomson, 2006). This transporter is facilitated
through Na'/K"™ ATPase activity in the basal membrane. The facilitative transporter GLUT-2
transports sugars across the basolateral membrane. Besides SGLT-1, the facilitative glucose
transporter GLUT-5 is expressed at the apical membrane (Gray, 2010) (Figure 1.1). GLUT-5
proteins exhibit no transport activity for glucose; however, it carries fructose into the
enterocytes (Corpe et al., 2002). The exit of glucose, galactose and fructose from the
enterocytes cytosol into the blood circulation is mediated by facilitative diffusion through

GLUT-2 in the basolateral membrane (Miyamoto et al., 1992).
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Figure 1.2: SGLT-1 and GLUT-2 mediated glucose transport at low luminal glucose concentrations (30-50
mmol/L).

Figure 1.2 shows 1) SGLT-1 transported the glucose along with two sodium ions. 2) The
SGLT-1 is maintained by a Na'/K" ATPase at the enterocytes basolateral membrane. 3)
Glucose at intracellular level can be utilised for metabolism or is effluxed through basal GLUT-
2, in the presence of sodium conditions, apical GLUT-2 is located in subapical vesicles and
does not transport glucose; notably, at low levels of glucose, no GLUT-2 is translocated into

the apical membrane (Diez-Sampedro et al., 2004, Williamson, 2013).

Glucose is transported through the apical enterocyte membrane by SGLT-1; facilitated glucose
transport through the basolateral membrane is entirely mediated by GLUT-2 (Kellet et al.,
2008). Interestingly, GLUT-2 could be associated with the transport of glucose across the
apical membrane at the high luminal glucose levels (Kellet and Brot-Laroche, 2005). However,
the initial glucose transport via SGLT-1 is required for the GLUT-2 translocation into the apical
membrane. Therefore it is evident that SGLT-1 is the prime component in the absorption of

glucose and a target in hyperglycaemia management (Gouyon et al., 2003, Mace et al., 2009).
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Figure 1.3: Activation of the apical GLUT-2 pathway of glucose transport across enterocyte at high
concentrations (200 mmol/L).

Figure 1.3 demonstrates 1) SGLT-1 mediated glucose and sodium influx increased. 2) The high
concentrations of glucose and sodium content at intracellular level inhibits the basolateral
Na'/K" ATPase. The high intracellular content results in the rearrangement of cytoskeleton,
leading to protein trafficking, followed by depolarisation of apical membrane, and is ready for
GLUT-2 insertion from the subapical vesicles. 3) High influx of glucose derived from apical
GLUT-2 activity, and therefore there is a greater release of glucose into circulation from

basolateral membrane GLUT-2 (Goestemeyer et al., 2007, Williamson, 2013).

GLUT-2 1s rapidly transported to the apical membrane within a few minutes at elevated glucose
levels. As the glucose concentration drops due to transport or at the end of the meal, the GLUT-
2 transporters moves away from the apical membrane ready for the next incidence of high
glucose concentration (Williamson, 2013). After absorption of glucose into the blood from the
intestine, it enters -cells followed by phosphorylation of glucose and insulin secretion. Insulin
reaches muscle and adipose cells, which thus leads to relocation of GLUT-4 to the cell
membrane, and therefore stimulates glucose uptake into these tissues and consequential
clearance from blood. In support of this, a study conducted by Kellet et al., 2008 showed that
GLUT-2 was the main transporter of glucose mass absorption across the apical membrane at
high luminal glucose concentrations (Kellet et al., 2008). It is suggested that GLUT-2 was

translocated from an internal vesicle pool into the apical membrane in relation to an activation
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of protein kinase Cpr, initiated by SGLT-1 mediated transport across the apical membrane

(Gouyon et al., 2003, Mace et al., 2009).

Although the exact mechanisms of glucose absorption at high luminal levels is still uncertain,
it is noteworthy that SGLT-1 also acts as an important pathway in the uptake of glucose levels
in the intestine, since SGLT-1 deficient mice developed a severe malabsorption when fed
galactose and glucose (Powell et al., 2013). This is in agreement with the glucose and galactose
malabsorption syndrome available in humans with mutations in SLCA1-gene (Wright et al.,
2007). Whereas, mice heterozygous for SGLT-1 illustrated no adverse effects of growth
retardation on a glucose containing diet (Powell et al., 2013), suggesting that a partial decrease
in glucose uptake levels via SGLT-1 may be a potential therapeutic agent to prevent high
concentrations of postprandial blood glucose in patients with impaired glucose tolerance and

type 2 diabetes (Zheng et al., 2011).

SGLT-1 transporter can transport the glucose and galactose with greatest abundance in the
apical membrane of the proximal part of the small intestine (duodenum and proximal jejunum)
(Zhou et al., 2003, Yoshikawa et al., 2011). In addition to glucose and galactose, other hexoses
such as a-methyl-glucopyranoside (a-MDG) and 3-O-methlyglucose (3-OMG) could be used
as substrates for SGLT-1 (Hediger and Rhoads, 1994). Also, SGLT-1 is found in the renal
tubes at the proximal S3-segment (Lee et al., 1994), as well as in other tissues such as the brain
and heart (Yu et al., 2013, Zhou et al., 2003). It is suggested that the apparent Km which is
defined as the substrate concentration at 2 the maximum velocity for glucose through SGLT-
1 in vivo studies, is between 6-23 mM, whereas it is only 2-6 mM for in vitro studies (Hirayama

et al., 1996, Ferraris et al., 1990).

On the other hand, GLUT-2 with Km of approximately 17 mM (Thorens, 1996), in addition to
being expressed in the small intestine, is also expressed in the pancreatic B-cells, kidney and
liver, that need low affinity systems to determine accurate influx at physiological glucose levels
(Thorens, 2001). According to the research conducted by (Wright and Turk, 2004), in the
intestinal transport cells and kidney, GLUT-2 mediated absorption or reabsorption of glucose.
Moreover, GLUT-2 is required for stimulation of insulin secretion from pancreatic -cells, thus
playing as a glucose sensor. This was followed by low levels of GLUT-2 expression in the
brain, suggesting that GLUT-2 in the brain may cause a similar sensing function (Arluison et

al., 2004).
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1.2.2. Other mechanisms involved in the transport of glucose

Several studies have shown that GLUT-2 deficient mice had no changes in the kinetic of
glucose absorption in the intestine after an oral glucose tolerance test (OGTT) (Stumpel et al.,
2001), similar to subjects carrying mutations in SLC2A2 gene at GLUT-2, the Fanconi-Bickel
syndrome condition (Santer et al., 2003). Moreover, another report failed to detect any activity
of GLUT-2 in apical membrane vesicles from healthy and/or diabetic cases showing that
GLUT-2 is not permanently expressed at the luminal side of the small intestine of diabetic
patients (Dyer et al., 2002). Interestingly, Stumpel (et al., 2001) suggested another possible
transcellular route as a crucial pathway for transport of glucose across the basolateral
membrane that does not need functional GLUT-2. In this pathway the glucose is moved to the
apical membrane through SGLT-1 into the enterocyte, followed by phosphorylation to glucose-
6-phosphate (G6P) and access into the endoplasmic reticulum (ER). Then, G6P is hydrolysed
into glucose and phosphate, and free glucose is realised across the basolateral membrane

through exocytosis (Stumpel et al., 2001).

There are several other theories, which have been suggested to demonstrate transepithelial
transport of glucose at high luminal glucose concentrations. For example, the solvent drag
theory suggested that passive paracellular flux, which involves absorption of glucose
predominantly by a passive diffusional process, results in bulk glucose absorption (Mullen et
al., 1985). This idea supports the possible passive component of glucose transport through an
increase in paracellular permeability, because of widening of tight junctions activated either by
SGLT-1, or by the high luminal glucose level, thus allowing great quantities of solvent or other
nutrients moving to the paracellular space, followed by dragging glucose with them and thus
diffusing into the portal system (Pappenheimer and Reiss, 1987). On the other hand, animal
studies conducted on non-membrane permeable substrates, such as L-glucose in the presence
of high luminal sugar levels, showed a slight increase in the levels of these substrates in the
blood, illustrating that paracellular transport does not contribute to glucose bulk absorption at

high luminal concentrations (Schwartz et al., 1995).

1.2.3. SGLT-1 and GLUT-2 role on Diabetes and Hyperglycaemia

It should be noted that high levels of glucose transporters in type 2 diabetes and obesity could
develop a greater absorption rate of glucose in relation to a sugar-rich meal, thus resulting in
greater postprandial blood glucose peak compared to non-diabetic cases. In support of this, a

study observed that the rate of glucose absorption was approximately threefold faster in type 2
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diabetics tissues as compared to control subjects (Dyer et al., 1997). Several studies have
investigated the effect of different dietary monosaccharides on expression of SGLT-1 in the
small intestine. They have illustrated an upregulation when different sugars were present in the
small intestine, suggesting that neither transport through SGLT-1 nor metabolism is essential
to induce gene expression of SGLT-1 (Dyer et al., 2003, Shirazi-Beechey et al., 1994).
Moreover, in a study on diabetic mice, they showed that upregulation of SGLT-1 is activated
through sweet taste receptors (T1R2 + T1R3) in the intestine through G-protein a-gustducin or
the sweet receptor subunit TR13, and determined no upregulation of SGLT-1 expression in
relation to dietary sugars and artificial sweeteners as found in wild-type mice (Margolskee et

al., 2007).

Co-overexpression of RS1 (Regulatory subunit 1) and SGLT-1 in Xenopus oocytes, in the renal
epithelial cell line LLC-PK1 reduced SGLT-1 mRNA, SGLT-1 protein in addition to the
amount of SGLT-1-mediated glucose uptake (Korn et al., 2001). In fact, in mice lacking RS1,
the expression level of SGLT-1 in addition to postprandial glucose absorption in luminal
intestine highly increased; therefore, there was a greater peak in blood glucose concentrations

in the portal glucose sensing compared to wild-type mice (Osswald et al., 2005).

Reduction in the protein abundance of SGLT-1 caused a significant decrease in the absorption
levels of intestinal hexose for the gastrointestinal peptide cholecystokinin (Hirsh and
Cheeseman, 1998), similarly for leptin that reaches the intestinal lumen after its release by
mucosal gastric cells (Ducroc et al., 2005). Therefore, both these hormones could act as main
targets for changes in expression of SGLT-1 detected in type 2 diabetes patients (Dyer et al.,

1997) as well as obesity cases in animal models (Huang et al., 2012, Jurowich et al., 2013).

Downregulation of SGLT-1 expression in changing the levels of GLP-1 and GIP, contributes
to the fast improvement of glycaemic control obtained post Roux-en Y gastric bypass surgery
(RYGB) in patients with type 2 diabetes and obesity (Jurowich et al., 2013, Stearns et al., 2009).
Moreover, another study showed that, in mice with RS1, which is a membrane-associated
intracellular protein that inhibits trafficking of intracellular vesicles possessing SGLT-1 from
the trans-Golgi network to the plasma membrane, have regulated the postprandial

hyperglycaemia (Kroiss et al., 2006).
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In diabetes, several transporters and enzymes responsible for glucose uptake in the intestine
are upregulated. For example, SGLT-1 levels increased up to fourfold in the gut of type 2
diabetics, and GLUT-2 mRNA also increased threefold. It is believed that brush border vesicles
from duodenal biopsies from diabetic subjects take up glucose almost three fold faster than the

equivalent from the control subjects (Williamson, 2013).

1.3. Dietary Polyphenols

1.3.1. Structure

Polyphenol is a compound possessing more than one phenolic hydroxyl group (Hoffman and
Gerber, 2012). More than 8000 polyphenolic compounds have been recognised in literature,
ranging from simple molecules, such as phenolic acids, to highly polymerised structures, like
tannins (Crozier et al., 2009). Polyphenols can be divided into several types, dependent on the
number of phenolic rings and the structural elements binding these rings. The two main
subclasses include flavonoids and non-flavonoids (D'Archivio et al., 2007). Flavonoids, which
are the most known types of polyphenols, depending on the variation in the type of heterocycle
involved, are divided into six major subclasses: flavonols, flavanones, flavanols, flavones,
anthocyanins and isoflavones (Pandey and Rizvi, 2009), and non-flavonoids such as phenolic

acids, cinnamic acid derivatives, stilbenes and lignans (Hoffman and Gerber, 2012).

Flavonoids in their structure have phenolic rings substituted either with alcoholic, carboxylic
acid or aldehydic groups which can be further deglycosylated in the case of arbutin or
salidroside (El-Seedi et al., 2012).

Individual differences within each group arise from the variation in number and arrangement
of the hydroxyl groups and their extent of alkylation and/or glycosylation. Flavonoids are found
in plants mainly as (3-glycosides. Mostly, the processing procedures used in food industries do
not result in cleavage of the glycosidic linkage, and hence flavonoids in foods largely exist as
glycosides. The amount of glycosylation, position and nature depend on the plant species
(Nemeth et al., 2003).The biggest group of polyphenols is characterised by flavonoids. The
basic structure involves a 15-carbon basic skeleton (flavan) which, is oriented by two aromatic
rings (ring A and ring B) linked by a 3-carbon bridge forming a closed heterocyclic ring (ring

C) with the aromatic ring A (figure 1.4).
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Figure 1.4: Chemical structures of sub-classes of flavonoids (Pandey and Rizvi, 2009).

Figure 1.4 shows, flavonols (such as quercetin) have a 3-hydroxy pyran-4-one group on the C
ring. Flavanones (naringenin) possess an unsaturated carbon-carbon bond in the C ring.
Flavanols (catechins) lack both a 3-hydroxyl group and the 4-one structure in the C ring.
Flavones (luteolin) lack a hydroxyl group in the 3-position on the C ring. Anthocyanins
(cyanidin) are characterised by the presence of an oxonium ion on the C ring and in isoflavones
(for example genistein), the B ring is attached to the C ring in the 3-position, rather than the 2-

position as is the case with the other flavonoids (Pandey and Rizvi, 2009).

Quercetin flavonoid is found as glycosylated forms, mainly as B-glycosides. The nature of
glycosylation has considerable impacts on the efficiency of quercetin absorption. The dominant
type of glycoside differs between foods. For instance, apples contain mostly galactosides,
rhamnosides and arabinosides, whereas onions contain mainly glucosides (Arts et al., 2004).
In all onion cultivars, quercetin derivatives of glycosylase moieties are mainly glucose, which
is attached to the 4,3 and/or 7-positions of the aglycones (Slimestad et al., 2007). Whereas in
apple mainly occurs in O-linkage to glucose and galactose at position 3 of the flavan backbone

(Manach et al., 2004).
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Figure 1.5: Structure of the poly-hydroxylated flavonoid quercetin representing glycosylated derivatives that are
found in plants such as onion. A= Quercetin 4-glucoside, B= Quercetin 3-glucoside, C= Quercetin 3-rutinoside
and D= Quercetin 3,4-diglucoside (Nemeth et al., 2003).

These phenolic compounds have aromatic rings in common which contain one or more
hydroxyl substituents (figure 1.5). Mostly, they are combined with sugar glucoside and are
positioned in cell vacuole (figure 1.5). Intervention studies have shown that the primary site
for the absorption of several flavonoid glucosides is the small intestine. Since quercetin
glucosides were found to be more bioavailable than quercetin aglycones, they might also

absorb earlier in the small intestine and result in a greater plasma peak concentration (Nemeth

et al., 2003).
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Figure 1.6: Structure of Phloridzin and its aglycone Phloretin (Jugdé et al., 2008).
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The phenolic compound phloridzin (phloretin 2’-O-glucoside) belongs to the dihydrochalcone
flavonoid sub-class and consists of two aromatic rings joined by an alkyl ester (Gosch et al.,

2010) (figure 1.6).

Moreover, another group of polyphenolic compounds that are derived from cinnamic acid
derivatives are the stilbenes. They are found in plants as cis- or trans- isomers with trans-
configuration as the most abundant type; they occur in monomeric form as well as dimeric,
trimeric and polymeric stilbenes, called viniferins (Cassidy et al., 2000). They are widespread
in red wine from species named Vitis Vinifera L (Riviere et al., 2012). The resveratrol is the

most known form of stilbene group (Maier-Salamon et al., 2013).

1.3.2. Dietary sources

Polyphenols are present in fruits, vegetables, tea, coffee, cereals, red wine and herbs (Kwon et
al., 2007, Tsao, 2010). The most widely found flavonol in diet is quercetin and its glycosylated
derivatives, present in onions, apple, berries and tea (Williamson and Manach, 2005). Onions
have the highest content of quercetin glucosides, it ranges between 28.4 to 48.6 mg/100g, while
the amount in apples range between 2.1 to 7.2 mg/100g fresh weight (Lee and Mitchell, 2012).
Yellow onions contain 270-1187 mg of flavonols per kilogram of fresh weight, while red

onions contain 415-1917 mg of flavonols per kilogram of fresh weight (Slimestad et al., 2007).

The concentration of phloridzin and phloretin is mainly dependent on the variety of apples and
initially found in the apple peel and at lower levels in the pulp. For instance, the concentration
of phloridzin and phloretin in the peel of the apple variety Reineta ranges between 83-418 and
53-100 mg per 100 gram of fresh weight, respectively, whereas the amount of phloridzin in the
pulp is between 16 and 20 mg per 100 gram of fresh sample (Escarpa and Gonzalez, 1998).
The amount of chlorogenic acid in apple varies between 30 and 60 mg/kg in fresh weight and
208 mg/l in apple juice. Moreover, according to a study, Portuguese red wine contained 50.8

mg/1 of trans-piceid which is the 3-B-glucoside of resveratrol (Ribeiro de Lima et al., 1999).

Table 1.1, demonstrates the widely distributed fruits and vegetables containing quercetin

aglycone, quercetin 4-glucoside and quercetin 3,4-diglucosides.
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lavonols(Mean)

(mg/100g) Quercetin Quercetin 4- Quercetin 3,4~

Source glucoside diglucoside
Apple 0.13 0.64 ND
Blueberry 4 0.50 ND
Grape 3.54 2.17 ND
Red Onion 1.31 38.80 77.08
Yellow Onion 0.28 21.55 26.58
Shallot 2 74.62 35.60
Kale 7.71 ND ND
Black Tea 3.64 1.31 ND

Table 1.1: Dietary sources of flavonols in fruits, vegetables and tea (Slimestad et al., 2007, Phenol-explorer,
2016). ND: Not Detected

1.3.3. Flavonoid intake

As the main dietary sources of flavonoids in the western world are fruits, vegetables, red wine
and tea (Johannot and Somerset, 2006), their content varies and it is highly dependent on
cultivar, skin to volume ratio of the fruit and other factors (Nyman and Kumpulainen, 2001).
According to nutritional data, consumption of flavonoids is mostly dependent on measuring
the flavonols and flavones. However, there is a high possibility for the underestimation of rate
of intake results derived from diverse flavonoid species in the diet (Aherne and O'Brien, 2002).
The estimated daily consumption of polyphenols with a diet rich in vegetables and fruit is
approximately 2 g (Ovaskainen et al., 2008). For individuals with a low intake of fruits and
vegetables, the other polyphenols sources such as coffee, tea and red wine are considered as
their main source (Tagliazucchi et al., 2012). It has been estimated that the non-flavonoid
intake in diets account for one third of total phenolic consumption, whereas flavonoids

accounts for two thirds (Scalbert and Williamson, 2000).

There have been many studies estimating varied intake levels of flavonoids in several countries.
In these studies, they used a variety of methods for flavonoid quantification such as food
frequency questionnaires and food balance sheets, which may provide different results (Mullie
et al., 2008). Table 1.2, represents the summary of studies conducted in different parts of the

world, investigating flavonoid intake from various food sources.
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Flavonoid Average

Main sources collected by 24-Hour

Country Population References
Intake (mg/day) Recall, Food Balance Sheet &FFQ
Male & (Johannot and
Australia 454 Onions, Apples, wine, & black tea
Female Somerset, 2006)
Male 1786 ) (Zamora-Ros et
Denmark Coffee, tea, fruits
Female 1626 al., 2016)
Male 744 . (Zamora-Ros et
Greece Coffee, tea, fruits
Female 584 al., 2016)
Male & (Beking and
Ireland 177 Wine, onion, tea
Female Vieira, 2011)
Male & Tea, red wine, grapes, onion garlic & (Tavani et al.,
Italy 137 : .
Female citrus fruits 2006)
Male Apples, Red wine, unspecified fruits &  (Zamora-Ros et
Spain 313
Female oranges al., 2010)
Tea, coffee, vegetables (onion, (Yahya et al.,
UK Female 808 :
broccoli) 2016)
(Song and Chun,
Male & Tea, Wine
USA 190 2008, Chun et al.,
female Citrus fruit
2007)
Male&
USA 200.1 Tea, berries & wine (Kim et al., 2016)
Female

Table 1.2: Summary of reports investigating consumption of dietary flavonoids.

Notably, very few flavonoid types are included for quantification, 5-10 most common
flavonoids are included in intake estimates; these include flavonols quercetin and quercetin
glycosides, kaempferol and myricetin and flavone, such as luteolin and apigenin, while there
more than 5000 flavonoids that are concurrently distributed within the human diet (Ovaskainen

et al., 2008).

1.4. Intestinal Metabolism of Flavonoids

It is believed that dietary polyphenols are metabolised by colonic bacteria. Indeed, the
microbial mechanism is essential for their absorption. Therefore, intestinal bacteria modulate
polyphenols by various mechanisms, such as hydrolysis and decarboxylation (Boyer et al.,
2005). The crucial step in the metabolism of flavonoids involves deglycosylation of glycosidic
forms. Lactase-phlorizin hydrolase (LPH) and 1-B-glucosidase are two enzymes at the brush
borders of the intestines that have been shown to deglycosylate flavonoids within the gut lumen

(Day et al., 1998).
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The metabolism of flavonoids has been broadly investigated both in vivo and in vitro. The
uptake of flavonoids through intestinal epithelium has been illustrated by previous studies
(Manach et al., 1998, Aziz et al., 1998). However, there is still uncertainty on whether there is
preferential transport of aglycone or glycosidic forms. In a study conducted by Hollman et al.
(1995), they found that flavonoid glucosides rate of absorption was dependent on the nature of
sugar moiety. For instance, quercetin rutinoside had just 20% of the quercetin glucoside
bioavailability (Hollman et al., 1995). Notably, conjugation to a monosaccharide (i.e. glucose)
indicates the role of active glucose transporters in the movement or cotransport of flavonoid
glycosides (Johnston et al., 2005a). However, aglycones are able to be absorbed by facilitative
diffusion, but conjugation to disaccharides will need further metabolism, such as
deglycosylation and glucuronidation, prior to complete absorption. Consequently, because of
occurrence of several steps in preabsorptive metabolism, the bioavailability of conjugated

forms of flavonoids may be hindered (Spencer, 2003, Johnston et al., 2005a).

Hydrolysis of glucoside moiety represents the initial step on intestinal metabolism of the
glucosylated forms. Quercetin aglycones passively diffuse throughout the apical membrane
and are then glucuronidated. It is suggested that quercetin glucosides are first hydrolysed by
the lactase site of lactase phloridzin hydrolase (LPH) prior to diffusion across the apical
membrane (Schwanck et al., 2011). Thus, quercetin glucosides are transported into the cells by
the SGLT-1 transporters and then hydrolysed by the cytosolic B-glucosidase (Boyer et al.,
2005).
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Figure 1.7: Mechanism of flavonoid glucosides metabolism in mammalian small intestine (Day et al., 2000b).
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Domain IIT and IV of LPH are demonstrated as transmembrane protein with release of aglycone
and glucosides (F: Flavonoid, glc: glucose), (Day et al., 2000b). Figure 1.7 shows the SGLT-1
glucose transporter will carry the glucose released from the LPH action to the small intestine.
And quercetin glucosides interaction with SGLT-1 results in glucose transport inhibition (Day

et al., 2000b).

Phenolic glucosides are relatively hydrophilic and do not diffuse passively throughout the
biological membrane. It is demonstrated that phenolic glucosides remain intact in the colon
until they become deglycosylated in the presence of enzymes such as LPH (Nemeth et al.,
2003).

It has been suggested that glycosides or aglycones transport will occur via different pathways,
like active or passive mechanisms. Indeed, the hydrophobic status of flavonoid aglycones helps
them to be transported passively through diffusion or facilitated diffusion across cell
membranes (Walle, 2004). On the other hand, for flavonoid glucosides which are more polar,
an active transport is required. Followed by the sodium-dependent glucose cotransporter
(SGLT-1) and bilitranslocase, which is a plasma membrane protein, has been identified in the
transport of flavonoid glucosides (Walgren et al., 2000). In addition to this, flavonoid
aglycones are made readily available in enzymatic action in the intestine. Therefore, the
impacts of glycosylation on flavonoid aglycone absorption may be negligible (Day et al.,

2000a).

The tissues in the jejunum of intestine have been observed to have the greatest transport
efficiencies for flavonoids (Matuschek et al., 2006). Flavonoids that have not been absorbed
nor metabolised by the luminal enzymes, such as LPH in the small intestine, undergo bacterial
degradation in the colon (Talavera et al., 2004). In fact, colonic bacteria metabolise flavonoid
glucosides to aglycones and phenolic acids are easily reabsorbed (Hollman et al., 1995). The
last step in the metabolism of flavonoids is the excretory pathway. When in polar forms,
flavonoids are excreted in urine or secreted in bile. Flavonoids secreted in bile will go through

further intestinal metabolism (Prior and Wu, 2008).
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Figure 1.8: Metabolism of flavonoids inside enterocyte, from various sources (Lotito et al., 2011, Walle, 2004).

Figure 1.8 illustrates 1) Flavonoids enter the cells unaltered or go through deglycosylation by
bacterial or endogenous enzymes. 2) The metabolised flavonoids are then moved to efflux. 3)
Metabolism is dependent on hydroxylation, sulfonylation or glucuronidation. 4) Flavonoids
reach the circulation by paracellular diffusion or are released from basolateral membrane 5)
and can also be released back into the lumen through an apical transporter (Andlauer and Furst,
2003, Planas et al., 2012). It is previously found that almost 75% of flavonoids in the lumen
will be absorbed, more than 50% of the initial dose will be metabolised and rereleased back
into intestinal lumen and up to 20% will be sulfonated and glucuronidated and released into

the circulation (Lotito et al., 2011, Walle, 2004).
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Moreover, the secretion of the intestinal hormones glucose-dependent insulinotropic
polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) in response to the active absorption of
nutrients might also be modified by flavonoid phloridzin. These hormones have a significant

effect on the metabolism of glucose by stimulating insulin secretion (Johnston et al., 2005a).

Deglycosylation is one of the major steps in the transfer of flavonoids from the intestinal lumen
into the circulation, as designated by the activity of endogenous B-glucosidases in vitro studies.
The place of deglycosylation and transport across the intestinal enterocytes depends on the
nature of the flavonoid aglycone moiety and nature and position of the attached sugar. For
example, the contradictory pharmacokinetics of quercetin-3-glucoside and quercetin-3-
rhamnoglucoside reveal the importance of structural dissimilarities on the site of absorption.
Quercetin 3-glucoside is mainly deglycosylated in the small intestine, while intestinal (-

glucosidases appear inactive against quercetin-3-rhamnoglucoside (Day et al., 2000b).

Moreover, parent compounds may also be absorbed unaltered, and the metabolism at cellular
level was associated with hydroxylation, conjugation and methylation. Consequently, these
reactions could result in the efflux of flavonoids back into the lumen or released into the
circulation (Spencer, 2003). A study by Williamson and Manach, (2005) demonstrated that
flavonoids are metabolised during absorption and appeared as glucuronide, sulfate and methyl
conjugates, which are the most common metabolites in the human plasma. Methylation
improves the solubility of lipids and majority of flavonoids in plasma, also conjugation with
sulfate or glucuronic acid greatly develops hydrophilicity. It should be noted that the
conjugated forms of flavonoids (quercetin glucosides) possess different physiochemical

properties compared to the aglycone forms (quercetin) (Williamson and Manach, 2005).

A study conducted by (Wen and Walle, 2006) investigated the effect of structure on the
bioactivity of dietary flavonoids in comparison with methylated and unmethylated flavonoids
using Caco-2 cell line and human liver S9 fraction. They showed that both Caco-2 cells and S9
fraction of liver possess promising results on the oral bioavailability of dietary polyphenols.
The methylated version was more bioavailable for absorption at intestinal tissues and metabolic

activity (Wen and Walle, 2006).
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1.5. Health Benefits of Flavonoids and their role on Glycaemic Control

There have been many studies on protective effects and health promoting importance of
flavonoids on glycaemic control, cancer cell proliferation, cardiovascular complications and
neurodegenerative decline (Mursu et al., 2008, Renis et al., 2008). This section will cover the
research conducted on the effects of flavonoids in vitro and in vivo in relation to glycaemic

control.

It is noteworthy to investigate the plant extracts in addition to individual polyphenolic
compounds that can potentially decrease postprandial increase in blood glucose level by
inhibition of intestinal monosaccharide transporters with focus on SGLT-1 and GLUT-2. These
include quercetin glucosides, which have been shown to inhibit the active transport of glucose
from the luminal side of the brush border into the small intestine via the sodium-dependent
glucose transporter SGLT-1. By contrast, it is suggested that quercetin aglycone does not
inhibit SGLT-1 (Cermak et al., 2004, Johnston et al., 2005b). Moreover, phloridzin has been
established as a known inhibitor of glucose in the sodium-dependent SGLT-1 transporter
(Johnston et al., 2005a). Phloridzin results in glycosuria through inhibition of the renal
reabsorption of glucose (Kobori et al., 2012). Moreover, previous research has shown the
antihyperglycaemic effects of some polyphenolic plant-based foods can be related additionally

to a-amylase and a-glucosidase inhibitory activity (Adisakwattana et al., 2012).

In order to overcome complications derived from high levels of glucose and high expression
of SGLT-1 transporter in diabetes, the intestinal glucose absorption could be supressed by
inhibitors of SGLT-1. This could decrease the uptake of glucose and prevent postprandial
portal glycaemic rates, and hence may be supportive in improvement of the metabolic condition
in type 2 diabetes. There is recent in vitro evidence that polyphenols (flavonoids) are the most
important group of phytochemicals, which can alter the pattern of intestinal glucose uptake
through their interactions with certain glucose transporters (Gray, 2010). For instance,
inhibition of sodium dependent SGLT-1 transporter in which glucose is co-transported with
sodium ion or by inhibition of GLUT-2 sodium independent glucose transporter (Gray, 2010).
Notably, the flavonoid- quercetin glucoside ability to block SGLT-1 is reduced when the
glucoside moiety is cleaved off during lactase hydrolysis (Kottra and Daniel, 2007). Therefore,
it is still unknown if deglycosylation of quercetin glucosides in lactose tolerant individuals is
higher than lactose intolerant individuals, and thus are less able to decrease the uptake of

glucose from the intestine.
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1.5.1. In vitro studies

Inhibition of glucose transporters by the interaction of quercetin and quercetin glucosides such
as quercetin 3-glucoside, quercetin 4-glucosides and quercetin 3,4-diglucoside with SGLT-1
and GLUT-2 has been investigated in several in vitro studies (Ader et al., 2001, Cermak et al.,
2004, Kwon et al., 2007, Johnston et al., 2005a). An in vitro study on Caco-2 cells have
examined the effect of quercetin and its derivatives: quercetin 4-glucoside and quercetin 3,4~
diglucosides. They demonstrated that transport is associated with the position and nature of
glucosidic moiety and hypothesised that a glucose moiety in the 3-position could promote

absorption and vice versa with respect to glycosylation at the 4-position (Walgren et al., 1998).

The effect of quercetin on carbohydrate homeostasis has been measured by in vitro studies,
through inhibition of a-glucosidase activity, inhibition of glucose absorption from the gut, beta
cells protection in cell culture and abolishing damage from free radicals in the pancreas (Tadera
et al., 2006).Though inhibition of glucose transporters by the onion extract has been studied in
few studies, they also showed the onion extract and flavonoids from onion inhibit the SGLT-1
transporter (Schulze et al., 2015). Moreover, absorption of glucose by Caco-2 cells was
significantly inhibited by aqueous extract of Kuding tea and purple sweet potato stem under
both sodium-dependent and sodium-independent conditions suggesting the effects of SGLT-1
and GLUT-2 transporters (Wang et al., 2008). The flavonoid quercetin has been also found as
inhibitors of GLUT-2 overexpression and prevents absorption of mediated glucose and fructose

in GLUT-2 transport (Kwon et al., 2007).

1.5.2. In vivo animal studies

According to a study conducted on a rat model of obesity based on high-fat feeding, they
showed that a purified anthocyanins addition to their diet decreased the body fat and fasting
glucose levels compared to high-fat fed controls (Prior and Wu, 2008). Moreover, three other
studies demonstrated that anthocyanins induced expression of adiponectin, which involved
inhibition of adipocyte differentiation and an increase in energy expenditure, therefore leading
to reduction in weight gain (Bauche et al., 2007, Tsuda et al., 2006, Hsu et al., 2009). In the
study carried out by Hsu et al. (2009), they demonstrated in mice intake a high-fat diet and
supplemented with o-coumaric acid and rutin containing phenolic compounds, that levels of

serum lipids were reduced, followed by inulin and leptin concentrations (Hsu et al., 2009).

In other animal models, orally administered phloridzin has been found to decrease the

absorption of glucose in rodents (Kobori et al., 2012). Moreover, mice models with cancer had
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up to a 50% increase in their life span when treated with quercetin glucosides (Lamson and and
Brignall, 2000). Additionally, the administration of quercetin and its derivatives to Zucker
diabetic rats considerably reduced postprandial hyperglycaemia. Quercetin, quercetin-3-
gucoside and rutin have shown inhibitory activities on a-glucosidase from the rat intestine
(Song et al., 2005). Thus, quercetin and quercetin glucosides could characterise a therapeutic
method for diminishing absorption of sugar in type 2 diabetes and metabolic syndrome

(Mooradian and Thurman, 1999).

Quercetin has been recognised as an extremely safe compound to be consumed; carcinogenic
research in rats have presented that it has no evident side effects, even when consumed in large

quantities (2000 mg in per Kg of body weight) (Tadera et al., 2006).

1.5.3. Human studies

A prospective study in type 2 diabetic case-control pairs in the Nurses’ Health Study I and II
(NHS and NHSII), investigating urinary excretion of eight polyphenol metabolites, found that
flavanones (naringenin and hesperetin) and flavonols (quercetin and isorhamnetin), as well as
phenolic acid and caffeic acid, were associated with a 39%-48% lower type 2 diabetes risk
during early follow-up (median of 4.6 years since urine sample collection) (Sun et al., 2015).
Apple consumption of > 1 apple/day showed a 28% lower type 2 diabetes risk compared with
no apple consumption (RR: 0.72; 95% CI 0.56-0.92; p = 0.006) (Song et al., 2005). In another
study, they found that higher intakes of anthocyanins were significantly associated with a lower
risk of type 2 diabetes (HR 0.85; 95% CI 0.80-0.91; p < 0.001) (Wedick et al., 2012).
Apples(HR 0.77; > 5 servings/week vs. < 0.001) and blueberries (HR 0.77; > 2 servings/week
vs. < 0.001) were inversely associated with type 2 diabetes (Wedick et al., 2012), but total
flavonoid intake or other flavonoid subclasses were not associated with a lower risk of type 2

diabetes.

Coffee intake which contain flavonoids, such as quercetin, quercetin glucosides and phloridzin,
demonstrated that they were helpful in decreasing the prevalence of type 2 diabetes and obesity,
The RR of type 2 diabetes was 0.65 (95% CI, 0.54-0.78) for the highest (>6 or >7 cups per day)
and 0.72 (95% CI, 0.62-0.83) for the second highest (4-6 cups per day) category of coffee
consumption compared with the lowest consumption category (0 or <2 cups per day) (Van
Dam and Hu, 2005). According to the research conducted by (Song et al., 2005), quercetin,
kaempferol, myricetin, apigenin and luteolin was significantly associated with risk of type 2

diabetes. Among flavonoid-rich foods, apple and tea consumption were associated with
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diabetes risk. Women consuming > apple/day showed a significant 28% reduced risk of type 2
diabetes compared with those who consumed no apples (RR = 0.72, 95% CI: 0.56, 0.92; p =
0.006). Tea consumption was also inversely associated with diabetes risk but with a borderline
significant trend (> or =4 cups/d vs. none: RR 0.73, 95% CI: 0.52-1.01; p = 0.06) (Van Dam
and Hu, 2005).

According to a research conducted by Taj Eldin, et al. (2010), intake of crude Allium cepa (red
onion) in type 1 and type 2 diabetic patients significantly decreased the blood glucose levels
by about 89 mg/dl in relation to insulin (145 mg/dl) in type 1 diabetic subjects and it decreased
fasting blood glucose concentrations by 40 mg/dl compared to glibenclamide (81 mg/dl) in
type 2 diabetic patients after 4 hours of intake (Taj Eldin et al., 2010). Moreover, an oral
administration of a single dose of quercetin simultaneously with starch or maltose solution to
normal and diabetic rats as we as all participants with type 2 diabetes resulted in a great
inhibition of postprandial plasma levels (Kim et al., 2011), whereas quercetin in combination

with glucose did not affect postprandial blood glucose concentrations (Hussain et al., 2012).

Moreover, human studies conducted by Johnston et al. (2002) illustrated that intake of 25g of
glucose in commercial apple juice compared with control (water) has significantly delayed the
absorption of glucose on plasma levels. In fact, apple juice contains polyphenols such as
chlorogenic acid, phloridzin and quercetin glucosides (Johnston et al., 2002). Clear apple juice
compared with the control significantly reduced plasma glucose concentrations at 15 and

30min (p < 0.001 and p < 0.05) respectively (Johnston et al., 2002).

1.5.4. Onions (phenolic and non-phenolic) compounds effects on glycaemic control

Onions (A/lium cepa) are the second most produced vegetable crop after tomatoes in the world.
Onions have a high level of phenolics, which act as protective compounds against different
diseases such as cardiovascular, neurological, cancer and diabetes. Flavonoids are the major
phenolics in onions (Perez-Gregorio et al., 2010). The strong evidence in support of use of
onion in our research is the hypoglycaemic activity of Allium cepa (onion) which has been
found in several clinical trials showing that, the addition of raw onions to the diet for non-
insulin dependent diabetic individuals reduced the dose of antidiabetic medication required to
control the disease (Taj Eldin et al., 2010). Allium cepa acts as a hypoglycaemic agent by
mechanisms rather than increasing insulin levels having extra pancreatic effects; acting directly
on tissues as liver, muscles and small intestine and alter the activities of the regulatory enzymes

of glycolysis and gluconeogenesis (Taj Eldin et al., 2010).
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In a recent study which was in accordance with antiglycaemic significance of onion, they
focused on the polyherbal formulation of five different medicinal plants, mango (6g) guava
(10g), amla (3g) onion (50g) and garlic (1g) with proven antidiabetic effects were selected for
treatment of type 2 diabetic patients (Sukalingam et al., 2015). Reduction in hyperglycaemia
by polyherbal may reduce the risk of developing micro vascular complications and most
possibly lower the risk of macro vascular complications (Latha et al., 2004). The antidiabetic
activity of the polyherbal formulation which mainly contained onion used the glucose induced
hyperglycaemic model. High level of glucose in the blood induced the insulin secretion. This
secreted insulin can stimulate peripheral glucose intake and control the production of glucose

through different mechanisms (Obatomi et al., 1994).

Moreover, it is noteworthy that oral administration of A//ium cepa crude hydroalcoholic extract
in animal models (alloxan-induced diabetic rats) formed a great hypoglycaemic activity and
favourable good health effects which may be most probably attributed to improvement and/or
regeneration of pancreatic beta-cells (Taj Eldin et al., 2009). Also, Allium cepa acts as a
hypoglycaemic agent by mechanisms rather than elevating insulin concentrations having extra
pancreatic effects; acting directly on tissues such as liver (Shukia et al., 2000, Taj Eldin et al.,
2008).Flavonols and anthocyanins are the most available types of flavonoids in onions. They
are usually found as glycosylated forms. For instance, quercetin 4-glucoside and quercetin 3,4~
diglucoside are commonly ingested flavonoids. In addition to flavonoids, Inulin-type fructans
(inulin) contain fructose monomers linked by 3 (1-2) bonds) are present in significant amounts
in onion, wheat, chicory, banana and garlic root (Liu et al., 2017). Average daily consumption
has been estimated to be 1 to 4 g in the U.S. and 3 to 11 g in Europe. Chicory inulin and
oligofructose are officially recognised as natural food ingredients and classified as dietary fibre
in almost all European countries (Flamm et al., 2010). Inulin can be found in onions (1-5% on
a fresh weight basis), garlic (4—12%), banana (0.2%), and chicory roots (15-20%). Inulin type
fructans are consist of 2—60 fructose units linked by a glycosidic linkage often with a terminal
glucose unit (Liu et al., 2017). These fructans are not hydrolysed by the digestive enzymes in
the small intestine; they reach the colon unabsorbed and are utilised selectively as a substrate
for the growth of bifidobacteria (Fedewa and Rao, 2014). Indeed, it is considered as a soluble
fibre that can be incorporated into various food products (Reimer and Russle, 2008). In the
food industry, inulin is used as a fat or sugar replacement and soluble dietary fibre (Barclay et
al., 2010). Table 1.3, demonstrates the content of phenolic compounds and fructans found in

different types of onions.
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Phenolic Compounds

Red Onion, raw

Yellow Onion, raw

White Onion, raw

Mean (mg/100g) Mean (mg/100g) Mean (mg/100g)
Flavonols
Quercetin 1.31 0.28 0.03
Quercetin 3-O-glucoside 1.80 0.70 ND
Quercetin 3-O-rutinoside 0.21 0.68 ND
Quercetin 3,4-0- 77.08 26.58 3.12
Diglucosides
Isorhamnetin 1.51 9.31 ND
Quercetin 7,4 0- 1.80 036 ND
diglucoside
Quercetin 4-O-glucoside 38.80 21.55 2.25
Isorha.mnetln 4-0O- 6 2.89 ND
glucoside
Kaempferol-3-O-glucoside 1 0.80 ND
Anthocyanins
Cyanidin 3-O-glucoside 1.50 1 ND
Cyanu.im 3-O-glucosyl- 65 ND ND
glucoside
Delphlonldln 3-O-glucosyl- 1 ND ND
glucoside
Phenolic acids
Protocatechuic acid 2 1 ND
Non-phenolic
Fructan 2.1 1.2 1.8

Table 1.3: Content of polyphenols and fructan in onion varieties, mean (mg/100mg) (Phenol-explorer, 2016).

In a recent meta-analysis conducted by (Liu et al., 2017), from the 15 trials, in general there
was no significant difference in the glucose level (CI: 0.18, 0.08; p = 0.44) with no significant
heterogeneity between the individual study results, following inulin supplementation. However,
in another study, data reported that inulin-type fructans extracted from chicory roots regulated
glucose and lipid homeostasis by enhancing colon production of GLP-1. It is reported that
fructans from any botanical origin initiated the production of GLP-1 from the colon, and it is

responsible for the amendment of glucose and lipid metabolism (Urias-Silvas et al., 2008).

In the colon, inulin is degraded by gut microbiota into short-chain fatty acid, such as acetate,
propionate and butyrate (Kimura et al., 2011). Both propionate and butyrate are metabolised in
the colon and liver, which mainly affect their functions. They also induce intestinal
gluconeogenesis and sympathetic activity, which thereby improves glucose homeostasis
(Mithieux and Gautier-Stein, 2014). Evidence from animal studies has illustrated that inulin or
oligofructose supplementation improves weight loss and promotes regulation of glucose in
diabetic models (Cani et al., 2005). The mechanism by which inulin acts on glucose
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metabolism 1is still unclear. Several studies have demonstrated increased plasma PYY and
GLP-1 and upregulation of proglucagon mRNA with inulin-type fructans in rodents (Delzenne
et al., 2005, Urias-Silvas et al., 2008). GLP-1 has many antidiabetic characteristics, such as
food intake inhibition, delayed gastric emptying, induction of B-cell proliferation and insulin

secretion stimulation (Drucker, 2006).

It is shown in previous studies that a high fibre diet, onion solution significantly reduced plasma
glucose area under the curve (AUC) during oral glucose tolerance test (OGTT) in obese rats,
which reflected both an increased GLP-1 AUC and higher fasting insulin (Reimer and Russle,
2008). Due to the body's limited ability to process fructans, inulin has minimal increasing
impact on blood glucose levels. It is considered suitable for diabetics and potentially helpful in

managing blood sugar-related illnesses (Flamm et al., 2010).

In another study it was shown that the fibrous root of the Welsh onion decreased fasting and
postprandial hyperglycaemia by inhibiting a-glucosidase in an animal model of diabetes. Thus,
the fibrous root of the Welsh onion may be helpful in controlling blood glucose (Kang et al.,
2010).

In a study conducted by (Campos et al., 2003), a normal control (group A), and a non-diabetic
group (group B), were treated daily with 1 ml onion solution (0.4 g onion/rat). Groups C and
D were made diabetic by an intraperitoneal injection of streptozotocin (STZ) (60 mg/kg body
weight) in citrate buffer (pH 6.3). These animals (groups C and D) were the STZ diabetic
control and STZ diabetic rats with onion intake, respectively. Onion increased the fasting
serum high-density lipoprotein levels, and demonstrated alleviation of hyperglycaemia in STZ
diabetic rats. The hypoglycaemic and hypolipidaemic actions of onion were associated with
antioxidant activity, since onion decreased superoxide dismutase activities while no increased
lipid hydroperoxide and lipoperoxide concentrations were observed in diabetic rats treated

with onion (Campos et al., 2003).

According to a study on acute effect of onion on blood glucose levels of diabetic patients, when
the glucose and onion were administered, the plasma glucose levels were found to be decreased
when compared to those levels after giving glucose only: (225.60 £ 27.25 mg/dl vs 214.40 +
33.39 mg/dl at 30 min; p = 0.099), (282.55 + 31.67 mg/dl vs 229.40 + 37.61 mg/dl at 60 min;
p=0.0001), (270.20 £ 22.48 mg/dl vs 194.45 = 37.26 mg/dl at 90 min; p =0.0001) and (248.75
+ 20.13 mg/dl vs 161.65 £ 30.50 mg/dl at 120 min; p = 0.0001), respectively. This study
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showed that onion has an acute effect of lowering the plasma glucose levels which could be

useful in the management of patients with diabetes mellitus (Myint et al., 2009).

1.6. Lactose Intolerance

The term lactose intolerance determines the inability to hydrolyse dietary lactose and derives
from adult or congenital lactase deficiency. Two-third of the world’s population have lactose
intolerance condition (Lomer et al., 2007). NDDK (The National Institute of Diabetes and
Digestive and Kidney Disorders) estimated that up to 90% of Asian Americans and 75% of all
adult Native Americans and African Americans and of North Europeans are lactose intolerant
(Devesh and Kayastha, 2012). Lactose is available in the mammalian milk and it is hydrolysed
by the enzyme lactase-phloridzin hydrolase (LPH), which is mostly known as lactase. Lactase
is a type of B-galactosidase that mediates the hydrolysis of lactose to glucose and galactose in

the small intestine (Lomer et al., 2007).

Common symptoms of lactose intolerance include: abdominal bloating, abdominal pain, gas
and diarrhoea. These symptoms range from mild to severe according to the amount of lactose
the person intakes or the amount an individual can tolerate (Lomer et al., 2007). Thus,
decreasing the amount of lactose in milk could possibly reduce gastrointestinal symptoms in
lactose intolerant subjects. There are also other several possible ways to overcome this problem,
either by adding lactase enzyme in dairy products that hydrolyse lactose available in food or

using complementary prebiotics microorganisms (Lomer et al., 2007).

It is found in a human study (Meloni et al., 2001), that patients with diabetes type 1 and 2 have
elevated lactase activity; consequently, those with a high intake of lactose-based foods (dairy
products) would be exposed to lager amounts of monosaccharides galactose and glucose, and
this may lead to a greater blood glucose concentration. High prevalence of lactase persistence
has been found in the diabetic patients from Sardinia (Italy), where the prevalence of lactase
deficiency is very high (Meloni et al., 2001). This supports the idea that high intestinal lactase
activity in diabetic subjects contributes to the high level of blood glucose, while less intestinal

lactase activity could be associated with healthy subjects who are lactose intolerant.

According to a recent study conducted by Ji et al. (2014), lactose intolerant subjects had
decreased risk of lung and breast cancer in a population-based study in Sweden, which is

suggested to be linked to their specific dietary pattern, low consumption of lactose-containing

47



food (Ji et al., 2014). Milk can contain high amounts of saturated fat, and some growth factors,
such as insulin like growth factor-I (IGF-I), and these dietary components have been suggested
to be linked with the development of various cancer types (Ji et al., 2014). Moreover,
consumption of milk in individuals with lactase persistence has been associated with an
increased risk of cataract. Therefore, it has been suggested that hypolactasia would protect an
individual against cataract. Another disease, which is suggested as being linked with the ability
to digest lactose, is ovarian cancer, the background to this study is suggested as toxin to oocyte
(Vesaetal.,2000). Nolan et al. (2010) also found that lactase persistence as evident by presence
of the T allele of rs4988235 was associated with the risk of Crohn’s disease in the Caucasian

population of New Zealand (Nolan et al., 2010).

1.6.1. Role of LPH in relation to flavonoid metabolism

LPH is mainly responsible for metabolism of lactose from milk during infant years. This
enzyme is genetically regulated with lower levels in adolescents and most adults in the world
are lactose intolerant (Tribolo et al., 2007). Different types of B-galactosidase are found in the
small intestine. These include glucocerebrosidase, lactase phloridzin hydrolase (LPH), broad-
specificity cytosolic B-glucosidase and pyridoxine glucoside (Day et al., 2000b). All of these
enzymes, apart from LPH, act intracellularly and would need transport of intact flavonoid
aglycones if they were to act as an important factor in the metabolism of these compounds.
Whereas LPH is found in the brush border of the small intestine and is able to act on dietary
glucosides prior to the absorption (Tribolo et al., 2007). Thus, LPH enzyme acts as a crucial
factor for the hydrolysis of flavonoid glucosides, which consequently alters blood glucose level

in the smal