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Abstract

Diabetes is an endocrine disease characterised by a chronic increase in blood sugar
levels caused by a deficiency of insulin production, which leads to type 1 diabetes, or
by a loss of tissue response to insulin, which leads to type 2 diabetes. The disease
leads to disruption of metabolism, vascular damage and damage to the nervous
system, as well as damage to other organs and systems. Type 2 diabetes is
becoming more common throughout the world, due to poor nutrition and lifestyle,
and genetic background. Efforts have accordingly been increased towards
developing and refining treatments as well as to addressing the underlying causes of
the disease. Many parts of the world have a documented history of the use of plants
to treat diabetes, and these can be an attractive, local, alternative to expensive
pharmaceutical medicines. Accordingly there is an increasing interest in identifying

new phytochemicals with proven pharmacological effects on diabetes.

The tree Moringa peregrina is commonly found throughout the Middle East and the
oil from its seeds has been used for thousands of years. Other members of the
Moringa family have recorded anti-diabetic family and Moringa peregrina was
chosen for investigation in this work with the aim of characterising anti-diabetic
activity from its leaves. Six extracts were prepared using solvents water, methanol,
butanol, ethyl acetate, chloroform and hexane, based on standard extraction
techniques. The study was designed to assess the effect of these six extracts on the
uptake of glucose in a human hepatoma cell line (HepG2) using a well-studied
fluorescent derivative of glucose, 2-2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino
glucose (2-NBDG). The cells can take up 2-NBDG instead of glucose via glucose
transporters and its uptake is indicative of the capacity of cells to take up glucose,
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i.e. of the number of active glucose transporters on the cell surface. The results
revealed that the extracts prepared with ethyl acetate and chloroform increased
glucose uptake significantly more than the other extracts. Moreover the effects of the
extracts were rapid, with a one hour treatment producing a similar stimulation to a 24
hour treatment. These data were confirmed in a second method of investigation of
the hypoglycaemic effect of the extracts, by measuring consumption of glucose from
cell culture medium. A preliminary assessment of the effect of active extracts on
expression of the main glucose transporter of HepG2 cells, GLUT1, by western

blotting indicated no large changes in expression.

Dietary phytoestrogens have been shown to play a beneficial role in obesity and
diabetes, so the second part of this study investigated the effect of phytoestrogens
on glucose uptake. Three phytoestrogens (daidzein, formonontein and genestin,
which are naturally occurring isoflavones) were chosen. HepG2 cells showed a
significant increase in glucose uptake after treatment with phytoestrogens compared

to the control.

In an attempt to identify the active phytochemicals that could account for the
observed effects, extensive purification and characterisation of components from the
ethyl acetate fraction was undertaken. Seven components were identified: (1) O-
Ethyl 4-[(a-L-rhamnosyloxy)benzyl] thiocarbamate (E), (2) O-Butyl 4-[(a-L-
rhamnosyloxy)benzyl] thiocarbamate (E), (3) 4-(a-L-Rhamnosyloxy)benzyl
isothiocyanate, (4) B-Sitosterol, (5) Daucosterol, (6) 3’-methyl-quercetin-3-O-

rutinoside (also known as isorhamnetin-3-O-rutinoside), (7) Rutin.



In a final analysis an attempt was made to assess the effect of a representative set
of three out of the seven components on basic metabolic activity of HepG2 cells
using a Seahorse XF-24 analyser. The three components chosen were O-ethyl 4-[(a-
L-rhamnosyloxy) benzyl] thiocarbamate (E), B-sitosterol from the phytosterols family
and Rutin. Real-time monitoring of cell metabolism by a Seahorse XF-24 auto
analyser after two hours incubation with the three chosen compounds revealed that
maximal respiration, non-mitochondrial respiration and spare respiratory capacity
have trended towards an increase with [-sitosterol and3-O-ethyl 4-[(a-L-
rhamnosyloxy) benzyl] thiocarbamate (E) treatments compared to control. As no
similar trends were observed in ATP production, the increased maximal respiration
could increase metabolic activity at higher concentrations of glucose and account, in

part for the effects observed on glucose consumption.



Chapter |

Introduction



Diabetes mellitus (DM) is a metabolic disorder characterised by hyperglycaemia and
interruption of the metabolism of protein, carbohydrate and fat. It may be associated
with distinctive symptoms, such as polyuria (frequent urination), polydipsia

(increased thirst) and polyphagia (increased hunger).

DM is an important public health concern that affects more than 170 million
individuals worldwide. It is expected that the number of people suffering from
diabetes in the UK will reach approximately 5 million, or almost 10% of the
population, by 2025 and it is one of the leading causes of death worldwide (Islam et
al. 2009; UK Diabetes Association, 2014). Diabetes is a multi-organ disease
independent of age, race and gender. A number of pathogenic actions are involved
in the progress of diabetes, including destruction of the beta cells of the pancreas,
which leads to insulin deficiency. Some of the processes can cause resistance to
insulin, leading to increased plasma glucose levels and abnormalities of
carbohydrate, fat and protein metabolism. Diabetes is classified into four groups:
type 1, type 2, gestational and maturity onset diabetes of the young (MODY).

Glucose profiles of these are shown in Figure 1.1.
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Figure 1.1. Spectrum of glucose homeostasis and diabetes mellitus. The spectrum, from normal glucose
tolerance to diabetes in type 1, type 2, other specific types of diabetes and gestational diabetes, is shown from
left to right. In most types of diabetes, the individual traverses from normal glucose tolerance to impaired glucose
tolerance to overt diabetes (these should be viewed not as abrupt categories but as a spectrum). Arrows indicate
that changes in glucose tolerance may be bidirectional in some types of diabetes. (Adapted from the American
Diabetes Association, 2007.)

1.1 Glucose metabolism

Glucose is a chemical substance that can be obtained from the diet and from
endogenous pathways. From a chemistry point of view, it is a simple sugar that
belongs to the group of monosaccharide carbohydrates and is one of the main
energy sources for both plants and animal cells. Disaccharides such as lactose (a
combination of glucose and galactose) and sucrose (a combination of glucose and
fructose), and polysaccharides such as starch, a branched polymer of glucose are

other types of carbohydrates and are also sources of glucose (Fox et al. 2003). The



main metabolic pathways of glucose in energy metabolism are outlined in Fig. 1.2.
Glucose crosses cell membranes through glucose transporters, mainly members of
the GLUT family of transporters, though which glucose moves by diffusion down a
concentration gradient. Once taken up by cells, glucose enters the glycolytic
pathway. The initial step is phosphorylation to glucose-6-phosphate by hexokinase
or glucokinase, depending on the tissue. The conversion of glucose to glucose-6-
phosphate prevents glucose leaving the cell, which it could do through the GLUT
transporters if the diffusion gradient was reversed. Galactose also enters the
glycolytic pathway after conversion to glucose-6-phosphate. Fructose can be

converted to fructose-6-phosphate and then enter the glycolytic pathway.

Glycolysis produces pyruvate, which can enter the mitochondrial pathway of ATP
generation after conversion to acetyl-CoA. Alternatively, under anaerobic conditions

pyruvate is reduced to lactate which is then excreted by the cell.

Alternatively, and particularly in liver and muscle, glucose can be stored as glycogen,
when cellular demands for ATP are low. The liver is also able to synthesise glucose

in a reversal of glycolysis in the gluconeogenesis pathway (Fig. 1.2).
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Figure 1.2 A summary of metabolism. Carbohydrate metabolism starts with digestion in the small
intestine, where glucose (monosaccharide) is absorbed into the blood stream and the metabolism of
glucose starts after uptake into cells.

The process of glucose metabolism is regulated by glucoregulatory hormones, which
include insulin, glucagon, amylin, GLP-1, glucose-dependent insulinotropic peptide
(GIP), epinephrine, cortisol and growth hormones. Of these, insulin and amylin are
derived from the beta cells of the pancreas, glucagon from the alpha-cells of the

pancreas, and GLP-1 and GIP from the L-cells of the intestine (Aronoff et al. 2004).



1.2 Glucokinase

Glucokinase (GK), also known as human hexokinase IV, or hexokinase D, is one
member of a group of ATP:D-hexose 6-phosphotransferases, and this form is
expressed in the liver and pancreas. It has a high K, for glucose and is active when
glucose levels are high. It acts as a glucose sensor enzyme that controls
carbohydrate metabolism in the liver, or as described above, insulin secretion from
the pancreas. Glucokinase is not inhibited by its product glucose-6 phosphate, while
other hexokinases are inhibited, and hence glucokinase is able to take part in a
pathway of stimulating insulin release in response to increased glucose levels
(Matschinsky 1996; Prokopenko et al.2009). It is possible that modulation of
glucokinase activity could be one way in which anti-diabetic agents work. Insulin can
stimulate liver glucokinase in a glucose-independent manner and perhaps some

phytochemicals can mimic this action (lynedjian et al. 1989).



1.3 Insulin

Structure

Insulin is produced in the beta cells of the Islets of Langerhans in the pancreas. It is
a peptide hormone and the name comes from the Latin word insula, meaning island.
Insulin synthesis starts with the production of preproinsulin from which the
prohormone precursor, proinsulin is produced. Proinsulin consists of two chains A
and B with 51 amino acid and the C-peptide with 31 amino acids. There are two
disulphide connections between chains A and B in proinsulin. Insulin maturation
happens after involvement of prohormone convertases 2 and 3 and carboxyl-
peptidase H which facilitate the conversation of proinsulin to active insulin, as shown

in Fig. 1.3 (Rung et al. 2009).

Preproinsulin

B A
N C
Signal Connecting
sequence polypeptide
Cleavage of signal sequence
Disulfide bond formation Removal of

connecting polypeptide
ss
B A
_—-
ss

Proinsulin Insulin

THE CELL, Fourth Edition, Figure 8.27 © 2006 ASM Press and Sinauer Associates, Inc.
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Source: http://faculty.samford.edu/~djohnso2/44962w/405/protsort.html
Figure 1.3 Insulin biosynthesis. Insulin synthesis starts by cleavage of the signal peptide (SP) in preproinsulin

that leads to formation of proinsulin. Removal of the connecting peptide assists the insulin maturation process.

Its effect in glucose haemostasis is based on its influence on glucose uptake from
the general circulation while it has a preventive effect on the body against developing
the metabolic disease diabetes mellitus, due to inhibition of hepatic

gluconeogenesis. (Dupuis et al. 2010)

Secretion

Beta cells produce insulin in two phases; the first is a rapid, triggered phase and the
second phase is slow release. The rapid triggered phase occurs in reaction to
different types of factors such as glucose, glucagon-like peptide-1 (GLP-1), glucose-
independent insulinotropic peptide (GIP), adrenaline via B2 receptors, and arginine,
leucine, acetylcholine and cholecyctokinin (CCK) (Cawston et al. 2010: Layden et al.
2010).

Glucose, as the main triggering factor in releasing insulin, enters pancreatic beta
cells through the glucose transporter GLUT2, and once inside the cells it is
converted to glucose-6 phosphate (G6P) via a phosphorylation process by
glucokinase (hexokinase V). The process is rate-limiting and is responsible for
glucose-related insulin secretion. The converted form of glucose, glucose-6-
phosphate, enters glycolysis, in which it forms pyruvate, which then enters the
pathway for ATP generation in mitochondria via the citric acid cycle. The increased
influx of glucose into the beta-cells causes an increase in ATP production and hence
the ratio of ATP/ADP consequently increases, and as a result closes the potassium

channel which leads to depolarization of the cells. Cell depolarization opens voltage-
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dependent calcium channels and an influx of calcium into the cell. An increase in
calcium ion level induces the stimulation of phospholipase C which leads to insulin
secretion. The pathway is illustrated in Figure1.4 (Gudmundsson et al. 2007; Brunton

and Chabner 2011; Longo et al. 2011).

ATP-sensitive K-channel

++ ++
+
2
Calcium—channgl 1 Gt G|:JCOSC
P ATP/ADP * . » " ° .,
0 L ' - o
3 o
\ rSS
Insulin |
Z\’u-_;»__ = /f e
Glucose
Stimulated
Insulin
Secretion

Figure 1.4 How pancreatic cells are induced to secrete insulin. When levels of glucose in the blood
increase beyond normal, the flux of glucose into energy production in the pancreatic beta cell increases, resulting
in an increase in the ratio of ATP/ADP (1). This is sensed by the ATP-sensitive K channel which closes in
response (2). K* can no longer flow into the cell and the cell becomes depolarised, an event which opens
voltage-gated Ca®* channels (3). The increase in intracellular ca®' triggers release of insulin from pre-formed
granules in the early phase of insulin release (4).

© 2010 Nature Education all rights reserved. Adopted from: //Iwww.nature.com/scitable/content/the-key-
steps-leading-to-glucose-stimulated.
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1.4 Insulin mechanism of action

Insulin induces its effect by binding to the insulin receptors (IR) expressed on the cell
plasma membrane. The receptors belong to the tyrosine kinase receptor group and
in terms of functionality are similar to the insulin-like growth factor-1 (IGF-1)
receptors (Lyssenko et al.2009).This transmembrane receptor is activated by insulin,
IGF-1 AND IGF-II (Bouatia-Naji ef al.2009) and is composed of two subunits, alpha
and beta, encoded by a single gene, INSR, on chromosome 19 (Miedema et al.
2005). Once the tyrosine kinase activity of the receptor is activated a series of
biochemical pathways are triggered, mediated primarily by activation of insulin
receptor signalling proteins (IRSs) (Fig. 1.5). Regulation of glucose uptake by
peripheral tissues involves control of GLUT4 expression (see below), and

phosphatidyl-inositol

13
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Figure 1.5 Insulin signalling pathways. The complexity of insulin signalling is illustrated by this scheme, taken
from Taniguchi et al.(2007).

3-phosphate kinase (PI3K) plays a central role in mediating insulin signals that inhibit
gluconeogenesis, stimulate glycogen synthesis and storage and stimulate protein

synthesis and lipogenesis (Taniguchi et al. 2007).
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1.5 Glucose Transport

Glucose is transported into cells through two types of carrier. One type is the Na'-
glucose linked transporter (SGLT) (Wright 2001) and the other are the Na’-
independent sugar transporters (GLUT group) (Mueckler et al.1994). The two groups
differ in their functionality as well as their structures.

SGLT types comprise two sub-groups, based on their affinity for glucose. Most are
high affinity, low capacity transporters and in the kidney the low-affinity, high capacity
type is expressed as well. In these transporters Na+/K+ ATPase pumps promote

glucose transport by maintaining the gradient of Na* needed. SGLTs are expressed
mostly in small intestine and the proximal tubule of nephrons in the kidney (Wood et

al. 2003).

The more widely expressed family are the facilitative glucose transporters (GLUT)
are transmembrane proteins with 12 membrane —spanning helices that promote
diffusion of glucose, and other sugars, down concentration gradients across the
plasma membrane. When glucose attaches to the extracellular site of the
transporter, a conformational change of the transporter is induced that allows the
release of glucose from another, intra-membrane, site of the transporter (Hruz et al.
2001). The GLUT group is divided to three classes (Class |, I, and Ill) and has 13
members (Hruz et al. 2001; Joost et al. 2001). Class | GLUTs include GLUT 1 to
GLUT4, the most important transporters in tissues affected by insulin signalling

(Table 1.1).
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Name Distribution Notes

GLUT1 | Is widely distributed in fatal tissues. In the adult, it is | Levels in cell membranes are
expressed at highest levels in erythrocytes and increased by reduced
also in the endothelial cells of barrier tissues such glucose levels and decreased
as the blood-brain barrier. However, it is by increased glucose levels.
responsible for the low level of basal glucose
uptake required to sustain respiration in all cells.

GLUT2 | A bidirectional transporter, allowing glucose to flow | Is a high-frequency and low-
in 2 directions. Is expressed by renal tubular cells, affinity isoform. There is
liver cells and pancreatic beta cells. It is also some evidence that GLUT 1
present in the basolateral membrane of the small and 3 are actually the
intestine epithelium. Bidirectionality is required in functional transporters in beta
liver cells to uptake glucose for glycolysis, and cells.
release of glucose during gluconeogenesis. In
pancreatic beta cells, free flowing glucose is
required so that the intracellular environment of
these cells can accurately gauge the serum
glucose levels. All three monosaccharides
(glucose, galactose, and fructose) are transported
from the intestinal mucosal cell into the portal
circulation by GLUT2.

GLUT3 | Expressed mostly in neurons (where it is believed Is a high-affinity isoform,
to be the main glucose transporter isoform), and in | allowing it to transport even in
the placenta times of low glucose

concentrations

Found in adipose tissues and striated Is the insulin-regulated
muscle (skeletal muscle and cardiac muscle). glucose transporter.

GLUT4

Responsible for insulin-
regulated glucose storage

Table 1.1 Class | glucose transporters. (Bell et al. 1990 and Thornes et al. 2010)
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GLUTS is a very high affinity glucose carrier expressed in the brain, where glucose
plays important role in central nerve system metabolism (Simpson et al. 2008,
Vannucci et al. 1997,).

GLUT4 is the insulin sensitive glucose transporter present in skeletal muscle, heart
and adipose tissue where it plays a crucial role in controlling levels of postprandial
plasma glucose rises, where GLUT4 responds to insulin (Rayner et al. 1994). The
uptake of glucose is rapidly enhanced by insulin via stimulation of GLUT4
translocation from intracellular vesicles to expression on the cell surface plasma
membrane in skeletal muscle and adipose tissues (Shepherd et al. 1999).
Translocation of GLUT 4 can also be stimulated through exercise in skeletal muscle
tissues, known as insulin independent GLUT4 translocation stimulation (Ploug et al.
1998).

GLUTS5 is the transporter for fructose and is widely present in intestinal tissue
(Burant et al. 1992), as well as in kidney, brain, adipose tissue and skeletal muscle.
This transporter has been a focus for research due to its selectivity for transporting
fructose. The high level of fructose consumption in the diet suggests the involvement
of fructose in metabolic disorders such as obesity, diabetes and insulin resistance.
After uptake into cells, fructose will go through the pathways of ATP production.
However it has a different metabolic path from glucose and does not increase insulin

secretion from pancreatic beta cells in the way glucose does (Eliott et a/.2002).
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1.6 History of diabetes research

In the first century BC, the term diabetes and its diagnoses were given to patients
with high levels of urine excretion by Greek physicians. Other doctors called diabetes
“sweet urine disease”, whereby attraction of ants to a person’s urine was a key factor
in diagnosing diabetes patients. In later stages, the sweet taste of diabetic patients’
urine was described by researchers and the word “mellitus” was added to the term

“diabetes”.

In 1898, an important discovery after experimental pancreactomy revealed that the

pancreas plays role in DM. (Minkowski et al.1890)

Following that, in 1922, Sir Frederick Grant Banting, a Canadian physician,

announced insulin as a diabetic medication (Liabrary and Archives Canada 2000)

1.7 Type 1 Diabetes

Type 1 DM (T1DM) is an organ-specific autoimmune disease causing the selective
destruction of beta cells of pancreatic islets of Langerhans, leading to progressive
impairment of insulin production. Failure of insulin production means that control of
glucose levels is largely lost. Consequently, after a meal, levels of glucose will
become abnormally high. This in itself does not cause malaise but when
microvasculature is chronically exposed to high levels of glucose, endothelial cells
can become damaged and peripheral circulation impaired. Left untreated, the loss of
micro-circulation can lead to tissue death at the peripheries, requiring amputation.
Conversely if glucose levels are not regulated then in times of starvation, or more

commonly, if food has not been eaten for several hours, then hypoglycaemia can
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occur. The brain requires continual minimal levels, about 5 mM, of glucose for
energy supply. If levels fall lower than this, even for a short period, brain function is
impaired, loss of motor control and a state of coma can result. Prolonged
hypoglycaemia induces utilisation of lipid to provide free fatty acids as a metabolic
fuel. This can lead to complications, such as diabetic ketoacidosis (DKA) caused by
the breakdown of adipose tissue, make T1DM a life-threatening condition if left

untreated (Crawford 1991).

This condition is also as known as “insulin-dependent DM” (IDDM) or “juvenile
diabetes” and can be activated by both genetic and environmental factors. This type
of disease normally develops, and is diagnosed, in childhood and adolescence. It

can however be diagnosed in adulthood.

IDDM normally starts at a young age, and presents with social disorders. Once
diagnosed, patients need lifelong insulin treatment and can experience multiple

disease-associated complications (Couch et al. 2008).

The HLA class Il allele is the main genetic factor in autoimmune diabetes. The HLA
locus encodes antigen presenting proteins that help immune cells attack cells
infected by viruses or, less commonly, by bacteria, or to attack tumour cells.
Inheriting particular types of HLA genes creates more opportunities for immune cells
to attack the body’s healthy cells, which leads to autoimmune diseases such as DM

type 1 (Dean et al. 2004).

There is currently no cure for TIDM. Promising cures could include transplant of
beta cells, stem cell therapy, or gene therapy, but require resource intensive
development to ensure long-term and reliable efficacy and safety. Research both in
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rodent models of spontaneous diabetes and in humans has improved our
understanding of the molecular basis of diabetes, and especially the role of the

insulin receptor and associated signalling proteins (Wu et al. 2013).

1.8 Type 2 Diabetes

Type 2 diabetes is a group of progressive disorders characterised by high blood
glucose levels caused by a lack of insulin activity which can arise from a combination
of impaired insulin secretion and impaired response to insulin in key tissues and
organs, known as insulin resistance. One consequence is that gluconeogenesis in

the liver is no longer inhibited by insulin, and thus increases.

Insulin resistance means that the body is unable to use insulin efficiently, because
target tissues become unresponsive to insulin. Type 2 diabetes develops most often
in middle-aged and older adults, but increasingly is appearing in children, teenagers
and young adults (Rasooly et al. 2015). It accounts for about 90% of cases of

diabetes.

Patients with this type of diabetes may not require insulin to survive. Type 2 diabetes
is often a result of excess body weight and physical inactivity in genetically

predisposed individuals and is the most common type (Shojania et al. 2006).

Genetics and lifestyle are the two main causes of diabetes, and they can lead to
insulin resistance, impaired insulin secretion, obesity and abnormal fat metabolism

(Longo et al. 2011)

Therefore, in the early stage of type 2 diabetes, in response to impaired insulin

action the level of serum insulin increases (Del Prato et al., 2002). At this time, the
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cells responsible for production of insulin (pancreatic beta cells) lose their
functionality due to constant stimulation to recover the insulin output. As a result,

impaired insulin secretion occurs.

Numerous studies have proved the association of obesity and weight gain with an

increased risk of diabetes (Ford et al. 1997; Resnick et al. 2000).

Research has shown that T2DM is a partially inherited disease. Family studies
showed that individuals with a negative family history are three times less likely to
develop the disease compared to those with a positive family history (Flores et al.

2003; Hansen 2003; Gloyn 2003).

Identification of disease susceptibility genes has been the focus of intensive
research. Early studies (Barroso et al., 2003; Stumvoll, 2004) identified the candidate

susceptibility genes PPARy, ABCC8, KCNJ11 and CALPN10.

PPARYy (peroxisome proliferator-activated receptor-y) is used as a target for some
antidiabetic medications, such as thiazolidinediones, because this gene encodes a

transcription factor important in adipocyte and lipid metabolism.

UABCCS8 (ATP binding cassette, subfamily C, member 8) U and KCNJ11 are targets
for sulfonylurea drugs and control the secretion of hormones, such as insulin and
glucagon, by their involvement in the ATP-sensitive potassium channel. Therefore,

any disturbance in their activities will affect their functionality, which can lead to T2D.

CAPN10 controls an intracellular calcium-dependent cysteine protease (Cox et al.,

2004).
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Further studies showed an additional 20 confirmed loci associated with type 2
diabetes (Zeggini et al. 2008; Dupuis et al. 2010; Qi et al. 2010) and genome-wide
association analyses that included patients from different ethnic groups have
confirmed a total of almost 40 loci. These include one locus restricted to type 2
diabetes that was one of the first to be identified that has a role in mediating the
action of insulin rather than its secretion, IRS7 (encoding insulin-receptor substrate
1) (Rung et al. 2009). The hepatocyte nuclear factors HNF1A and HNF1BI, and
variants in or near WFS1 (Sandhu et al. 2007; Winckler et al. 2007; Gudmundsson et
al. 2007; Franks et al.2008) the melatonin-receptor gene MTNR1B (Prokopenko et
al.2009; Lyssenko et al.2009; Franks et al. 2008) are also implicated. The current
state of GWAS findings has been recently reviewed and about 80 genetic loci are
associated with development of T2D in European populations (Dorajoo et al. 2015).
These findings have helped to understand the molecular basis of insulin secretion
and action better, but also indicate genes that can affect treatment effectiveness and

allow identification of potentially good or poor responders to a given treatment.

1.9 Other types of diabetes

In addition to types 1 and 2 diabetes, the two most common forms, other types of
diabetes have been recognised, that have different aetiologies. These include
congenital diabetes, caused by insulin secretion deficiency; cystic fibrosis-related
diabetes arising as a complication of impaired CFTR function; steroid diabetes,
which is influenced by high doses of glucocorticoids and gestational diabetes, which

occurs during pregnancy (Lynn et al. 2012).
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1.10 Diabetes complications

Complications related to any type of acute and chronic diabetes are classified into
two types. Acute effects of short-term disruption in the balance of blood sugar are

due to

AMPUTATION

Figure 1.6 Chronic complications arising from diabetes. DM is the main cause of a number of
serious health conditions, such as cardiovascular disease, blindness, kidney failure and neuropathy
that leads to lower Ilimb amputation. (Reproduced from international diabetes
federation).(http://www.idf.org/. international diabetes federation).

either too low or too high levels of glucose. When levels are low, a state of
hypoglycaemia, diabetic ketoacidosis and nonketotic hypoglycaemic coma can
occur. When levels of glucose are too high, diabetic hyperglycaemic hyperosmolar
syndrome and hyperosmolar hyperglycaemic nonketotic syndrome (HHNS) can
occur. The acute conditions include ketoacidosis, and hypoglycaemic reactions. The
chronic complications include retinopathy, nephropathy, neuropathy ( Henry et

al.1997; Mard-Soltani et al. 2011).

Chronic complications of DM (Fig. 1.6) take 10 to 15 years to occur. One major type
is caused by damage to microvasculature, which can lead to the common
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complication of diabetic retinopathy, the major cause of blindness in diabetics (Font
et al., 2004). Another chronic complication is diabetic peripheral neuropathy (DPN)
caused by damage to sensorimotor and autonomic nerves, and leads to erectile
dysfunction (impotence) and foot ulcers (Andrew et al. 2005; Chu et al. 2001).
Another microvascular complication is diabetic nephropathy, which is the most

common reason for renal failure in countries such as the USA (Fowler, 2011).

Microvascular damage can also lead to macrovascular complications such as
ischaemic heart disease, stroke and peripheral vascular disease. Macrovascular
disease can also develop in the peripheral vasculature and can affect

cerebrovascular flow (Chew 2006).

In the case of retinopathy, aldose reductase plays a key role in the pathogenesis.
This enzyme is involved in the polyol pathway where glucose is converted to sorbitol.
As glucose levels increase, the conversion of glucose to glucose alcohol (sorbitol)
will increase as well. Sorbitol accumulation and consequently increased osmotic
pressure are assumed to be the underlying mechanism in the pathogenesis of

diabetic retinopathy (Gabbay 1975; Gabbay 2004; Fong et al. 2004).

Generally the continual, high levels of glucose experienced in untreated diabetes can
cause generation of advanced glycation end-products in basement membranes of
microvasculature. Glucose is a reducing sugar and can react, at a very slow rate,
with proteins and other macromolecules. For example the blood marker for diabetes
is Hb1Ac, a glycation product of haemoglobin. Glycation will occur more quickly
when there is an oxidative environment and if protein turnover is slow (Goldin et al.

2006). The glycation causes cross-linking of proteins and eventually causes cell
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dysfunction and local inflammation, deposition of scavenger cells, eventually leading

to loss of flow and local tissue damage.

1.11 Diagnostic criteria

On basis of the information from Diabetes UK, who adopt that the WHO guidelines

for diagnostic criteria, the following diagnostic categories for diabetes are

recommended:

1 Diabetic symptoms such as polyuria, polydipsia and unexplained weight loss

for Type 1 plus:

Random blood glucose level greater than 200 mg/dl (11.1 mM) in the
presence of diabetes symptom including polydipsia, polyuria and
polyphagia.

Fasting plasma glucose (FPG) level greater than 125 mg/dl (7.0 mM) from
at least two independent measurements.

Two-hour plasma glucose greater than 200 mg/dl (11.1 mM) after 75 g of
oral glucose load (Oral Glucose Tolerance Test).

Haemoglobin A1C (Glycated Haemoglobin) greater than 6.5%.

According to studies, a combination test of FPG and A1C is recommend

for diagnosis of diabetes type (Sato et al.2009).

2 If diabetic symptoms are not present, then at least two tests need to be done

to confirm the diagnosis (WHO 1999). There are, however, different

diagnostic criteria for gestational diabetes, including:

e Afasting plasma glucose level of 5.6 mM or above or

e A 2-hour plasma glucose level of 7.8 mM or above (WHO 2006).
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Glycated haemoglobin or glycosylated haemoglobin (haemoglobin A1c, HbA1c, A1c,
or Hb1c) is a form of haemoglobin that is measured primarily to identify the average
plasma glucose concentration over prolonged periods of time. It is formed in a non-
enzymatic glycation pathway by haemoglobin’s exposure to plasma glucose. Normal
levels of glucose produce a normal amount of glycated haemoglobin. As the average
amount of plasma glucose increases, the fraction of glycated haemoglobin increases
in a predictable way. There is not particular level for HbA1c to identify whether
patients are or not at risk of type 2 diabetes as this is continuous risk factor.
According to WHO recommendation the cut-off point of HbA.for diagnosing type 2
diabetes in non-pregnant adults is a level of 48 mmol/mol (6.5%) and the range 42—
47 mmol/mol (6.0-6.4%) is considered to be 'high risk' (www.nice.org.uk) .This
serves as a marker for average blood glucose levels over the previous months prior

to the measurement (Miedema 2005; Peterson 1998).

1.12 Treatment of Diabetes

DM can be managed by diet, exercise and drug therapy. In terms of diet, more than
50% of calorie intake should be from fibre-rich carbohydrates with minimal fat
(especially saturated fat), refined carbohydrate and alcohol intake (Simon et al.
2005). The total calorie intake for each individual should be adjusted according to
their BMI to include a few portions of fresh fruit and vegetable in their daily diet;
ready meals and alcohol should be avoided, as they are often sources of hidden
sugar. In addition, regular exercise is encouraged as it can increase insulin

sensitivity, decrease blood pressure and improve blood lipid control.

In terms of drug therapy, there are two main types used to treat DM.
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1.13 Pharmaceutical (synthetic) drug therapy

The drug therapy for T1DM and for some patients with T2DM is insulin. Insulin
therapy is a first-line treatment for T1IDM whilst in T2DM it is considered only after
diet and oral drug therapy have failed. Besides insulin, drugs currently used for
T2DM treatment include sulfonylureas, biguanides and thiazides, followed by other
medications like glitazon, ateglinide, repaglinide and acarbose (Royal
Pharmaceutical Society 2015). The most widely prescribed medications for T2DM
are sulfonylureas, which are derivatives of the antibacterial sulfonamides. Their
mechanism of action is direct stimulation of the release of insulin from pancreatic
beta cells, which leads to reduced blood glucose levels. This group of medications
also decreases hepatic glucose production at higher doses. Second-generation
sulfonylureas can have an additional pancreatic effects that result in increased
insulin sensitivity (Briscoe et al. 2010; Basit et al. 2012).However, the mechanism of

this effect is still unclear.

Second-line treatments for T2DM start with biguanides, for example, metformin. The
mechanism of metformin likely involves a peripheral insulin sensitisation, which
corrects most of the major symptoms characterising insulin resistance syndrome,
and increases glucose uptake in muscle. Metformin is able to reduce
gluconeogenesis in the liver as well as decrease intestinal absorption of glucose. All
these effects result in lower insulin resistance and better glycaemic control. On the
negative side, the main side effect that has made these medicines potentially

dangerous is the possible induction of lactic acidosis, especially if over-prescribed.
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Also, many patients, especially elderly patients may be contra-indicated for

metformin due to the risk of lactic acidosis (Scheen and Paquot 2013).

Thiazolidinediones (glitazones or TZDs) are another class of drug for treating T2DM.
The National Institute of Health and Clinical Excellence (NICE) guidelines
recommend that TZDs could be used if diabetic patients cannot tolerate the
combination therapy of metformin and sulfonylurea. The improvement of glucose and
lipid metabolism is due to the agonist action of the PPAR gamma receptors, which
increase transcription of certain insulin-sensitive genes, including those for
lipoprotein lipase, the fatty acid transporter and the glucose transporter. Some
examples of this class of drug are troglitazol, rosiglitazon and pioglitazon. On the
negative side, this group of medications has several undesirable side effects,
including inhibition of hepatic regeneration (Turmelle et al. 2006), induction of obesity
(de Souza et al. 2001) and osteoporosis (Rzonca et al. 2004). Troglitazol was
withdrawn from the market as a result of severe hepatotoxicity, unlike the

aforementioned two drugs, which do not cause severe toxicity.

Another line of treatment of T2DM is meglitinides, which include nateglidine and
repaglidine. Their mechanism of action is similar to anti-diabetic sulfonylureas, but
clearly they are in different categories. These drugs should be used in combination

with metformin and are not applicable for T1DM.

Glycoside inhibitors and glucagon like peptide-1 (GLP-1) are also used to treat

T2DM.

Although these and similar drugs have been used widely and have shown good
results in management of DM, they are either expensive or can have undesirable
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side effects, such as weight gain, oedema, anaemia and hepatotoxicity (especially
with TZD), and furthermore, all of them fail to restore full glycaemic control
(Balakrishnan et al. 2009; Laville and Andreelli, 2000). Thus, such side effects
discourage the correct and complete observation of the medication protocol by some
patients. On the basis of these drawbacks, it is highly desirable to find new anti-
diabetic compounds that increase the level of glucose uptake in different types of
animal cells lines and do not have serious side effects like TZD (de Souza et al.

2001; Laville and Andreelli 2000).
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1.14 Herbal and complementary therapies

Herbal medicine and plant derivatives have a long history of use as therapeutics for
a variety of diseases and health conditions in many cultures around the world. There
is an increasing trend in recent years towards the use of herbal-based therapeutics
that originate from traditional medicines as an alternative or complementary
treatment for some health conditions, such as hypertension, hyperglycaemia,
hyperlipidaemia and cancer (Kim et al. 2011; Wazaify et al. 2013; Zhao et al. 2010;
Ramkumar et al. 2008). There is also increasing interest in the field of herbal
medicine research in investigating the efficacy and mechanisms of action of such

derivatives.

In past two decades considerable numbers of complementary medicines have
become available through the National Health Service (NHS), but the accessability of
those services however depends on the level of support and local interest
(Zollman and Vickers 1999). About 1200 plants are used globally for the treatment of
T2DM. However, only around 350 of them are registered as anti-diabetic agents
(José et al. 2005). Such traditional methods of medical therapy have been widely

and successfully used in some eastern countries, such as China, Egypt and Iran.

It is well known that diabetes is one of the most disabling health conditions with
increasing prevalence worldwide, which makes herbal derivatives with anti-diabetic
properties increasingly attractive for further investigation. Studies on the effects of
herbal derivatives on diabetes not only help us to identify new, active anti-diabetic
molecules but may also provide us with better insight about the pathophysiology of

diabetes.
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1.15 Moringaceae family

A literature search for herbal derivatives with anti-diabetic effects highlighted
Moringa peregrina as being relatively understudied. Its extracts have been
suggested by some studies to have anti-diabetic effects (Ramkumar et al., 2008;
Elbatran et al., 2005; Tsaknis 1998; Taha et al. 2011; Hanaa et al. 2013; Cederroth
et al. 2009; Larijani et al. 2008), but active components had not been identified. The
Moringaceae family is in the category of Brassicales or Capparales. There is only
one genus recognised in this family, which is subdivided into 13 species, which can
be found scattered around the tropical and semi tropical regions. All Moringa species
originated mainly from India and from there they have found their way to many hot

countries around the world.

Members of this group are quite differentiated from each other in terms of
characteristics such as morphology, habitat requirements and pharmaceutical
applications. Some species, such as M. hildebrandtii, have become extinct in nature.

Other species, such as M. arborea, are in danger of extinction.

M. oleifera, the most common species of this group, is native to the Himalayan
border regions and North West India, and can be found in many African countries,
Arabian Peninsula, South East Asia, the Pacific Islands, the Caribbean and South

America.
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All known species of Moringa are listed below.

M.
M.
M.
M.
M.
M.
M.
M.

8.
9. M.
10.M.
11. M.
12.M.

13.M.

In terms of structure evaluation, the genus Moringa is a class of dicotyledonous
plants. The tree bears seed pods 20—40 cm long, each containing 8—15 unwigged
seeds (Shojania et al., 2006). Young seeds of the plant are eaten in the way peas

are eaten while mature seeds are fried or roasted like ground nuts.

Moringa peregrina (Forssk.) Fiori, Agricolt. [Syn.; M. aptera Gaertn., M. arabica
(Lam)], is also known as Ben-nut tree, Ben-oil tree, wild drumstick tree, and is the
second most important type of Moringa after M. oleifera Lam. It is important in the
food, pharmaceutical and environmental industries.

industry due to the high content of mono-unsaturated fatty acids (like oleic acid),

arborea Verdcourt
borziana Mattei
concanensis Nimmo
drouhardii Jumelle
hildebrandtii Engler
longituba Engler
oleifera Lamarck
ovalifolia

peregrina Forssk. ex Fiori 1
pygmaea Verdcourt
rivae Chiovenda
ruspoliana Engler

stenopetala (Baker f.) Cufodonti

32

Its oil is used in the food



which do not lose their quality when frying. In addition, the oil is used in
pharmaceuticals, perfumes and even for streamlining parts in fine industries, such as
watches or mobile laboratory devices that are only lubricated once in their lifetime to

improve their resistance against heat and to avoid damage.

There have been far more studies on the species of M. oleifera in comparison to M.
peregrina. M. oleifera is rich in nutrients and proteins and has multiple
pharmacological effects, its use in diabetes and abortion was described by Gupta
and his colleagues (Gupta et al. 2002),the crude ethanolic extract of its dry seed
and hot water infusion of leaves, seed and roots of M. oleifera showed its anti-
inflamatoy and diuretic effect (Caceres et al.1992).Purification of ethanolic extract of
the leaves gave different components namely,niazinin A and B, niazimicin ,
niaziminin A and B. These isolated compounds showed M.oleifera cardiovascular
effect by exerting hypotensive and bradycardiac effect (Gilani et al. 1994).0Other
bioactive components were found from extract of this plant including flavonoid group
such as kaempferol and quercetin and exerted the antioxidant properties from

phenolic constituents of M.oleifera (Siddhuraju et al 2003).

The leaves of this plant are a rich source of beta-carotene, protein, vitamin C,
calcium and potassium. The plant is a natural source of antioxidant used to store
high-fat foods. M. oleifera is a fast-growing species in tropical and subtropical areas,
with extensive growth in Asian countries. This type of Moringa species is the only
species that is cultivated intensively for commercial use in some countries. Because
of its numerous uses of the plant, this species is also known as the miracle plant

(Ashfaq et al. 2012).
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Figure 1.7 Moringa peregrina plant

Moringa peregrina

i Fiori i
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1.16 Phytoestrogens

Phytoestrogens are a group of chemicals that naturally occur in plants with
oestrogenic properties allow them to act as agonists and antagonists of oestrogen
(Yildiz, 2005). The pharmacological effects are mediated through binding to
oestrogen receptors. There are two types of oestrogen receptors in the human body,
ER alpha and ER beta and phytoestrogens have higher affinity for ER beta than for
ER-alpha (Turner, 2007). Phytoestrogens were first synthesised by Baker and
Robinson in 1928 (Walter E. D. 1941), after which isoflavones, which is a group of
phytoestrogens, were found in soybean meal (Soja hispida) by Waltz (Al-Othman et
al., 1998). Another group of phytoestrogens called lignans were discovered by
Haworth in 1941 (Marwah, 2006). Several studies were carry out to assess the
reproductive effect of phytoestrogens particulary isoflavones (Bennetts et al. 1946,
Carter et al. 1955 and 1960 East J. 1955). Following these investigations,
pharmacokinetic studies were carried out on animals as well as humans (Cederroth
et al. 2009; Oergaard et al. 2008; Hintz et al. 2004; Bhathena et al. 2002;
Stephenson et al. 2002; Jayagopal et al., 2002; Hepburn et al. 2002; Tourandokht et
al. 2008; Sun et al. 2006; Hasani-Ranjbar et al. 2008; Shen et al. 2006; Santti et al.
1998; Curran et al. 2004; Harris et al. 2005; Zhou et al. 2009). Subsequently, the
effects of phytoestrogens and their metabolites on estrogen receptors (ER) have
been recognised and their estrogenic and anti-estrogenic activities confirmed, as

well as their high affinity for uterine estrogenic receptors (Turner et al. 2007).

35



1.17 Classification of phytoestrogens

Phytoestrogens can be categorised into two main categories depending on their
strutctures; the flavonoids and non-flavonoids as described in Figure 1.8. The
isoflavones and coumestans from the flavonoids class have the highest estrogenic
activity. Prenyl flavonoids are another member of this group that have been
discovered recently and have not yet been fully investigated. In the non-flavonoids
class of phytoestrogens, lignans have been well studied and have potent estrogenic

activity, followed by stilbenes, which include the widely studied resveratrol.

phytoestrogens

sterols

flavonids eg Non-flavonoids

B-sitosterol

Prenylflavonoids Lignans

Isoflavones coumestans Stilbenes
e.g 8- e.g

e.g coumestrol . . . S e.g resveratrol
prenylnaringenin secoisolariciresinol

e.g daidzein

Fig.1.8. General classification and examples of phytoestrogens (adapted from Yildiz 2005, Sriraman et al.

2015, Brown et al. 2014, Touillaud et al. 2005 Nut)
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1.18 Aim of the work

This project aimed to investigate the anti-diabetic properties of M.Peregrina and
phytoestrogens by in-vitro techniques, with a view to characterising new phyto-
preparations with anti-diabetic properties. HepG2 cells were chosen for assaying
glucose uptake, consumption and metabolism sterols.

The strategy was to prepare a series of extracts of M.peregrina leaves using
solvents with a range of polarities. These would be screened for potential anti-
diabetic activity to identify the most active fractions. The active fractions would
undergo rigorous further extraction and analysis to identify individual phyto

components, which could be assayed individually for anti-diabetic activity.
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2.1 Preparation of Extracts of M.peregrina

In this part of the work there were two phases of preparation of extracts. One at the
beginning of the work involving preparation of crude extracts for screening, and the
second involving purification of isolated phytochemicals from the most active extract.
The first phase was done at the Institute of Medicinal Plants in the city of Karaj, Iran,
and the second phase was done at the University of Tarbiat Modares and Shahid

Beheshti in Tehran, Iran.

2.1.1 Plant sources

Plant sources used in this project include aerial parts of M.peregrina that were
collected from the province of Sistan-Baluchestan, city of Nikshahr in Iran, from a
height of 300 meters above sea level in June 2010. This plant was previously
registered in the Herbarium of Medicinal Plants in Karaj, Iran, with the registration

number ACECR-44.

2.1.2 Chemicals

2,2-Diphenyl-1-picrylhydrazyl (DPPH), beta-carotene and sodium carbonate were of
analytical grade from FLUKA . Methanol, ethanol, dimethyl sulfoxide (DMSO) and
other solvents, Folin reagent, Tween 40, linoleic acid, and butylated hydroxytoluene
(BHT) were obtained from Merck .

2.1.3 Extraction and preparation of fractions

Dried aerial parts of M. peregrina (1kg) were extracted by successive percolation
with solvents of increasing polarity at room temperature, starting with n-hexane. The

extract then was concentrated using smooth finish paper and rotary evaporator and
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dried in a Petri dish. Chloroform were added on the remaining amount of plant and
extracted. After extraction with chloroform the remaining plant was dried in the dark
and then extracted with ethanol 70% (each extract three times with 500 mL of
solvent, for 24 hours). The ethanol extract was concentrated, suspended in water,
and successively partitioned with EtOAc and n-butanol. The n-hexane extract (Hxe),
chloroform extract, and ethyl acetate and n-butanol fractions (Btf) were obtained,
along with the water fraction (Wftf). All extracts were filtered out, dried with a vacuum
using a rotary evaporator, and brown viscous residues were obtained and stored in
the dark at 4°C prior to use, the extraction lasted 7 to 10 days.

Following the in vitro study in this project, positive biological activity was found in
extracts of ethyl acetate and chloroform and further phytochemical investigation on

these two active extracts were performed.

3. Purification of the active compounds of ethyl acetate and

chloroform extracts

The extracts were purified by using silica gel chromatography (250g and 220g) with
grade 60 silica gel (0.063-0.200mm, 70-230 mesh), column length 90 cm, internal
diameter (i.d) 3.5 cm. Compounds were separated and monitored by thin layer
chromatography (TLC) followed by preparative High Performance Liquid
Chromatography. Proton nuclear magnetic resonance (1H NMR) and carbon-13
nuclear magnetic resonance ('>*C-NMR) were used for determination of compound

structures.
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NMR spectra were recorded at a target temperature of 18 °C on a Bruker Avance llI
500 MHz spectrometer operating at 500.13 MHz for 1H and 125.77 MHz for 13C. A
1-mm TXI microprobe with a z-gradient was used for 1 H-detected experiments.
13C-NMR spectra were recorded with a 5-mm BBO probe head with z-gradient.
Spectra were analyzed using Bruker TopSpin 2.1 software. Analytical HPLC
separations were performed with a Knauer HPLC apparatus consisting of a 1000
Smartline pump, a 5000 Smartline manager solvent organizer, and a 2800 Smartline
PDA detector. Injection was performed through a 3900 Smartline autosampler
injector equipped with a 100 pL loop. Temperature control of the column was with a
Jet Stream 2 Plus oven (Knauer, advanced scientific instrument). Data acquisition
and integration was performed with EZchrome Elite software. The flow rate of the
mobile phase was kept at 1.0 mL/min. Preparative HPLC was done on a Knauer
Wellchrom series consisting of K-1800 pump, UV detector k-2501, and a Buchi
fraction collector (Buchi Labortechnik AG). Knauer Eurospher 100-5 C18 (250
mmx4.6 mm, 5 ym), and Eurospher-100 (120x16 mm, 5 ym) HPLC columns with
precolumn were used for analytical and preparative separations, respectively.

High resolution mass spectra(MS) was used , the samples was analysis with
micrOTOF ( bruker) , where Electrospray ionization and Time of flight (TOF) was
used. .For Isolation of constituents from the EtOAc extract ,the column was eluted
with a gradient of ethyl acetate/methanol (100:0 - 0:100). Fractions of 20 mL were
collected and monitored by TLC (silica gel 60 Fzss, Merck, ethyl acetate 100%;
detection with H,SO4 3% reagent and heating) and eight fractions were obtained.

In the procees Isolation of constituents from the chloroform extract, the column was

eluted with a gradient hexane/ethyl acetate (100:0 - 0:100) and followed by ethyl
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acetate/methanol (100:0 - 80:20). Fractions of 20 mL were collected and monitored
by TLC (silica gel 60 F2s4, Merck, detection with H,SO4 3% reagent and heating). By
adding the fractions with the same solvent and evaporating them at the end 15

fractions were obtained.
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Part Il

In vitro studies on glucose uptake
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4.1 Introduction

Stimulation of glucose uptake is a key parameter of the hypoglycaemic effect of

known anti-diabetic drugs (Kawamori et al.1995; Yu et al. 2015).

To establish the hypoglycaemic effect of the compounds in this part of the work two
methods of study was designed for measurement of glucose metabolism in HepG2
cells, measurement of glucose uptake and measurement of glucose consumption.

This part of the project was performed in the Research Laboratory of London

Metropolitan University.

4.2 Materials
HepG2 cells were obtained from King’s College Medical School Liver Unit. DMEM

(Dulbecco's Modified Eagle Medium) glucose free and with glucose, methanol,
dimethyl sulfoxide (DMSO), Costar 24 well plates, 2-(N-(7-nitrobenz-2-oxa-1, 3-
diazol-4-yl) amino)-2-deoxyglucose (2-NBDG) were obtained from Sigma Aldrich
(Poole, Dorset, UK).

4.3 Cell culture
4.3.1. HepG2 cell line

The cell line HepG2 is a human liver carcinoma cell line. This is a perpetual cell line
and have an epithelial morphology with stable chromosome number of 54 with
variation between 54 to 56 in 90% of the cells ( Simon et al.1982). HepG2 cells
exhibit most cellular characters of normal human hepatocytes and produce a wide

range of valuable biochemical molecules from proteins groups including albumin,

46


https://en.wikipedia.org/wiki/Cell_line

iron-binding blood plasma glycoprotein transferrin, glycoproteins such as fibrinogen,
high molecular weight plasma proteins like az-macroglobulin, protease inhibitors
(Alpha-1 antitrypsin) and plasmin which is degradation enzyme for blood plasma

protein such as fibrin clots.

4.3.2. Cell Culture

The human hepatoma HepG2 cell line was used in this work, and was grown in
DMEM with 11 mM glucose (Gibco) and 10% foetal calf serum. Glucose was added
to 11 mM for most experiments unless otherwise stated. HepG2 cell cultures were
started from frozen cells, using standard protocols (Hanaa et al.2011). A vial of cells
was collected from liquid nitrogen storage and the lower half submerged in a water
bath at 37 °C. After allowing to thaw until a small amount of ice remained in the vial
(usually 1-2 minutes), the vial was transferred to a sterile safety cabinet. The vial
was wiped with a tissue moistened with 70% alcohol, the cap removed and the cells
were removed by slow pipetting to pre-warmed growth medium. The cells were
centrifuged at 1000 rpm at room temperature for 5 minutes to remove the DMSO in
the cryopreservation medium. The medium was carefully removed and replaced with
new medium and the cells slowly pipetted to a flask. Cells were grown at 37 °C in 5%
COy/ air.

The HepG2 cell line is anchorage dependent and must be cultured while attached to
a solid or semi-solid substrate (adherent or monolayer culture). The fibroblastic
morphology of the cells was examined by microscopy at each sub-culture. An

example is shown in Figure 2.1
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Figure 2.1. Fibroblastic morphology of HepG2 cells.

Fibroblastic (or fibroblast-like) cells are bipolar or multipolar, have elongated shapes, and grow
attached to substrate. The image shows a reverse-phase microscopy picture of HepG2 cells taken
during my PhD project. A scale bar of 100 um is shown.

4.3.3. Subculture of HepG2 cells

When a flask of cells was at, or near confluency, the culture confluency as well as
absence of bacterial and fungal contamination were checked by microscopy. Spent
medium was removed, cells were washed with a half volume of culture medium.
Trypsin-EDTA (1ml per 25 cm? of surface area) added to the flask, washed over the
cells, then the flask was returned to the incubator and incubated until cells detached.
The cells were examined by microscopy to ensure that they were fully detached and
floating, then a small volume of the fresh serum-containing medium was added to
inactivate the trypsin (Elbatran et al. 2005; Ramkumar et al. 2008). Cells were
seeded into a fresh flask at a concentration of approximately 0.5x10° in 5 mL
medium per 25 cm? flask area. Viable cells were counted by trypan blue exclusion

using a haemocytometer.
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4.3.4 Glucose uptake in HepG2 cells

For in vitro glucose uptake assays using 2-NBDG, it was important to optimize the
conditions of uptake of 2-NBDG by HepG2. 2-NBDG is a fluorescent derivative of
glucose modified with a 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino group at the
C-2 position (Molecular Weight = 342.26) (Yoshioka 1996). The probe shows
intense fluorescence at 542 nm when excited at 467 nm. 5mg 2-NBDG was
dissolved in 1.46 mL of methanol in order to make a 10mM as a stock solution. 5
mM, 1 mM, 0.5 mM and 0.1mM solutions were prepared in methanol, as shown in

Table 2.1. Methanol only was used as a vehicle control.

Final concentration Stock/Vol. Vol MeOH
of 2-NBDG (mM)
5 10mM/100 pL 100uL
1 5mM/40 pL 160 uL
0.5 1mM/100 pL 100 pL
0.1 0.5Mm/40 pL 160 uL

Table2.1 Dilutions of 2NBDG used for optimising the uptake assay.

HepG2 cells were sub-cultured using DMEM medium with glucose, 10mL of medium
was added and cells were transferred into flasks, cells were seeded at a density 5.0
x10* cells per mL and incubated with 10 mL of medium. Cells were counted using a
haemocytometer and diluted to 0.5x10° cells/mL. Then the cells were aliquotted at
0.5 mL per well in a 24-well plate and incubated for 24 hours. 5 yL of 0, 0.1, 0.5, 1, 5,
or 10 mM 2-NBDG , was added to columns one to six respectively (from right to left),
so that the 2-NBDG was diluted 100 times. Cells were incubated at 37 °C for 15

minutes then washed with PBS and fluorescent uptake was measured using an
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Omega FluoStar (BMG LabTech, Ayelsbury, Bucks, UK) plate reader with Aex =
485nm, Aem = 530nm, using the bottom optic and a gain of 1000.

Various modifications of the procedure were tried. One involved replacing normal
medium with glucose-free medium after 24 hours. Another concern was the optimal
period of incubation with 2-NBDG, and uptake was accordingly monitored from 15
minutes to 2 hours. The glucose uptake increase was checked by fluorescence

microscopy.

4.3.5. Glucose uptake measurement after treatments

Preliminary experiments for testing the effect of extracts of M. peregrina, known anti-
diabetic drugs and phytoestrogens on glucose uptake were carried out to test the
influence of Incubation time, cell density and growth phase, concentration of 2-
NBDG and plate-reader parameters for measuring fluorescence. These are
described in the Results section.

According to previous studies the concentration of crude plant extracts used in cell
culture experiments was in the range of 10 mg/mL to 20mg/mL, and was used as a
reference for the current study (Mekonnen et al. 2005;Jung et al. 2015 ;Haasan et al.
1995, O'Neil et al. 2005).

10mg of dry extract was dissolved in 1.0 mL of DMSO to prepare a stock solution.
HepG2 cells were cultured using various concentrations of cells in a 24-well plate
and grown for 24 hours. After 24 hours the medium was replaced by 0.5 mL of
DMEM glucose-free medium, supplemented with 5 uL of M. peregrina extracts
prepared with hexane, chloroform, ethyl acetate, N-butanol, water and methanol and

dissolved in DMSO at a concentration of 10 mg/mL. Three wells per plate were used
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for each extract and three wells per plate received 5 uL DMSO only as vehicle
control. Three wells were left without any treatment as a further negative control.
Cells were treated for one hour (short-term treatment) or 24 hours (long-term
treatment). 2-NBDG was added and cells incubated for 15 min, after which glucose
uptake was measured as described above.

In one modification cells were cultured for 24 hours and treated with the extracts for
24 hours. After the incubation time medium replaced with glucose free medium.
Then 2-NBDG added and incubated for 15 minutes after which the glucose uptake

was measured by the fluorescent reader (Omega FluoStar plate reader).

4.3.6. Comparison of short term and long term treatment of three active
extracts of M.peregrina (hexane, CHCI3, EtOAc) on glucose uptake in confluent
HepG2 cells.

The obijective of this part of the project was to further study the effect of the three
active extracts of M.Peregrina on regulating glucose uptake in-vitro.

HepG2 cells were seeded at 0.5x10° cells/mL, and allowed to grow overnight. The
next day cells were treated with 50 ug of hexane, CHCIl; and EtOAc extracts and
incubated for one hour as a short-term treatment, or 24 hours as a long-term
treatment. At the end of the treatments normal DMEM medium was replaced by 0.5
mL glucose free medium, then 5 uL of 10 mM was 2-NBDG added into three wells in
each row in order to have 3 wells as a control. After incubating for 15 minutes, the

cells washed with PBS and fluorescent intensity measured.
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4.3.7. Comparison of Glucose uptake effect of known anti-diabetic drugs with
the three active extracts of M.Peregrina.

The aim of this part of the work is to compare the effect of the active extracts on
glucose uptake with known anti-diabetic compounds such as metformin (Sahra et al.
2008), berberin (Yin et al. 2008; Yina et al. 2012) and ouabian (Reid et al.1996), as
well as with a known inhibitor of glucose uptake, phloretin.

The cell culture, treatments and measurement methods were performed as

described in section 2.4.

4.3.8. Glucose uptake measurement after treating confluent HepG2 cells with
three phytoestrogens.

This part of the project was started by making serial dilutions of three phytoestrogens
genestein, daidzein and formononetin (Sigma Aldrich, UK). Stock solutions of 10
mM, 1 mM, 100 uM, 10 uM, 1 uM, and 0.1uM were prepared in DMSO. HepG2 cells

were cultured and treated as described in section 2.4.

5. Glucose consumption

A glucometer is a medical device for measurement of glucose levels in blood.
However it can be used for research purposes in the laboratory as well, and was
used in this study to measure changes in the levels of glucose in cell culture
medium. The SD Codefree device used in this study is made by SD Biosensor Inc,
Korea (Home Health UK, Watford, Herts) and uses a glucose oxidase biosensor with
a measurement range of 0.6 ~ 33.3 mM. Each strip needs 0.9 pl of liquid sample for

a single accurate measurement. The test strip was inserted into the device and the
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surface of the cell culture medium was touched by the end of the strip, to receive a
small volume of medium by capillary action.

The accuracy and reliability of glucose measurements using the SD Codefree
glucometer was tested to establish the reading error rate. Cell culture medium with
glucose concentrations of 1.6, 3.12, 6.25 and 12.5 mM were prepared by adding
appropriate amounts from a 2.5 M stock solution (Sigma-Aldrich). Each medium was
measured ten times with ten strips and the average readings are shown in Table 1.1.
It was estimated that the glucometer shows the glucose concentration in cell culture
medium with a value 7% to 10% above actual glucose concentration, over the range

1.6mM to 12.5 mM (Table 2.2).

Actual Glucometer | % of error SD
Concentration reading
(mM) (mM)
Solution 1 12.5 13.5 +8 0.12
Solution 2 6.25 6.75 +8 0.03
Solution 3 3.12 3.33 +7 0.06
Solution 4 1.6 1.72 +7.5 0.04

Table 2.2 Comparison of actual glucose concentration with the reading from glucometer (average of ten
readings). The average of the error is 7.6%. This percentage correction was deducted from values recorded

experimentally.

5.1. Treatment of HepG2 cells with active M. peregrina extracts

The effects of the extracts of M. peregrina on HepG2 cells were assessed after two
hours, 24 hours and 48 hours treatment, and were compared with a known anti-
diabetic drug, metformin, that acts by promoting glucose uptake in peripheral tissues.
24 hours after seeding HepG2 cells into a 24-well plate, as described above, the

medium of each well was removed and replaced with 0.5 mL fresh full DMEM
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medium with a glucose concentration of 11mM. Cells were treated with the two most
active extracts of M. peregrina found in previous work to enhance glucose uptake
into HepG2 cells, described briefly in the Results section. 5uL of extract (10mg/mL)
in DMSO were added to three replicate wells in each experiment. In addition one set
of wells received 5uL of DMSO only as vehicle control. One set of wells received
10uL of 1mM metformin in DMSO (Sahra 2008). The remaining wells of the plate

were assayed as negative controls with no treatment.

5.2. Calculation of glucose consumption per cell

HepG2 cells were grown to more than 80% confluency and then the medium
replaced by fresh medium containing 11 mM glucose and treatments at the same
time. Glucose consumption by HepG2 cells was calculated by deducting the levels of
glucose in the cell culture medium after incubation period (2, 24 and 48 hours in
separate experiments) from 11mM as the amount of glucose in zero time. The
glucose values were adjusted, based on 7.6% error rate. The medium was removed
from the wells immediately after glucose measurements and replaced with 100uL
trypsin solution, then kept in the incubator for 3-5 minutes. 400uL of medium was
added to each well after cells were detached and cell counting was carried out using
a haemocytometer. The glucose consumption in each group was normalised using

cell count to eliminate the bias due to variation in cell number as much as possible.
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6. Analysis of GLUT1 expression by western blotting

6.1 Preparation of cell lysates

Cell lysates were prepared for western blotting. Treated HepG2 cells were washed
once with EDTA-PBS (phosphate buffered saline with concentration of137 mM NacCl,
10 mM phosphate, 2.7 mM KCI , pH 7.35, with EDTA, 2 mM), 5.0 mL trypsin
solution added, and the flask incubated at 37 °C. Under these conditions HepG2
cells detached easily without the need to use a scraper. 5.0 mL full medium was
added to the flask and cells were transferred to a 15 mL tube and spun 5 min. at 800
rpm, 4 "C; the cells collected as a pellet. The medium was removed carefully and
the cells washed once with 5.0 mL ice-cold PBS, then collected by centrifugation as
in the previous step. 1.0 mL of ice-cold PBS was added to the pellet and the re-
suspended cells were transferred to a 1.5 mL microfuge tube; then the cells were
collected by spinning for 10 seconds at 5000 rpm. The PBS was carefully removed
and one volume (with respect to the cell pellet) of ice-cold RIPA buffer with protease
inhibitor cocktail This mixture contains individual components, including AEBSF at
104 mM, Aprotinin at 80 uM, Bestatin at 4 mM, E-64 at 1.4 mM, Leupeptin at 2 mM
and Pepstatin A at 1.5 mM (Sigma Aldrich, UK), was added then gently pipetted up
and down to mix the cells thoroughly and left on ice for 5 min. The extract was spun
at 12,000 rpm for 5 min at 4 "C; the supernatant, containing solubilised plasma
membranes and cytosolic proteins, was stored at -20 °C.The soluble extracts

(supernatants) were analysed by Western Blotting.
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6.2. Western blotting

The procedure of this experiment followed a standard protocol; a shortened version
is given here.

6.3. SDS Polyacrylamide Gel Electrophoresis

1-1 Preparation of the Running and Stacking Gels

A very clean and dry glass plate, an aluminium backing plate and two spacers (0.75
mm) are assembled into a Vertical Slab Gel and placed into a gel caster carefully to
prevent leaks and water added to test for leaks.

The running gel solution (RGS) containing 10% acrylamide was prepared in a plastic
tube, TEMED (N,N,N',N'-Tetramethylethylenediamine

colorless liquid and soluble in water, methanol and aceton ) and APS (Ammonium
persulfate soluble in water (100 mg/ml), yielding a clear, colorless solution)added
last (APS and TEMED are catalysts for polymerization of acrylamide) A volume of
RGS was pipetted into the vertical gel caster to a level that left 1 cm to the teeth of
the comb, to give enough space for the stacking gel.

A volume of water saturated with n-butanol solution was added on the top of the
running gel to prevent the possible reaction between the gel solution and the
atmospheric oxygen and the RGS was left for 20-30 min at room temperature to
polymerise. The n-butanol was removed from the gel. The stacking gel solution
(SGS) was prepared and TEMED and APS added last. Then a comb inserted and
the SGS is pipetted into the space at the top of the aluminium and was left for 20 min
to polymerise.

1.2 Sample preparation:

One volume of sample was added to one volume sample buffer and heated at
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95 "C for 5 min to denature the proteins; the sample was allowed to cool before
loading. Denatured samples were stored at —20 "C for long term storage. Loadings

were typically 10 or 20 uL per well.

1.3 Loading Samples onto the Gel Apparatus
The gel unit (glass and aluminium plates and spacers in the cassette) was placed
into the electrophoresis tank containing running buffer. Buffer poured into the

cassette chamber and the comb was slowly removed from the stacking gel.

The same volume, 20 ulL, of chloroform and ethyl acetate extract treated samples

and controls were loaded into the wells; 5 uL of BioRad markers were used.

1.4 Running the Gel
The stacking gel was run at 10mA and the power increased to 20mA after the
samples moved into the running gel, constant current (power supply, POWER PAC

300, BioRad).

6.4. Blotting

The aluminium plate and the gel (still united) was submerged in Towbin Transfer
Buffer (TTB) with composition of 3.03g Tris-base, 14.41g Glycine, 10 mL 10%
SDS,up to 800 mL with H,0, 200 mL methanol , for 5— 10 min. Then the stacking
gel removed and the running gel separated from the plastic plate. Four pieces of
blotter paper (Whatman, 3MM), the same size as the sponges for the blot, and one
piece of nitrocellulose membrane were cut (e.g. Hybond — C extra, Amersham). All

the papers, the sponges and the membrane were wetted with TTB.
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The order for the contents of the transfer cassette (“sandwich”):

1- grey side of the cassette

2- sponge

3- two pieces of blotter paper

4- membrane

5- running gel

6- two pieces of blotter paper

7- sponge

8- black side of the cassette
The cassette was closed and inserted into the transfer apparatus (TE22, Hoefer
Scientific Instruments), the grey side with the positive pole (anode). The proteins go
from the gel (- side) to the membrane (+ side). Proteins transferred overnight at room

temperature with a constant voltage of 10V.

6.5. Immunodetection of a GLUT1

After transfer of proteins the membrane was washed with TBS for 5 — 10 min and
loose acrylamide removed. Then the TBS is removed and molecular weight markers
were marked on the membrane with an indelible ink pen. Blocking Buffer (3 % w/v
“Marvel” milk powder in TTBS) was added and the membrane incubated on a shaker
(4RT Rocking Table, LuckHam) at room temperature for at least 30 min. The
blocking buffer was discarded and the membrane washed three times in wash buffer.
The wash buffer was poured off and the membrane incubated with the primary
antibody solution, GLUT1- antibody (C-terminal) is produced in rabbit using as
immunogen and categorically recognise rat GLUT1. The antibody can be used in
numbers of immunochemical techniques such as immunoblotting (65-70 kDa).

The membrane was incubated with constant shaking at room temperature for at least
2 hours. Then the primary antibody solution is discarded and the membrane is

washed three times for 5 min in wash buffer. The wash buffer is poured off and the
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membrane incubated with the secondary antibody solution (usually a 1:1000 dilution)
— for example an anti-rabbit IgG labelled with horse-radish peroxidase (HRP). The

membrane was incubated on a shaker at room temperature for at least one hour.

6.6. Incubation with the substrate (for horse-radish peroxidase)

The membrane was washed five times in wash buffer. After this the membrane was
placed into a plastic sleeve sealed at the bottom with the top open. 2 to 4 mL
luminescent substrate solution was freshly prepared according to the manufacturer’s
instructions, and pipetted into the sleeve over the membrane, the volume depending
on the size of membrane. It was kept in the dark for two minutes, the solution poured
off / squeezed out, and fresh solution added. The membrane was incubated for two
minutes in the dark, the excess liquid poured off, leaving the membrane moist. The
moist membrane was placed into a plastic sleeve for image analysis using a UVitec
(Cambridge, UK) documentation system. The intensity of each band in the blot is

measured using image J software and the intensity of bands compared for analysis.
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Part IlI

Studies on cell metabolism
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7.1 Cell metabolism and mitochondrial respiration analysis

The Seahorse Bioscience (Massachusetts, US) XF24 machine was designed to test
mitochondrial function of cells in real time, with high throughput and as an alternative
to using a much more labour intensive and low throughput, but well-established
methodology using the classical oxygen electrode.

The XF cell Mito stress Kit was developed to assess mitochondrial function on the
basis of the rate of change of dissolved oxygen and pH in the media immediately
surrounding living attached cells cultured in a microplate in real time mode. This
provides an accurate measurement of the rate of cellular metabolism in detail.
Exclusive factors in the technology of the XF include calculation of oxygen and
proton exchange rate based on short periods (5 minutes) of measurement, achieved
with a small volume of medium.

The apparatus uses 24 optical fluorescent heads fixed in sterile disposable
cartridges which locate into a 24 well tissue culture microplate. Each head becomes
immersed in the medium of each well and can transmit optical signals independently,
and simultaneously, with the other heads. The test runs every 2-5 minutes
approximately and generates the data for oxygen consumption rate (OCR) in
pmol/min which shows mitochondrial respiration, and extracellular acidification rate
(ECAR) in mpH/min that is due to glycolysis. The experiment was performed at the

University of Westminster.
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Mitochondrial Respiration
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Figure 3.1 | XF Cell Mito Stress Test. Profile of the key parameters of mitochondrial respiration. Sequential
compound injections measure basal respiration, ATP production, proton leak, maximal respiration, spare

respiratory capacity, and non-mitochondrial respiration.(Adopted from www. Seahorsebio.com)

Three respiration modulators are used in the XF Cell mito stress test. Each
modulator works on a specific target complex of the electron transport chain (ETC).
Oligomycin is used first, and inhibits ATP synthase (complex V) and thereby
decreases the oxygen consumption rate (OCR) by mitochondrial respiration, which is
directly linked to cellular ATP production. The uncoupling modulator, carbonyl

cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) uncouples the mitochondrial
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membrane potential and destroys the proton gradient across the membrane. This
means respiration is nolonger linked to production of ATP and electron discharge via
the ETC is only limited by oxygen availability and complex IV oxygen consumption is
at a maximal level. The third agent is a combination of rotenone, a complex |
inhibitor, and antimycin A, a complex Il inhibitor. This mix completely inhibits
mitochondrial respiration allows measurement of non-mitochondrial respiration
induced by processes outside the mitochondria.

The cell’s ability to react to increased energy demand is called spare respiratory
capacity, and can be calculated from the difference between maximal respiration and
basal respiration. This can be calculated by using the FCCP-stimulated OCR (Figure

3.2, Table 2.3).

Oligomycin

Hi

INTEAMEMERAMNE
SPACE

FCCP

MITOGHOMDRIAL
MATRIX

H-I-

Figure 3.2| XF Cell Mito Stress Test Modulators of the ETC. This diagram illustrates the
complexes of the ETC and the target of action of all of the compounds in the XF Cell Mito Stress Test
Kit. Oligomycin inhibits ATP synthase (complex V), FCCP uncouples oxygen consumption from ATP
production, and rotenone/ antimycin A inhibit complexes | and lll, respectively.(Adopted from
www.Seahorsebio.com)
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7.1.1 Materials

Uridine, penicillin/streptomycin, DMEM, glucose, glutamine, sodium pyruvate,
buffering agent and HEPES were from Sigma-Aldrich; trypsin was from Invitrogen
and fetal bovine serum from Hyclone. Other consumables were from Seahorse
Bioscience (XF24-3 FluxPak cat. No. 102070-001; XF Cell Mito Stress Test Kit cat.
No. 101706-100.

7.1.2 Cell culture and Treatments: Cells were maintained in DMEM, 10% FBS + 22
mM glucose, in 75-cm? T-flasks in a controlled incubator at 37°C, 95% humidity, and
10% CO,. Every two to three days, HepG2 cultures were detached from the flasks
using a 0.25% solution of trypsin and subcultured. All cultures were maintained at
less than 80% confluence at the time of subculture. For XF24 assays, cells were

seeded at 30,000 cells/well in an XF24 cell culture microplate.

Cells were incubated with treatments including control, 8uM (O-ethyl 4-[(a-L-
rhamnosyloxy) benzyl] thiocarbamate (E)) (MA4P2), 30 uM B- sitosterol, and 10 uM
rutin ( M8P2) for two hours before the start of the experiment (Figure 3.3, Figure
3.4).

Basal respiration in the presence of the treatments, proton leak and ATP turnover by
adding oligomycin (10yM) to inhibit ATP synthesis, maximal mitochondrial
respiratory capacity by adding FCCP (carbonyl cyanide 4-trifluoromethoxy
phenylhydrazone) (10uM) as uncoupler, and non-mitochondrial respiration by adding
rotenone and antimycine (5uM) to stop mitochondrial respiration were measured as
OCR. Protein extraction was carried out for each well at the end of the experiment.

OCR readings were normalized to total protein per well which was measured using a
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Pierce BCA Protein Assay Kit (ThermoFisher Scientific, UK), with triplicate samples

assayed per well.

Background Control Control Control Control Control
O-ethyl 4-[(a-L- | O-ethyl 4-[(a-L- Background O-ethyl 4-[(a-L- | O-ethyl 4-[(o-L-
rhamnosyloxy) rhamnosyloxy) rhamnosyloxy) rhamnosyloxy)
benzyl] benzyl] g:r:]gésfll-c[&);)l- : benzyl] benzyl]
thiocarbamate thiocarbamate bgnzyl] thiocarbamate thiocarbamate
(E) (E) Etg)ocarbamate (E) (E)

beta-sit beta-sit Background beta-sit beta-sit beta-sit

rutin rutin rutin rutin rutin Background

Figure 3.3 Seahorse assay plate layout. The layout of the three chosen compounds in t