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Abstract

Diabetes is currently a wide spread global disease. As a result of the side effects of the
current therapies, herbal plants may present alternative source of drugs for
management of the disease. Mucuna pruriens is a plant that is traditionally used for
diabetes and anaemia. There are experimental reports of the hypoglycaemic effect of
the alcoholic extracts but the anti-diabetic effects of the aqueous extract has not been
investigated. Therefore, the aim of this project was to investigate the potential anti-
diabetic mechanisms of the aqueous extract of Mucuna pruriens leaves.

The leaf extract was prepared by decoction. The potential mechanisms of anti-diabetic
effect of this extract was evaluated as follows: Antioxidant activity of the aqueous
Mucuna pruriens leaf extract was investigated in reduced B-nicotinamide adenine
dinucleotide (NADH)/phenazine methosulphate (PMS), and Xanthine /Xanthine oxidase
superoxide generating systems.

In addition, the effect of aqueous Mucuna pruriens leaf extract against oxidative stress
was measured as cytoprotective effect of the extract against paraquat induced oxidant
injury in NRK-52E renal cells. Cytoprotective effect was measured as cell viability and
cell death using 3-(4,5-Dimethylthiazol-2-Yl)-2,5 Diphenyltetrazolium Bromide (MTT)
and Lactose dehydrogenase (LDH) assays respectively. Finally the effect of aqueous
Mucuna pruriens leaf extract on glucose uptake was evaluated in NRK-52E renal cells
and 3T3-L1 adipocytes.

The results revealed that aqueous Mucuna pruriens leaf extract had significant
superoxide scavenging activity which increased from 21.35% to 99.8% in
xanthine/xanthine oxidase and 36.15% to 62.4% in NADH/PMS superoxide generating
systems at p<0.05. However, aqueous Mucuna pruriens leaf extract did not protect
against paraquat induced oxidative stress.

Data from glucose uptake experiments showed that 1mg/ml of aqueous Mucuna
pruriens leaf extract inhibited glucose uptake in NRK-52E renal by 35.5% compared to
control at p<0.05. This effect was comparable to 1mM Phloridzin (a non- selective
inhibitor of sodium glucose transporters).

Finally, 50 and 100pg/ml of both aqueous Mucuna pruriens leaf extract and its acid
hydrolysed fractions prepared with liquid-liquid partitioning in diethyl ether,
stimulated glucose uptake in 3T3-L1 adipocytes. Specifically, 50 and 100pug/ml aqueous
Mucuna pruriens leaf extract stimulated glucose uptake be 57.06 and 86.24%
respectively compared to negative control at p<0.05. Increase in glucose uptake was
also observed in cells treated with diethyl ether acid hydrolysed fractions.

Taken together, the results show that aqueous the Mucuna pruriens leaf extract used in
this study may exert anti-diabetic effects via antioxidant and glucose uptake modulatory
mechanisms.
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Chapter 1: Introduction

17



1.1 Statement of Problem

Diabetes is currently a wide spread disease across the globe. According to recent report
in 2011, the number of people diagnosed with diabetes in the UK is up to 2.8
million(Holden et al., 2011). Globally, the number of diagnosed cases is estimated to
rise to 552 million by 2030(Whiting et al., 2011). In the same year diabetes cost the UK
£23.7bn and it is projected that the cost of care for diabetic patients in the UK will
increase to £39.8bn in 2035/2036(Hex et al., 2012). Therefore the cost of care for

diabetic patients is clearly an economic burden.

In 2010, it was estimated that the prevalence of diabetes was higher by approximately
4% in urban Sub Saharan Africa(Mbanya et al.,, 2010). This fact points to the possible
role of life style and the incidence of diabetes. In fact, modification of diet and life style
has been shown to reduce the risk of development of diabetes(Hu, 2011). Although
there are drugs that target the control of plasma lipid and glucose, the prevalence of
diabetic complications(Song, 2015) is evidence that further research is required to
understand the causes of the disease and also to develop effective therapies for the

prevention and management of the disease.

1.2 Normal Glucose Homeostasis

Control of plasma glucose is the overall aim of diabetes therapy. In normal conditions,
after a meal the influx of glucose into the blood increases. Blood glucose is then adjusted
to provide energy for normal functioning of the body and to avoid excessive exposure of
organs to glucose thus preventing organ damage. Insulin enables the body to absorb
and utilize excess glucose from the blood stream. The main process through which

insulin promotes absorption of the glucose supply from the blood includes:
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1. Increase in glucose uptake into effector organs such as skeletal Muscles and
Adipocytes and Liver
2. Inhibition of glucose synthesis and glucose release from the Liver (inhibition of

glucagon).

While the latter represents an organ specific effect of insulin action, the former involves
a systemic response to insulin stimuli. Consequently, these effector organs share

common signaling machinery for implementing insulin hypoglycaemic effects.

1.3 The Insulin signaling Pathway

The insulin signaling pathway can be broadly divided into activation and effector
compartments. The principal point of the activation compartment is the insulin

receptor.

1.4 Insulin receptor structure and Function

The insulin receptor can be described as a large cell surface glycoprotein that
accumulates insulin at the site of action and on activation, initiates responses to insulin
stimuli. The receptor is a disulfide-linked oligomer comprised of two a and two f3
subunits(Becker and Roth, 1990) (Fig.1.1). Activation of insulin receptor by insulin
causes an autophosphorylation of the 3 subunits(Tatulian, 2015) and this causes a
cascade of intracellular reactions that culminates in various cellular activities (Fig.1.2)

such as regulation of protein and lipid metabolism, cell proliferation and glucose uptake.

19
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Fig.1.1: The basic structure of the insulin receptor

The two a-subunits on the outer membrane are disulfide-linked, and each a-chain is disulfide-
linked to a B-subunits. A bound insulin molecule is shown as a hexagon, cross-linked to two a-
chains. Upon activation, each [-subunit phosphorylates its counterpart depicted as small octagons
with the letter P inside them. Diagram adapted from(Tatulian, 2015).

20



1.5 Insulin receptor function and Glucose uptake

The effector compartments of the insulin signaling pathway consist of various
transducing proteins which co-ordinate insulin stimuli to achieve glycemic control. The
main component of this compartment is the glucose transporters whose activity is
central to glucose absorption from the blood. As mentioned earlier, activation of insulin
receptor leads to increase of glucose transport into cells which results in reduction of
blood glucose after digestion of a meal. Increase of glucose transport is primarily
achieved by modulation of glucose transporters. In humans, glucose transporters are
mainly classified into 2 namely: Sodium dependent glucose transporters (SGLT) and

Glucose transporters (GLUT).

1.6 Glucose Transporters (GLUT)

GLUTs are encoded by the solute carrier (SLC) 2 genes and are members of the major
facilitator superfamily(Fu et al.,, 2016). The GLUT proteins are comprised of ~500
amino acid residues, possess a single N-linked oligosaccharide, and have 12 membrane-
spanning domains. Fourteen GLUT proteins are expressed in humans(Fu et al., 2016).
GLUTs are ubiquitously distributed in the human body and they catalyze facilitative
diffusion of glucose down its concentration gradient(Mueckler and Thorens, 2013). In
addition to glucose, some isoforms of the GLUT are involved in transport of Urate and
myo-inositol(Thorens and Mueckler, 2010, Mueckler and Thorens, 2013). GLUT 1, 2, 3
and 4 isoforms are found in the liver, skeletal muscles, and adipocytes(Mueckler and
Thorens, 2013). These transporters contribute to glucose homeostasis in the plasma.
After the digestion and absorption of a meal, insulin is released in response to rising

blood glucose levels. Glucose uptake also precedes glucose-stimulated insulin secretion.
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In humans GLUT 1, 2, 3 are expressed in the pancreas(Coppieters et al., 2011). GLUT 2 is
the most widely studied transporter and is generally known to be central to glucose-
stimulated insulin secretion(Augustin, 2010). Influx of glucose through this transporter
causes alteration of intracellular ATP and voltage levels, which initiates calcium
dependent release of insulin into the blood stream(Schuit et al., 2001). In the skeletal
muscles, adipocytes and liver, a rise in increasing insulin levels causes glucose
transporters which usually reside intracellularly to redistribute to the plasma
membrane, thus increasing glucose uptake and metabolism in these tissues(Fig 1.2) and
thereby prevent chronic elevations in blood glucose levels (Augustin, 2010). In
adipocytes for example, insulin binding to its receptor results in the dimerization and
trans-phosphorylation of the receptor beta subunits (Fig.1.1), causing the activation of
intrinsic tyrosine kinase activity leading to the recruitment and tyrosine
phosphorylation of insulin receptor substrate-2 (IRS-2). The tyrosine phosphorylation
of IRS-2 then binds to and activates PI3-kinase(Augustin, 2010). This eventually leads to
phosphorylation of binding proteins that mediate, the effect of insulin on GLUT4
translocation (Fig.1.2)(Augustin, 2010). The inability of the glucose transporters to
function as glucose sensors or to respond to insulin stimuli in the liver, skeletal muscles
and adipocytes is known as insulin resistance(DeFronzo and Tripathy, 2009). This
results in hyperglycaemia which is the hallmark of diabetes(Nathan et al.,, 2006). Insulin

resistance will be further discussed in the later sections of this chapter.
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1.7 Sodium Dependent Glucose transporters (SGLTs)

SGLTs the second type of glucose transporters are found in the kidneys, intestines, and
heart(Wood and Trayhurn, 2003). They are encoded by the SLC5A genes(Wood and
Trayhurn, 2003). Unlike the GLUT, they transport glucose against concentration
gradient(Augustin, 2010). The major isoforms of the SGLTs involved with glucose
transport are SGLT 1, 2. These isoforms are involved with absorption of glucose in the
intestines and kidneys(Augustin, 2010). The third isoform SGLT3 is suggested to

function as glucose sensor in the gut(Abdul-Ghani et al.,, 2011).

In the intestines SGLTs absorb digested food from the gut while in the kidneys they re-
absorb filtered glucose back into the plasma. The latter activity of SGLTs in the kidneys
implies that SGLTs in the kidneys contribute to keeping blood glucose levels at constant

healthy limits(Mitrakou, 2011).
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Fig.1.2: The multiple intracellular effects of insulin.

Activation of insulin receptor by binding of insulin causes binding and activation of insulin
receptor substrates (IRS). There are 3 subtypes of IRS; IRS-1, IRS-2, and IRS-3. Each one transduces
slightly different signals in response to insulin stimulation. IRS -1 binds growth factor bound
protein-2 (Grb-2) and elicits cell growth and survival through activation of Mitogen-Activated
Protein Kinase (MAPK) pathways(Skolnik et al,, 1993). IRS-2, and IRS-3 activate phosphoinositide-
3-kinase (PI3K). PI3K causes recruitment of other kinases and eventually the AKT/Protein kinase
B. This protein activates pathways such as p70S6K which is responsible for protein synthesis. The
AKT also activates lipid synthesis pathways and expression of uncoupling protein-1(UCP-1)
expression which increases heat production uncoupled from ATP synthesis in the electron
transport chain. AKT and Protein Kinase C zeta (PKC {) activated by IRS-2 increase glucose uptake
by causing translocation of Glucose transporter 4 (GLUT 4)(Govers, 2014). Overall, the effect of
insulin results in increased influx of glucose from blood stream for anabolic processes such as lipid,
protein synthesis and cell growth.
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1.8 Pathophysiology of Diabetes

The onset of diabetes occurs to a large extent, as a result of impaired insulin function
which is characterized by high fasting blood glucose levels. Apart from insulin deficit, an
abnormally high blood glucose level is also associated with the deficiency of other
hormones and peptides some of which include: glucagon, Amylin and Glucagon like
peptide-1 (GLP-1), glucose-dependent insulinotropic peptide (GIP), adrenaline, cortisol,
and growth hormone and other incretins. The main hormones involved with controlling
blood glucose levels are insulin and glucagon which are secreted in the pancreas. The
other hormones and peptides mentioned above function to enhance insulin and
glucagon effects either by synergistic mechanisms or by maintaining the health of the
pancreas(Aronoff et al., 2004). Therefore, based on insulin function, diabetes can be

classified as: Insulin dependent diabetes (Type 1) or non-insulin dependent diabetes

(Type 2).

1.9 Pathophysiology of Type 1 Diabetes

5% of people diagnosed with diabetes have Type 1 diabetes or insulin dependent
diabetes. Type 1 diabetes (T1D) is an autoimmune disease that results in damage of 8
insulin secreting cells in the pancreas leading to perturbation in glucose homeostasis.
Immune reactivity to [-cells is thought to be triggered by infection of
enteroviruses(Hyoty et al., 1995). Further studies have shown that the presence of
immune-modulatory cytokines and hyperglycaemia can exacerbate destruction of (3-
cells by effector immune cells(Skowera et al., 2008, Van Belle et al., 2014). Based on the
pathogenesis of T1D, current therapies for T1D compensate insulin deficiency by insulin

supplementation. T1D may also be managed by non-insulin dependent approach
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considering that adipose tissues are known to secrete adipokines that enhance insulin

effect.

For instance, in experimental diabetic mice models, successful transplantation of brown
adipose tissue stimulated regeneration of white adipose tissue(WAT)(Gunawardana
and Piston, 2012). In the same study, blood glucose levels declined to normal range
within 6 months. The authors showed that a possible mechanism was due to secretion
of insulin growth factor-1 (IGF-1) an insulin receptor agonist(Gunawardana and Piston,
2012). Moreover, WAT also secrete adiponectin which suppresses glucagon activity
leading to reduced hepatic glucose production in the liver(Combs and Marliss, 2014)
and resultant low fasting blood glucose levels. Taken together, these studies show that

T1D can be managed with non-insulin dependent therapies.

1.10 Pathophysiology of Type 2 Diabetes

As people tend to live longer, the incidence of age related diseases such as diabetes
increases(Power et al., 2013). In contrast to T1D, T2D in the initial stages is not caused
by insulin deficiency. Although the underlining pathology is not fully understood, T2D is
characterized by disturbances in glucose and lipid metabolism due to aberrant
signalling between the gut-brain and gut-adipose /skeletal tissue axis resulting in
changes in food intake and energy expenditure, a loss of insulin sensitivity or insulin
resistance, hyperglycaemia, dyslipidaemia and low grade inflammation (Fig.
1.3)(Schwartz et al., 2013). Among all of these indicators, Insulin resistance may be a

central feature of T2D(DeFronzo and Tripathy, 2009).
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Fig. 1.3: The current proposed two-system failure involved in development T2D. The development
of T2D is suggested to develop due to failure of insulin to initiate glucose uptake in the muscles,
liver and adipose tissue. This malfunction causes reduced secretion of hormones from adipose
tissues which are responsible for triggering brain glucose control responses. Eventually,
dysregulation of glucose metabolism and hyperlipidaemia (due to malfunctioning adipose tissues)
causes [-cell failure. Therefore, defective insulin response form peripheral tissues and lack of
compensatory response from the brain glucose control system in the hypothalamus results in T2D
and related diseases(Schwartz et al,, 2013).
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1.11 Insulin resistance and T2D

The muscles and adipocytes play a major role in glucose homeostasis. Insulin resistance
is known to occur mainly in adipose tissue, skeletal muscle, liver and brain. The main
feature of insulin resistance is the inability of insulin to suppress hepatic glucose
production and to stimulate glucose uptake in muscles and adipocytes, and this in turn
causes hyperglycaemia, hyperinsulinaemia and dyslipidaemia. Consequently, insulin
resistance within this context could be due to insulin signalling defect, accumulation of
lipid metabolic intermediates within muscles and liver and glucose transporter defect.
Therefore, the following will focus on insulin resistance in adipocytes and skeletal

muscles.

1.12 Insulin resistance in skeletal muscles

A recent study in humans using dynamic positron emission tomography (PET) showed
that skeletal muscle insulin resistance in T2D involves a severe impairment of glucose
transport and also impaired entry of glucose into the glycolytic pathway(Goodpaster et
al, 2014). The insulin signalling system, co-ordinates: glucose metabolism, lipid
metabolism and glucose uptake in response to nutrient intake. Briefly, insulin receptor
(IR) activation by insulin causes further activation of IR substrate (IRS) which transduce
insulin effects by increasing glucose uptake, activating fatty acid synthesis, glucose

metabolism and also cell growth, via different cellular pathways (Fig. 1.2).

Dyslipidaemia, as seen in obese states, is responsible for fatty acid induced disruption of
insulin signalling that causes insulin resistance(Boden, 2011). Consequently, obesity is
known to be the most common cause of insulin resistance, and it is the corresponding

increase in obesity which is driving the rising incidence of T2D(Kahn et al., 2006). To
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explain the underlining mechanism of fatty acid induced skeletal muscle resistance, it
has been shown that fatty acids are known to inhibit IRS signalling by inhibiting IRS
activation of phosphoinositide 3-kinase (PI3-Kinase) activity, a kinase which is central
to mediating cellular responses to insulin. Fatty acid inhibition of this pathway was
shown to impair glucose uptake, in spite of increased insulin concentrations(Yu et al.,
2002). Furthermore, this mechanism for fatty acid induced insulin resistance was
confirmed by a correlating study with muscles of diabetic and obese humans. According
to their report, Szendroedi et al(Szendroedi et al., 2014) observed that increased fatty
acid concentration caused increased formation of diacylglycerol (DAG) an intrinsic
activator of Protein kinase CO (PKCB) and a subsequent serine phosphorylation of IRS
subtype by the PKCO impaired glucose uptake in these muscles(Szendroedi et al., 2014).
Therefore, it can be deduced that elevated fatty acid levels cause an increase in lipid
metabolites such as DAG, which in turn activates PKCO leading to serine
phosphorylation of IRS. Serine phosphorylation of IRS prevents it from activating P13-

Kinase (Fig 1.2) and causes impaired physiological response to insulin stimulation.

However, increased lipid intermediate metabolites do not have any effect on insulin
sensitivity and mitochondrial activity in athletes(Goodpaster et al, 2001). The
mitochondria are the converging point for intracellular response to insulin stimulus, as
they synthesise ATP which is utilized for effector signalling and the overall cellular
outcome. It is therefore possible that accumulation of lipid metabolites such as DAG and
the ensuing insulin resistance may not be entirely due to elevated fatty acids, but also to
mitochondrial dysfunction. A recent randomized clinical study by Phielix et al(Phielix et
al., 2014) showed that reducing fatty acid levels improved insulin sensitivity but did not

improve insulin stimulated mitochondrial function in T2D patients.
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A possible explanation for this could be inferred from another study by Kelley et
al(Kelley et al., 2002a). According to this study they observed reduced mitochondria
size and activity in muscle biopsies obtained from T2D and obese patients with age
difference > 10 years(Kelley et al, 2002a). A recent in vitro study revealed that
saturated fatty acid reduced mitochondrial efficiency and down regulated insulin
signalling proteins in skeletal muscles, but caused up regulation of electron transport
chain proteins probably as an adaptive mechanism(Yang et al., 2012). These studies
point to a fundamental mitochondrial malfunction that eventually contributes to insulin
resistance. Within this context, it is evident that mitochondrial alteration in size and
function in addition to the presence of lipid metabolites, contribute to the development

of insulin resistance in skeletal muscles.

One of the ways insulin signalling is coupled to efficient oxidative
phosphorylation is through the fox box head 1 (foxo 1), a transcription factor that is
responsible for regulating haem components of the electron transport chain and
gluconeogenesis in the liver(Cheng et al., 2009). The interference of IRS signalling led to
hyperactivity of the foxo 1 and reduced expression of electron transport chain
components, specifically, the complex Il and IV which require haem for electron
transfer(Cheng et al., 2009). Furthermore, knock down of Complex I leads to insulin
resistance in skeletal muscle cell lines(Wijngaarden et al., 2014). Clearly, insulin affects
the process of oxidative phosphorylation. Also, during short term fasting, foxol
expression was increased in parallel with ketone bodies while PI3-kinase was
decreased(Wijngaarden et al., 2014). In fact, mice over expressing foxo1 in their skeletal

muscle have been shown to lack glycaemic control(Kamei et al., 2004). This indicates a
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possible functional role for the foxo 1 in maintaining energy homeostasis possibly by

blunting mitochondrial efficiency in response to insulin stimulus in the skeletal muscle.

Using non-invasive techniques, Nisr and Affourtit(Nisr and Affourtit, 2014) observed
that acute administration of insulin improves mitochondrial efficiency by preventing
proton leakage; and this effect was blunted by palmitate, a saturated fatty acid.
Therefore, a disruption in the electron transport chain by fatty acids perhaps through
the foxol pathway could be the mechanism underlying mitochondria induced insulin
resistance. Furthermore, 14 weeks of treatment of T2D patients with metformin, a drug
which exerts its therapeutic effect by increasing mitochondrial function(Hardie et al,,
2012), improved insulin sensitivity slightly in the treated patients(Kadoglou et al.,
2010). However, more studies are required to unravel the mechanism of mitochondrial
dysfunction in insulin resistance. In summary, impaired insulin signalling due to fatty
acid or mitochondrial inefficiency, causes a poor response of skeletal muscle to insulin
stimuli. Considering that the muscles are known to be responsible for 80% of whole
body uptake of glucose (DeFronzo and Tripathy, 2009), an impaired response to insulin
stimuli or insulin resistance, triggers the characteristic hyperglycaemia observed in

T2D.
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1.13 Insulin resistance and adipocyte dysfunction

As mentioned earlier, hyperglycaemia observed in T2D is also accompanied by
dysregulation of lipid metabolism and subsequent hyperlipidaemia. Lipotoxicity due to
hyperlipidaemia is known to induce (-cell damage eventually leading to reduced insulin
secretion which is observed in later stages of T2D(Cnop et al, 2005). Therefore,
compromised lipid metabolism can be viewed as a crucial factor in the progression of
T2D. Adipose tissue is the primary endocrine organ for lipid storage and dysfunctional
adipose tissue is implicated in deranged insulin signalling in skeletal muscle(Guilherme
et al., 2008). According to results obtained from co-culture studies, differentiated fatty
tissue from healthy donors caused diminished insulin signalling in skeletal muscle cells
(which were also collected from healthy donors). The authors also reported that this
effect was similar to skeletal muscle insulin resistance induced by the pro-inflammatory
cytokine tumour necrosis factor alpha (TNF-a) only at high concentrations(Dietze et al.,
2002). In contrast, a recent study has shown that incubating rat skeletal muscle in
adipocyte conditioned medium did not reduce insulin sensitivity, but increased pro-
inflammatory markers within the skeletal muscles(Tishinsky et al, 2013). The
difference in experimental design could explain the disparity in these results but the
presence of inflammation as observed in the latter result can be interpreted as the early
stages of skeletal muscle insulin resistance. Accordingly, inhibition of inflammatory
mediating pathways in insulin resistance skeletal muscle restores insulin sensitivity in
both cell lines and in obese mice(Meng et al., 2014). Therefore, it can be inferred from
both studies that inflammation is a key factor in adipose tissue induced skeletal muscle
insulin resistance. In fact Hirosumi et al(Hirosumi et al., 2002), observed that obese

mice lacking c-Jun N-terminal kinases -1 (JNK-1) expression, a pathway activated during
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stress and inflammation, had reduced adipose tissue deposits, increased expression of
activated of IRS-1 in their skeletal muscles and a corresponding better glycaemic

control compared to the wild type.

Adipose tissues secrete various biologically active substances including pro-
inflammatory cytokines which are called adipokines. Adipokines have several neuronal,
anti-inflammatory, pro-inflammatory and metabolic effects. Examples include: leptin,
adiponectin, apelin, angiotensinogen, resistin and TNF-a. In obesity related T2D, there is
an interplay between adipokines and insulin that contributes to the progression of poor
glycaemic control and pathogenesis of T2D and other T2D complications. For instance,
visfatin/nicotinamidephosphoribosyltransferase, an adipokine from visceral adipose
tissue, is known to have insulin mimetic effect(Fukuhara et al., 2005) but it is elevated
in T2D(Chen et al.,, 2006). Although a recent study conducted in elderly patients argues
that elevation of visfatin in T2D is more likely to be due to obesity and
inflammation(McGee et al., 2011), there is evidence that high blood glucose stimulates a
corresponding increase in visfatin levels(Haider et al., 2006). The relationship between
visfatin and insulin resistance is not clear yet, however, a study has shown that
increased expression of visfatin was related to increase in proteins that modulate
inflammatory pathways and insulin resistance. Furthermore, treatment with insulin
sensitizing drugs reduced visfatin levels in parallel with the modulatory inflammatory
proteins(McGee et al, 2011). Therefore, within this context, it is obvious that
hyperglycaemia, and the compensatory hyperinsulinaemia that occurs due to insulin
resistance in obesity- related T2D, induces inflammatory responses and visfatin

secretion from adipocytes which may further aggravate peripheral insulin resistance.
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This delicate interplay between glycaemic control and the actions of adipokines
in T2D is also exemplified by the metabolic effect of leptin. Leptin is one of the
hormone/cytokine produced by adipocytes(Xie et al., 2008). In T2D, increased insulin
levels due to insulin resistance have been shown to correlate with increase in leptin
levels(Fischer et al., 2002). Also Coimbra et al(Coimbra et al., 2014) suggested that
increased leptin levels in T2D patients could be dependent on the duration of the
disease. Leptin mediates the energy storage and metabolism function of the adipose
tissue along the brain to adipose tissue axis. The feeding centres of the brain in the
hypothalamus express receptors for insulin and leptin and these receptors mediate both
insulin and leptin influence on satiety and energy expenditure(Schwartz et al., 2000).
Morton et al(Morton et al,, 2005) observed that the IRS-PI3K pathway, which is a
classical pathway for insulin signalling in the hypothalamus, was important for
mediating leptin induced whole body insulin sensitivity in obese rats. Beyond central
effects, leptin is also known to directly influence pathways that integrate nutrient
sensing with cell growth and inflammation in the peripheral system(Maya-Monteiro

and Bozza, 2008).

Adiponectin is another adipokine that is known to influence glucose
homeostasis. There is evidence that suggests an inverse relationship between
circulating levels of adiponectin and a lower risk of T2D independently of overall fat
deposition and that adiponectin may present some advantage in both persons with and
without insulin resistance(Li et al., 2009, Ahonen et al., 2012). It has also been proposed
that adiponectin could have anti-inflammatory effects and could be a useful marker for
predicting resolution of metabolic disturbances associated with obesity and

T2D(Yamauchi and Kadowaki, 2008). The levels of adiponectin and other adipokines in
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T2D disease state imply dysfunctional adipocyte function. Considering these effects of
adipokines in T2D, adipocyte dysfunction in relation to altered adipokine levels
contributes to feeding defects, poor glycaemic control and low grade inflammation

observed in development of T2D.

1.14 Gut microbiota, adipocyte dysfunction and T2D

Recently, low grade inflammation and adipocyte dysfunction has been linked to the
composition of gut microbiota. Indeed, it has been proposed by Membrez et al(Membrez
et al.,, 2008)that the gut microbiota caused increased monosaccharide uptake from the
digestive system and initiated host increase in hepatic production of lipids
(triglycerides) associated with the development of insulin resistance in mice. The same
study established that modulating gut microbiota with conventional antibiotics
improved glucose tolerance, increased adiponectin levels and reduced inflammatory
markers in treated mice(Membrez et al.,, 2008). Considering that adiponectin and its
receptors increase fatty acid oxidation in peripheral tissues such as in skeletal muscles
and improves insulin resistance(Yamauchi and Kadowaki, 2008), the influence of
antibiotics on adiponectin levels observed by Membrez et al(Membrez et al., 2008),
suggest an influence of gut microbiota on adipocyte function. Furthermore, ablation of
mice gut host innate immunity led to altered gut microbiota population causing insulin
resistance and increased adiposity. Insulin resistance was observed irrespective of
dietary intake(Vijay-Kumar et al., 2010). A clinical study comparing non-diabetic and
diabetic males revealed that T2D patients had higher Gram negative bacteria compared
to non-diabetic males. Although the study did not specify if the patients were naive or

what type of treatment the patients were taking at the time of the experiment, their
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results indicate that modified gut microbiota in T2D patients was independent of the

age of the patients(Larsen et al., 2010).

Further evidence for the role of microbiota in development of T2D has been
reported. In their study, Cani et al(Cani et al., 2008, Cani et al., 2009)showed that obese
mice and high fat diet feeding induced changes in gut microbiota and reduced
expression intestinal tight junction regulatory proteins in their intestines. This caused
increased in intestinal permeability and increased plasma lipopolysaccharide (LPS).
Accordingly, the prevalence of LPS derived from gut Gram negative bacteria in the
plasma is proposed to induce low grade inflammation (metabolic endotoxaemia)
observed in T2D and related diseases(Geurts et al., 2013b). Moreover, gut microbiota
affects energy balance by influencing the efficiency of calorie harvest from the diet, and

how this harvested energy is used and stored (Figl.4)(Tremaroli and Backhed, 2012).
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Fig. 1.4: Effects of Diet induced modification of gut microbiota.
Gut microbiota results in increased appetite and availability of substrates such as Short

fatty acids for lipogenesis and gluconeogenesis in the liver. The lipids synthesized are
incorporated into adipose tissue causing abnormal expansion of adipose tissue, these in
turn secrete adipokines that can reduce satiety in the brain, alter fatty acid oxidation in
muscles and induce insulin resistance. Also, gut microbiome reduce GLP secretion and alter
gut permeability. “Permeable” gut causes increase in plasma LPS and the ensuing
inflammation and insulin resistance(Tremaroli and Bdckhed, 2012).
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Bakhed et al(Bdckhed et al, 2007) observed that germ free mice had increased ability to
metabolise fatty acid and were resistant to diet induced obesity. This implies gut
microbiota caused increased bioavailability of nutrients from the diet in the host.
Studies by Turnbaugh et al(Turnbaugh et al., 2006) denote that the obese microbiome
has an increased capacity to harvest energy from the diet. They also observed that this
trait was transmissible: colonization of germ-free mice with an ‘obese microbiota’
resulted in a significantly greater increase in total body fat than colonization with a ‘lean
microbiota’. In humans, a recent comparative metagenomic analysis of the faecal
samples of 171 diabetic patients and 174 healthy controls showed that samples from
diabetic patients had lower abundance of butyrate-producing bacteria, such as
Faecalibacterium prausnitzii, but greater abundance of opportunistic pathogens,

including Clostridium bolteae and Desulfovibrio sp(Qin et al., 2012).

The endocannabinoid system has been acknowledged as one of the systems that act as a
bridge between the gut microbiota and adipose tissue growth(Muccioli et al., 2010).
This could be by means of the increase in systemic LPS and enhancement of
inflammation(Muccioli et al., 2010). The endocannabinoid (ECB) system consists of
cannabinoid (CB1 and CB2) receptors, endogenous ligands which are anandamide (N
arachidonoylethanolamide, AEA) and 2-arachidonoylglycerol (2-AG), and enzymes for
ligand biosynthesis and inactivation which include N-acyltransferase and

monoacylglyceride lipase respectively(Di Marzo et al.,, 2004).

Generally, the ECB has in recent times been identified as a significant modulatory
system in the function of brain, endocrine, and immune tissues(Komorowski and

Stepien, 2006). In the gut, the endocannabinoid system may influence intestinal barrier.
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Koay et al(Koay et al., 2014) showed that agonists of the CB-1 receptor induced
autophagy via reduced expression of suppressor of cytokine signalling-3 (SOCS-3)
which is involved in modulating autophagy in Caco-2 intestinal cell lines. Autophagy
involves self-cell degradation of cellular contents that eventually leads to cell death.
Although, the authors did not observe an eventual cell death after CB-1 activation yet
within this context, it can be inferred that LPS from altered gut bacteria increases ECB
tone in the intestines which in turn cause “leaky” intestinal barrier probably by
modulating autophagy. This result of increased plasma LPS leads to low grade
inflammation observed in T2D and related diseases. In addition, a deficiency in
proglucagon-derived peptide (GLP-2) due to altered microbiota may also be responsible
for permeable gut barrier in obese mice. In relation to ECB, affected gut barrier and
increases plasma LPS and increased LPS has been shown to increase weight gain in a

high fat diet fed to mice(Geurts et al., 2013a).

Furthermore, ECB tone is increased within the adipose tissue causing a raise in glucose
uptake and increased fatty acid synthesis and accumulation, reduction in mitochondrial
biogenesis and secretion of pro-inflammatory adipokines and increased insulin
resistance in the skeletal muscles(Backhed et al., 2007, Silvestri et al., 2011, Silvestri
and Di Marzo, 2013). Accordingly, inhibition of CB1 receptor has been shown to

improve metabolism in fatty tissues(Cristino et al., 2014).
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1.15 Mitochondrial Dysfunction, Reactive Oxygen Species and Development of

T2D and Diabetic complications

In normal conditions, reactive oxygen species/nitrogen species (ROS/RNS) such as
hydrogen peroxide, superoxide anions and nitric oxide are constitutively generated
within cells as signalling molecules as well as effector molecules. A major process of ROS
production is generation of superoxide by the mitochondrial electron transport chain.
During normal metabolism, the breakdown of glucose begins in the cytoplasm, where

glucose undergoes glycolysis.

During glycolysis, NADH and pyruvate are generated. NADH donates electrons to
the mitochondrial electron transport chain, whereas pyruvate enters the TCA cycle and
produces more NADH and FADH. Overall, NADH derived from both glucose oxidation
and from the TCA cycle donates electrons to complex I of the electron transport chain
while FADH donates its electrons to complex II. Complexes I and II then transfer the
electrons to ubiquinone. Ubiquinone passes its electrons to complex III,
cytochrome ¢, complex IV, and finally to molecular oxygen. As the electrons are
transferred through the electron transport chain the energy is used to shuttle protons
across the membrane. This creates a voltage across the inner and outer membrane of
the mitochondrion and drives ATP synthesis. Generally, the process of electron transfer
is not an efficient process and some of the electrons leak to molecular oxygen
generating superoxide ion. This leakage may be important for regulation of cell activity
since the ROS generated is used for cell signalling. Hence, the concentration of ROS/RNS
is carefully regulated by endogenous free radical scavenging (i.e antioxidant) systems in
order to achieve optimum cell function(Nordberg and Arnér, 2001, Rhee, 1999). Free

radicals are also tightly regulated to prevent oxidative damage to cellular proteins and
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cell death. However, under hyperglycaemic conditions, the number of substrates
entering the TCA cycle is greatly increased and consequently the number of reducing
equivalents donating electrons to the electron transport chain is also increased.

Once the electron transport chain reaches a threshold voltage across the
membrane the excess electrons begin to accumulate at complex IIl. These electrons are
then donated to molecular oxygen, which in turn result in an increase in mitochondrial
superoxide production (fig. 1.5). The increase in ROS production overwhelms
mitochondrial antioxidant system and ROS/RNS homeostasis is disrupted leading to:
increased oxidized conditions within the cell, exaggerated responses or complete
inhibition of cell response to stimuli, DNA damage and eventually cell death (fig. 1.5 and

1.6)(Mohora et al., 2007).

Excessive ROS contributes to the various pathological features of diabetes as discussed
in the above sections. For example, increased glucose metabolites in the glycolytic
pathway increase activate pro-oxidant enzymes such as NADPH oxidase and activate
inflammatory response, a major contributing factor to insulin resistance, via NF-kB
activation(Clark and Valente, 2004). Furthermore, in adipocytes, ROS has been
implicated in lipid accumulation in adipocytes via antioxidant dependent
mechanisms(Higuchi et al., 2012). In (3-cells ROS production is a by-product of glucose
stimulated insulin secretion(Edalat et al., 2015), however, increase in mitochondrial
superoxide anion radical generation causes [3-cell death(Barlow et al., 2015). In rats, the
hypothalamic neurons responsible for nutrient sensing are known to produce excessive
ROS due to high fat diet. Increased ROS production was connected to increased
breakdown of glycogen and synthesis of glucose in the liver via over-activation of

sympathetic nervous system resulting in high fasting blood glucose(Drougard et al.,
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2014). Therefore, uncontrolled ROS generation is a major contributor to the
progression of T2D, because it contributes to inflammation, insulin sensitivity,
adipocyte dysfunction, B-cell damage, improper functioning of feeding centres in the

brain and imbalance of energy homeostasis.
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Figure 1.5: ROS production during normal mitochondrial function.

Electrons are transferred from NADH through the complexes 1-4. The membrane potential
generated during the transfer is used to generate ATP. ROS specifically superoxide anion radical is
generated during electron transfer between the complexes via the activity of Q. UCP regulates
membrane potential to reduce superoxide production. Cyt c=cytochrome c, UCP=Uncoupling
proteins, Q = Coenzyme Q10 ubiquinol. Mn-SOD= Manganese Superoxide dismutase. Diagram

adapted from(Brownlee, 2005).
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Fig. 1.6: Over nutrition i.e. high fatty acid, glucose and amino acid in the blood, increase
intracellular ROS production.

ROS in turn “switch on” the expression of proteins in certain pathways and suppress others. This
eventually culminates in metabolic syndrome and cancer. Diagrams adapted from(Rolo and
Palmeira, 2006, Gérlach et al, 2015) C= complex, TCA=Tricarboxylic acid, ETC=Electron Transport
Chain, UCP=Uncoupling Proteins, GSH=Glutathione, GSSG=Glutathione disulphide, NOX=NADPH
oxidase, SOD=Superoxide dismutase, PKC=Protein kinase C, PPAR=Peroxisome proliferator
activated receptor, NF-kB= nuclear factor kappa-light-chain-enhancer of activated B cells.
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1.5.1 Oxidative stress

Oxidative stress is the term used to indicate the imbalance between ROS production and
the efficiency of cellular antioxidant systems. ROS can trigger signalling pathways and
induce abnormal cell death in disease conditions as shown in Fig. 1.6. The different
kinds of cell death associated with the progression of diabetes include: apoptosis and

necrosis.

1.15.2 Oxidative stress induced apoptosis in the progression of Diabetes

Cells induce a type of cell death that involves a co-ordinated cascade of events that
involve: 1. Shrinkage of the cell and display of markers at the cell membrane that signal
for phagocytosis and; 2. Fragmentation of the DNA, a breakdown of the nuclear
membrane and cytoskeleton(Elmore, 2007). ROS generation by the mitochondria is
known to initiate apoptosis via activation of pro-apoptotic proteins called

caspases(Circu and Aw, 2010).

In relation to diabetes, over nutrition and inflammation has been observed to induce 3-
cell death via apoptosis. Piro et al,(Piro et al,, 2002) simulated over nutrition conditions
by chronic exposure of 3-cells to high glucose and free fatty acids. They observed that in
these conditions there was an increase in apoptosis of 3-cells which was prevented by
Nicotinamide an antioxidant agent(Piro et al, 2002). In addition, inflammatory
cytokines have been observed to induce ROS production and apoptosis in B-cells and
over expression of MnSOD prevented inflammatory induced apoptosis(Wang et al,,
2012). Considering that death of 3-cells results in deficiency of insulin, oxidative stress

induced apoptosis in these cells will exacerbate hyperglycaemia in diabetes.
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Furthermore, high glucose induced ROS has been reported to induce apoptosis of
components of the glomerular filtration barrier, thereby potentially accelerate the
development of Diabetic kidney disease(Susztak et al., 2006). Taken together, oxidative
stress induced apoptosis contributes to both progressions of diabetes and diabetic

complications.

1.15.3 Oxidative stress induced Necrosis in the progression of Diabetes

Unlike apoptosis, when cells undergo necrosis the are usually swollen and the events
leading up to cell death may not necessarily be co-ordinated(Golstein and Kroemer,
2007). Necrosis can occur due to decline in ATP levels, uncontrolled Ca2* influx through
voltage-gated Ca?* channels, increase in ROS production, leading to membrane
depolarization uncontrolled cell swelling, lysis of main cellular components and
membrane and then cell death(Michiels, 2004, Golstein and Kroemer, 2007).
Consequently necrotic cell death causes the release substances that stimulate acute
inflammatory response. Chen at al(Chen et al,, 2007) report that inflammation and
associated massive damage was reduced in mice with reduced ability to transmit
inflammatory signals(Chen et al.,, 2007). In their report, Iyer et al(Iyer et al., 2009)
found that viable mitochondria released from necrotic cells were responsible for

necrotic induced inflammation(lyer et al., 2009).

In relation to diabetes, hyperglycaemia has been observed to increase susceptibility to
ulcer and tissue necrosis in the limb of diabetic rats. According to the authors, this could
be due to hyperglycaemia induce oxidative stress(Lévigne et al., 2012). Moreover, a
poor outcome has been linked to hyperglycaemia in patients admitted for stroke(Adams

et al,, 2007). Bearing in mind that both stroke and limb ulcers are characterized by
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conditions of obstructed blood flow, inadequate oxygenation (ischaemia) and necrotic
cell death, it can be inferred that hyperglycaemia induced cell necrosis worsens diabetic

tissue injuries.

1.15.4 Ocxidative stress and Chronic Diabetic Complications

Hyperglycaemic induced oxidative stress is also linked to the development of chronic
complications of diabetes. This is because in T2D conditions, all the vital organs are
exposed to a surplus of nutrients, especially the organs connected to the circulatory
system, in fact, Type 2 diabetes is characterized by a two- to four-fold increased risk of
cardiovascular disease(Laakso, 2011). ROS is produced in the presence of high
concentrations of glucose via multiple mechanisms. These include oxidative
phosphorylation, glucose auto-oxidation, and the Schiff reaction during glycation, PKC

activation, methylglyoxal formation, and hexosamine metabolism.

According to Giacco and Brownlee(Giacco and Brownlee, 2010), mitochondria induced
ROS generation is central to formation of substrates for ROS generation via the
aforementioned mechanisms (see fig. 1.7). In their own view, mitochondria derived ROS
causes irreversible DNA damage and triggers cell death by activating poly ADP ribose
polymerase (PARP). PARP in combination with ROS inhibits Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). This in turn causes glycolytic intermediates
upstream of GAPDH to go into alternative pathways which in the process alter
availability of the free radical scavenger glutathione through the polyol pathway and
increase ROS generation by interacting with ROS receptors such as receptor of

advanced glycation end products (RAGE). The flux of glycolytic intermediates to
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alternative pathways also leads to activation of PKC and its downstream inflammatory

pathways.

Finally, excess glucose is glycosylated and the end products cause transcription of
inflammatory proteins. Consequently, chronic exposure of glucose to organs and tissues
such as; the heart, micro and macro vascular vessels, the kidneys, the brain and cells
responsible for immune response, cause them to deviate from their normal
physiological activities especially in the endothelium (as explained in fig. 1.8). This leads
to the onset and progression of diabetic complications. In effect, chronic diabetic
complications are the additional diseases that arise due to diabetes of which there are

many. These include mainly diabetic micro and macro vascular complications.
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Fig: 1.7: Diagram showing how mitochondrial ROS generation is central to hyperglycaemic
induced damage in micro-and macro-vascular complications.
PW=Pathway. Diagram adapted from Giacco(Giacco and Brownlee, 2010).
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1.15.5 Diabetic MicroVascular Complications

Diabetic microvascular disease is more likely to occur primarily in tissues where
insulin activity is not necessary for glucose uptake (eg kidney, retina and vascular
endothelium). Therefore, these tissues are exposed to glucose levels that correlate very
closely with blood glucose levels. The common component of microvascular vessels,

which is usually the target for hyperglycaemic damage, is the endothelium.

1.15.6 Oxidative stress, Endothelial Dysfunction and Diabetic Vascular

Complications

The vascular endothelium is an active component of the vasculature. It forms the lining
of the lumen of vascular vessels that regulates other components of the vasculature (e.g
vascular smooth muscle), vascular tone, growth, division, migration and inflammation
(see fig. 1.8). The endothelium carries out most of its function by balancing the
physiological factors and cytokines that elicit these effects. Disruption of the balance of
endothelial derived factors causes endothelial dysfunction which is the underlining base
for microvascular diseases. High glucose and increased metabolites of glucose in T2D
causes alterations in endothelium function. For example, in physiological conditions,
insulin is known to induce nitric oxide synthesis which causes relaxation of blood

vessels and controls blood pressure.

High glucose induces insulin resistance in endothelial cells by inhibiting nitric oxide
production and increases expression of proteins that regulate inflammatory pathways
(De Nigris et al,, 2015). Indeed, reduced nitric oxide synthesis has been observed in T2D
patients with microvascular complications(Tessari et al, 2010). On the contrary,

endothelin-1, a vascular constrictor also produced in the endothelium is known to be
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elevated in patients with T2D and was suggested as a marker for vascular
disease(Takahashi et al., 1990). Endothelin-1 has been shown to cause increase in
resting phase blood pressure in nitric oxide synthase knockout mice that over express
endothelin-1(Vignon-Zellweger et al, 2014). In relation to diabetes, a randomized
clinical trial showed that inhibition of ET-1 receptors with the ET-1 receptor antagonist,
bosentan, caused endothelium dependent improvement in microvascular

dilation(Rafnsson et al., 2012).

Therefore, in principle, diabetes causes an inequality in vasoactive compounds
synthesized in the endothelium, culminating in endothelial dysfunction. Generally,
endothelial dysfunction has been associated with microvascular complications such as;
diabetic nephropathy, diabetic retinopathy and neuropathy. The following will focus

mainly on diabetic nephropathy and retinopathy.
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Fig: 1.8: The various functions of the endothelium.

The endothelium releases endothelium derived factors which have various effects on vasculature.
For example, nitric oxide influences vascular tone and blood flow to tissues and controls
inflammation. The endothelium also expresses interleukins and chemo-attractants which control
inflammation. Prostacyclin affects clot formation by preventing platelet aggregation. The diagram
is adopted from Sena et al.(Sena et al., 2013).
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1.15.7 Diabetic Nephropathy

The kidneys contribute significantly to metabolism and blood pressure in the
peripheral vascular system, by means of glucose reabsorption and control of blood
pressure. Consequently, diabetic nephropathy or diabetic kidney disease (DKD) is a
result of malfunction in metabolism and haemostasis. Indeed, the major determinants of
DKD are hypertension and hyperglycaemia. Current treatment for slowing down the
progression of DKD therefore involves use of anti-hypertensive drugs in addition to
tight glycaemic control. Experimentally, streptozotocin induced diabetic rats were
observed to have improved renal function when co-treated with sildenafil, a potent
vasodilator, and glimepiride, an insulin secretagogue(Tripathi et al., 2016). Vascular
endothelium, as already mentioned, controls vascular blood pressure through NO
synthesis. The role of endothelial damage in the development of DKD was observed in
mice lacking the ability to synthesise NO. Mice resistant to Adriamycin, a toxicant used
to induce kidney damage by ROS production, were observed to become susceptible to
kidney damage if they lacked the ability to synthesize NO. These mice experienced
proteinuria which is typical of DKD(Sun et al, 2013). This study highlights the
importance of endothelium in the kidney filtration barrier and its contribution to the

development of DKD.

Hyperglycaemic injury to the glomerular endothelium erodes the charged components
of the endothelium layer which is important for proper function of the kidney filtration
barrier. Recently, clinical trials in T2D showed a strong correlation between
microalbuminuria, the current marker for DKD, and damage to glomerular
endothelium(Weil et al., 2012). Further studies are still required to determine how the

glomerular endothelium affects the other components of the kidney filtration barrier
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such as the podocytes. This will be useful for elucidating target pathways that would
slow down the progression of the disease. Similarly, proteinuria due to damaged
filtration barrier is pivotal to inducing damage to the proximal tubules. In accordance
with this view, albumin was observed to induce tubular cell inflammation and apoptosis
via ROS production due to mitochondrial dysfunction(Zhuang et al., 2015). Also in the
proximal tubules, albumin is also known to cause epithelial-mesenchymal
transformation [EMT](Ibrini et al., 2012)which is the hallmark of renal fibrosis. ROS
production is also implicated in EMT. Albumin conjugated to glucose or glycated
albumin (a mimic of hyperglycaemia and proteinuria in kidneys) induced EMT in rat
proximal tubules by increasing the activity of pro-oxidant enzymes(Qi et al., 2015).
Furthermore, Astragaloside IV, an anti-oxidant derived from Astragalus membranaceus
has been shown to inhibit EMT via decrease in activity of pro-oxidant enzyme NADPH

oxidase(NOX)(Qi et al., 2014).

In summary, the development of DKD involves among other things, high glucose
induced damage to the glomerular endothelium (fig. 1.5), and other components of the
kidney filtration barrier via ROS dependent mechanisms which results in leakage of
albumin into the proximal tubules. Albumin in turn causes inflammatory responses,
EMT and cell apoptosis via oxidative stress in proximal tubules leading to renal fibrosis

and acceleration of DKD(Tang and Lai, 2012).
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1.15.8 Diabetic Retinopathy

Diabetic retinopathy (DR) is a major microvascular complication of diabetes. It occurs
in patients with T2D and proliferative DR is one of the principal causes of blindness in
diabetic adults of working age and is responsible for deterioration in quality of
life(Rodriguez-Poncelas et al., 2015). DR is usually classified as either non proliferative
and proliferative DR. The clinically evident vascular injuries that occur in non-
proliferative DR include venous bleeding and loops, blood vessel closure, tissue
ischaemia(Wilkinson-Berka et al, 2013), while, abnormal endothelial
proliferation/angiogenesis is a fundamental pathology in proliferative DR. In fact, drugs
that aim to inhibit angiogenesis have been explored as treatment for proliferative
DR(Osaadon et al., 2014). Recently, Yun et al(Yun et al, 2013) measured endothelial
dysfunction using flow mediated dilatation as an index for measuring NO bioavailability
and endothelial function. In their study, they observed that DR correlates with degree of
endothelial dysfunction in patients with T2D. ROS production may also play a role in
progression of retinopathy. A recent clinical trial showed that antioxidant
supplementation may improve circulating ROS and retinal thickness in patients with
non-proliferative DR(Domanico et al.,, 2015). Increase in NOX pro-oxidant enzyme is
also implicated in angiogenesis and may contribute to the development proliferative

DR.

Clearly, poor glycaemic control and damage to the endothelium are key factors in the
development of microvascular diseases. More importantly, hyperglycaemia induced
oxidative stress plays a significant role in endothelial dysfunction and is a key

contributor to microvascular diseases.
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1.15.9 Ocxidative stress and Diabetic macrovascular complications

The different types of diabetic cardiovascular diseases include coronary heart disease,
myocardial infarction, ischaemic heart disease, and other coronary artery disease. The
underlining vascular damage that occurs in all of these conditions is the development of
atherosclerosis. Unlike microvascular diabetic complications, there is increasing
evidence that hyperlipidaemia is pivotal to accelerating atherosclerosis. Among the
processes that foster the development of atherosclerosis is inflammation. Both
hyperglycaemia and hyperlipidaemia may contribute to inflammation in
atherosclerosis, however, high plasma lipids more than glucose enhances inflammatory
markers in vascular endothelium(Horvath et al., 2015). Furthermore, a recent study has
shown that a combination of lipid lowering drugs reduced inflammatory markers and
increased NO bioavailability. This suggests that controlling lipid plasma levels can
improve endothelial function and stall progression of atherosclerotic lesions(Zhang et
al,, 2014). The liver synthesizes and excretes cholesterol and other fatty acids. Thus, it is

pivotal to the control of plasma lipid levels.

Oxidative stress is also implicated in the development of diabetic macrovascular
complications. Xu et al(Xu et al., 2015a) reported that reducing oxidative stress in the
liver by increasing the availability of methionine, an antioxidant amino acid, reduced
atherosclerotic lesions in mice. They suggested that this was due to reduced
inflammation and improved lipid metabolism. The accumulation and oxidation of low
density lipids in arterial walls is one of the causes of hardening of the arteries i.e.
atherosclerosis(Berliner et al.,, 1995). In addition, expression of adhesive molecules in
the vascular endothelium which encourage migration of macrophages and generation of

foam cells via ROS producing macrophages all contribute to plaque formation leading to
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hardening of arterial walls(Singh et al.,, 2002). In agreement with this, antioxidant
activity of paraoxonase 1 (PON1) through hydrolysis of lipid peroxides prevents the
formation of plaques. Indeed, PON1 was found to be positively correlated with
myocardial flow reserve, in a small group of T2D patients(Kacerovsky, 2011). However,
the authors did not observe a link between PON1 and endothelium function. Although,
in non-diabetic hypertensive men with a certain polymorphism of PON1( which
improved its antioxidant activity) was found to correlate with improves insulin
sensitivity and endothelial function(Dunet et al., 2011). Further studies are required to
determine if endothelial function is directly related to PON1 antioxidant activity in T2D
patients(Dell'Omo et al., 2014). Notwithstanding, increase in pro-oxidant thioredoxin
interacting protein was observed to correspond with inflammation, high post prandial
glycaemia and thickness of artery in naive T2D patients(Zhao et al., 2015). In the light of
the evidences discussed above, progression of atherosclerosis and eventual
development of macrovascular diseases is associated with hyperglycaemia induced ROS

production and to a larger extent, hyperlipidaemia.

1.16 Antioxidants and Diabetes

Several endogenous antioxidant and free radical scavenging systems exist to maintain
intracellular redox state for optimum cell function and prevent ROS induced cellular
/organ damage. Endogenous antioxidant systems are broadly classified into Enzymatic
and Non-Enzymatic antioxidants. Some of these endogenous systems are discussed

below:
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» 1.16.1 Enzymatic Antioxidants

The key endogenous enzymatic antioxidants are Superoxide dismutase (SOD),

glutathione peroxidase (GPX) and catalase.

» 1.16.2 Superoxide dismutase:

Superoxide dismutase is an enzyme that is widely distributed around the body. SOD
catalyzes the dismutation of superoxide to hydrogen peroxide(Rahman, 2007).
Hydrogen peroxide produced can be further transformed to hydroxyl radicals in the
presence of metals. The hydroxyl radical has is very reactive to cellular components. As
a result, it causes destruction of the adjacent cells. SOD has three isoforms. The most
abundant one is copper-zinc containing enzymes and they are found in the cytoplasm
while manganese SOD is found within the mitochondria. The copper-Zinc SOD, the third
type is present both intra and extracellularly. SOD is the first line of defence against
mitochondrial generated ROS because it scavenges superoxide ion which is produced
during oxidative phosphorylation (Fig. 1.4). The role of SOD in the development of
diabetes is reported in genetic modified mice lacking expression of SOD; these were
observed to have reduced (-cell insulin secretion and decreased (-cell volume and
glucose intolerance(Muscogiuri et al., 2013). It can be inferred from this study that SOD
can potentially limit the damaging effects of hyperglycaemia induced ROS production.
Conversely, intensive insulin therapy can increase the SOD levels in diabetic
patients(Wiryana, 2009). This inverse relationship of SOD and hyperglycaemia implies
that SOD can be potentially used for prevention of ROS damage in diabetes. Indeed,
administering extracellular SOD to diabetic rats prevented the progression of diabetic

induced kidney damage via antioxidant mechanisms(Kuo et al., 2015).
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> 1.16.3 Catalase

Catalase is an antioxidant enzyme that acts as a catalyst for the conversion of hydrogen
peroxide to oxygen and water. It protects the cells from the damaging effect of hydrogen
peroxide that is present intracellularly. In T2D patients, plasma catalase activity is
observed to be reduced and genetic modifications in catalase has been suggested as a
risk factor for development of T2D(G6th, 2008). Furthermore, overexpression of
Catalase in the mitochondria of insulin producing cells protected the cells from ROS
induced cell death by pro-inflammatory cytokines(Gurgul et al., 2004). Taken together

Catalase may play a role in both development and progression of T2D.

1.16.3 Glutathione peroxidase

Glutathione peroxidase (GPx) is an enzyme that causes the reduction of ROS to reduce
their harmful effects. There are several forms of they include GPx -1, 2, 3, 4(Lubos et al,,
2011). These enzymes are key players in preventing increased levels of oxidative stress.
GPx-1 is the primary antioxidant enzyme involved with preventing the accumulation of
intracellular hydrogen peroxide; it converts hydrogen peroxide to water(Lubos et al,
2011). Suppressed levels of GPx activity have been observed in T2D patients compared
to normal patients(Goyal et al.,, 2011). Furthermore, it has been observed that genetic
variation in GPx-1 may contribute to the development of T2D in South
Indians(Ramprasath et al., 2012). Collectively, the studies indicate that GPx may play a

significant role in the development of T2D.
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» 1.17. Non-Enzymatic Antioxidants

Examples of the members of this group of antioxidants include Vitamins C and E,

Glutathione.

1.17.1 Vitamin C, E and Glutathione

Vitamin C is a water-soluble free radical scavenger while, Vitamin E is a lipid soluble
free radical scavenger found in the cell membranes (Nimse and Pal, 2015). Glutathione
(GSH) is an intracellular thiol that acts as both free radical scavenger, and also serves to
regenerate Vitamin E(Hakki Kalkan and Suher, 2013). In a 20 yrs. follow up study,
Vitamin C intake, together with fruits and vegetables was found lower among incident
cases of T2DM (Feskens et al.,, 1995). On the contrary, in a 23 yrs follow up cohort study,
no association was observed between intake of vitamin C and risk of developing T2D,
while Vitamin E was shown to reduce the risk of T2ZD(Montonen et al., 2004). However,
in a recent study by Rafighi et al(Rafighi et al., 2013), supplementation of Vitamin C and
E and Glutathione in T2D patients already on oral anti-diabetic medication caused

significant reduction in HbA1C (a marker for hyperglycaemia)(Rafighi et al., 2013).

Moreover, a reduced synthesis of Glutathione has been observed to be involved with
T2D development(Kalkan and Suher, 2013). Taken together, non-enzymatic can
influence the progression of diabetes be useful for management of the disease and
prevent ROS induced organ damage. Yet, antioxidant therapy has not yielded much
success for management of T2D. In addition, supplementation with Vitamins have not
shown any promise for reducing ROS organ induced damage(Golbidi et al., 2011). This
could probably be a result of bioavailability of the antioxidants at the site of

ROS(Paganini et al, 1997) and also, increased toxicity of higher concentrations of
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currently available antioxidants. An increased understanding of ROS induction and the
signalling pathways they trigger or inhibit and their effect on glucose metabolism may

help in implementing antioxidant therapy for T2D management.

In conclusion, poor glycaemic control in T2D develops due to a defective insulin
function as a result of diverse metabolic aberrations such as insulin resistance in
skeletal muscle, adipose tissue dysfunction, neuronal defects, gut microbiota induced
inflammation adiposity and [3-cell damage. Furthermore, poor glycaemic control causes
oxidative stress and organ damage which eventually causes development of diabetic

micro and macrovascular complications.

Therefore, ideal therapies should aim to restore normal glycaemic control by improving
the various metabolic processes directly or indirectly associated with glucose
metabolism. Moreover, aiming to avoid fluctuations in glucose blood levels via tight
postprandial blood glucose control will reduce risk of T2D induced vascular

diseases(Shukla et al.,, 2015).
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1.18 Current and Future therapies for T2D

The pharmacological consequences of the different processes involved in the
development of T2D have informed the design of the current therapies and continues to
inform future drug designs. The actions of current and potential therapies for diabetes
aim to improve glycemic control via multiple mechanisms. Generally, the different ant-

diabetic drugs function by:

¢ Enhancing optimum f-cell function and targeting gut digestion enzymes

¢ Harnessing gut microbiota for optimum energy homeostasis.

¢ Enhancing neuro-endocrine signaling for glucose metabolism.

e Promoting efficient control of post prandial blood glucose levels by, e.g. By
improving glucose uptake/ insulin resistance in skeletal muscles, and by

reducing glucose re-absorption in the kidneys.

» 1.18.1 Enhancing optimum f3-cell function and targeting gut digestion

enzymes

Insulin secretion is the primary function of the [3-cell therefore; supplementing (3-cell
function with insulin analogues is one of the current strategies for diabetic therapy.
These drugs are designed to augment 3-cell output as 3-cell function declines during the
progression of diabetes(Horton, 2009). They function as insulin with slight difference in
pharmacokinetics and pharmacodynamics(Grunberger, 2014). There are rapid-acting
(prandial) analogs such as Lispro, Aspart, or Glulisine insulin and long (basal) acting
such as Glargine, Detemir(Grunberger, 2014). The side effects of Insulin analogues are:

the risk of hypoglycemia, weight gain and the pain of injection.
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Sulphonlyureas and the Meglitinides are another group of drugs directly targeted at
enhancing insulin secretion function of the (-cell. These drugs bind to Sulphonylurea
receptors on ATP dependent potassium channels. By binding these receptors they
inhibit these channels and elicit calcium dependent insulin secretion in (3-cells(Cannon
et al, 2015, Norman and Rabasseda, 2001). Examples of Sulphonylureas include,
Gliclazide and Tolbutamide, while, examples of the Meglitinides include Repaglinide and
Nateglinide(Richard and Raskin, 2011).

The B-cell role in glucose homeostasis is physiologically enhanced by incretins. The
main incretins are Glucagon like peptide-1 (GLP-1) and Glucose dependent
insulinotropic polypeptide (GIP). GLP-1 has been the most exploited for T2D therapy
and examples of GLP-1 mimetics include Exenatide and Liraglutide(Ahrén and Schmitz,
2004). They enhance insulin function by stimulating insulin release and reducing
glucagon release(Ahrén and Schmitz, 2004). GLP-2, a different isoform of GLP, may also
improve gut function by improving gut permeability and by reducing LPS induced
inflammation from gut microbiota(Cani et al., 2009).

In addition, certain drugs can inhibit the breakdown of GLP-1, thus prolong the
duration of GLP-1 bioavailability. Dipeptidyl peptidase 4 (DPP-4) inhibitors or Gliptins
such as Alogliptin and Saxagliptin prevent breakdown of GLP-1 and prolong its
activity(Ahrén and Schmitz, 2004). The side effects of GLP-1 include nausea, vomiting,
and pancreatitis(George and Joseph, 2014). Considering that the use of GLP-1, Gliptins,
Sulphonylureas and Meglitinides is limited to the function [-cells. In absence of
functioning B-cells which occurs as T2D progresses or in T1D, these groups of drugs
may not be effective.

Inhibition of enzymes involved in the hydrolysis of carbohydrates such as a-

amylase and a-glucosidase are being employed as a therapeutic approach for
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controlling postprandial hyperglycaemia since they reduce net glucose delivery to the
blood after food consumption. a-Glucosidase inhibitors (AGls; Acarbose, Miglitol,
Voglibose) are used in the treatment of patients with T2D. AGIs interrupt the absorption
of carbohydrates from the small intestine and thus have a lowering effect on
postprandial blood glucose and insulin levels, without affecting lipid levels(Van De Laar
et al.,, 2005). One of the drawbacks of AGIs is they are associated with gastrointestinal
disorders such as flatulence, abdominal distention, diarrhoea and nausea(Weng et al.,

2015).

> 1.18.2 Harnessing gut microbiota for optimum energy homeostasis.

As mentioned earlier, gut microbiota in the colon, converts starch and fibre that are
resistant to intestinal enzymes to short chain fatty acids (SCFAs). The rate and amount
of SCFA production is dependent on the species and amounts of microflora present in
the colon, the food source and the gut transit time(Eckburg et al., 2005). The firmicutes
and bacteroidetes are the most abundant bacteria in the gut and may be key players for
the production of SCFAs in the gut(Fernandes et al., 2014). The amount of bacteroidetes
in the gut has been negatively correlated with increase in body mass(Fernandes et al.,
2014, Fava et al,, 2013). Accordingly, fermentation of food by colonic bacteria and total
amount of SCFAs was observed to be different in obese and lean human
subjects(Fernandes et al., 2014). Therefore, production of SCFAs by gut microbiota may
be linked to adiposity(Rahat-Rozenbloom et al.,, 2014). There are three well known
SCFAs. One of them is acetate which is the main SCFA produced in the colon, and after
absorption it has been shown to increase cholesterol synthesis. In contrast, propionate
another metabolite of the colon microbiota, is used for glucose synthesis, and was

observed to inhibit cholesterol synthesis while butyrate the third one, is used for
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synthesis of triglycerols in the liver(Wong et al.,, 2006). Recently, SCFAs have been
shown to activate certain G-protein receptors called GPR43 that may have metabolic
effects(Kimura et al, 2014). These receptors may link gut microbiota to energy
metabolism and hence, may be useful targets for T2D therapy. In addition, use of diets
which include indigestible carbohydrates as supplements to modulate gut microbiota

may also be a useful strategy for management of the disease(Fujimura et al., 2010).

» 1.18.3 Enhancing neuro-endocrine signaling for glucose metabolism

Based on the observation that the low levels of dopamine in certain areas of the
hypothalamus in animals during the winter season is similar to insulin resistance states
in T2D patients, the use of the dopamine agonist, Bromocriptine, has been approved for
treatment of insulin resistance in both T2D and insulin related diseases. It is possible
that use of dopamine agonists would also prevent or delay progression of microvascular
complications such as hypertension and diabetic nephropathy, since increasing
intrarenal dopamine levels have shown some benefits in reducing the progression of the
DKD(Zhang et al., 2012). Accordingly, recent clinical trials have shown that use of
dopamine agonist is well tolerated in patients with moderate renal insufficiency.
However, long term effects of dopamine on prolactin levels and mental health could be
seen as potential side effects(Diepenbroek et al, 2013, DeFronzo, 2011). GLP-1
mimetics may also have neuronal effects that reduce weight gain and appetite if they
cross the blood brain barrier(Kahn et al., 2014). Targeting ROS induction in pro-
opiomelanocortin (POMC) neurons; neurons responsible for energy regulation and
satiety in the hypothalamus, could be useful for future management of diabetes(Diano

etal,, 2011).
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1.18.4 Promoting efficient control of post prandial blood glucose levels by e.g. by
improving glucose uptake/ insulin resistance in skeletal muscles and/ or

reducing glucose re-absorption in the kidneys.

» Drugs that improve insulin glucose uptake/insulin resistance

On the other hand, the Thiazolidinediones increase insulin sensitivity in the peripheral
tissues. They are primarily peroxisome proliferator-activated receptor (PPAR) agonist.
The proposed hypoglycaemic mechanism for PPARs includes reduction in inflammation,
increase in adipocyte differentiation, increase in fatty acid oxidation and increase in
GLUT expression. This implies that they would improve insulin sensitivity and glucose
uptake. They may not improve the lipid profile of the patients(Staels and Fruchart,
2005, Fowler, 2007). The Thiazolidinediones, e.g. Rosiglitazone, belong to this group of
drugs. The side effect of these drugs include; weight gain, hepatotoxicity, increased risk
of bone fracture and heart failure(Rizos et al., 2009). The new drug Aleglitazar, which is
an agonist for both receptor subtypes of the PPAR, may also be useful for preventing

cardiovascular complications of diabetes(Cavender and Lincoff, 2010).

The Biguanides consist currently of only Metformin. The core mechanism of action for
metformin is the change of the energy metabolic rate of the body. Metformin exerts its
principal, hypoglycaemic effect by inhibiting hepatic gluconeogenesis and opposing the
action of glucagon. The inhibition of mitochondrial complex I(Hardie et al., 2012) results
reduced ATP synthesis and eventually defective cyclic adenosine monophosphate
(cAMP) and protein kinase A signalling in response to glucagon(Miller et al., 2013).
Moreover, the stimulation of 5-AMP-activated protein kinase, which modulates lipid

metabolism, is an additional mechanism for the glucose-lowering effect of metformin.
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Overall, Metformin induces insulin sensitivity and improves glucose uptake in cells. The
side effects of Metformin are proposed to be as a result of its inhibitory effect on
mitochondrial function. Impeding the ETC causes accumulation of pyruvate and hence
an increase in lactic acid production(Piel et al, 2015). Mitochondrial toxicity of
metformin occurs at high concentrations. Therefore, Metformin propensity for lactic
acidosis in T2D demands for cautious use of the drug in T2D patients with renal

complications(Inzucchi et al., 2014).

» Drugs that inhibit Glucose Re-absorption in Kidneys and in the Intestine

The kidney filters 180 litres of plasma per day and serves to maintain osmotic
and pH balance by re-absorbing water, sodium, chloride and bicarbonate and
secreting hydrogen ions and potassium produced by ingested foodstuffs. Also,
the kidney is capable of gluconeogenesis, thus alongside the liver, plays a crucial
role in glucose homeostasis especially during fasting thereby helping to maintain

normal fasting plasma glucose (FPG) levels (~5.6 mmol/1)(Mitrakou, 2011).

In contrast to the liver, the entry of glucose in the kidney is not dependent on
insulin, although the release of glucose from the kidney is inhibited by
insulin(Gerich, 2010, Mitrakou, 2011). Besides gluconeogenesis, the Kkidney
impacts plasma glucose levels via the process of glucose re-absorption. Glucose
re-absorption from filtered plasma occurs in the proximal tubules via sodium
dependent glucose transporters (SGLTs) (fig.1.9). The SGLTs are of two main
subtypes: SGLT1 and SGLT2. SGLT2 is a low-affinity, high-capacity glucose
transport protein that reabsorbs 90% of filtered glucose, while the high-affinity,

low-capacity SGLT1 transporter reabsorbs the remaining 10%(Vallon, 2011).
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SGLTs are also found in the intestine and therefore are desirable targets for non-
insulin dependent control of post prandial blood glucose via control of glucose
absorption from ingested food(Hasan et al., 2014). In diabetic conditions, the
kidneys increase expression of SGLT2 and unlike in the liver, increased glucose
ingestion increases kidney gluconeogenesis even in diabetic patients(Meyer et

al., 1998, Hasan et al., 2014).

Consequently, the hyperglycaemic state is maintained, and continuous high
blood glucose exacerbates insulin resistance and causes impaired f3-cell function
and death due to glucotoxicity(Mather and Pollock, 2011). The initial SGLT
inhibitor was Phlorizin (fig: 1.10), discovered from the bark of the apple tree and
is abundant in the Malus spp.(White, 2010). It has been used as a template for

developing the recent drugs that have been approved for T2D therapy.

From the structural modifications that have evolved in SGLT2 specificity it
appears the glucosidal molecule in the structure is important interaction with
SGLT2. However, an open middle ring in the backbone may still be very vital for
any form of glucose transporter interaction. In fact, hydrolysis of Phlorizin yields
Phloretin (fig. 1.10) which is known to inhibit GLUT transporters(Zheng et al.,
2012). Clinical trials of SGLT2 inhibitors have shown that they reduce fasting
blood glucose as monotherapy and as add-on therapy to other anti-diabetic
drugs. SGLT2 inhibitors may also have the additional benefit of causing weight
loss and reduction in blood pressure. Recently, due to their additional benefit of
inhibiting glucose absorption in the intestine, clinical trials on drugs that inhibit
both SGLT1 and 2 such as Satogliflozin and LX4211 are underway. However,

SGLT2 specific inhibitors are contra-indicated in patients with moderate to
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severe renal insufficiencies. They might also increase urinary tract infections and
may cause cancer of the bladder(Hasan et al., 2014, White, 2010, Oliva and
Bakris, 2014, Volino et al, 2014). In addition, the approved SGLT drugs
Canagliflozin, have been reported to predispose patients to ketoacidosis. The
mechanisms may involve increase in glucagon secretion, inhibiting the excretion
of ketoacidosis, reduced insulin dosage which is common practice when SGLT2

inhibitors are used in combination therapy(Taylor et al., 2015).

In summary, most drugs in line for treatment of T2D and the ones already in use
all have potential toxic effects. Therefore, the search for safer drugs will
continue. Medicinal plants and natural products present a mining pool for
screening for potential lead molecules. In addition, including these plants in diet
may be a better approach since medicinal plants contain diverse medicinal
compounds that would exert less specific effects and therefore, reduce chances

of toxicity.
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Fig. 1.9: Proximal tubules and characteristic Sodium dependent glucose transporters 1 and 2
(SGLT 1 and 2). SGLT are involved in re-absorption of 100% of the plasma glucose filtered by the
kidneys. Phlorizin (fig. 1.9), is a natural compound that exerts its anti-diabetic effect by inhibiting
both SGLT1 and SGLTZ2 transporters found in the kidneys and intestine. This non-insulin dependent
mechanism of action serves as an alternative approach to glycaemic control in T2D.
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Fig 1.10: Structures of Phlorizin (an O-glycoside), Phloretin (aglycone of Phlorizin) and synthetic
SGLT2 specific inhibitors. Synthetic SGLTZ inhibitors are c-glycosides . This modification confers
resistance to digestive enzymes and open middle ring may be important for interacting with both
glucose transporters.
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1.19 Role of Medicinal Plants in the Management of Diabetes in Developing

Countries.

Ageing follows the process of progressive loss of physiological functions and increased
risk of developing incapacitating disorders, including chronic inflammation which as
discussed already, is a key component of T2D(Donath and Shoelson, 2011). In addition,
12.1 million people have been diagnosed with diabetes in sub-Saharan Africa. This
number may increase to 23.9 million by 2030(Hall et al., 2011). According to a study by
Hall et al(Hall et al, 2011), the percentage of diabetic complications such as
microalbuminuria in this region, ranges from 10%-83%/(Hall et al., 2011). According to
the authors, the wide variation in prevalence of microalbuminuria could be a function of
the difference in urban development across the sub-Saharan African region(Hall et al,,
2011). Consequently, the current therapies and appropriate healthy lifestyle to prevent
occurrences of diabetes and its complications are not affordable. Therefore there is a
need for affordable remedies for the management of diabetes in sub-Saharan African
regions in order to reduce the risk occurrence of the disease, especially in the light of

the current rapid urbanization of the continent.

The use of herbal medicine for management of diseases is a common practice in
Africa, because it is cheap and accessible and has anecdotal relevance. Basic and clinical
research on the mechanisms and application of African remedies will enable the
appropriate and safe use of these herbs, with the additional benefit of reduced risk of

development and probably effective management of diseases such as diabetes.

Several plants have been studied for their anti-diabetic effects. Examples of such plants

are: Allium Sativum (garlic) has been reported to contain sulphur containing
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metabolites (Allicin and S-allyl cysteine sulfoxide) are known to stimulate insulin

secretion from pancreatic (3-cells (Khan et al.,, 2012).

Camellia sinensis (Green tea) contains catechins that possess hypoglycaemic
potentials(Haidari et al., 2013). Recently, an arabinogalactan (a polysaccharide) has also
been isolated from Green tea and has been identified to stimulate insulin secretion
through the same pathways GLP-1 exerts its insulin stimulatory effect(Wang et al,,
2015, Doyle and Egan, 2007). Clinical studies with Nigella sativa showed that
application of this plant as an adjuvant in T2D patients already receiving treatment was
effective for controlling hyperglycaemia(Kaatabi et al, 2015). In the light of these
clinical studies herbal medicines do have great potential as adjunct therapy or dietary

interventions for management of diabetes.

Furthermore, some clinical studies have shown that diet modification and exercise are
beneficial to diabetic patients. For example diets rich in fruits and vegetables tend to
reduce the chances of diabetic patients for developing diabetes associated heart
disease(Evert et al, 2014, Andrews et al, 2011). The potential of fruits as dietary
intervention was shown by a recent study in healthy volunteers which reported that
unripe apples improved post-prandial glycaemia and increased urinary glucose
excretion after oral glucose tolerance test(Makarova et al,, 2015). Also, in a pilot study
consuming fruits and vegetables before having carbohydrate improved postprandial
glucose levels in T2D patients(Shukla et al., 2015). Fruits, vegetables and herbal plants
all have in common, chemicals that enhance metabolism and the functions of organs in
the body(Kennedy and Wightman, 2011). These compounds are known as secondary

metabolites.
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1.20 Secondary Metabolites and their health benefits

Secondary metabolites are organic chemicals generated by plants which enable them to
adapt to their environment(Wink, 2003). Secondary metabolites are known to have
diverse pharmacological activities. For example; Momordica charantia (bitter melon), a
herbal plant used traditionally for management of diabetes, is known to contain
polyphenols (Nerurkar et al., 2010, Islam et al., 2011), a class of secondary metabolite
synthesized for protection against infections in plants. Consistent with this,
epidemiological studies have repeatedly shown an inverse relationship between the
risk of chronic human diseases and the intake of diet with high polyphenolic

content(Pandey and Rizvi, 2009).

Examples of classes of various plant metabolites include: alkaloids, polyphenols,
saponins, and iridoids. The general structures of these compounds and their

pharmacological activities are shown in the table overleaf.
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NAME BASIC

STRUCTURE

Iridoids and

Seco-iridoids 7

Seco-iridoid

3
, Anti-cancer, Neuro-

SOME KNOWN
PHARMACOLOGICA

L ACTIVITIES

Anti-inflammatory,

protective and

Anti-antioxidant.

COMMON PLANT

SOURCES

Rubiaceae, Lamiaceae,
Gentianaceae,

Pyrolaceae,Oleaceae,

Cornaceae,

Scrophulariacea,

Table 1.1: The table above shows some common phytochemical compounds and their

pharmacological activities. Plant secondary metabolites possess more than one biological

activity and they can be found in more than one Genus.
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NAME BASIC STRUCTURE SOME KNOWN COMMON REF.

PHARMACOLOGICAL PLANT

ACTIVITIES SOURCES
Polyphenols Lo Antioxidant, Abundant in (Pandey
.J")’J\ "’j"\"\‘_\' HO
and phenolic o N Y most fruits and
Antidiabetic,
S
acids i and Rizvi,
Neuroprotection.
vegetables. 2009,
Basic structure of
Scalbert
Phenolic acids For example:
etal.,
Solanaceae,
2005)
Vitaceae,
/T Sapotaceae,
. R2
=
B | Myrtaceae,
NN /[\I\m
\[ i LC Moraceae
N on '
o Q Anacardaceae,
Rhamnaceae,
Basic structure of
Sapindaceae,
Polyphenols
Malvaceae

Table 1.1 continued: The table above shows some common phytochemical compounds and their
pharmacological activities. Plant secondary metabolites possess more than one biological
activity and they can be found in more than one Genus.

75



NAME BASIC/EXAMPLE OF SOME KNOWN COMMON REF.

STRUCTURE PHARMA- PLANT
SOURCES
COLOGICAL
ACTIVITIES
Saponins e Antioxidant, Agavaceae, (Moses
Alliaceae, etal.,
(Triterpenoids Anti-cancer

Asparagaceae, 2014)
steriods and

Convallariaceae,
steroidal
Dioscoreaceae,
glycoalkaloids)
Alkaloids Anti-tuissive, Anti  Widely (Block,
malaria, Anti- distributed in 1999)
both plants and
hypertensive,
insects.
Analgesics.

Morphine

Table 1.1 continued: The table above shows some common phytochemical compounds and their
pharmacological activities. Plant secondary metabolites possess more than one biological
activity and they can be found in more than one Genus.
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Most secondary metabolites are not restricted to a particular family in the plant
kingdom. Therefore, different families can have the same class of compounds. In
addition, the different plant families tend to have different combinations of secondary
metabolites. This could be the reason for their different efficacy and use in management
of diseases. In view of the multiple effects of plant secondary metabolites as shown in
the table above, medicinal plants represents a large repository for mining lead

compounds that could be modified for drug use.

Essentially, it will be helpful to introduce herbal plants, into regular diet, since these
therapeutic compounds can be easily accessed in this form. In other words, they can
serve as both food and medicines. This approach is more likely to improve the outcome
of patients that use them since their non-specific effects reduce the chances of toxicity
which is observed with synthetic drugs. In the case of T2D and related metabolic
disorders, diet intervention with medicinal plants can prevent the occurrences of diet
related diseases, as well as reduce the socioeconomic burden of managing diabetes in
regions affected by the diseases. Notwithstanding, in order to validate the use of herbal

plants, the efficacy and safety of these medicinal plants need to be evaluated.
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1.21 Review on Pharmacological Activity of Mucuna pruriens

Mucuna pruriens (L) Fabeaceae (MP), the plant of focus for this study, is a common

medicinal plant used for the management of several diseases including diabetes.

Fig. 1.11: A picture of Mucuna pruriens shoot with its characteristic velvet flowers.

Mucuna pruriens is an annual plant that grows as a weed among food crops. The thin crawling
shoots show it is adapted for climbing other plants. The picture was taken during collection of the
leaf samples in October. The presence of flowers shows that leaves were collected prior to the time
for seeds to mature. Camera Details: Samsung Galaxy Pocket mobile 2 Mega Pixels. Date: 15t Nov
2012.
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Mucuna pruriens (Common Name: velvet bean) belongs to the Fabeacea family of the
plant kingdom. They are also known as the pea family. Plants belonging to this family
are dicotyledonous flowering plants. The common phytochemicals associated with this
family are Protoberberine alkaloids, which are known to bind deoxyribonucleic acids
(DNA)(Kumar, 2015), and steroidal saponins, which are known to have diuretic

effects(Diniz et al., 2012).

1.22 Biological activity of Mucuna pruriens seeds

Mucuna pruriens (MP) produces seeds annually. The seeds are known to contain
carbohydrates, proteins and anti-nutritional compounds such as tannins(Tavares et al,,
2015). The seeds are used traditionally as prophylaxis for snake bite(Fung et al., 2014).
The precise mechanism for this protective effect is not known, however, gpMuc is a
glycoprotein with close resemblance to Kunitz-type trypsin inhibitor family which was
recently isolated from MP seeds(Scire et al., 2011). The presence of Kunitz-type trypsin
inhibitor could explain its anti-venom properties as proteins belonging to this family

inhibit protein degrading enzymes.

In addition, Kunitz-type trypsin inhibitors are useful anti-inflammatory agents and may
also have the ability to inhibit tumour growth(Zhu et al., 2011). MP seeds may also
provide protection from snake venom by delaying cardio-respiratory failure induced by
snake venom(Fung et al., 2012). However, pre-treatment with the seed extract followed
by snake venom challenge was observed to cause up regulation of genes related to
immune response, energy metabolism and muscle contraction of the cardiac tissues of
rats(Fung et al,, 2014). Specifically, MP seed extract caused up-regulation of pyruvate

dehydrogenase kinase gene expression(Fung et al., 2014), which causes a metabolic
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switch from phosphorylative oxidation to glycolysis. Considering that certain snake
venoms disrupt mitochondrial membrane potential(Park et al., 2009), MP seed extract
could exert protective effect against snake venom on the heart by providing alternative

energy by increasing glycolysis.

Based on the effect of MP on cardiac muscles; this study provides insight into other
applications for the seed extracts. For instance, MP seed extract was shown to increase
expression of metallothionein. This could be beneficial in high glucose induced ROS
damage in cardiomyocytes. Indeed, metallothionein is an antioxidant protein and it has

been shown to ameliorate ROS induced myocardial dysfunction(Ye et al., 2003).

Furthermore, the seeds contain levodopa and are thus known to be effective for
management of Parkinson's disease(Manyam et al., 2004). In addition, the presence of
levodopa in the seeds could have additional therapeutic effects, by reducing
development of DKD, since increased bioavailability of dopamine in kidneys, has been
shown to delay the progression of the disease in rats(Zhang et al., 2012). Potential
effects of MP on the reproductive system have also been observed. These studies
revealed that MP seeds may improve erectile dysfunction, fertility and sexual behaviour
in non-diabetic and diabetic conditions(Suresh et al., 2009, Suresh and Prakash, 2011,
Suresh and Prakash, 2012). Anti-diabetic oligocyclitols which are known to mimic
insulin signal transduction have been also isolated from MP seeds(Donati et al., 2005).
Therefore, more studies are required to understand the potential benefits of the use of
MP seeds as a crude drug for management of diseases and to provide leads for future

drug molecules.

However, toxicity due to Levodopa content has been observed for consumption of
Mucuna species (spp-)(Tse et al., 2013). The degradation of L-dopa contents of MP seeds
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have been observed to degrade into damaging quinoines and ROS(Pulikkalpura et al.,
2015), the significance of these findings are yet to be fully studied. The seeds have also
been observed to increase bilirubin levels thereby inducing mild cholestasis in male
rats(Chukwudi et al.,, 2011). Therefore, further studies are required to ascertain the

safety of the seeds in clinical studies.

1.23 Bioactivity of Mucuna pruriens leaves and roots

MP leaves are also used traditionally for anaemia and several other diseases(Obioma et
al., 2014b). Most studies with MP leaf extracts indicate effective hypoglycaemic activity
when leaves are extracted in non-polar solvents. Ethanolic extracts of the leaves made
by maceration in 70% ethanol for 72 hours reduced plasma lipid levels and glucose
levels in diabetic rats comparable to metformin(Eze et al., 2012). The investigators also
observed the regeneration of pancreatic tissues in the diabetic rats used for their
study(Eze et al., 2012). Metformin is known to improve dyslipidaemia by inhibiting fatty
acid synthesis through the activation of adenosine monophosphate activated kinase
(AMPK). The AMPK pathway is also responsible for glucose uptake into skeletal
muscles(Hardie et al., 2012) (see Fig. 1.9). It is possible that the MP extracts induced the
hypoglycaemic and hypo-lipidaemic effects observed through the AMPK pathway.

However, further studies are required to confirm this.

Furthermore, MP ethanolic leaf extract has been observed to reduce aminotransferase
enzymes which increases substrate of the glucose metabolic pathway that are usually
used for fatty acid synthesis(Alo et al., 2012). Thus, modulation of AMPK pathway could
be a mechanism of action of the hypolipidaemic and hypoglycaemic effects of MP.

Another study with the chloroform fraction of the alcoholic leaf extract made by soxhlet
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extraction in 95% ethanol indicated hypoglycaemic and hypo-lipidaemic activity
comparable to Glibenclamide (a known anti-diabetic drug) which could be due to the
presence of alkaloids and glycosides(Murugan and Reddy, 2009). Yet, the anti-diabetic
effects of the aqueous extract have not been studied.

General phytochemical screening using methods of Harbone(Harborne.,,
1973.) and Trease et al(Trease GE, 1983), of the water and alcoholic extract of MP
leaves revealed the presence of flavonoids, saponins, and cardiac glycosides(Agbafor
and Nwachukwu, 2011). Although, specific compounds where not identified, these are
traits of most plants used for management of diabetes and diabetic complications(Singh
et al., 2013). The presence of glycosides suggests flavonoids, coumarins or saponins; all
of which are known to possess antioxidant activity. Moreover, by a similar extraction
process, MP alcoholic leaf extract was observed to have anti-ulcer activity in ethanol
induced stomach ulcer in rats. MP alcoholic leaf extract preserved the gastric mucosal
layer by increasing endogenous antioxidant activity and mucus secretion, and also via
relaxation of gastric walls(Golbabapour et al., 2013). The relaxation of gastrointestinal
walls and consequent inhibition of peristalsis is characteristic of flavonoids (Gharzouli
and Holzer, 2004, Amira et al, 2008). An increase in mucus secretion is partially
mediated by increase in prostaglandin E> (PGE:z). PGE: causes vasodilatation in blood
vessels and is also known to prevent apoptosis in cardiomyocytes by activating growth
signal pathways(Frias et al., 2008). Although, upregulation of PGE; may be deleterious
in certain conditions such as progression of diabetic kidney disease(Quilley et al., 2011)
it is important to note that the phytochemical components of the ethanolic leaf extract
could also influence growth of specialized cells and influence metabolic processes in

vivo. These properties could be useful for preserving B-islet cells (which are often
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degraded by hyperglycaemia) and improve metabolic disorder which are common

features of diabetes.

MP leaves have been tested for protective effects against liver damage. In order to
evaluate protective effect against alcohol and anti-tuberculosis drugs induced liver
damage, MP leaves were extracted in a mixture of alcohol and water. In this study MP
hydroethanolic leaf extract was suggested to reduce plasma markers for liver damage
by improving activity of antioxidant enzymes(Obogwu et al., 2014). The authors also
observed that hydroethanolic extract of the leaves prolonged sleep induced by
hexobarbitone and this was suggested to be an inhibitory effect on cytochrome p450
enzyme activity. A potential inhibitory effect on cytochrome p450 enzyme activity
suggests a toxic effect of the hydroethanolic extract of the leaves. Inhibition of
cytochrome p450 enzyme can cause negative drug interactions with drugs dependent
on this enzyme for deactivation. Conversely, prodrugs that require this enzyme for
activation may also loose effectiveness. A similar interaction is known for grape

fruit(Sweeney and Bromilow, 2006).

However, using the same method of extraction and the same doses, Champatisingh et
al(Champatisingh et al.,, 2011) observed dopaminergic effects of MP leaves in cataleptic
rat models. They also observed that MP leaf extracts reduced seizure in epileptic rat

models. This suggests that MP leaves may also have effects on the nervous system.

The aqueous extract of MP leaves have also been reported to improve haemoglobin and
packed cell volume in rats(Obioma et al.,, 2014b). However, the aqueous extract was
also observed to increase aspartate transaminase (AST) and alanine transaminase

(ALT) and some trace elements of copper and iron in rats that consumed the
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extract(Obioma et al.,, 2014a). This suggest that the aqueous extract of MP leaves can

induce hepatocellular liver damage similar to acetaminophen(Yang et al., 2014b).

A comparison between antioxidant activity of alcoholic and water MP extracts revealed
that the alcoholic extract had a better antioxidant activity(Agbafor and Nwachukwu,
2011). But due to stearic hindrance, the structure of the phenolic compound contained
in the plant extracts could affect the efficiency of reactions in the Electron Transfer (ET)
model that was used by the investigators for evaluating the antioxidant activity of MP
leaf extracts in water and alcoholic solvents(Apak et al, 2013). Moreover, the
investigators compared in vitro antioxidant methods to in vivo antioxidant methods to
draw their conclusion. However, the ET based in vitro method used in this study does
not necessarily correlate with results derived from in vivo studies(Lépez-Alarcén and
Denicola, 2013), however, their results did confirm antioxidant activity of MP leaf

extracts reported by other studies.

Recently the roots of MP were found to contain three new isoflavonones and known
pterocarpans which have close resemblance to isoflavonoids(Dendup et al., 2014). Also,
this study reported the inhibitory effect of these polyphenols found in the roots of MP
on a-Glucosidase activity; however, this inhibitory effect was two-fold less than the
conventional drug, acarbose. This inhibitory effect on a-Glucosidase activity suggests
antidiabetic activity of the roots. They also observed that phytochemical constituent of
roots varied with seasonal changes. Considering that anecdotal or traditional uses of the
leaf often involve slight heating of the leaves in water after hand washing or soaking the
leaves in reasonable amounts of consumable alcohol, it will be enlightening to know

what beneficial effects of tea made from MP leaves can be observed within the context
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of T2D. This would give a scientific basis for regular consumption of the leaves as a

beverage.
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Fig. 1.12: Effects of activation of AMPK pathway on glucose and lipid metabolism. AMPK is
activated in response to reduction of intracellular ATP levels. Reduction of intracellular
ATP levels in diabetic conditions can occur due to oxidative stress induced mitochondrial
damage. AMPK inhibits ATP consuming cellular processes such as lipid synthesis,
gluconeogenesis and glycogen synthesis in fat, muscle and liver tissues. Increase in glucose
and lipid catabolism causes corresponding increase in glucose uptake, which is useful for

improving insulin resistance and reducing hyperlipidaemia in T2D(Hardie et al., 2012,
Towler and Hardie, 2007).
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1.24 Hypothesis

In the light of the above discussions the following hypothesis was drawn:

» Considering the reports on the anti-diabetic effect of MP leaf extracts made in
organic solvents, it is plausible to propose that MP aqueous leaf extract could
also have anti-diabetic effects.

» Furthermore, some of the current anti-diabetic agents improve glycaemic control
by modulating glucose uptake in the kidneys, gut, skeletal muscles, adipocytes
and liver. If MP aqueous leaf would have anti-diabetic effects it may exert its
effect through similar mechanisms.

» On the basis of reported anti-oxidant activity of an MP aqueous leaf extract in cell
free and in vivo experiments, MP aqueous leaf extract could also scavenge ROS in

oxidative stress related physiological systems.
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1.25. Aims and Objectives

Aim: In view of the hypotheses listed above, the aim of this project was to investigate
the potential anti-diabetic effects of MPLE. The potential anti-diabetic effect of MPLE
was studied by investigating the potential mechanisms through which MPLE may

reduce hyperglycaemia and oxidative stress.

Objectives: The potential anti-diabetic mechanisms of MPLE were investigated by

carrying out the following studies listed below:

1. Evaluation of MPLE antioxidant activity in cell free models and in oxidative
stress cell models using in NRK-52E cell lines.
2. Investigation of MPLE inhibitory effect on glucose uptake in NRK-52E cell lines.

3. Examination of insulin mimetic effect in 3T3-L1 adipocytes.

1.26 Invitro models used for Evaluating Anti-diabetic Effects

On the basis of glucose digestive pathway, laboratory experiments to test for
hypoglycaemic effects tend to evaluate; inhibition of glucose digestive enzymes in the
gut, effect on pancreatic cell health and glucose and lipid metabolism in the liver, insulin
mimetic effect on both skeletal muscles and adipose cells, and more recently, inhibition
of glucose uptake in kidney cells. For the purpose of this study, the following discussion
will focus on established kidney and adipocyte cell lines used for in vitro study of anti-

diabetic effects.
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1.27.1 Normal rat epithelial kidney (NRK-52E) cell lines

The NRK-52E cell lines are derived from rat kidney proximal tubules. They have a
characteristic flat polyhedral shape and cobblestone morphology with distinct nuclei
and nucleoli like the parent cell line(De Larco and Todaro, 1978). NRK-52E grown on
culture plastic for six days were shown have many microvilli and apical-basal
polarity(Fan et al.,, 1999). This is a characteristic of the brush border found in the
proximal tubule in vivo. They are also known to express C-type natriuretic peptide; a
peptide also found in human proximal tubules(Dean et al, 1994) which may be
involved with renal sodium handling and could serve as a marker for progression of
chronic kidney disease (CKD)(Sangaralingham et al., 2011). Furthermore, NRK-52E cell
lines are known to express low activity of organic anion transporters which are known
to be dependent on sodium ions(Lash et al., 2007). Moreover, NRK-52E cell lines
express collagen similar to proximal tubules in vivo. Collagen forms extracellular matrix
during the progression of diabetic nephropathy, thus the cell lines are a good model for

studying EMT in diabetic kidney disease(Creely et al., 1992).

Within this context, NRK-52E cell lines still retain some vital structural and functional
characteristics of proximal tubules in vivo. Considering that glucose transport is
dependent on sodium ions, they could also be used as a model for glucose transport
studies. In relation to oxidative stress, NRK-52E cell lines have been reported to portray
oxidative stress in both hypoxic/reperfusion conditions, ischaemic reperfusion
conditions, and pro-oxidant substances (i.e. hydrogen peroxide) similar to other cell
lines(Saenz-Morales et al., 2006). They have also been shown to be sensitive to
mitochondrial toxicants. In the light of this, NRK-52E cell lines are suitable for studies

regarding metabolic induced oxidative stress within the kidney and glucose uptake.
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1.27.2 Mouse pre-adipocyte (3T3-L1) cell lines

Pre-adipose cell lines 3T3-L1 cell line was isolated from Swiss 3T3 cells derived from a
mouse embryo, and are morphologically analogous to fibroblasts and in growth arrest
in cell culture conditions they can differentiate into mature adipocyte given appropriate
conditions(Green and Kehinde, 1976). A recent study of the phenotype of 3T3-L1 cells
revealed that these cell lines express characteristics typical of both white and brown
adipocytes(Morrison and McGee, 2015). 3T3-L1 cells were reported to express glucose
transporter (GLUT) isoforms 1 and 2. While the pre-adipocytes expressed glut 1 after
differentiation, they were observed to express both GLUT 1 and 2. The latter is known
to be highly expressed in the heart and skeletal muscles both of which respond to
insulin stimulated glucose uptake(Kaestner et al., 1989). Moreover, as 3T3-L1 pre-
adipocytes differentiate into mature adipocytes, they express increased numbers
caveolae, which are specialized plasma membrane structures involved in receptor-

mediated uptake processes and vesicular trafficking(Lafontan, 2012).

Moreover, Bogan et al(Bogan et al, 2001) demonstrated that 3T3-L1 before
differentiation and throughout differentiation contain intracellular compartments from
which GLUT4 is quickly mobilized in response to insulin. Considering that adipocytes
respond to insulin stimulated glucose uptake in vivo, this implies that 3T3-L1 pre-
adipocytes after differentiation are capable of responding to insulin stimulated glucose
uptake. Therefore, they are a suitable model that can be used to evaluate the potential
insulin mimetic effect of aqueous Mucuna pruriens aqueous leaf extract (MPLE) on

glucose uptake.
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Chapter 2: Materials and Methods
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2.1. Collection and Storage of MP Leaves

MP is a tropical plant that grows in Africa, Asia and some parts of America. The leaves
used for this study, were collected from different farms in Aku, Ezinifite, Anambra state
in the south eastern part of Nigeria, West Africa. The leaves were then wrapped in pre-
heated Colocasia esculenta leaves to prevent them from decaying as recommended by
the farmers who assisted with collecting the leaves. The wrapped leaves were put in a
bag and transported by courier to the University of Brighton, United Kingdom. The
leaves were then removed from their stalk and air dried in a room for 3 days. Gloves
were worn while separating leaves from stalk to prevent pruritus (the plant is known to
cause itching on direct contact with skin). Then, approximately equal amounts of the
crisp dried leaves were packaged and sealed in transparent small cellophane bags and
labelled with different batch numbers. The labelled bags were stored at -80°C for

preservation.

2.2. Identification of MP

The identification of the plant was done in the south eastern part of Nigeria West Africa.
Briefly, samples of the leaves, seed and shoot of the MP were collected from the same
region as mentioned above. The samples were identified at the International Center for
Ethno-pharmacology and Drug Development, Enugu State, Nigeria, West Africa. The

specimen identification number is: INTERCEDD-16018.
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2.3. Preparation of MPLE

The leaves were powdered by carefully pouring of a small amount of liquid nitrogen to a
batch of leaves in a ceramic mortar and crushing the frozen leaves with a pestle in a
fume cupboard. For local uses, the leaves are usually extracted in alcoholic drinks or
hand washed and boiled for few minutes before drinking. For laboratory purposes, 2.5g
of powdered leaves was prepared in a water bath. The heating temperature of the water
bath was set at 85°C. The leaves were soaked in 37.5ml of distilled water and put in the
water bath for 15min (crude drug: water ratiol:15)(Handa SS, 2008). The extract was
filtered to give a final volume of 11-13ml. 4.5ml of the aqueous extract was dispensed
into small bottles of known weight and freeze dried. These bottles were weighed again
after freeze drying, and the weight of the extract in each bottle was determined. The
small bottles containing freeze dried extracts were stored at -80°C. It was observed that
when the extract was stored at 4°C, the activity of the extract may have been affected.
Each small bottle was then regenerated in 1 ml of appropriate solvent depending on the

experiment to give a known concentration of MPLE in mg/ml.

92



2.4. Sterilization of the plant extract

For cell culture experiments, dried extracts were regenerated in the appropriate
medium and filtered into sterile 20ml tubes with 0.22um filters, under sterile

conditions.

2.5 Method to evaluate antioxidant activity of aqueous MPLE in cell

free/chemical assays.

In order to investigate antioxidant activity of MPLE in cell free systems, established
xanthine/xanthine oxidase and PMS/ NADH superoxide anion radical generating

systems were used. The procedures for the tests used are detailed in the section below:

> 2.5.1 Materials:

Chemicals: Nitroblue tetrazolium (NBT), B-Nicotinamide adenine dinucleotide, reduced
disodium salt hydrate (NADH), Phenazine methosulfate (PMS), Phosphate Buffer saline
(PBS) tablets, Xanthine Oxidase from bovine milk, Xanthine, 4-Hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl, (TEMPOL) where ordered from Sigma Aldrich (Poole,
Dorset, UK). Distilled water, Monosodium phosphate and disodium phosphate ordered

from Fisher scientific (East Grinstead, East Sussex, UK).

Lab Ware: Nunc microwell 96F plates, Corning centrifuge tubes, sterile syringes and

0.22um filters were supplied by Fisher Scientific.

Apparatus: HT synergy Biotek reader (Highland Park, Illinois, USA). Pure flex lab (High

Wycombe, Buckinghamshire, UK).
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» 2.5.2 Protocol for Evaluating Antioxidant Activity of MPLE using Xanthine

Oxidase\ Xanthine Superoxide anion radical Generating System.

The assay of MPLE in xanthine/xanthine oxidase system was performed as described by
Behera et al(Behera et al., 2003) with slight modifications. Briefly, 100ul of solution
containing 0.4mM xanthine, 0.24mM NBT (the indicator) and 10pl each of 0.4mg, 1.2mg
and 6.4mg of MPLE or 10pul 0.17mg and 1.7mg Tempol (a recognized superoxide

scavenger) in PBS solution, was dispensed into separate wells in a 96 well plate.

Negative controls containing equivalent volumes of PBS were included in the
experiments and they served as control with 0% scavenging activity. 100ul of
0.049units/ml of xanthine oxidase was added to each of these wells to start the
reaction. The final concentrations of both MPLE and Tempol were: 0.019mg/ml,
0.057mg/ml, 0.3mg/ml MPLE and 0.0081mg/ml and 0.081mg/ml Tempol. The

absorbance of reduced NBT was measured at 560nm(Behera et al., 2003).

The absorbance reading was taken at intervals of 2mins for total of 20mins. The degree
of NBT reduced by the superoxide generated in the system was indicative of superoxide
scavenging ability. Blank wells containing PBS solutions, the test extract and NBT only
were included in the same 96 well plate during the experiments to cross check for
possible interaction of the extract with NBT. The pH and temperature conditions for this

experiment were maintained at 7.4 and 37°C, respectively.
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% superoxide scavenging activity was the index for antioxidant activity and it was

calculated (after removing absorbance of blank for each concentration) as:

% NBT inhibition= 100-(Change in absorbance of MPLE or Tempol at 20min)/ (change

in absorbance of control at 20 min)*100

2.5.4 Protocol for Evaluating Antioxidant Activity of MPLE using the NADH/PMS

Superoxide anion radical Generating System.

Superoxide anion radical was generated in 96 well plates using a method modified from
Ewing and Janero with slight modifications(Ewing and Janero, 1995). Briefly, 1mM NBT,
3mM NADH, 0.4mg/ml, 1.2mg/ml, and 6.4mg/ml of MPLE or 0.17mg/ml and 1.7mg/ml
Tempol were made up in 0.1M phosphate buffer (pH 7.8). Then, a combination of 30pul

each of ImM NBT and 3mM NADH was dispensed into disparate wells in a 96 well plate.

Subsequently, 30pl of each of 0.4mg/ml, 1.2mg/ml,6.4mg/ml concentrations of MPLE or
30ul of Tempol 0.17mg or 1.7mg was added to the wells (already containing the NBT
and NADH). Each of these wells was then made up in the appropriate volume of 0.1M

phosphate buffer (pH 7.8) in order to achieve equal volumes in each well.

Controls containing equivalent volumes of PBS were included in in the experiments and
they served as standard for 0% scavenging activity. The reaction mixture was then
incubated for 2 min. The absorbance of this mixture was measured at 560nm and used
as blank values. Then the reaction was started by adding 30ul of 0.3mM PMS dissolved
in 0.1M phosphate buffer (pH 7.8). The final volume in each well was 250ul. The
corresponding final concentrations for MPLE were 0.048mg/ml, 0.144mg/ml,
0.77mg/ml. The corresponding final concentrations for Tempol were 0.02mg/ml and
0.2mg/ml. The absorbance at 560nm was measured at intervals of 1 min for a total of 2
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min, using a Biotek plate reader. The degree of reduced NBT by the superoxide
generated in the system was indicative of superoxide scavenging ability. The pH and
temperature conditions for this experiment were maintained at 7.8 and 25°C,

respectively.

% superoxide scavenging activity was the index for antioxidant activity and was

calculated (after removing absorbance of blank for each concentration) as:

% NBT inhibition= 100*(Control absorbance- MPLE or Tempol absorbance/ Control

Absorbance)
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2.6 Method for investigating Antioxidant activities of MPLE in NRK-52E cell line

To determine if MP aqueous leaf extract could also scavenge ROS produced
intracellularly, MPLE was evaluated for antioxidant activity against paraquat induced in

oxidative stress in NRK-52E renal cells.

> 2.6.1 Materials

Cell line: NRK-52E cell line (CRL 1571) was supplied by American Type Culture

Collection (ATCC) (Porton Down, Wiltshire, UK).

Chemicals: Low glucose Dulbecco's Modified Eagle Medium (DMEM), Trypsin/EDTA
(0.05%/0.02% in Phosphate buffered Saline), Penicillin/Streptomycin (100X), Fetal
Bovine Serum (FBS), Non-essential amino acids (NEAA) were supplied by GE Healthcare
PAA (Amersham, Buckinghamshire, UK). 3-Nicotinamide adenine dinucleotide (3-NAD),
1-Methoxy-5-methylphenazinium methyl sulfate (MPMS), 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide (MTT), Triton X-100, Trizma hydrochloride buffer
solution (Tris-HCl buffer), 1M, pH 8.0, L-Lactate, Dimethyl sulfoxide (DMSO) were

supplied by Sigma Aldrich (Poole, Dorset, UK).

Lab ware: 10ml and 25ml serological pipette, Nunc multidish 24, TC flask 80cm?2 were

supplied from Thermo Fisher Scientific.

Apparatus: Biochrom Asys UVM 340 micro plate reader (Cambridge, UK). Except
otherwise stated, EscoClass II basic cell culture hood (Changi South Street, Singapore)

was used for all cell culture procedures.
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» 2.6.2 Cell culture Methods

Generally, NRK-52E cell lines were grown in TC flask 80cm? and maintained in a Heraus
cell incubator at 370C and 5% carbon dioxide (COz). The procedure for seeding cell lines
was done in class Il basic cell culture hood under sterile conditions. The growth medium
for growing NRK-52E cells constituted of 500ml DMEM, 5% FBS, 1% NEAA, 1%
pen/strep (100x). Confluent flasks were passaged in a 1:4 split using the following
procedure: Flasks were emptied of growth medium. 10ml of warm trypsin/EDTA was

used to rinse off excess medium.

The trypsin and excess growth medium was drained of the flask using sterile pastures
connected to a vacuum pump. Another 10ml of trypsin/EDTA was added to the flasks.
The flasks were then incubated for 5Smin or longer until the cells detached. Detached
cells in the trypsin/EDTA were poured into sterile corning centrifuge tubes.
Trypsin/EDTA was neutralized with 10ml of warm growth medium. Subsequently, the
cell suspension was spun in centrifuge at 500G for 5min. Tubes containing spun cells
were drained of medium in the hood. The residual cell pellets were re-suspended in
20ml of growth medium. Suspension was mixed gently to obtain a homogenous mixture.
The homogenous cell suspension was diluted in 100ml (final volume) growth medium
to achieve cell concentration of approximately 50,000 cells/ml. 1ml of this cell solution
was dispensed into three 24 well plates. The remaining solution was poured into a TC
80cm?2 flask. The plates and the flasks were kept in the Heraus incubator. Cell medium
was replenished the next day and then every 48hr. Plates were grown for 6 days and

serum starved overnight before experiments.
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2.6.3 Toxicity Studies of MPLE on NRK-52E cell line

Prior to antioxidant experiments, toxicity studies were performed to determine suitable
concentrations for antioxidant studies in NRK-52E cell line. The potential cytotoxic
effect of two concentrations that covered the range of concentrations used in the cell

free assays was evaluated.

Briefly, the cells seeded in the 24 well plates were serum starved overnight before
commencing toxicity studies. After serum starvation, the cells where incubated with
0.1mg/ml and 1mg/ml MPLE for 24hr in cell culture medium modified for experimental
purposes. This experimental medium constituted of 500ml DMEM, 1% FBS, 1% NEAA,
1% pen/strep (100X). Untreated cell or Omg/ml where designated as control group for

this experiments.

2.6.4 Cell viability Assay

The MTT is metabolized by both mitochondrial and other reductases to insoluble
formazan crystals(Liu et al.,, 1997). The amount of formazan present is proportional to
the number of viable cells present in the well/plate(Mosmann, 1983). Therefore it used

to evaluate general cell viability.

In this study, the procedure for the cell viability assay with MTT was as follows: after
24hr incubation, the MTT assay was used to measure cell viability. The MTT salt was
dissolved in experimental medium to a concentration of 0.2mg/ml. The contents of the
plates were emptied before adding the MTT solution. 500ul of the MTT solution was

dispensed into each well. Cells were incubated at 37°C and 5% COz2, for 45min.
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After incubation, MTT solution was removed; formazan crystals were then dissolved
with 125ul DMSO. Two 50ul aliquots of dissolved formazan crystal solution were
dispensed into 96 well plates from each well in order to obtain replicate values for each
well. The absorbance of formazan was read at 540 nm using the Asys micro plate

reader.

Cell viability was calculated as:

Mean absorbance obtained from treated cells/ Mean absorbance obtained from

untreated cells *100
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2.6.5 Lactose Dehydrogenase Assay

In addition to cell viability assay, cell death was also measured. The Lactate
dehydrogenase (LDH) enzyme is released from cells when the cell membranes are
disrupted. It is used to measure necrotic cells. The procedure for measuring LDH release
was performed according to the method described by Abe and Matsuki(Abe and

Matsuki, 2000).

Briefly, 10 ml of LDH solution as prepared by dissolving 25mg L-lactate and 3-NAD
25mg, 2.5mg of MTT, 0.34mg MPMS in 9ml Tris-HCl. 1ml of Triton-X100 was added to
the mixture to make it up to 10ml. The solution was wrapped with foil paper to avoid
light oxidation. 125ul of Triton X- 100 was then added to 1 well of untreated cells 1hr

before the end of each experiment.

Next, two 50pl aliquots of the supernatant were removed from each well in the 24 well
plates and transferred to 96 well plates. 50ul of the LDH solution was then dispensed
into the each well containing the supernatant from the 24 well plates. The 96 well plates
were then incubated at 37°C in the incubator for 15 minutes. The absorbance of the

plates were measured at 540nm using the 96 well plate Asys microplate reader.

Using the cells treated with 125ul of Triton X-100 as positive controls (i.e. 100%

necrosis) the % necrosis was calculated as:

Mean absorbance obtained from treated cells/ Mean absorbance obtained from cells

treated with Triton X 100
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2.6.6 Investigation of antioxidant activity of MPLE against oxidant injury induced

by Paraquat

After toxicity studies, MPLE was evaluated for antioxidant activity against paraquat
induced oxidative stress in NRK-52E renal cells using the following experimental study

designs described below:

Co-incubation studies: For co-incubation experiments, 24 well plates where divided
into 4 groups comprising of 6 wells per group. Cells in each group were then co-
incubated with MPLE (0.075mg/ml, 0.1mg/ml and 0.3mg/ml) and paraquat (1.0, 1.5,
2.0 2.5 or 3.0mM) for 24 hr. In separate wells culture medium was added to obtain
untreated control of Tempol (ImM or 0.17mg/ml) to obtain positive control. Cell
viability and LDH release assay described in section 2.6.4 and 2.6.5 respectively were

used to measure cytoprotective effect of MPLE against paraquat toxicity after 24 hr.

Pre-incubation studies: For pre-incubation experiments, the exposure of the cells to
paraquat was varied in order to achieve acute and sub-acute models of oxidative stress.
For the acute model, 24 well plates where divided into 4 groups comprising 6 wells per
group. Cells in each group were then pre-incubated with MPLE (0.075mg/ml, 0.1mg/ml
and 0.3mg/ml) for 24 hr. In separate wells culture medium was added to obtain
untreated control. After 24 hr, the wells where then emptied and the medium was
replaced with paraquat (0, 1.0, 1.5, 2.0, 2.5 and 3.0mM) for each of the 4 groups. The
cells were the incubated for 24 hr. Cell viability and LDH release were assayed as
described in section 2.6.4 and 2.6.5 for as indices for protection against paraquat

induced oxidant injury.
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Investigating superoxide scavenging activity in NRK-52E cell lines:

To further investigate superoxide scavenging activity in cell lines, the NBT
method was used as described by Scheid et al(Scheid et al, 1996) with slight
modifications. Cells were pre-treated with MPLE for 24 hrs as described in section 3.4.2
and incubated for 1hr with cell culture medium as rinsing step to avoid interaction of
MPLE with NBT(Bruggisser et al., 2002). Afterwards, sub-acute oxidant injury was
induced by incubating the cells with 10mM paraquat for 3hr at 37°C(Shibata et al,
2010). The dishes were emptied of paraquat contents, and were incubated with NBT

25ug/ml (final concentrations) for 8 hr.

After 8 hr, the cells were emptied of the medium containing NBT. The reduction of NBT
was stopped by adding 1ml of 70% (v/v) methanol. Unreduced NBT was removed by
washing twice with 1ml of 100% methanol. The wells were then air dried and crystals
of NBT were dissolved with 250ul of 2mM Potassium hydroxide and DMSO (1:1.167)
solution. The plate was then centrifuged for 4min at 1500rpm in order to completely
dissolve the crystals. The absorbance of reduced NBT was measured at 690nm. The
readings are shown as arbitrary units after normalizing with absorbance of untreated

cells(Scheid et al., 1996).
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2.7 Method for evaluating glucose uptake in NRK-52E cell line

In order to determine potential mechanism for anti-diabetic effect of MPLE, the effect of
MPLE on glucose uptake in NRK-52E cells was investigated. The methods used for this

investigation is detailed in the following section below:

Materials

Chemicals: Sodium chloride (NaCl), Potassium chloride (KCl), Magnesium sulphate
(MgS04), Calcium chloride (CaCl2), Potassium dihydrogen orthophosphate (KH2P04),
Ethanol 95% and HEPES were purchased from Fisher Scientific. Choline chloride,
Trizma, Phlorizin (Phloretin-2’-0-glucoside) hydrate, Phloridzin (Phloretin 2’-3-D-
glucoside) dihydrate, Phloretin (3-(4-Hydroxyphenyl)-2,4,6-
trihydroxypropiophenone).2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-
Deoxyglucose (2-NBDG), Dimethyl sulfoxide (DMSO) were purchased from Sigma

Aldrich, and Deionized water.

Lab ware: 24 well Nunc plates, pipettes, tips, Eppendorfs, volumetric flasks, measuring

cylinders were supplied by Fisher Scientific.

Apparatus: HT synergy Biotek reader.
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» 2.7.1 Buffers

All the salts used to make the buffers including the buffers where made up in distilled

water.

Incubation Buffer: The incubation buffer was a sodium (Na+) buffer. The Na+ buffer
contained 10ml of 1400mM NaCl, 50mM KCI, 25mM CaCl2, 10mM MgS04, 10mM
KH2P0O4 and 100mM HEPES. This mixture was then adjusted to pH 7.4 using 2.5mM
Tris(Blodgett et al., 2011). The solution was then made up to 100ml with distilled water

(total volume) in a measuring cylinder.

Wash Buffer: The wash buffer was a Choline buffer. The buffer was made in the same
way as the incubation buffer. However, the Na+ was replaced with an equal

concentration of Choline chloride.

Lysis Buffer: The lysis buffer consisted of 10ml each of 400mM KCl and 200mM Tris
(adjusted to pH 7.4 with HCl) and 1g of sodium deoxycholate. The mixture was made up

to 100ml with distilled in a measuring cylinder.

Phosphate Buffered Saline (PBS): PBS was made by dissolving PBS tablets in 100ml

of distilled water.

> 272 Dissolution of standards

Phlorizin: A stock solution of Phlorizin (1250mM) was made by gradually dissolving
100mg of Phlorizin hydrate (Mw=454.42g/mol) in 176.0ul of DMSO. The solution was
homogenized by using ultra sound sonicator until it was completely dissolved. The

solution was stored at -20°C. Before the start of the experiment, 20pul of this stock
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solution was diluted in 25ml of incubation buffer to obtain final concentration of 1mM

Phlorizin.

Phloridzin: A stock solution of Phloridzin (1250mM) was prepared by dissolving
295.3mg of Phloridzin (Mw= 472.44 g/mol) in 500pul of DMSO. The solution was
homogenized by using ultra sound sonicator until it was completely dissolved. Aliquots
of this solution were stored at -200C for long term storage and at 40C for short-term

storage.

Phloretin: A stock solution of Phloretin (Mw= 274.44g/mol) was prepared by
dissolving 21.45mg in 125ul of Ethanol to obtain 625mM concentration. This solution

was prepared freshly before the start of the experiment to avoid oxidation.

2-NBDG: 5mg of NBDG fluorescent glucose was dissolved in 5ml of Na+ buffer or

choline buffer2 to obtain a concentration of 2.92mM stock concentration.

» 2.7.3 Experimental Design 1:

Two different experimental procedure for inhibition of glucose uptake in NRK-52E cell
lines where adopted for this study. The first design was a slight modification of the
method described by Blodgett et al(Blodgett et al., 2011). The modifications are detailed

in the sections below:

> 2.7.4 Cell culture

NRK-52E cell line was seeded as detailed in section 2.6.2. The cells were grown for 3
days after confluence and medium was changed every 48 hr throughout the growth
period. The cells were incubated in serum free medium the night before the experiment

to ensure serum starvation time for 18 hr.
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» 2.7.5 Experimental protocol for inhibition of glucose uptake in NRK-52E cell

lines

Serum starved cells were incubated with Na+ buffer for 1hr in order to deprive the cells
of glucose. Subsequently, the cells were incubated for stipulated times with standard /
the plant extract and 2NBDG in separate wells (in 500ul final volume). After incubation
period, the contents of each well was aspirated and discarded. The cells were then
washed once with 1000pl of choline buffer. After washing, the cells were incubated with
cold lysis buffer in the dark for 15 min. The plate of lysed cells was then spun in the
centrifuge at 24000g for 10 min. Finally fluorescence of glucose was measured. The
fluorescence was read at 480nM excitation and 520nM emission wavelength (gain=50)
using fluorescence plate reader. Three readings for each well were taken at 2 min
intervals for 5 mins. The results were expressed as the average of fluorescent units

obtained.

» 2.7.6 Experimental Design 2:

The second design was a slight modification of the method described by Maeda et

al(Maeda et al., 2013). The modifications are detailed in the sections below.

> 2.7.7 Cell culture

NRK-52E cell line was seeded as detailed in section 2.6.2. The cells were grown for 8
days after confluence and medium was changed every 48 hr throughout the growth
period. The cells were incubated in serum free medium the night before the experiment

to ensure serum starvation time for a maximum of 18 hr.
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» 2.7.8 Experimental protocol for measurement of glucose uptake in NRK-52E

cell lines

In the serum free incubating medium, 0.4ul Phloretin was added to obtain a final
concentration of 0.25mM. After 30 min, Phloridzin was added to separate designated
wells to obtain final concentration 1.0mM and 0.1mM. Also, MPLE was added to
separate designated wells to obtain 1mg/ml final concentration. The cells were then
further pre-incubated for 1hr. Following this incubation period, 2-NBDG (dissolved in
Na+ buffer or choline buffer) was added to the cells to obtain 400uM final
concentration. Then the cells were further incubated for 90 min. After incubation
period, the contents of each well were aspirated and discarded. Subsequently, 500ul of

PBS was dispensed into each well and glucose in the cell was measured as fluorescence.

The fluorescence was read at 480nm excitation and 520nm wavelength (gain=50) using
a fluorescence plate reader. Three readings for each well were taken at 2 min intervals

for 5 min. The results are expressed as the average of fluorescent units.
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2.8 Method for evaluating the effect of MPLE on glucose uptake in 3T3-L1

adipocytes

Finally the potential of MPLE to stimulate glucose uptake in differentiated 3T3-L1 was
performed in order to propose an alternative mechanism for the potential anti-diabetic

effect of MPLE.

> 2.8.1 Materials

Cell line: 3T3-L1 cell line (CRL 1658) was ordered from American Type Culture

Collection (ATCC) (Porton Down, Wiltshire, UK).

Lab ware: T-25 flasks, white coated 96 well plates and plastic tips were supplied by
Fischer Scientific, clamps, 250ml round bottom flasks, 10 ml round bottom flasks and

rubber bungs.

Chemicals: Diethyl ether, chloroform, hydrochloric acid (HCI), Sodium hydroxide
(NaOH), Dimethyl sulfoxide (DMSO), Methanol and de-ionized distilled water were
ordered from Fisher Scientific. Dulbecco's Modified Eagle's medium (DMEM, high
glucose), Dulbecco's phosphate buffered saline (DPBS), fetal calf serum (FBS), penicillin
and streptomycin solution , Trypsin/EDTA, Dexamethasone, Troglitazone, Insulin and
ascorbic acid were ordered from Sigma. 6-(6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-6-Deoxyglucose)(6-NBDG) was purchased from Life Technologies (California,

USA).

Apparatus: Hot plate (Medline Scientific LTD, UK), Biotek synergy HT plate reader
(Highland Park, USA), Heraus incubator (Thermo Scientific), Lieberg condenser (Fischer

Scientific), multi-channel and single-channel pipettes.
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> 2.8.1 Extraction Procedure

In addition to the crude extraction detailed in section, acid hydrolysis of the aqueous
crude extract was made. The extract treatment was performed according to a procedure
described by Careri et al(Careri et al., 2000) with slight modifications. A larger amount
of the crude extract was prepared by using a scaled increase in the ratio of leaves in
mass: water ratio from the original amounts mentioned in section 2.3. Extract (50ml)
was mixed with methanol, 12.5ml of 12M hydrochloric acid and 169g of ascorbic acid,
as antioxidant, to obtain a mixture consisting of 1.5 M HCl in a methanol-water (extract)
solution (50:50, v/v) containing 1500 mg/l ascorbic acid. This mixture was mixed and

refluxed for 1hr and the heating mantle was set at 85°C.

After reflux, the mixture was allowed to cool and kept away from light. After that, the
mixture was separated to two fractions in 1:1 ratio of diethyl ether and the final volume
of the mixture after reflux. Methanol was removed from the aqueous fraction by rotary
evaporation at low pressures and 30°C maximum temperature. After that, the aqueous
fraction was neutralized with 1mM sodium hydroxide to pH 6.4. This neutralized
fraction was labelled neutralized diethyl ether fraction (NDE), freeze dried and stored at
-200C. The non-aqueous fraction labelled diethyl ether fraction (DE) was washed with

5ml of water (3 times) and was dispensed into small round bottom flasks.

The weight each of these flasks was taken before dispensing the diethyl ether fraction in
them. The diethyl ether was then removed by rotary evaporation set at low pressure
and temperature. A similar hydrolysis was done 2hrs and the heating mantle was set at
850C. The mixture was then separated in an equal volume of chloroform. Methanol was
removed from the aqueous fraction by rotary evaporation at low pressures and 300C

maximum temperature. Thereafter, the aqueous fraction was neutralized with 1mM
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sodium hydroxide to pH 6.4. This neutralized fraction was freeze dried, labelled
neutralized chloroform fraction (NCL) and stored at -20°C. The non-aqueous fraction
labelled chloroform fraction (CL) was washed with 5ml of water 3 times and was
dispensed into small round bottom flasks. The weight each of these flasks was taken
before dispensing the chloroform fraction in them. The chloroform was then removed
by rotary evaporation set at low pressure and temperature. The crude extract CE was

prepared as already mentioned in section 2.3.

> 2.8.2 Cell culture

The cells were obtained from ATCC at passage number 13. 3T3-L1 pre-adipocytes were
maintained in growth medium in T-25 flasks. The growth medium was high glucose
DMEM with L-Glutamine supplemented with 10% FBS and 50 units/mL
penicillin and 50pg/mL streptomycin. The flasks were incubated at 37°C and 5% COx.
When the cells were 80% confluent they were sub cultured into 96 well plates for

experiments.
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» 2.8.3 Differentiation procedure

3T3-L1 pre-adipocytes were seeded in 96 well plates at 3*104 cells per well. The cells
were maintained in growth medium until they were confluent. 48hrs after confluence
(day 0), the growth medium was changed to differentiating medium. The differentiation
medium contained 40pl of 0.01M Troglitazone, 10ul of 1000X insulin, 10ul of 0.25mM
Dexamethasone in 10ml of high glucose DMEM supplemented with 10% FCS. The final
concentrations were 40uM Troglitazone, 1pg/ml insulin, and 0.25uM Dexamethasone.
This was done to induce differentiation. Subsequently, after every 2 days, the medium
was changed to DMEM containing 10% FCS and 1pg/ml insulin. The cells were used
fully differentiated between 8-12 days after the induction of differentiation(Vishwanath

etal, 2013, Jung etal., 2011).

» 2.8.4 Procedure for glucose uptake assay in 3T3-L1

Differentiated cells were changed to serum free medium for 3hrs. The crude extracts
and the acid hydrolysed fractions were regenerated in DMSO. After 3hrs of serum
starvation, 50pg/ml and 100pg/ml of each of the crude extract, and acid hydrolysed
fractions were added to the designated wells in duplicates in serum free DMEM. The
final concentrations of DMSO for the extracts were < 0.05%. An equivalent amount of

DMSO was added to the negative control cells.

The cells were pre-incubated with the extract for 4 hr at 37°C and 5% CO2. 30 min to the
end of this pre-incubation period, 15ng/ml insulin was added to wells designated for
insulin. At the end of the pre-incubation period, the media was aspirated from the wells
and replaced with serum free media containing 400uM 6-NBDG, dissolved in DPBS to

enhance solubility. The cells were further incubated for 60min at 37°C and 5% CO..
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Finally, the medium was removed and washed twice with DPBS. Glucose uptake was
measured as fluorescence at excitation 485/20nm and emission at 528/20nm using a

fluorescent micro plate reader (gain=35).

2.9 Statistical Analysis and Data Presentation

All experiments were performed on at least three different occasions (n=3). All data is
expressed as mean value and standard deviation. Data analyses was performed on both
Microsoft excel (2010) and Graph Pad prism 5. The graphs for the data were plotted on
Graph Pad Prism 5 and statistical significance was determined at p value <0.05.
Statistical analysis was done using, the Analysis of variance (ANOVA) followed by
Bonferoni’s post-test for multiple comparisons or Dunnett's test for multiple

comparisons to one control.
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Chapter 3: Antioxidant activities of aqueous Mucuna pruriens

leaf extract
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3.1 Introduction

“An antioxidant is a substance that, when present at low concentrations compared to
those of an oxidizable substrate, significantly delays or prevents oxidation of that
substrate”(Halliwell, 1990). Endogenous anti-oxidants such as superoxide dismutase
(SOD), breakdown free radicals generated during intracellular processes and in doing
so, they prevent reactive species induced cellular damage or oxidative stress. Natural
occurring compounds from plant species are known to reduce free radicals and
therefore they are proposed to also possess antioxidant abilities. There are several tests
used to assay antioxidant capacity of natural compounds. These tests can be broadly
classified as electron transfer based or hydrogen atom transfer based assay. Although
these tests do not necessarily predict in vivo antioxidant activity, they yield valuable
information on the antioxidant capacity of extracts and food substances(Apak et al.,

2013).

The onset of diabetes and diabetic complications is associated with oxidative stress.
Oxidative stress leads to cellular damage that occurs as a consequence of inefficient
antioxidant systems and/or due to excessive ROS generation from various cellular
processes(Giacco and Brownlee, 2010). In particular, the mitochondria can be a major
site for ROS production and oxidative stress because of the abundance of redox
reactions that occur during the production of ATP. In pancreatic (3-cells for example,
dysfunctional mitochondria induce oxidative stress. This has been linked to B-cell
failure and improving antioxidant systems has been shown to restore insulin secretive
function of [-cells which in turn was beneficial for glycaemic control in diabetic
mice(Yagishita et al, 2014, Lu et al., 2010). Furthermore, pathways that increase

mitochondrial antioxidant enzymes improved insulin sensitivity in skeletal muscle cells
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from obese patients(Fabre et al, 2014). In essence oxidative stress contributes to

insulin resistance and 3-cell failure.

In diabetic kidney disease, ROS production contributes to the key changes that are
hallmarks for the progression of the disease. These include; inflammation in the
glomeruli and proximal tubules, increased formation of extracellular matrix in the
glomerulus and interstitial fibrosis of the proximal tubules(Vallon, 2011). Considering
that ROS are major contributors to the development and progression of T2D and
associated complications, further research for mitochondrial targeted antioxidants may
be a useful therapeutic approach for the management of diabetes and diabetic

complications.

In attempt to simulate metabolic oxidative stress conditions, paraquat was used for this
study. Paraquat is a poisonous herbicide that has been used in several antioxidant
studies. The mechanism of paraquat toxicity is not clearly defined, however, paraquat
toxicity has been associated with increased ROS production due to inhibition of
mitochondrial electron transport at complexes I and III(Cochemé and Murphy, 2008,
Castello et al., 2007). This closely mimics mitochondrial damage caused by nutrient

overload(James et al., 2012).

In the light of this, paraquat induced oxidant injury is a useful model for studying effects
of antioxidants on the mitochondria. The natural compounds contained in most types of
herbal green tea are known to possess antioxidant activity and improve mitochondrial
function(Ramirez-Sanchez et al,, 2014). In relation to diabetes, tea consumption was
observed to prevent diabetes induced organ damage and improve antioxidant status in
rats(Nunes et al, 2015, Hininger-Favier et al., 2009). Moreover, consumption of
medicinal plants in the form of tea may reduce the risk of T2D in humans(Yang et al,,
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2014a). Experimental studies have shown anti-diabetic and antioxidant effects of
Mucuna pruriens leaf extracts in animals(Murugan and Reddy, 2009, Agbafor and
Nwachukwu, 2011). Traditionally, the leaves are preferably prepared in aqueous
solution and consumed in order to treat various diseases including diabetes(Murugan
and Reddy, 2009). However, the anti-diabetic effects of the aqueous extracts and the
mechanisms that may underlie its potential anti-diabetic effect remain unknown. In
view of the role of ROS production in T2D and diabetic complications, the effects of the
aqueous leaf extract on oxidative stress could provide scientific basis for consuming the
leaves in the form of a tea. Specifically, ROS contributes to the progression of diabetic
kidney disease and evaluating MPLE antioxidant activity in oxidative stress models in
renal cells would suggest additional reno-protective benefits if it is consumed in the
form of a tea by diabetic patients. Therefore, the aim was to evaluate the antioxidant
activity of MPLE in cell free models and the protective effect of MPLE against oxidative

stress using paraquat as oxidative stress inducer in NRK-52E cell lines.
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3.2 Results

Antioxidant activity of MPLE was evaluated in cell free systems using
Xanthine/Xanthine Oxidase superoxide generating system and in NADH/PMS
superoxide generating systems. The methods for superoxide generation in both
Xanthine/Xanthine Oxidase and NADH/PMS systems are detailed in sections 2.5.3 and

2.5.4.

In cell lines the antioxidant activity of MPLE was evaluated in NRK-52E cells and
paraquat to induce oxidative stress. The methods for evaluating the antioxidant activity

of MPLE in NRK-52E are detailed in section 2.6.

3.2.1 Antioxidant activity of MPLE in the Xanthine/Xanthine Oxidase superoxide

generating system

In the xanthine/xanthine oxidase superoxide generating system, MPLE showed
significant increase in antioxidant activity as the concentration increased from 0.019 to
0.3mg/ml at p<0.05 (Fig. 3.1). The average antioxidant activity for MPLE concentrations
was as follows: 0.19mg/ml was approximately 21.25%, 0.057mg/ml was approx. 86%
while 0.3mg/ml was approx. 99.8%. Tempol, which was used as the positive control,
also showed a significant concentration-dependent increase in antioxidant activity at
p<0.05 (Fig 3.2). When the highest and the lowest concentrations of both MPLE and
Tempol where compared, no significant difference was observed between 0.3mg/ml
MPLE and 0.081 mg/ml Tempol (Fig. 3.3). However, the lowest concentration of
0.091mg/ml MPLE showed significanlty less antioxidant activity compared to the

lowest concentration of Tempol (0.0081mg/ml) at p<0.05.
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3.2.2 Antioxidant activity of MPLE in the NADH/PMS superoxide generating system

A concentration dependent antioxidant activity was also observed for MPLE in the
NADH/PMS system (Fig. 3.4) and this activity was significant at p<0.05. The average
antioxidant activity for MPLE concentrations in this system was as follows: no anti-
oxidant actvity was observed 0.048mg/ml, 0.144mg/ml was approx. 36% while
0.77mg/ml was approx. 62.4%. Again, Tempol was also used as a positive control and
only showed a significant antioxidant activity at 0.2mg/ml at p<0.05 (Fig. 3.5). When
the highest and the lowest concentrations of MPLE and Tempol were compared, MPLE
showed a slightly better antioxidant activity than Tempol in the NADH/PMS superoxide
generating system, i.e. 0.144mg/ml MPLE showed significanlty higher antioxidant

activity compared to 0.20mg/ml Tempol at p<0.05 (Fig. 3.6).

3.2.3 Antioxidant activity of MPLE in NRK-52F cells against paraquat induced oxidative

stress

Prior to antioxidant activity studies, a toxicity study was carried out to determine
suitable concentrations for antioxidant studies. NRK-52E cells were incubated with 0.1
and 1mg/ml MPLE for 24hr after which cell viability and LDH release assays were used
to measure cytotoxic effect of MPLE. The methods for measuring cell viability and LDH
release are detailed in sections 2.6.4 and 2.6.5. The toxicity studies showed that 24hr
treatment of NRK-52E cells with 0.1 and 1mg/ml MPLE did not reduce cell viability of
NRK-52E cell lines (Fig. 3.7). In addition, no significant LDH release was observed after

treating NRK-52E cells with 0.1 and 1mg/ml MPLE at p<0.05 (Fig. 3.8).
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3.2.4 Effect of co-incubating NRK-52E cells with MPLE and paraquat

Initially the ability of MPLE to protect against paraquat induced oxidative stress in NRK-
52E cells was evaluated by co-incubating MPLE and paraquat at different

concentrations. The method used is detailed in section 2.6.6.

From the data obtained, 24hr incubation of NRK-52E cells with paraquat caused a
general decline in cell viability. Significant reduction in cell viability was observed
within the range of 1-2mM paraquat at p<0.05 (fig. 3.9). No further significant
reductions in cell viability was observed beyond 2mM paraquat (probably due to total
loss of cell viability). However, the cells co-incubated with Tempol 1mM for 24 hr were
protected from reduction in cell viability at 1.5mM paraquat. This effect was significant
at p<0.05 (Fig. 3.9). In contrast, MPLE had no significant effect against paraquat induced

cell death (Fig. 3.9).

In accordance with cell viability results, paraquat induced significant LDH release with
the range of 1-3mM. Co-incubation of cells with 1mM Tempol significantly prevented
LDH release in cells incubated with 1.0 and 1.5mM paraquat (p<0.05). However, co-
incubation of the cells with the concentrations of MPLE stated did not prevent paraquat

induced LDH release (Fig. 3.10).

3.2.5 Effect of pre-incubating NRK-52E cells with MPLE 24hr before inducing oxidant

injury with paraquat

Antioxidant activity in biological systems is not limited to free radical scavenging.
Phytochemical antioxidants may modulate antioxidant pathways in order to exert
antioxidant activity(Erlank et al., 2011). In line with this, NRK-52E cells were pre-
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incubated with increasing concentrations of MPLE 24hr before inducing oxidative stress

with paraquat. The procedure for this experiment is detailed in section 2.6.6.

From the obtained results (Fig. 3.11), paraquat significantly reduced cell viability in a
concentration-dependent manner between 1.5 and 2mM at p<0.05. No further
significant reductions in cell viability was observed beyond 2mM paraquat (probably
due to total loss of cell viability). Pre-treatment of NRK-52E cells with MPLE for 24hr
did not prevent paraquat induced oxidant injury in NRK-52E cells between 2 and 3mM
paraquat. Pre-treatment of NRK-52E cells with 0.075mg/ml MPLE for 24hr slightly

prevented reduction of cell viability. This effect was significant at p<0.05.

In contrast, no significant effects in LDH release were observed between PQ only and
MPLE groups after 24hr pre-incubation with gradient doses of MPLE (Fig.3.12).
Therefore with reference to Fig. 3.11, it is possible that the effect of 0.075mg/ml MPLE
on cell viability may not be an antioxidant effect. Further tests were therefore required

to determine the effects of MPLE within the context of this experimental model.

To investigate further, the mechanism of the observed effect on cell viability, the sub-
acute model was designed and the NBT assay was used to determine if the protection of
cell viability was due to a slight reduction in ROS production within the cells. The

procedure for this experiment is detailed in section 2.6.6.

In contrast to slight antioxidant activity observed in Fig 3.11, the data in Fig 3.13
suggests that 24hr pre-incubation with MPLE elicits a paradoxical pro-oxidant activity
within the cells. Pre-incubating NRK-52E rat renal cell lines with doses within the range
of concentrations, which showed antioxidant activity (0.01-0.3mg/ml MPLE) in the cell

free system, caused NRK-52E cell lines to be more sensitive to oxidative stress induced
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by paraquat. The results revealed that 0.075mg/ml increased oxidative stress by
approximately 57.67% compared to cells treated with 10mM paraquat only, 0.01mg/ml
increased oxidative stress by approximately 76.6% compared to cells treated with
10mM paraquat only, while 0.3mg/ml increased oxidative stress by approximately

91.9% compared to cells treated with 10mM paraquat only.

When the cells were pretreated with 0.1 and 0.3mg/ml MPLE, oxidative stress in these
cells in the absence of 10mM paraquat was not significantly different to control cells
and cells treated with 10mM paraquat. In cells pretreated with 0.075mg/ml MPLE
oxidative stress was lesser than in 10mM paraquat but was not significantly different
compared to control cells. This implies that 0.1 and 0.3mg/ml MPLE may cause slight
but insignificant oxidative stress while 0.075mg/ml MPLE has the least prooxidant

activity.

To establish pro-oxidant activity, cells were pre-treated with MPLE for 24hr before
inducing oxidative stress. In summary, the results show that cells pre-treated with
MPLE had significantly higher ROS production (p<0.05). Therefore, the concentrations
of MPLE tested potentiate ROS production and oxidative stress induced by paraquat.

This effect was not concentration dependent.
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Fig 3.1: Antioxidant activity of MPLE in xanthine/xanthine oxidase superoxide anion radical
generating system. * Shows significant difference to 0.00mg at p<0.05 (one way ANOVA, Dunnett's
multiple comparison test). Data represents mean#+ S.D of six replicates (n=6).
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Fig 3.2: Antioxidant activity of MPLE in xanthine/xanthine oxidase superoxide anion radical
generating system. * Shows significant difference to 0.0mg/ml at p<0.05 (one way ANOVA). Data
represents mean+ S.D of six replicates (n=6).
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Fig 3.3: Antioxidant activity of MPLE in xanthine/xanthine oxidase superoxide anion radical
generating system. * Shows significant difference to both 0.08 and 0.0081mg/ml Tempol, at p<0.05
(one way ANOVA followed by Bonferroni post hoc test). No significance was observed between
0.081 mg/ml Tempol and 0.3mg/ml MPLE. Data represents mean+ S.D of six replicates (n=6).
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Fig 3.4: Antioxidant activity of MPLE in NADH/PMS superoxide anion radical generating system. *
Shows significant difference to 0.0mg at p<0.05 (one way ANOVA, followed by Dunnett's multiple comparison
test). Data represents mean# S.D of six replicates (n=6).
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Fig 3.5: Antioxidant activity of Tempol in NADH/PMS superoxide anion radical generating system.
* Shows significant difference to 0.0mg/ml at p<0.05 (one way ANOVA, followed by Dunnett's
multiple comparison test). Data represents mean#+ S.D of six replicates (n=6).
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Fig 3.6: Comparison of antioxidant activity of MPLE and Tempol in NADH/PMS superoxide anion
radical generating system. * Shows significant difference to 0.0mg at p<0.05. # shows significance

to 0.02mg Tempol (one way ANOVA followed by Bonferroni post hoc test). Data represents mean+
S.D of six replicates (n=6).
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Fig 3.7: Effect of MPLE on cell viability of NRK-52E cell lines. No significant difference was observed
between 0.0mg/ml and MPLE concentrations. Significance was measured at p<0.05 (One way
ANOVA). Data represents mean+ S.D of eight replicates (n=8)
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Fig 3.8: Effect MPLE on cell membrane of NRK-52E cell lines. * Represents significant difference to
positive control (100% LDH release) when compared with 0.0mg/ml and both MPLE
concentrations tested. Significance was measured at p<0.05 (one way ANOVA, followed by
Dunnett's multiple comparison test). Data represents mean+ S.D of eight replicates (n=8).
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Fig: 3.9: Cell viability of NRK-52E cell lines after co-incubation with gradient doses of paraquat
(PQ) and gradient concentrations of MPLE for 24 hrs. * Shows significance at p<0.05 compared to
1.5mM PQ only. # Shows significance at p<0.05 compared to 0.00mM. Statistical analysis was
performed using one-way ANOVA followed by Bonferroni post-hoc test. The data represents mean+
S.D of nine replicates (n=9).
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Fig: 3.10: Necrosis measured as lactate dehydrogenase (LDH) release from NRK-52E cell lines after
24hr co-treatment with PQ and gradient doses of MPLE. * Shows significant difference to 1.0 and
1.5mM paraquat at p<0.05. # shows significant difference to 0.00mM at p<0.05. Statistical analysis
was performed using one-way ANOVA followed by Bonferroni post-hoc test. The data represents
Mean+ S.D of nine replicates (n=9).

131



PQ only

0.075mg/ml MPLE

4» 0 e

0.1mg/ml MPLE
0.3mg/ml MPLE
120m=
L # 1
I 1
100-!& l;” *
80=
2
g
'S 60=
]
o
S
40
v &Lv ‘Lb‘v
0 T T T T T T T T T T T
) ) ) ) [\ M)
S S Ra S 5 S

Paraquat concentration [mM]

Fig: 3.11: The cell lines were pre-treated for 24 hr with increasing concentrations of MPLE before
inducing paraquat oxidant injury. # depicts significance compared to 0.00mM, while, * represents
significance compared to 1.5mM paraquat. Statistical analysis was performed using one-way
ANOVA followed by Bonferroni post-hoc tests at p value <0.05. The data represents mean + S.D of
eight replicates (n=8).
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Fig: 3.12: Necrosis measured as lactate dehydrogenase (LDH) release from NRK-52E cell lines. No
significance is observed between MPLE treated groups and paraquat treated groups (one way
ANOVA). Significance was derived at p <0.05 when compared to 0.00mM. The data represents
mean+ S.D of 8 replicates (n=8).
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Fig. 3.13: Pro-oxidant effect of MPLE. * Shows significant oxidative stress (measured as superoxide
anion radical generation) compared to control cells. #Shows significant oxidative stress compared
to cells treated with 10mM PQ only. Significance was determined at p <0.05 (Statistical analysis
was performed using one-way ANOVA followed by Bonferroni post-hoc test). The data represents
mean+S.D of eight replicates (n=8).
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3.3 Discussion
ROS production can activate pathways that regulate inflammation, apoptosis and cell
proliferation. These cellular processes are associated with insulin resistance, death of 3
cells, and the abnormal cell growth which occurs in proximal tubules during the early
stages of DKD(Vallon, 2011). In the kidneys, increased ROS generation can also alter
blood perfusion of proximal tubules and limit their oxygen supply(Sedeek et al., 2013b).
The proximal tubules are susceptible to damage due to low oxygen levels in diabetic
conditions because they express more glucose transporters which are dependent on
ATP(Vallon, 2011). The ensuing hypoxic conditions causes an increased electron
leakage from the ETC. This results in increased ROS production which initiates
abnormal growth, inflammation and deposition of extracellular matrix aggravating the
development of DKD(Vallon, 2011).

Furthermore, the kidneys play a role in the development of hypertension that is
a common complication of T2D. Hyperglycaemia-induced ROS has been reported to
upregulate a system of kidney proteins that function to co-ordinate blood pressure by
increasing salt and water retention (i.e the Renin Angiotensin Aldosterone System -
RAAS) and excerbate hypertension(Vallon, 2011). Over expression of the ROS scavenger
catalase prevents the development of hypertension and renal injury(Abdo et al., 2014).
Furthermore, some studies have shown that diabetes-induced overactivation of the
RAAS is blunted by the superoxide dismutase mimetic, Tempol(Brand et al,, 2014).

In this study MPLE was evaluated for superoxide dismutase activity in cell free
assays and antioxidant activity in cell based experiments using NRK-52E renal cell lines.
This would suggest its potential benefits for management of T2D and diabetic

complications such as DKD.
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Antioxidant activity in the Xanthine/Xanthine Oxidase and NADH/PMS superoxide

generating systems: Xanthine Oxidase (XO) is a key enzyme involved with breakdown
of nucleotides in humans. ROS derived from XO is used for a wide range of physiological
activities including: pro-inflammatory responses, cell proliferation, iron absorption
from intestines and antibacterial activity(Battelli et al., 2014). In relation to diabetic
complications, Liu et al(Liu et al, 2015) observed an increased activity of XO and
increased deposits of uric acid (the by-product of XO reactions) in the kidneys of
diabetic rats. In the light of this, XO is a good therapeutic target for diabetes and diabetic
complications (although MPLE did not inhibit XO activity). Moreover, ROS produced by
X0 react with endogenous metals via the Haber Weiss reaction to produce hydroxyl
radical. This highly reactive species worsen oxidative stress and cause more damage in
tissues. From the data, it can be inferred that MPLE antioxidant activity is less than the
antioxidant activity of Tempol.

Generally, in clinically relevant conditons (i.e between oxygen tensions of 1 and
21% and at physiological pH) XO may generate predominantly hydrogen peroxide and
less superoxide ion(Kelley et al, 2010). Considering that the pH conditions for this
experiment was 7.4, it can be infered that the constituents in MPLE have a non-selective
reactivity with ROS. Moreover, MPLE has been reported to show antioxidant capacity in
DPPH free radical system. Also, in the same study, MPLE was reported to protect against
tetrachloride oxidative stress induced liver damage(Agbafor and Nwachukwu, 2011). In
comparison to this study, the free radicals generated in the XO system are not as stable
as the DPPH radical. Consequently, ROS generated in these systems have shorter lives
compared to the DPPH radical. Also these assays employ the superoxide anion radical
which is physiologically relevant. Moreover, the half lives of ROS in biological systems

are relatively short, the ROS generating systems employed in this study closely mimic
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physiological conditons. Furthermore, the chemical antioxidant assays used in this
study are categorized as hydrogen atom transfer (HAT) assays because unlike the
electron transfer assays, the HAT assays measure the ability of the antioxidant to
quickly react with free radicals(Apak et al., 2013). For example, in the XO system used
for this study, the test samples and the marker (NBT in this study) compete for the
generated radical.

In essence, increased colourization due to oxidized NBT indicates reduced
antioxidant activity of the test extract. This principle also applies to the NADH/PMS
system. Although in contrast to the XO generating system, the NADH/PMS system
generates solely superoxide ion at a slightly alkaline pH. Also, the rate of NBT reduction
is quicker than the XO system and as a result the time limit for observing the reaction in
this system was very brief (2 min).

A possible explanation could be that a alkaline environment increases the
antioxidant activity of MPLE. The crude MPLE is slightly acidic (pH 3.0). The acidic
constituents the MPLE extract could become dissociated and readily donate hydrogen
protons to the free radicals, generated in this system. Moreover, general phytochemical
screening of MPLE was shown to have tannins, saponins, flavonoids, anthraquinones,
terpenoids, and cardiac glycosides(Agbafor and Nwachukwu, 2011). The prescence of
these phytochemicals could be the reason for the antioxidant activity observed in this
study. It is important to note that no reaction between the extract and NBTor PMS
solution was observed during the time frame of both cell free anti-oxidant assays.
Therefore, it is not likely that the use of NBT or PMS in this system interfered with the
assay.

In summary, MPLE showed good antioxidant activity in cell free ROS generating

system comparable to the recognized antioxidant Tempol at high concentrations.
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Antioxidant ativity of MPLE against paraquat induced oxidative stress in NRK-52E cells

Toxicity studies: Toxicity studies revealed that MPLE is not toxic between 0.1 and
1mg/ml concentrations. It is not clear if the extract may induce apotosis. Further
studies are required to confirm this.

Co-incubation studies: Paraquat increases ROS production in the mitochondria by

disrupting electron transfer within during oxidative phosphorylation(Castello et al,,
2007). Excessive ROS production in the mitochondria causes reduced ATP synthesis
which results cell death(Hartley et al., 1994). As a result of lack of ATP synthesis and
reduction of intracellular ATP, paraquat causes cell death. Moreover, the ROS generated
by paraquat reacts indiscriminately with intracellular lipids and proteins. This causes
disruption of cell membrane structure and cell necrosis(Castello et al., 2007). Previous
studies have shown that Tempol can protect against oxidative stress when co-incubated
with paraquat(Samai et al., 2007). To investigate if superoxide scavenging activity may
also occur within cells, MPLE was co-incubated with paraquat for 24hr. However, there
was no significant difference between paraquat only group and the concentrations of
MPLE that was tested. This implies that the co-incubation studies did not show any
protective effects (fig. 3.10 and 3.11).

Moreover, since the concentrations used in the cell based assays were
comparable to the final concentrations used in cell free ROS generating systems, it was
speculated that MPLE may exert antioxidant activity via other mechanisms.
Furthermore, certain phytochemicals e.g. polyphenols have the ability to bind serum
proteins. Aqueous extract of MP leaves has been reported to contain
polyphenols(Agbafor and Nwachukwu, 2011). Bearing in mind that the cell culture
medium used for the experiments contained serum, such protein-protein interactions

could have occured with the extract and reduced the bioavailabilty of the extracts
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within the cells(Hara et al., 2012, Li and Hao, 2015). In essence from the data obtained,
MPLE did not have a direct ROS scavenging effect in cell based assays when co-
incubated with paraquat. This is in contrast to what was observed in cell free
superoxide anion radical generating systems.

Pre-incubation studies: In the pre-incubation studies, MPLE has shown a slightly

protective effect at a low concentration (0.075mg/ml) by preserving cell viability after
subsquent exposure to paraquat toxicity. The other concentrations did not show any
effect on cell viabilty. Furthermore, MPLE did not protect against LDH release.

To further investigate the reason for the effect of MPLE (0.075mg/ml) on cell viability, it
was assumed that antioxidant activity was more subtle and would be better observed if
oxidative stress was milder and did not lead to cell necrosis. Therefore, a method by
Shibata et al(Shibata et al., 2010) was used to induce short term oxidative stress.
However, from the results obtained, cells that were pretreated with 0.075, 0.1 and
0.3mg/ml MPLE were observed to show increased in superoxide anion radical
generation compared to cells treated with 10mM paraquat and this effect was not
significant. However, cells pretreated with 0.075mg/ml MPLE showed less superoxide
anion radical generation compared to cells treated with 10mM paraquat.

Furthemore, a general increase in superoxide anion radical generation was
observed when cells were pretreated with increasing concentrations of MPLE and
subsequently incubated with paraquat. The data suggests that MPLE enhances pro-
oxidant activity of paraquat. This pro-oxidant effect was not concentration dependent.
The concentrations used in this pre-incubation study fall within the range of contrations
used for cell free antioxidant assays. Specifically, in the xanthine/xanthine oxidase
superoxide anion radical generating system, 0.3mg/ml MPLE showed the highest

antioxidant activity that was comparable to 0.081mg/ml Tempol.
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Contrary to antioxidant effect, in the cell based assay 0.3mg/ml MPLE showed
significantly increased paraquat pro-oxidant activity in NRK-52E cell lines. Similarly,
0.075mg/ml MPLE was the least pro-oxidant concentration in the cell based assay and
this concentration also falls withing the range of concentrations with lower anti-
oxidant activity in the cell free antioxidant assays.

In general, the data suggest that MPLE can act both as antioxidant and as pro-
oxidant. Within this context, one explanation for the pro-oxidant effect of MPLE could be
that, pre-treatment with MPLE causes ROS generation that inturn increase activity of
uncoupling proteins (UCP). Increase in UCP activity by transporting protons across
mitochondria inner membrane and simultaneously preventing ATP production
simultaneously causes decrease in mitochondrial membrane potential. This prevents
mitochondrial membrane potential collapse (Fig.3.10). Studies with paraquat have
shown that mitochondrial uncouplers do not prevent ROS production inspite of their
effect on mitochondrial membrane potential(Castello et al., 2007, Cochemé and Murphy,
2008). Therefore, the slight increase in cell viability observed by 0.075mg/ml without a
corresponding effect on cell lysis could have the following explanation: the least pro-
oxidant dose (0.075mg/ml MPLE), enhanced cell viabilty significantly by preventing
mitochondrial membrane collapse as a result of increased expression or activity of UCP.
However, higher doses cause severe pro-oxidant activity and aggravate paraquat
damage in the cells.

The implication of this is that MPLE may exert antioxidant effect that will further
exercabate oxidative stress damage in hyperglyceamic conditions. In the kidneys for
instance, in order to maintain ATP production, increased UCP expression causes an
increase in oxygen consumption. By default, the kidneys do not compensate for

increased oxygen demand with increased oxygen supply. Consequently, increased
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oxygen consumption usually creates tissue hypoxia which triggers inflammation and

fibrosis of the kidneys in diabetic conditions(Hansell et al., 2013).

COUPLING UNCOUPLING
(oxidative phosphorylation) {proton leak)

Intermembrane space

Mitochondrial

inner ATP e @
membrane
Electron transport {4
Wiatrix T/\ chain L
ATP . ADP+Pi | H*
Heat
OH-

ATP Synthesis

Fig.3.14: Proposed mechanism of action of MPLE. ATP synthase in the coupled state uses the
energy from moving protons across the mitochondria inner membrane to make ATP. In the
uncoupled state, Uncoupling Proteins (UCP) transport protons across the mitochondria inner
membrane without synthesis of ATP. This dissipates membrane potential difference which occurs
due to accumulation of electrons in the matrix in the case of complex I and Il inhibition. UCPs are
activated by increased ROS. The lowest dose of MPLE may have enhanced cell viabilty (fig. 3.7) by
inducing slight prooxidant activity(Fig. 3.7) and caused increase in UCP expression or activity.
Diagram adapted from: people.edue.duk/~sc9/pics/figurel.jpg.
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Furthermore, pro-oxidant activity may involve upregulating pro-oxidant enzymes that
regulate autophagy(Qiao et al., 2015). Moreover, polyphenols induce autophagy via ROS
dependent inactivation of the mammalian target of Rapamycin (mTOR protein complex
responsible for cell growth and nutrient synthesis), and triggers cell autophagy in
cancer cells(Hasima and Ozpolat, 2014). A major function of autophagy is the removal of
damaged mitochondria, dysfunctional autophagy has also recently been implicated in
islet dysfunction(Jung and Lee, 2010) and maybe actively related to development of
DKD. Xu et al(Xu et al., 2015b) showed that increasing autophagy via stimulation of
mTOR, prevented high glucose induced lipid accumulation and epithelial mesechymal
transformation in human kidney (HK) cell line. Although, this study has not provided
any evidence that MPLE may influence autophagy for reno-protection in diabetic kidney
disease(Ding and Choi, 2015), it is clear that MPLE has pro-oxidant activity.

Plant secondary metabolites can act both as anti-oxidant or pro-oxidant
depending on the environmental conditions. Cell culture media containing transition
metals and sodium pyruvate and sodium bi-carbonate encourage oxidation of
polyphenols(Halliwell, 2008, Odiatou et al., 2013). Plant derived polyphenols which are
recognized for antidiabetic effects and antioxidant activity, exert mild pro-oxidant
activity that upregulate pathways responsible for increased expression of antioxidant
proteins(Erlank et al, 2011). The up regulation of antioxidant proteins result in
cytoprotection against oxidant injury(de Roos and Duthie, 2015).

Furthermore, antioxidant/pro-oxidant activity of polyphenols could depend on
duration of treatment. A recent study with catechin rich oil palm leaf extract on
streptozotocin induced diabetic rats, improved antioxidant status of the rats treated

with the extracts when high doses where used in short term treatments(Varatharajan et
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al, 2013). On the contrary, long term treatment caused worsening of anti-oxidant
status(Varatharajan et al., 2013). Within this context and based on the assumption that
MPLE may contain polyphenols (similar to the ones found in the MP roots)(Dendup et
al, 2014), MPLE may have shown antioxidant activity if pre-treatment time was
reduced to about 6-12 hrs, just enough to stimulate an upregulation of anti-oxidant
system or if lower doses were employed for the study. This could be investigated in

future studies.

Limitations of the study: The MTT assay is not exclusively a measure of mitochondrial
function since it may not localize in the mitochondria and can be metabolised in the
cytosol by other enzymes e.g isocitric dehydrogenase(Stockert et al., 2012). However, it
is dependent on metabolic activity of the cells(Liu et al., 1997, van Tonder et al., 2015).
Therefore, the data suggets that MPLE may have antioxidant effects against oxidative
stress by enhancing cellular metabolic activities. Other methods for measuring
apoptosis and mitochondrial membrane potential can be used to evalute the effect of
MPLE on the mitochondria. These methods would give a better picture since they
measure directly the activity of the mitochondria.

Considering that the crude extract is digested after consumption, the effects of
the extract may be more pronounced with its metabolites. In addition, the extracts
contain several components that may have antagonistic effects. These could be the
reasons why the observed effects were not completely protective.

Plant extracts, phytoestrogens and antioxidants are known to react with formazan
salts. According to Bruggisser et al(Bruggisser et al, 2002), rinsing cells before
incubating with MTT may reduce interference. For the pre-incubation experiments the

cells where pre-incubated with extracts, after which they were rinsed with culture
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medium. Then paraquat induced oxidant injury was performed by incubating with
paraquat for 24hr in the absence of the extracts. The MTT assay was then carried out
after inducing oxidant injury. On this basis, it is not likely that there was interefernce
with the MTT assay by the plant extracts because 24hr incubation of the cells with the
paraquat only after pretreatment can serve as a rinsing step. Moreover, the volume of
the extracts used were very small volumes (7.14-28.5ul/ml). In summary, the data
suggests that although MPLE scavenges ROS in cell free conditions and may slightly
improve cell viability during oxidative stress but it does not scavenge ROS generated
within cell lines.

ROS is central to the development of diabetes and diabetic complications. Pre-
incubation studies with MPLE have shown that it may exert some beneficial effect on
mitochondrial dysfunction through enhancing metabolism of cells, although, it is not
clear if this is a direct effect on mitochondria. However, further studies are required to
determine the specific effects that MPLE may have on the cellular metabolism especially
on mitochondria function. On the contrary, the observed pro-oxidant activity of MPLE
was similar to the activity of green tea extracts. Green tea (Camellia sinensis, Theaceae)
extracts are rich in catechins. Tea catechins increased ROS production, reduced
mitochondrial membrane potential and antioxidant levels in insolated hepatocytes after
1hr pre-treatment(Lambert and Elias, 2010, Galati et al., 2006). Interestingly, Camellia
sinensis has shown benefits for T2D management(Al-Attar and Zari, 2010). Therefore,
based on this similar behaviour, MPLE may be useful for managing T2D. However,

further studies are required to investigate its phenolic content in more detail.
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3.4 Conclusion

The study in this chapter reveals that MPLE has both antioxidant and pro-oxidant
properties. Further studies are therefore required to determine the potential benefits of

MPLE for diabetes and diabetic complications.
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Chapter 4: Glucose uptake inhibitory effect of Aqueous Mucuna

pruriens leaf extract
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4.1 Introduction

Intensive glucose control in management of T2D is proven to reduce the risk of
developing cardiovascular disease. However, the effect of glucose lowering drugs
engaged in T2D therapy is largely dependent on endogenous insulin. For instance, the
glitazones generally improve insulin sensitivity(Hauner, 2002) and the sulphonylureas
stimulate insulin secretion. In the case of T2D progression and in the late stages of the
T2D disease B-cell failure occurs and it becomes difficult to achieve tight glycaemic
control with the use of most of the conventional anti-diabetic drugs. Moreover,
exogenous insulin and insulin secretagogues may induce hypoglycaemia and weight
gain, both of which contribute to the risk of developing cardiovascular disease.
Therefore, controlling glucose levels via mechanisms that are independent of insulin
may be a better way to achieve optimum blood glucose controls in T2D patients
especially for patients that have become insulin dependent and non-responsive to
insulin dependent therapies(Kelley et al., 2002b). Moreover, this approach will improve
the risk of developing cardiovascular and microvascular complications in T2D patients.
The sodium glucose transporters (SGLT) belong to a family of the solute carrier
gene series, which consist also of the facilitative glucose transporters (GLUT). The SGLT
consist of three isoforms SGLT 1, 2 and 3. While SGLT 3 is known to play a sensory role
in carbohydrate digestions by potentiating GLP-1 release in the intestines(Lee et al,
2015), SGLT 1 and 2 are known to be involved in glucose transport in the heart, kidney
and intestine. Due to their major role in glucose transport in the kidneys and in the
intestine, which is largely insulin independent, SGLT 1 and 2 have become major targets

for drugs that control hyperglycaemia without involving insulin signalling pathways.
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However, SGLT are known to aggravate the effect of high plasma glucose on several
organs of the body. For instance, a significant feature of diabetes is an increase in kidney
sizes specifically, an increase in glomerulus and the length of the proximal
tubules(Vallon, 2011). This growth could be the reason for the increased expression of
SGLT and parallel increase in kidney glucose and sodium retention observed at the
onset of diabetes. Similarly, the pro-inflammatory and fibrotic factor, transforming
growth factor-f (TGF- ), was observed to cause an increase in SGLT 2 expression in
human proximal tubules in cell culture(Panchapakesan et al., 2013). Considering that
TGF-B is induced in hyperglycaemic conditions, this could imply that high glucose
causes a feedforward cycle by stimulating oxidative stress induced inflammatory and
fibrotic pathways which further increase glucose reabsorption. Moreover, increased salt
retention at the proximal tubule leads to low ion delivery at the distal tubules in the
nephron. When this dilute urine is delivered at the distal tubule, it triggers
tubuloglomerular feedback that causes an initial increase in glomerular filtration.
Indeed glomerular hyperfiltration and increased kidney size has been shown to be
characteristic of diabetic patients and also in diabetic animals(Christiansen et al., 1981,
Maric-Bilkan, 2013, Vallon et al., 2013). SGLT inhibition was observed to prevent this
increase in glomerular hyperfiltration in obese mice(Vallon et al., 2013).

Also, inflammation in proximal tubules is a major contributor to the progression
of DKD. Hyperglycaemia is known to elicit inflammation in proximal tubules. By
increasing the ROS production via increased activity of NOX hyperglycaemia induces
albuminuria and renal fibrosis(Sedeek et al., 2013a). Treatment of obese rats with the
conventional anti-inflammatory paracetamol reduced NOX expression and reduced
renal fibrosis and inflammation(Wang et al., 2013). Although SGLT inhibition may not

influence NOX activity and fibrosis in the kidneys(Balteau et al., 2011)inhibition of SGLT
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in cardiac myocytes counteracted high glucose induced NOX activation and ROS
production(Ishibashi et al., 2016). Furthermore, SGLT inhibition was observed to blunt
high glucose induced inflammation and apoptosis in normal primary human proximal
tubular cells(Ishibashi et al., 2016). Besides, chronic (4 weeks) and acute administration
of SGLT 2 specific inhibitor Empagliflozin to T2D patients changed metabolism of the
patients by inducing glycosuria, causing a switch from glucose to lipid oxidation.
This in turn improved insulin sensitivity and consequently improved glycaemic
control(Ferrannini et al., 2014). In the light of the above evidence, targeting SGLT may
have multiple benefits for management of both diabetes and DKD.

In addition, recent studies have demonstrated a beneficial effect of SGLT 2
inhibitors on pancreatic (3-cells. Experimental studies in mice revealed that db/db obese
mice lacking SGLT 2 had increased plasma insulin levels and (-cell function when
infused with glucose(Jurczak et al., 2011). In clinical studies SGLT 2 inhibition was also
observed to improve (-cell function(Ferrannini et al., 2014). However, Ferrannini et
al.(Ferrannini et al.,, 2014) observed an increase in endogenous glucose production in
T2D patients after acute and (4-weeks) treatment with Dapagliflozin. The mechanism of
this effect could be explained by another study which reported Dapagliflozin, an SGLT 2
specific inhibitor, had the ability to stimulate glucagon secretion from a-pancreatic
cells(Bonner et al, 2015). The physiological role of glucagon is to initiate
gluconeogenesis.

Although, this may counteract hypoglycaemic effect of SGLT inhibition, glucagon
has been proposed to have beneficial effects in glucose metabolism. For instance,
overexpression of glucagon receptor gene in [(-cells enhanced glucose-stimulated
insulin release in vitro and also significantly expanded (3-cell volume. It also resulted in

slightly improved hyperglycaemia and impaired glucose tolerance in mice fed high fat
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diet(Gelling et al., 2009). Therefore, SGLT 2 specific inhibitors may also improve
glycaemic control by improving pancreatic 3-cell function as a glucagon secretagogue, in
addition to their effect on urinary glucose excretion.

Furthermore, the effect of SGLT 2 inhibition has been studied in a 2 year clinical
study in T2D patients of the older age ranged within 55-80 years. This group of patients
are more likely to represent a population with reduced -cell function. These patients
when treated with Canagliflozin (combined with other anti-diabetic drugs) showed dose
dependent reduction in glycated haemoglobin (HbAl:) compared to the placebo
group(Bode et al,, 2015). This study indicates that SGLT inhibition in combination with
other hypoglycaemic drugs have a good long term glycaemic control effect in older
people. In addition, the authors also reported reduction in body weight and blood
pressure. However, in contrast to studies in mice(Vallon et al., 2013), SGLT 2 inhibition
did not affect GFR in T2D patients during this study(Bode et al, 2015). However,
considering that, strict glycaemic control and low blood pressure significantly decreases
the risk of developing and the progression of DKD in both T1D and T2D patients, SGLT 2
inhibitors present good alternative to achieve tight blood glucose control(Chan and
Tang, 2015). Moreover, SGLT 2 specific inhibitor was reported to reduce arterial
stiffness in T1D patients (without complications) and reduce the rate of death from
cardiovascular events in T2D(Zinman et al.,, 2015). This suggests that targeting SGLT
could also prevent the onset of macrovascular complications in diabetic
patients(Cherney et al, 2014). Overall, targeting SGLT for treatment of diabetes is
beneficial for 3-cell function, micro and macrovascular function and glycaemic control.
Therefore, it presents a reasonable and effective alternative to insulin dependent

therapies.
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In the same vein, the natural occurring glucose transporter inhibitors, from which the
current synthetic SGLT inhibitors are derived from, have also been reported to show
beneficial effects for diabetic complications. Diabetic db/db mice treated with the non-
selective SGLT inhibitor Phlorizin (derived from apple tree Malus spp.) prevented
damage to mice aorta(Shen et al., 2012). In the same way, other medicinal plants could
contain chemicals that have similar protective effect against diabetic induced vascular
complications. For example, genistein an isoflavone common to flowering plants of the
leguminous family Fabaceae (Kim et al, 2014) has been shown to reduce blood
pressure and prevent inflammation and changes to the renal structure of hypertensive
rats fed with fructose(Palanisamy and Venkataraman, 2013).

MP belongs to this family of plants and is used traditionally for treatment of
diabetes(Grover et al., 2001). The aqueous extract of the seeds has been shown to
reduce plasma blood glucose levels, increase urine volume and prevent rise in urinary
albumin levels in streptozotocin diabetic rats(Grover et al., 2001). Equally, the ethanolic
extract of the leaves have shown hypoglycaemic and lipid normalizing effect probably
through preserving [3-cells from damage in alloxan induced damage. Within this context,
MP plant parts may contain similar class of compounds to Phlorizin with the potential to
inhibit SGLTs. Therefore, it may be potentially useful for management of T2D. Since
SGLT inhibition is a non-insulin dependent mechanism for plasma glucose control, MP
leaves may have insulin independent mechanisms for reducing blood glucose. However,
the exact mechanism of action of extracts from the leaves remains unknown.
Furthermore, the effect of the leaf extract on the kidneys in vivo has not been studied.
Therefore, the aim of this part of the study was to evaluate the effects of aqueous MP

leaf extract (the common form of ingestion) on glucose uptake in NRK-52E renal cell
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lines in order to propose an insulin independent mechanism of action for its anti-

diabetic effect.

4.2 Results

The effect of MPLE on glucose uptake was performed using two different experimental
designs. Both designs are described in section 2.7. The first method as described by
Blodgett (Blodgett et al.,, 2011). This method was slightly modified and then used to
determine the most suitable concentration of 2-NBDG for measuring glucose uptake in
NRK-52E cells. After, 1hr incubation of NRK-52E cell lines with gradient concentrations
of 2-NBDG, the cells showed an increase in 2-NBDG uptake with increasing
concentrations. This parallel increase was significant when the cells where incubated
with 400 and 500uM of 2-NBDG (Fig. 4.1) at p<0.05. Although at 500uM 2-NBDG
concentration, the cells showed a large variance in glucose uptake. Therefore, the

optimum concentration for the assay was chosen to be 400uM.

In order to optimize the duration of incubation with 2-NBDG the incubation time was
increased to 1hr 30min. No further base line experiments were run. The data showed
that increasing the duration of incubation with 2-NBDG increased glucose uptake in the
cells (Fig. 4.2). In the same experiment, Phlorizin (PLZ) a standard nonspecific sodium
dependent glucose transporter (SGLT) was used to validate the experimental design.

The data showed that there was no significant difference between the cells
incubated with 2-NBDG only and the cells incubated with 2-NBDG and PLZ 100uM.
Furthermore, 1mg/ml MPLE was simultaneously evaluated for potential glucose uptake

inhibition in NRK-52E cells. There was also no significant difference between cells
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treated with MPLE and 2-NBDG (Fig. 4.2). Therefore, it was deduced that the NRK-52E

cells where not sensitive without transfection.

On this basis, the second method was developed to improve the sensitivity of the cells
without transfecting the cells with SGLT genes.

The details for the second experimental design are detailed in section 2.7.6. After
adjusting for the growth duration of the cell and Na* in the assay medium, the data in
fig. 4.3, showed that PLDZ ( standard non-selective SGLT inhibitor), reduced glucose
uptake in a significant dose dependent manner at p<0.05. Specifically, 1mM PLDZ
reduced glucose by 36.5% and 0.1mM PLDZ reduced glucose uptake by 26.7%
compared to control cells. Also 0.25mM PHT (a standard GLUT inhibitor) showed
significant inhibitory effect on glucose uptake at p<0.05. Also, 1mg/ml MPLE caused
35.5% reduction of glucose uptake which was significant at p<0.05.

Further experiments were carried out with and without Na*. The details of the
experiment are also described in section 2.7.6. Dissolution of NBDG in choline buffer
was intended to simulate conditions of SGLT inactivity(Goto et al., 2012). From the data
shown in fig. 4.4, MPLE did not show a dose dependent inhibitory effect on glucose
uptake in NRK-52E cells, in both Na* and Na* absent conditions. The effect of MPLE on
glucose uptake is different to what is observed in Fig. 4.3. In particular, a higher
concentration of MPLE (2mg/ml) is required to elicit glucose uptake inhibition of about
15% compared to control cells. Furthermore, this effect is only observed in the presence
of Na*. However, the effect was not statistically significant. In the absence of Na*, MPLE

has no effect on glucose absorption in NRK-52E cells.
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Similarly, there was no effect of Phloridzin in the absence of Na* (Fig. 4.5). Incubation of
cells with 1mM Phloridzin also caused slight inhibition of glucose uptake in the
presence of Na* (Fig. 4.5). However, this activity was also not significant. In this case an
increase in N numbers from 6 to 9 could have improved the data obtained from this

experiment.
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Fig 4.1: Glucose uptake in NRK-52E cell lines. NRK-52E cell lines were exposed to increasing
concentrations of 2-NBDG for 1 hr. * Shows significant glucose uptake at p<0.05 vs 0.00uM
(control). The analysis was done using one way ANOVA followed by Dunnett's multiple comparison
test. Data represents mean#+ S.D of three replicates (n=3).
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Fig. 4.2: Effect of MPLE and Phlorizin on NRK-52E cell line using Blodgett et al. (Blodgett et al,,
2011)method with slight modifications. # Shows significant difference compared to blank.
Significance measured at p<0.05 (One-way ANOVA) followed by Dunnett's multiple comparison
test. Data represents mean#+ S.D of 11 replicates (n=11).
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Fig 4.3: Effect of MPLE on glucose uptake in NRK-52E cell lines using Maeda et al. (Maeda et al.,
2013)method with slight modifications. * Shows significant difference compared to 2-NBDG only.
# shows significance compared to the blank measured at p<0.05 (one way ANOVA followed by
Dunnett's multiple comparison test). Data represents mean#+ S.D of 9 replicates (n=9).
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Fig. 4.4: Effect of different concentrations of MPLE on glucose uptake in NRK-52E cells incubated
with/without Na+. The data represents mean+S.D. of 6 replicates (N=6).
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Fig 4.5: Effect of 0.1 and 1mM concentrations of Phloridzin on glucose uptake in NRK-2E cells with
or without Na+. The data represents mean+S.D. of 6 replicates (N=6).
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4.3 Discussion

Natural products such as catechin containing green tea have reported to have inhibitory
effect on glucose transport in the gastrointestinal system(Kobayashi et al., 2000). A
recent work by Schulze(Schulze, 2014) detected two stilbene flavonoids found in
grapevine extract that could inhibit SGLT1, albeit they had a lesser potency compared to
phlorizin in vitro(Schulze, 2014). The aim of this study was to evaluate the ability of
MPLE to interact with glucose transporters using NRK-52E cell lines as model system.
The results show that MPLE interacts with glucose transporters and may exert anti-
diabetic activity via this mechanism.

The methods used in this chapter were adapted from two different already
established methods that are used for evaluating SGLT inhibitory activity. Both methods
use the 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG), as a
marker for glucose uptake. Initially, the use of 2-NBDG as an alternative to radioactive
labelled glucose for measuring glucose uptake in cell lines using flow cytometry was
established by Zou et al,(Zou et al,, 2005). Subsequently, Blodgett et al(Blodgett et al,,
2011) in their method observed that the uptake of 2-NBDG in transfected COS-7 cells,
primary mouse and porcine proximal tubule cell line, was similar to the conventional
radioactive a-methyl-D-glucopyranoside (AMG). In contrast, Chang et al(Chang et al,
2013) showed that in COS-7 cell lines expressing human SGLT (hSGLT), 1-NBDG was
more sensitive to SGLT inhibition and therefore might be a better analogue compared to

the 2-NBDG for screening potential SGLT inhibitor candidates.
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Notwithstanding, Kanwal et al(Kanwal et al., 2012) observed that inhibition of 2-NBDG
uptake in kidney cells expressing hSGLT was sensitive to phlorizin. Huan et al(Huan et
al., 2013) also developed Chinese hamster ovary (CHO) cell line that express hSGLT to
bypass transfection step. Their data using 2-NBDG as glucose marker indicated that
CHO cell line stably expressing hSGLT can serve as cell based screening system for SGLT
inhibitory assay. Taken together, these results suggest that 2-NBDG is a sensitive dye for
measuring SGLT mediated glucose uptake in cell lines. Besides it is a safer marker for
glucose uptake compared to the use of AMG.

Blodgett et al.(Blodgett et al,, 2011) in their method used the LLC-PK1 which is a
porcine derived cell line. The LLC-PK1 cell line is known to have certain characteristics
similar to in vivo proximal tubules. In relation to glucose transport, the LLC-PK1 cell line
is known to express mRNA of SGLT1 in increasing glucose concentrations(Ohta et al,
1990). There is also evidence that they carry out apical membrane transport(Rabito,
1981). Furthermore, LLC-PK1 is known to have very high transepithelial membrane
resistance (TER). They are also known to express proteins involved in formation of tight
junctions(Prozialeck et al., 2006). Therefore, it is a suitable model for cellular transport
studies since it possess the required restrictive barrier function and transporter activity
for such studies.

Unlike the Blodgett method, glucose uptake was investigated in this study by
using the NRK-52E rat cell line. This cell line has been shown to have the ability to carry
out glucose transport by both apical and basal membrane, although glucose transport
through the basolateral membrane was higher compared to transport on the brush
border membrane(Lash et al., 2002). Also, NRK-52E cell line was observed to have high
activity on sodium/potassium ATP dependent channels(Lash et al.,, 2002). This implies

that NRK-52E cell line have very active GLUT and actively engage in Na* transport. It
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also suggests that they possess SGLTs although their SGLTs may not be as active as
GLUT. This could probably be due to the growth conditions of the cell lines. The stage of
growth can affect the up-regulation of SGLT in LLC-PK1 cell line(Tarloff, 2004) and this
might be the case for NRK-52E cell line. Coincidentally, the glucose uptake experiments
carried out by Lash et al.(Lash et al., 2002) with NRK-52E cell line were done after they
reached confluence.

Indeed, there are other similarities between these cell lines. They both do not
express claudin-2 which may be necessary for the leaky phenotype of the proximal
tubule in vivo(Prozialeck et al., 2006). They are also known to not express some organic
anions transporters(Nakanishi et al., 2011). There are differences between the LLC-PK1
and NRK-52E cells. For example, NRK-52E cell line has been observed to express to a
lesser extent, similar tight junctions as the LLC-PK1 cell line. Accordingly, they were also
observed to have a lesser TER compared to LLC-PK1 cell line(Wilmes and Jennings,
2014, Prozialeck et al., 2006).

Contrary to this study, a recent study observed even lower expression of tight
junction proteins and TER after 3 days of confluence(Limonciel et al., 2012). The
difference in the both studies may be the seeding density since in the study that
observed tight junctions and TER in NRK-52E cell line a higher number of cells was
used. Moreover, the authors compared the TER of NRK-52E cell lines to another cell line
that had been grown for a longer period of time. In this human proximal tubule cell line
they observed a high TER after 2 weeks of confluence. According to the authors, 14 days
post confluence was allowed for the cells to attain a state of complete quiescence i.e.
matured non-mitotic cells(Limonciel et al.,, 2012).

Within this context, NRK-52E cell line may not have very restrictive intercellular

barriers. However, with the right seeding density and growth conditions, their barriers
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can be improved and they can be implored in transport studies. In consonance with this
assumption, another study has observed that the expression of genes involved in
differentiated proximal tubule function, brush border formation and transport as well
as formation of domes, which are indicative of salt and water absorptive capacity are
increased during epithelial cell line maturation(Aschauer et al., 2013). Furthermore cell
response in glucose uptake experiments can be improved by growing cells in low
glucose medium and doing glucose transport assay in buffers with high Na*
concentrations(Tarloff, 2004). Therefore, this study explored different growth
conditions and assay medium in order to optimize glucose transport in NRK-52E cell
line.

The first experimental design explores glucose uptake in NRK-52E cell line by
varying growth conditions and increasing 2-NBDG concentrations; the cells were used
for the assay after 3 days of reaching confluence. NRK-52E cells showed dose dependent
increase in 2-NBDG glucose uptake. Glucose uptake was significant and less variable at
400uM 2-NBDG. Also, modifying the time of exposure increased intracellular uptake of
2-NBDG in the NRK-52E cell line. In order to test for SGLT inhibition, both MPLE and
Phlorizin were evaluated for their effect on glucose uptake. Although, Phlorizin showed
inhibitory effect on glucose uptake after several repeats, the data suggests that the cells
were not very sensitive to SGLT inhibition by 100uM Phlorizin contrary to reports
about this concentration in literature(Blodgett et al., 2011, Huan et al., 2013).

This could be explained by the study of Limonciel et al(Limonciel et al., 2012)
that reported low TER and low expression of tight junctions in NRK-52E cell lines even
after 3 days of confluence. Low TER and low tight junctions could facilitate loss of
absorbed NBDG during the washing step that is described during the method used and

therefore result in low fluorescence measurements after cell lysis. Actually, skipping the
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washing step did improve the read outs during the development of the assay (data not
included). Based on this observation it was inferred that the NRK-52E cell lines may not
be suitable for application of the method described by Blodgett et al.(Blodgett et al,,
2011). Therefore, a second method was developed.

The second method was developed by a modification of Maeda et al.(Maeda et al.,
2013). The growth time was adjusted. Considering that an extended time of growth
could improve cell tight junctions and improve formation of domes, the cell lines were
grown for additional 8 days after confluence. The maximum time for cell growth was
two weeks. Furthermore, Maeda et al.(Maeda et al., 2013) carried out their assay in the
Hanks buffered salt solution (HBSS) which contains 8.0 g/L of NaCl. Although they used
transfected human proximal tubules grown in relatively low glucose medium (7.2mM),
the use of high NaCl buffer theoretically would improve the cell response(Tarloff, 2004).
Also, glucose uptake experiments can be carried out directly in cell culture medium. For
example, glucose uptake experiments by Lash et al.(Lash et al., 2002) were carried out
in NRK-52E cell lines by introducing AMG in the culture medium.

Therefore in this study, the culture medium was used in the second method.
However, the medium was modified by introducing the 2-NDBG at 400uM final
concentration after dissolving it in the Krebs-Ringer modified buffer described in the
Blodgett’s method (pH.4). This adjustment was done in order to increase the overall
concentrations of NaCl. The total NaCl levels after introducing the 2-NBDG in the culture
medium during the assay was approximately 7.5 g/l (which is similar to the HBSS). The
percentage of the buffer in the culture medium during the assay was approximately
12% of the total volume in each well.

Furthermore, before the experiments, the cells were serum starved to stimulate

differentiation and growth arrest. In addition, with the view that glucose concentration
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levels are likely to fall below the initial 5mM concentrations in incubation medium due
to metabolic activity of the cells. In order to avoid glucose competitive inhibition of 2-
NBDG uptake into the cells, the 2-NBDG was dissolved in the glucose free Na* buffer and
the assay was carried out in the same incubation medium contained in the wells after
the time for serum starvation had elapsed. Therefore, the modifications above were
aimed at: improving the restrictive barriers of the NRK-52E cell lines used in the assay
in order to improve unidirectional transport; increasing NaCl concentrations to enhance
Na* dependent glucose uptake; increase glucose uptake in the cell by carrying out the
assay in pH stable and approximately glucose free medium. The washing step was
avoided which is similar to the method by Maeda et al(Maeda et al., 2013). This was
done to improve the final fluorescent read outs. Also, in view of the solubility problems
encountered with the standards pre-incubation times were included in order to allow
for adequate interaction of both the standards and the plant extract with the
transporters.

The morphology of the cells was observed throughout the growth period and no
change in cobblestone morphology was observed before or during the experiments.
DMSO and ethanol were used to dissolve the standards used in this study. The final
percentages in the medium for both solvents during the assay was <0.005% and <0.05%
respectively(Blodgett et al.,, 2011). According to literature, these percentages of DMSO
and ethanol do not interfere with the assay in other kidney cell lines(Blodgett et al,,
2011). The caveat for these adjustments may be an increase in osmotic pressure due to
the high percentage of the buffer in the medium.

The data (Fig. 4.3) suggests that these modifications improved glucose uptake in
NRK-52E cell line. The glucose uptake in control cells (NBDG only), as indicated by the

average fluorescence, increased from approximately 1300 (fig. 4.2) to approximately
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4000 (fig 4.3). Furthermore, sensitivity SGLT inhibition as indicated by the effect of
phlorizin is greater compared to the first method. In the first method 100uM phlorizin
(PLZ) caused approximately 14% inhibition of glucose uptake (fig. 4.2) compared to
approximately 34% inhibition by 100uM phloridzin (PLDZ). In addition, SGLT inhibition
in the second method was observed to be significantly dose dependent (p<0.05).
Inhibition of non Na* dependent glucose uptake as indicated by phloretin (PHT) was
observed on two different occasions out of the three separate experiments. The
solubility of this compound could have been the reason for this variation as the
compound was seen to form precipitates when it was added to the culture medium.

Secondly, the 2-NBDG was dissolved in a Na+ buffer and the Na* content could
have affected the overall uptake of the dye in spite of GLUT inhibition by PHT. In other
words, if ZNBDG was dissolved in a choline buffer (i.e. Na* free buffer) instead of Na*
buffer, the variation observed with PHT may be have been reduced. Therefore, the data
shows for the first time that this is a suitable method for assay of glucose uptake
inhibition in NRK-52E cell line.

Rahmoune et al(Rahmoune et al., 2005) made a critical finding about glucose
transporters in the kidneys of diabetic patients. From the urine of healthy and diabetic
patients for the first time they isolated exfoliates of the kidney proximal tubules. In the
process of passaging the exfoliates as primary cell they observed that GLUT 2 isoform
and SGLT 2 isoform protein expression were consistently increased in the proximal
epithelial primary cells obtained from diabetic patients with increasing passage
numbers. This was observed in cells identified as the S1 segment of the proximal
tubules. It is important to note that this segment is involved with 90% of glucose re-
absorption in the kidneys. Therefore, it suggests that diabetic patients retain more

glucose than healthy individuals. Without considering genetic predisposition, this
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implies that diabetic kidneys have the ability to increase glucose re-absorption from
tubular lumen and also increase glucose delivery to the cortical areas of the kidney.
Increased glucose in the cortical interstitium could lead to glycation and generation of
ROS by glucoxidation. Glycation products in turn activate receptors that cause the
transcription of inflammatory proteins and activate fibrotic pathways that cause the
development and progression of DKD.

The function of SGLT expression is also hyperglycaemia dependent. Yesudas et
al(Yesudas et al., 2012) observed that SGLT in high glucose conditions took a longer
time to reach maximum glucose re-absorption. Also, protein kinases A and C are also
known to modulate SGLTs. According to the results of Yesudas et al(Yesudas et al,
2012), PKA seemed to have more effect on SGLT activity; although PKC also increased
SGLT activity significantly. Within this context, it can be proposed that hyper glycaemia
increases the activity of SGLT and induces increase in glucose renal retention via
increasing de novo synthesis of Diacylglycerol (DAG) which is an activator of PKC.

PKC activation is also associated with tubular hypertrophy, and extracellular
matrix deposition which are markers for progression of DKD. Through this mechanism
SGLT may contribute significantly to the progression of diabetic kidney complications.
Moreover, SGLT activity can be influenced by angiotensin activity. For instance,
increased renal SGLT 2 expression, elevated renal gluconeogenesis enzymes and some
extent of insulin-resistance observed in diabetic rats were ameliorated by telmisartan
(an angiotensin receptor blocker, ATR) after 24 hr starvation(Tojo et al., 2015). This
study also depicted an increase in activity of the renin-angiotensin-aldosterone system
in diabetic conditions especially in relation to sodium and glucose retention.
Considering that angiotensin II activity increases renal pressure and inflammation and

fibrosis, more studies are required to understand the relationships between ATRs and
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SGLT in the kidneys. Recently, synergism involving angiotensin antagonists and SGLT 2
inhibitors has been suggested(Gnudi and Karalliedde, 2016). This is in line with the
opposing effects of SGLT inhibition on angiotensin Il physiological effects in the kidneys.
The authors propose that this synergy presents a new approach for the management
and prevention of DKD(Gnudi and Karalliedde, 2016).

Furthermore, Na* influences calcium ion concentration in heart cells and
therefore modulates cardiac metabolism and contraction. Increased Na* in the
cytoplasm of heart cells has been shown to induce oxidative stress in cardiac cells. Also,
increased Na*is a component of diabetes induced heart failure. In myocytes from T2D
patients with failing hearts, increased Na* was related to increased expression of SGLT
1. According to the authors, increased expression of SGLT 1 may probably be an
alternative pathway for glucose uptake in insulin resistant cardiac cells. This occurrence
according to the authors could be specific to the underlining mechanism for heart
failure in diabetes and obesity(Lambert et al., 2015).

SGLTs are also found in the intestines. This is the primary gateway for glucose
entry into the blood stream(Schulze, 2014). This principal role of SGLTs in glucose
absorption in the gut makes SGLTs useful targets for controlling post prandial blood
glucose via insulin independent mechanisms. As a result of the broad prospects of
inhibiting SGLTs in diabetes and recently in cancer treatment(Scafoglio et al.,, 2015),
there is intensive search for novel compounds with SGLT inhibitory activity from
natural products(Schulze, 2014).

In this this study MPLE did not show any effect on glucose uptake inhibition in
the first method. This could be because of the sensitivity of the cell lines during the
application of the method. However, in the second method, MPLE showed significant

inhibition of glucose uptake at 1mg/ml when compared to the control cells. This effect
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observed was significantly different to 100uM PLDZ at p<0.05 and was comparable to
1.0mM PLDZ. A comparison of the activity of MPLE in both methods suggest that MPLE
does interact with glucose transporters however, this interaction maybe weak
compared to the natural standard SGLT inhibitor, Phloridzin.

In addition from the obtained data, it can be assumed that MPLE inhibits glucose
uptake probably by direct interaction with the glucose transporters. This could be
inferred as a potential mechanism through which MPLE may exert its antidiabetic
effects. Mucuna pruriens leaves extracted in 95% ethanol has been observed to have
hypoglycaemic activity in diabetic mice(Murugan and Reddy, 2009), yet the
mechanisms remain unknown. The data demonstrated for the first time a potential anti-
diabetic mechanism for the aqueous extract of Mucuna pruriens which is traditional
method of consumption.

The results suggest that MPLE may be absorbed through active transport in the
intestine since the transporters in the kidneys are similar to those in the intestine.
Further tests using choline buffer instead of Na+ buffer (Fig. 4.4) shows lower glucose
uptake by the NRK-52E cells (although this was not statistically significant). A similar
observation was reported in experiments by Blodgett et al.(Blodgett et al., 2011),
microscopic imaging revealed less glucose uptake in LLC-PK1 cells when experiments
were performed in Na* free buffer. As already mentioned, replacing Na* with choline
during glucose uptake experiments selectively inhibits the activity of SGLTs. In
accordance with this, 0.1 and 1.0mM phloridzin which specifically inhibits SGLTs has no
significant inhibitory effect on glucose uptake in NRK-52E cells (Fig. 4.5) while in the
presence of Na+ buffer, 0.1mM phloridzin shows slight but insignificant inhibitory effect
and 1mM phloridzin also shows slight but insignificant inhibitory effect on glucose

uptake.
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Due to formation of precipitates by phloretin, it was not included in these
experiments; otherwise it could have been useful to further confirm selective activity of
GLUT. However, in the previous experiments (Fig. 4.3) the effect 0.25mM phloretin
(PHT) in experiments with Na* buffer was very variable. This could depict a lack of

potency in the presence of Na*.

In Fig. 4.4, the effects of the different doses of MPLE in the absence of Na+ are generally
more variable compared to the data obtained in the presence Na+ even though the
experiments were performed simultaneously. This could be because of the absence of
SGLT activity. Furthermore, 2mg/ml MPLE shows slight inhibitory effect on glucose
uptake in the cells in the presence Na* and no effect in the absence of Na*. Considering
that MPLE activity is similar to phlorizin, the data suggests that MPLE may have
selective activity for SGLTs at high concentrations. In order to ensure that the
concentrations of MPLE used were not toxic, further toxicity test was performed to
ensure that the concentrations of MPLE used for glucose experiments were not toxic.
Concentrations of MPLE below 3mg/ml (this concentration caused 50% necrosis after
incubating the cells for 24 hr) were used for the study (Appendix 2).

The disparity between the data obtained could be due to the age of the extracts
since the experiment in Fig. 4.4 was done 4 months after the data for Fig. 4.3 was
obtained. Also the difference could be due to the use of cells with different passage
numbers. Nevertheless, the data suggest that MPLE can interact with glucose
transporters at high concentrations and limit intracellular glucose concentrations. In
essence, MPLE could contain principles that could potentially prevent: glucose induced
oxidative stress to cells and enhance glycaemic control by preventing spikes in blood

glucose. Both effects in reality are useful for prevention of diabetic complications.
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Although, the serum concentration of plant metabolites such as polyphenols is
not usually in the range of the concentrations studied; however, in the gut they may
exceed these concentrations. Therefore, the ability of MPLE to interact with glucose
transporters at this concentration indicate that it could be useful for controlling post-
prandial glycaemic index if consumed before proper meal or during meal. However, in
relation to the kidneys, glucose inhibition depends on the concentrations that reach the
kidneys after digestion. This in turn is dependent on the chemical characteristics of the
active responsible for the ability of the extract to interact with glucose transporters. In
the view of the potential interaction with glucose transporters, more studies are
required to evaluate the safety of the plant extract when it is consumed with anti-

diabetic drugs.

4.4 Conclusions

In summary, in this chapter the effect of MPLE on glucose uptake was evaluated using
NRK-52E cell line as a model for glucose uptake studies. The study for the first time
established a screening assay for screening for SGLT and GLUT inhibitory activity in
NRK-52E cell line using 24 well plates under the specified conditions. In addition, the
study has shown that MPLE can inhibit glucose uptake in vitro. Therefore, for the first
time this study established a potential insulin independent mechanism for the anti-

diabetic effect of the extract.
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Chapter 5: Insulin Mimetic Effect of Aqueous Extracts of Mucuna

pruriens Leaf Extracts
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5.1 Introduction

Insulin dependent glucose uptake and storage in the adipocytes, liver and skeletal
muscles is the principal element of glucose homeostasis in healthy individuals.
Generally, majority of the glucose derived from diet is taken up by the skeletal muscles.
Exercise is also known to stimulate glucose uptake in skeletal muscles. Different
pathways are responsible for both insulin and exercise stimulated glucose uptake in the
skeletal muscles. However, these different pathways converge to stimulate increase in
glucose transporter (GLUT 4) activity(Pehmgller et al., 2009). Among the different
glucose transporters, GLUT4 (GLUT isoform 4) in particular is exclusively found in
mainly insulin-sensitive fat and muscle tissues, and is the main insulin-sensitive GLUT
isoform(Cheng et al.,, 2010). Also, the proteins responsible for translocation of GLUT 4
from the cytoplasm to the cell membrane during glucose uptake in the muscles play

similar role in stimulating GLUT 4 activity in adipocytes(Bryant et al., 2002).

Adipocytes also express GLUT isoform 1 (GLUT1). GLUT1 can be stimulated via
pathways different from GLUT4. Thiazolidinediones (TZDs) which are peroxisome
proliferative activator receptor gamma (PPARy) agonists were observed to stimulate
GLUT1 basal activity and potentiate insulin effect on GLUT1 mediated glucose uptake
but they did not have effect on GLUT4(Nugent et al., 2001). This further suggests the

selectively of the GLUT4 transporter to insulin stimulation.

Furthermore, GLUT4 is the most extensively studied transporter in metabolic
diseases compared to GLUT1. A clinical study in T2D patients observed that GLUT4
expression in adipocytes of T2D patients is 43% lower than GLUT4 expression in
healthy subjects(Hussey et al., 2011). Reduction in glucose transporter expression may

underline insulin sensitivity of adipocytes in hyperglycaemic conditions. In fact, insulin
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insensitivity in adipocytes is a major contributor to development of T2D in obesity
because in this condition, adipocytes become unable to absorb plasma glucose and
continually release fatty acid into the blood stream. The result is; important organs
responsible for glucose homeostasis especially the B-islet cells are damaged due to
exposure to high plasma lipids and glucose levels. Indeed, overexpressing GLUT4 in the
adipose tissue of mice with selective negative expression of GLUT4 in skeletal muscles
improved insulin sensitivity and diabetes in these mice(Carvalho et al., 2005). In line
with this view, improving glucose transporters activity enhances insulin mechanisms
for glycaemic control. This approach currently contributes to majority of the current

treatment for T2D.

Besides the use of drugs, exercise and modification of diet (calorie restriction)
has been shown to improve glucose transporter protein expression and overall insulin
sensitivity. Wheatley et al(Wheatley et al.,, 2011) compared the effect of exercise and
calorie restriction on insulin sensitivity in obese mice and they found that calorie
restriction had more effect on GLUT 4 transcription and protein expression than

exercise.

In the light of this, dietary intervention with plants could be useful for enhancing
insulin sensitivity. Coffee consumption has been associated with improved insulin
sensitivity in overweight study subjects(Sarria et al., 2016). The study also observed an
inverse relationship between coffee consumption with reduction in fasting blood
glucose(Sarria et al., 2016). Although recent clinical studies on the effect of green tea
for insulin resistance report no effect on glycaemic markers or a positive relation with
consumption of green tea(Rebello et al,, 2011), molecular studies on the effect of major

green tea chemical constituents reported that green tea catechins caused translocation
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of GLUT 4 from the cytoplasm to the cell membrane of skeletal muscle cell lines(Hamlin,
2015). Moreover, clinical studies proved that consumption of Chinese green tea by
diabetic patients may be beneficial for prevention of diabetic retinopathy(Ma et al,,
2015). Taken together, regular consumption of edible plants as beverages could have

benefits for prevention of diabetes and diabetic complications.

The phytochemical constituents of tea and coffee have been associated with their
hypoglycaemic effect. For instance ferulic and chlorogenic acids are found in coffee are
also(Farah et al.,, 2008) and Ferulic acid increased GLUT 4 expression in diabetic rats
after short term treatment(Liu et al.,, 2000). In in vitro experiments chlorogenic acid

increased translocation of GLUT 4 in skeletal muscle cell lines(Ong et al., 2012).

Other plant phytochemicals in addition to polyphenols have been associated
with improving glucose transport activity. For example, Ginsenoside Re a saponin
isolated from Panax ginseng, was observed to improve insulin sensitivity and
translocation of GLUT 4 to membrane of adipocytes(Gao et al., 2013). Panax ginseng is a
popular Korean herbal plant used for treatment of various diseases and is also

consumed as tea.

Similarly, Mucuna pruriens leaves are consumed as a tea after hand washing the
leaves and warming the aqueous extract from the leaves for a few minutes. In such
occasions it is used to relieve anaemia(E.U. Madukwe, 2014), and for general wellbeing
in the eastern parts of Nigeria. In some parts of Asia, the leaves are used for
management of diabetes. In rat diabetic models, the organic extracts of Mucuna pruriens
leaves were reported to have hypoglycaemic and hypolipidaemic activity(Eze et al,,
2012, Murugan and Reddy, 2009). In this study, the anti-diabetic effects were observed
with the chloroform fraction of an ethanol extract. Ethanol is miscible with water and
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may extract similar compounds as would water, albeit with varying yields depending on
the chemical properties of the actives. Consequently, evaluating the effect of the
aqueous extract on glucose uptake in a cell system that expresses GLUT 4 insulin
responsive transporter could provide preliminary data that could explain the anti-
diabetic mechanisms of Mucuna pruriens leaves. The study could also suggest its use in
diet for prevention or management of diabetes and related diseases. Therefore, the aim
of this chapter was to investigate the effect of MPLE on glucose uptake in adipocyte cell
line in order to propose potential insulin mimetic effects as a mechanism of its anti-

diabetic action.
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5.2 Results

The effect of MPLE on glucose uptake was studied in differentiated adipocytes.
Florescent glucose (6NBDG) was used as a marker for glucose for glucose transport. The

details of the methods used for the study is detailed in section 2.8.4

Acid hydrolysed fractions of the crude extract were prepared according to the method
described in section 2.8.1. These extracts were also evaluated for their effect on glucose

uptake in adipocyte cells using the method described in section 2.8.4

5.2.1 Effect of MPLE and acid hydrolysed fractions on glucose uptake in adipocytes

Pre-treatment of cells with insulin significantly increased glucose uptake by 138%
compared to negative control at p<0.05. When adipocytes cells were pre-treated with
CE 50 and 100pg/ml for 3hr, CE caused a significant stimulation of glucose uptake in
the adipocytes at p<0.05 (Fig. 5.1 and 5.2) when compared to the negative control. The

increase in glucose uptake was 57.06 and 86.24 % respectively.

The diethyl ether fractions obtained at 85°C heating temperature for 1hr retained
stimulatory effect on glucose uptake. Although, 3hr pre-treatment of adipocytes with DE
50pg/ml did not have any significant effect on glucose uptake (Fig. 5.1), pre-treatment
of adipocytes with DE 100, NDE 50 and NDE 100pg/ml significant glucose uptake was
observed at p<0.05 compared to the negative control (Fig. 5.1 and 5.2). The increase in

glucose uptake was 49.1, 68.22 and 76.30% respectively.

On the contrary, no significant effect was observed for chloroform fractions (CL and

NCL) obtained after acid hydrolysis at heating temperature of 100°C for Zhr.

176



50000 =

40000 -

30000 -

6-NBDG uptake (flourescence)

20000 = ——
10000 =
0- T T
& S &
P O
QO
%@Qé\ < &
Treatment

Fig. 5.1: Comparison of the effect of 50pug/ml MPLE and 50ug/ml MPLE acid hydrolysed fractions
on glucose uptake in 3T3-L1 adipocytes. * Shows significant difference in glucose uptake
stimulatory effect compared to the negative control at p<0.05 (one way ANOVA followed by a
Bonferroni’s post test). Data represents mean value + S.D 8 replicates (n=8).
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Fig. 5.2: Comparison of the effect of 100png/ml MPLE and 100ug/ml MPLE acid hydrolysed
fractions on glucose uptake in 3T3-L1 adipocytes. * Shows significant difference in glucose uptake
stimulatory effect compared to the negative control at p<0.05 # shows significant difference in
glucose uptake stimulatory effect between DE 100ug/ml and CE 100ug/ml at p<0.05 (one way
ANOVA followed by a Bonferroni’s post test). Data represents mean value + S.D 8 replicates (n=8).
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5.3 Discussion

In the previous chapter, it was observed that the aqueous leaf extract of Mucuna
pruriens inhibited glucose uptake in renal NRK-52E cell lines and this effect was
proposed as an insulin independent mechanism of its anti-diabetic effect. In this
chapter, the aim was to evaluate the effect of the same extract on glucose uptake in 3T3-
L1 cell lines. The data suggests for the first time that MPLE can stimulate glucose uptake
in 3T3-L1 cell lines and therefore may also mimic insulin as one of its mechanisms for

its anti-diabetic effect.

The method used in this study involved the use of the 6-NBDG a non-
metabolizable analogue of the 2-NBDG. 6-NBDG was the first fluorescent glucose
derivative developed to probe the behaviour of glucose transport systems(Kim et al,,
2012). It has been employed for glucose transport in cells that are sensitive to insulin
stimulated glucose uptake and express GLUT 3 and 4 isoforms(Dimitriadis et al., 2005).
Some theoretical studies suggest that 6-NBDG may not be suitable for studying glucose
uptake in GLUT 1 isoform especially in cerebral tissues(DiNuzzo et al., 2013). According
to the authors, 6-NBDG transport into the cells may be more of an exchange of glucose
for 6-NBDG and its uptake into the cells is a reflection of the glucose levels in the cells
that express GLUT 1 isoform and not a response to stimulation of these cells(Mangia et
al, 2011). However, 6-NDBG was discovered to have 300 times higher affinity for GLUT
1 isoform than glucose, even though the rate of cell permeation of 6-NBDG is slower
compared to glucose in unstimulated state(Barros et al., 2009). In relation to the slow
rate of permeability in cells, intracellular uptake of 6-NBDG into cells expressing GLUT
1, has been suggested to be due to diffusion(Mangia et al, 2011). Nonetheless, a

comparison between 2-NBDG and 6-NBDG revealed that NBDG produced better
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flourescent read outs when stimulated with insulin and insulin mimetic zinc sulphate in
differentiated adipocytes(Jung et al., 2011). Therefore within this context, 6-NBDG is a
suitable glucose tracer for GLUT 4 insulin dependent glucose transport. Also,
considering that glucose uptake by 6-NDBG it is not easily displaced by glucose (due its
high afinity for the similar GLUT 1 isoform) it would not be affected by glucose in
experimental medium. Moreover, it would give a better signal since it does not get into
the glycolytic chain of reaction unlike 2-NBDG analogue. Furthermore, since it is not
metabolized within the cells the 6-NBDG will indicate the extent of glucose uptake by
the cell. This could depict the extent of influence of the test compound/insulin on the

activity of GLUTSs in the cell during the duration of the assay.

GLUT 1 isoform may not be sensitive to insulin stimulation in some cell models
but GLUT 4 isoform is sensitive to insulin stimuli and GLUT 4 isoform is an insulin-
regulated glucose transporter in adipose tissue(Dimitriadis et al., 2005, Huang and
Czech, 2007). Thus, using the adipocytes for this study is a suitable model for evaluating
potential insulin mimetic activity. Analysis of the data obtained showed that there was
no significant difference between the activity of CE50ug/ml and 100pg/ml. Similarly,
the activity of NDE did not increase with increasing concentrations. The effect of
DE50pg/ml was not significantly different to DE 100pg/ml. In essence, increasing
concentrations of both MPLE and diethyl ether acid hydrolysis fractions did not cause a

corresponding increase in glucose uptake in adipocytes.

Statistical comparison of DE and CE concentratons revealed that the effects of
DE50pg/ml was not significantly different to CE50ug/ml while the activity of
DE100ug/ml was significantly lower when compared to CE100pg/ml at p<0.05. In

contrast, there was no significant difference in activity when CE100ug/ml and NDE50
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and NDE100pg/ml were compared. Considering that CE50ug/ml did not have any
significant effect on stimulation of glucose uptake, in can be infered from the data that

DE fractions generally had lower potency compared to CE and NDE fractions.

Bearing in mind that the DE fraction is a non-polar fraction of the extract after
acid hydrolysis, the DE fraction, represents hydrophobic constituents after acid
hydrolysis. The method applied during acid hydrolysis in this study is a method
developed for isolating and identifying aglycones of polyphenolic glucosides. Typically,
the aglycones in the non polar fractions obtained after acid hydrolysis are identified
using various chromatographic techniques(Paterson, 1999). Aglycones of common
polyphenols have been shown to have differents effects on glucose uptake. In adipocyte
cell lines, they have been shown to inhibit glucose uptake while in liver cell lines, they
have been shown to enhance glucose metabolism and expression of GLUT transporters
after 12 hour pre-treatment(Claussnitzer et al., 2011, Kerimi et al., 2015). The disparity
in the data may be cell specific. On the other hand, it may suggest that absoption of this
group of compounds occurs mainly via interaction with GLUT and they can modulate
intracelluar signalling pathways in pre-treated cells to cause an increase in glucose
uptake. For instance, gallic acid was observed to increase translocation of GLUT 4 in
diferentiated adipocytes after 30 minute pretreatment(Vishnu Prasad et al, 2010).
Currently, most of the studies of aglycones from polyphenols are carried out using
concentrations that may not be reached in vivo. Therefore, further studies are required

to understand the effects of polyphenols at physiological concentrations.

Polyphenols are ubiquitous compounds in most plant families. Dietary
polphenols are curently a topic of intensive research for their benefits for prevention

and therapy of several diseases including diabeties and diabetic vascular complcations.
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For example, a recent clinical trial demonstrated that chronic intake of flavan-3-ols and
isoflavones improved biomarkers of risk of cardio vascular diseases (CVD)(Curtis et al.,
2012). This study underscores the additional benefit of flavonoids to standard drug

therapy in managing CVD risk in type 2 diabetic patients.

Mucuna pruriens belongs to the family of Fabaceae or Leguminosae in which
isoflavonoids are widely distributed(Wang et al., 2014). Therefore, it is logical to predict
that the leaf extract used for this study may contain polyphenols. Although, the
identification and quantification of the polyphenols present in the extract was not
studied during the time frame of the project, the data obtained with DE in this current
study, suggests that DE may contain aglycones of polyphenols that retain insulin
mimietic activity after acid hydrolsis. However, the potency of the DE extract is reduced
when compared to the effect of the crude extract after acid hydrolysis. This may point to
the fact that anti-diabetic activity of polyphenols may be influenced by glycosidic
bonds. Further research is required to evaluate this relationship as it may inform future

designs for synthetic supplements that can be used in preventive treatment of diabetes.

The significant difference observed between the non polar fraction DE and the
polar fraction NDE on glucose uptake, could be explained as follows: If it is taken into
account that this NDE fraction contained impurities such as ascorbic acid, and salt from
the neutralized acid after acid hydrolysis, it is possible that the activity of this fraction
could have been influenced by these impurities. On the other hand, considering that
there was no signifant difference observed between the activity of NDE fraction and CE,
the prescence of impurites may not have had any effect. This comparable activity could

also mean that other actives besides polyphenols may be responsible for the activity of
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extract. Further studies are therefore required to determine the active principles in the

extract.

The chloroform fractions did not show any effect on glucose uptake. This could
be due to the acid hyrolysis conditions. Complete oxidation of the extract constituents

may have occured at the temperature and duration of the acid hydrolysis.

Each of the extracts that showed significant glucose uptake activity and their respective
concentrations were compared to insulin. In terms of percentages, DE 100ug/ml was
62.65% of the insulin activity observed, CE 50pg/ml was 65.97%, NDE 50ug/ml was
70.68%, NDE 100ug/ml was 74.08% and CE 100pg/ml had the highest activity at

78.25%.

Finally, the entrance of glucose into cells is generally via glucose transporters.
Therefore, based on the cell model used and on the data obtained, an increase in glucose
uptake suggests that MPLE crude extracts and the diethyl ether acid hydrolysis fractions
of the crude extract, may trigger insulin signalling pathways that probably increase
GLUT4 or GLUT1 dependent glucose uptake. Nevertheless, further studies are required

to elucidate the molecular pathways responsble for the observed effects.

5.4 Conclusion

The aqueous leaf extract of Mucuna pruriens and the diethyl ether acid hydrolysis
fractions may possess insulin mimetic activity by stimulating glucose uptake in
differentiated adipocyte cell lines. Therefore, it may also exert some anti-diabetic effect

via insulin dependent mechanismes.
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Chapter 6: General Discussion and Conclusion
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6.1: General Discussion and Conclusion

The concept of consuming functional foods is on the increase because functional foods
are a class of foods that have additional medicinal benefits beyond nuitritional
values(Liu, 2003). The biologically active constituents of functional foods, offer health-
enhancing effects beyond nutriton(Ajiboye et al., 2014). Functional foods play a useful
role in the prevention of diseases of metabolic imbalances such as obesity, type 2
diabetes, hypertension, inflammatory disorders as well as cancer(Ajiboye et al., 2014).
Therefore, they can be consumed with normal diet, serving a dual role of food and

medicine.

Considering that most functional foods are rich in plant secondary metabolites,
certain herbal plants can be considered as candidates for functional foods. For example,
Ficus racemosa Linn. (Moraceae) is a popular medicinal plant in India, which has long
been used in Ayurveda for diabetes(Ahmed and Urooj, 2010). Extracts from the fruits of
this plant have been reported to possess both hypoglycaemic and antioxidant
activity(Jahan et al, 2009). Date fruits, Phoenix dactylifera, which are consumed
commercially, are known to be rich in polyphenols and minerals and fibre(Vayalil,
2012). In some parts of Morocco dates are used for treating diabetes and
hypertension(Vayalil, 2012). Diosmetin Glycosides isolated from Date fruits have been
observed reduce hyperlipidaemia and to improve levels of antioxidant enzymes in the
liver of diabetic rats(Michael et al., 2013). Long pepper, Pipper longum, is a plant used as
an Indian spice. Piperine isolated from the extracts from the plant have been observed

to have both antioxidant and anti-diabetic effect(Kumar et al., 2013).

Similarly, Mucuna pruriens L.(Fabaceae) as mentioned earlier, are used in the

eastern part of Nigeria West Africa for a variety of diseases such diabetes and anaemia
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and they are traditionally consumed as aqueous or alcoholic beverages. The project was
designed to evaluate the potential benefits of consuming the tea from the leaves (MPLE)
within the context of diabetes. Initially, MPLE showed free radical scavenging actvity for
superoxide anion which is implicated in development of oxidative stress induced
damage in diabetes(Mohora et al.,, 2007). However as discussed ealier, it caused a
paradoxial pro-oxidant activity in vitro. The pro-oxidant effect of MPLE observed can be
explained as an indication that the MPLE altered redox state of the cells. Although, in
vivo experiments with the aqueous extract of Mucuna pruriens leaves was reported to
have antioxidant effect by causing an increase in concentration of endogenous free
radical scavenging enzymes. Specifically, superoxide dismutase and Catalase where
increased and lipid peroxidation was reduced in liver of rats pretreated with the
Mucuna pruriens leaves aqueous extract after induction of oxidative stress with carbon

tetrachloride(Agbafor and Nwachukwu, 2011).

This contrasting results could be explained by the recent theory of Forman et
al(Forman et al., 2014). They propose that antioxidants in fruits and vegetables act like
toxins at low concentrations, stimulating the activity of endogenous antioxdants via
pro-oxidant mechanisms. Therefore, the increase in antioxidant enzymes observed in
the liver of rats pretreated with Mucuna pruriens leaves aqueous extract could have
been due to its pro-oxidant activity which was observed. Bearing in mind that the
extract after consumption would be more concentrated in the liver during absorption.
In addition, Agbafor at al(Agbafor and Nwachukwu, 2011) reported that the water and
methanol extracts of Mucuna pruriens leaves aqueous extract contained flavonoids,
saponins, tannins, cardiac glycosides, and anthraquinones. Also a recent study reported

high total phenolic content in the methanolic extract of the leaves(Cortelazzo et al,,
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2014). The aforementioned compounds are known natural antioxidants. Therefore the
results in this study support the Forman theory that nutritonal antioxidants are most
likely to be pro-oxidants in reality. Taken together these reports and the pro-oxidant
activity observed suggest that the MPLE (the extract tested) contains bioactive

substances that could have benefits for metabolic diseases such as diabetes.

On the other hand, the pro-oxidant activity observed could be related to the
glucose inhibitory effect of the extract. Considering that, glucose uptake inhibition of the
extract would lower intracellular glucose levels in the kidney cells during the period of
pre-incubation. Low glucose levels in theory would reduce the kreb cycle substrates and
therefore electorn carriers to the mitochondria. Also there would be a reduction in

electron carriers used to regenerate endogenous antioxidants such as Gluthathione.

Consequently, the cells would be in a pro-oxidant state and more predisposed to
oxidant injury. This could be reason why the cells pre-treated with the extract had
increase oxidative stress when incubated with paraquat. Furthermore, glucose
inhibitory is indicative of the mechanism by which the cell internalize the extract. This
could directly affect the intracellular concentrations of the extract, especially at the
mitochondria (the main point of oxidant injury for paraquat). In the light of this, it can
be assumed that unlike tempol which is membrane permeable, the extract is dependent
on the activity of the cells and in the event of depleted energy stores as explained above,
the cells may not be able to acculmulate enough of the extract intracellularly, to stall

oxidative stress that is induced by paraquat.

Conversely, in relation to diabetic complications such as diabetic kidney disease;
reduction of glucose entry into cells by inhibiting glucose transport can be related to
antioxidant activity. In the first instance, oxidative stress is increased in the kidneys of
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both diabetic animals and humans. According to a study by Thuraisingham et
al(Thuraisingham et al., 2000) increased levels of peroxinitrate radical was observed in
biopsies of proximal tubules and thin loop of henles from patients with diabetic kidney
disease. Recently, treatment of diabetic rats with phlorizin (an SGLT inhibitor) reduced
levels of peroxinitrite in the cortex and medulla of the diabetic rats(Osorio et al., 2012).
These are the positons were the proximal tubules and the loop of henles can be found.
This implies that the effect of inhibiting sodium dependent glucose transport in the
proximal tubules has antioxidant effect. Similarly, the ability of MPLE to interfere with
glucose transport in proximal tubules as observed in this study, could be interpreted as

an antioxidant property.

Therefore within this context, biological antioxidant can be redefined as
compounds that either activate endogenous antioxidant systems or alter intracellular
metabolic pathways in order to maintain optimum intracellular redox state. This
definition accomodates the pro-oxidant properties of phytochemicals. Nevertheless, the

pro-oxidant activity of MPLE does carry potential health benefits as well.

Glucose transport is implicated in tumour cell growth. Increase in expression of
GLUT is associated with metastasis in certain cancers(Shen et al., 2010, Kawamura et al.,
2001). Inhibiting glucose transport in such cancer cells could induce cytoxicity and
reduce growth of such cancer cells. In order words, MPLE may may also posses
chemopreventive properties due to its ability ot inhibit glucose transporters into cells.

However, further studies are required to confirm this.
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In addition to glucose inhibition, MPLE also increased glucose uptake in
adipocytes. This is not uncommon for certain natural products which interact with
glucose transporters. For example, the GLUT inhibitor , Phloretin has been shown to

increase differentiation in adipocytes and glucose homeostasis in mice(Shu et al., 2014)

Overall, the data reported in this study suggest that: MPLE may contain active
compounds that belong to the class of phytochemicals generally known as natural
antioxidants which have nutritional value and for the first time the data suggest that
the chemical constituents of MPLE via multiple mechanisms of lowering plasma glucose
levels, could be beneficial for management of metabolic related diseases such as T2D. In
view of this, the consumption of MPLE could be of great value in prevention of diseases
related to metabolic imbalance such diabeties, diabetic vascular complications and by

extension cancer.

Finally, Mucuna pruriens L.(Fabaceae)is a common weed that grows in different
parts of Africa, Asia and America.This makes it a cheap and acccessible plant. In the light
of the evidence presented in this project, consumption of its leaves as tea, in a similar
way as the green tea or rooibus tea is consumed could present another functional food
that could be useful for the management of T2D and diabetic complications as well as

help promote health and longevity.
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6.2 Future Work

The above study is a preliminary study and therefore further studies are required to
harness the benefits of MPLE as herbal remedy and functional food. To further validate

anti-diabetic effect future studies on the work could include:

e Bioassay Guided Fractionation of MPLE

The ideal step after the preceeding study should be biassay guided fractionantion
of MPLE. In view of the data in chapter 5, the assay described in chapter 5 can be
used as guide to elucidate the chemical constiutuents of the tea and the active
principle(s) responsible for stimulating glucose uptake . Extraction of the tea in
other solvents to optimise activity accompanied by use of chromatogphic and
nuclear magnetic resonance, is one way to identify the actives in the
compound(Cazarolli et al., 2012). Alternatively, a complete metabolic profiling
of the crude extract using hyphenated techniques such Liquid
Chromatography(LC)/Mass spectrophotometry to avoid isolation of known
metabolites(Queiroz et al., 2009), could be done and then the assay described in
chapter 5 could be used to determine the biological activity of any new
compounds observed.

e Evaluating the Insulin Mimetic Activity of MPLE

Insulin mimetic activity can be confirmed by evaluating the molecular pathways
for increasing glucose uptake in adipocytes. Protein expression studies such as
western blotting and or polymerase chain reaction for gene expression studies
are useful techniques for molecular studies. Insulin receptor subtrate (IRS-1) is

directly involved with insulin signalling pathway(Rondinone et al., 1997) and
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GLUT 4 facilitates glucose uptake at the adipocyte membarane(Pessin et al.,
1999). Accordingly, molecular studies can focus on the effect of the extract on
translocation of GLUT4 to the plasma membrane of adipocytes and activation of
insulin receptor subtrate IRS-1(Choi et al., 2004).

Evaluating the anti-diabetic effect of MPLE using in Vivo studies

Determination of the effect of the tea on post- prandrial glucose levels animals
models would give insight to the effect hypoglycaemic effect of MPLE(Meddah et
al., 2009). Furthermore, evaluting the effect of the extract of glucose excreation
in diabetic and non-diabetic subjects would further confirm effect of the extract
on SGLTs in the kidneys. Animal studies can also include effect of MPLE on lipid
profile, weight gain in diabetic animal models(Kumar et al.,, 2012).

Investigating the effect of MPLE on intracellular ROS generation

Finally, as extension of the experiments in chapter 3, future studies on the effect
of MPLE on mitochondrial ROS can be performed. This would give a general
insight on the effect of MPLE on intracellular metabolism. Techniques such as
flourescent microscopy or flow cytometry in combination with flourescent dyes
(e.g rhodamine dye) can be used to measure the effect of the extract on
mitochondrial membrane potential(Petit, 1992). Intracellular superoxide anion
can also be measured by using flourescent ethidium bromide (Carter et al., 1994)

in combination with flow cytometry or spectrofluorometric techniques.

191



Appendix 1
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Appendix 1: Effect of MPLE on cell viability. 5mg/ml MPLE significantly reduces cell viability
below 80%.*Shows significance at p<0.05. Data represents mean+S.D of at least three replicates

(n=3).
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Appendix 2
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Appendix 2: Effect of MPLE on cell necrosis measured as Lactate dehydrogenase (LDH) release.
3 and 5mg/ml MPLE cause significant cell lysis above 50%.*Shows significance at p<0.05. Data
represents mean+S.D of at least three replicates(n=3).

193



REFERENCES

ABDO, S., SHI, Y., OTOUKESH, A., GHOSH, A., LO, C.-S., CHENIER, I., FILEP, J. G., INGELFINGER, J. R.,
ZHANG, S. L. & CHAN, J. S. 2014. Catalase overexpression prevents nuclear factor erythroid
2-related factor 2 stimulation of renal angiotensinogen gene expression, hypertension and
kidney injury in diabetic mice. Diabetes, DB_131830.

ABDUL-GHANI, M. A., NORTON, L. & DEFRONZO, R. A. 2011. Role of sodium-glucose cotransporter 2
(SGLT 2) inhibitors in the treatment of type 2 diabetes. Endocrine reviews, 32, 515-531.

ABE, K. & MATSUKI, N. 2000. Measurement of cellular 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) reduction activity and lactate dehydrogenase release
using MTT. Neuroscience research, 38, 325-329.

ADAMS, H. P., DEL ZOPPO, G., ALBERTS, M. J., BHATT, D. L., BRASS, L., FURLAN, A., GRUBB, R. L.,
HIGASHIDA, R. T., JAUCH, E. C. & KIDWELL, C. 2007. Guidelines for the Early Management of
Adults With Ischemic Stroke A Guideline From the American Heart Association/American
Stroke Association Stroke Council, Clinical Cardiology Council, Cardiovascular Radiology and
Intervention Council, and the Atherosclerotic Peripheral Vascular Disease and Quality of
Care Outcomes in Research Interdisciplinary Working Groups: The American Academy of
Neurology affirms the value of this guideline as an educational tool for neurologists.
Circulation, 115, e478-e534.

AGBAFOR, K. N. & NWACHUKWU, N. 2011. Phytochemical Analysis and Antioxidant Property of Leaf
Extracts of Vitex doniana and Mucuna pruriens. Biochemistry Research International, 2011,
1-4.

AHMED, F. & UROOJ, A. 2010. Traditional uses, medicinal properties, and phytopharmacology of

Ficus racemosa: A review. Pharmaceutical biology, 48, 672-681.

194



AHONEN, T., SALTEVO, J., KAUTIAINEN, H., KUMPUSALO, E. & VANHALA, M. 2012. The association of
adiponectin and low-grade inflammation with the course of metabolic syndrome. Nutrition,
Metabolism and Cardiovascular Diseases, 22, 285-291.

AHREN, B. & SCHMITZ, O. 2004. GLP-1 receptor agonists and DPP-4 inhibitors in the treatment of
type 2 diabetes. Hormone and metabolic research, 36, 867-876.

AJIBOYE, T. O., ILIASU, G. A., ADELEYE, A. O., ABDUSSALAM, F. A., AKINPELU, S. A., OGUNBODE, S.
M., JIMOH, S. O. & OLOYEDE, O. B. 2014. Nutritional and antioxidant dispositions of
sorghum/millet-based beverages indigenous to Nigeria. Food science & nutrition, 2, 597-604.

AL-ATTAR, A. M. & ZARI, T. A. 2010. Influences of crude extract of tea leaves, Camellia sinensis, on
streptozotocin diabetic male albino mice. Saudi journal of biological sciences, 17, 295-301.

ALO, OKEH, O. C., AND, A. C. & ORJI, J. 0. 2012. The effects of ethanol extract of Mucuna pruriens
leaves on aspartate aminotransferase, alanine aminotransferase and alkaline phosphatase in
albino rats. J. Nat. Prod. Plant Resour, 2, 449-455.

AMIRA, S., ROTONDO, A. & MULE, F. 2008. Relaxant effects of flavonoids on the mouse isolated
stomach: Structure-activity relationships. European journal of pharmacology, 599, 126-130.

ANDREWS, R., COOPER, A., MONTGOMERY, A., NORCROSS, A., PETERS, T., SHARP, D., JACKSON, N.,
FITZSIMONS, K., BRIGHT, J. & COULMAN, K. 2011. Diet or diet plus physical activity versus
usual care in patients with newly diagnosed type 2 diabetes: the Early ACTID randomised
controlled trial. The Lancet, 378, 129-139.

APAK, R., GORINSTEIN, S., BOHM, V., SCHAICH, K. M., 0ZYUREK, M. & GUCLU, K. 2013. Methods of
measurement and evaluation of natural antioxidant capacity/activity (IUPAC Technical
Report). Pure and Applied Chemistry, 85, 957-998.

ARONOFF, S. L., BERKOWITZ, K., SHREINER, B. & WANT, L. 2004. Glucose metabolism and regulation:

beyond insulin and glucagon. Diabetes Spectrum, 17, 183-190.

195



ASCHAUER, L., GRUBER, L. N., PFALLER, W., LIMONCIEL, A., ATHERSUCH, T. J., CAVILL, R., KHAN, A.,
GSTRAUNTHALER, G., GRILLARI, J. & GRILLARI, R. 2013. Delineation of the key aspects in the
regulation of epithelial monolayer formation. Molecular and cellular biology, 33, 2535-2550.

AUGUSTIN, R. 2010. The protein family of glucose transport facilitators: It's not only about glucose
after all. IUBMB life, 62, 315-333.

BACKHED, F., MANCHESTER, J. K., SEMENKOVICH, C. F. & GORDON, J. I. 2007. Mechanisms
underlying the resistance to diet-induced obesity in germ-free mice. Proceedings of the
National Academy of Sciences, 104, 979-984.

BALTEAU, M., TAJEDDINE, N., DE MEESTER, C., GINION, A., DES ROSIERS, C., BRADY, N. R.,
SOMMEREYNS, C., HORMAN, S., VANOVERSCHELDE, J. L., GAILLY, P., HUE, L., BERTRAND, L. &
BEAULOYE, C. 2011. NADPH oxidase activation by hyperglycaemia in cardiomyocytes is
independent of glucose metabolism but requires SGLT1. Cardiovasc Res, 92, 237-46.

BARLOW, J., JENSEN, V. H. & AFFOURTIT, C. 2015. Uncoupling protein-2 attenuates palmitoleate
protection against the cytotoxic production of mitochondrial reactive oxygen species in INS-
1E insulinoma cells. Redox biology, 4, 14-22.

BARROS, L. F., BITTNER, C. X., LOAIZA, A., RUMINOT, I., LARENAS, V., MOLDENHAUER, H., OYARZUN,
C. & ALVAREZ, M. 2009. Kinetic validation of 6-NBDG as a probe for the glucose transporter
GLUT1 in astrocytes. Journal of neurochemistry, 109, 94-100.

BATTELLI, M. G., BOLOGNESI, A. & POLITO, L. 2014. Pathophysiology of circulating xanthine
oxidoreductase: new emerging roles for a multi-tasking enzyme. Biochimica et Biophysica
Acta (BBA)-Molecular Basis of Disease, 1842, 1502-1517.

BECKER, A. B. & ROTH, R. A. 1990. Insulin receptor structure and function in normal and pathological
conditions. Annual review of medicine, 41, 99-115.

BEHERA, B., ADAWADKAR, B. & MAKHIJA, U. 2003. Inhibitory activity of xanthine oxidase and
superoxide-scavenging activity in some taxa of the lichen family Graphidaceae.

Phytomedicine, 10, 536-543.

196



BERLINER, J. A., NAVAB, M., FOGELMAN, A. M., FRANK, J. S., DEMER, L. L., EDWARDS, P. A., WATSON,
A.D. & LUSIS, A. J. 1995. Atherosclerosis: basic mechanisms oxidation, inflammation, and
genetics. Circulation, 91, 2488-2496.

BLOCK, E. 1999. Alkaloids: Biochemistry, Ecology, and Medicinal Applications. Margaret F. Roberts ,
Michael Wink. The Quarterly Review of Biology, 74, 256-257.

BLODGETT, A. B., KOTHINTI, R. K., KAMYSHKO, I., PETERING, D. H., KUMAR, S. & TABATABAI, N. M.
2011. A fluorescence method for measurement of glucose transport in kidney cells. Diabetes
technology & therapeutics, 13, 743-751.

BODE, B., STENLOF, K., HARRIS, S., SULLIVAN, D., FUNG, A., USISKIN, K. & MEININGER, G. 2015. Long-
term efficacy and safety of canagliflozin over 104 weeks in patients aged 55-80 years with
type 2 diabetes. Diabetes, Obesity and Metabolism, 17, 294-303.

BODEN, G. 2011. 450besity, insulin resistance and free fatty acids. Current opinion in endocrinology,
diabetes, and obesity, 18, 139.

BOGAN, J. S., MCKEE, A. E. & LODISH, H. F. 2001. Insulin-responsive compartments containing GLUT4
in 3T3-L1 and CHO cells: regulation by amino acid concentrations. Molecular and cellular
biology, 21, 4785-4806.

BONNER, C., KERR-CONTE, J., GMYR, V., QUENIAT, G., MOERMAN, E., THEVENET, J., BEAUCAMPS, C.,
DELALLEAU, N., POPESCU, I. & MALAISSE, W. J. 2015. Inhibition of the glucose transporter
SGLT2 with dapagliflozin in pancreatic alpha cells triggers glucagon secretion. Nature
medicine, 21, 512-517.

BRAND, S., AMANN, K., MANDEL, P., ZIMNOL, A. & SCHUPP, N. 2014. Oxidative DNA Damage in
Kidneys and Heart of Hypertensive Mice Is Prevented by Blocking Angiotensin Il and
Aldosterone Receptors. PLoS ONE, 9, e115715.

BROWNLEE, M. 2005. The pathobiology of diabetic complications a unifying mechanism. Diabetes,

54,1615-1625.

197



BRUGGISSER, R., VON DAENIKEN, K., JUNDT, G., SCHAFFNER, W. & TULLBERG-REINERT, H. 2002.
Interference of plant extracts, phytoestrogens and antioxidants with the MTT tetrazolium
assay. Planta medica, 68, 445-448.

BRYANT, N. J.,, GOVERS, R. & JAMES, D. E. 2002. Regulated transport of the glucose transporter
GLUT4. Nature reviews Molecular cell biology, 3, 267-277.

CANI, P. D., BIBILONI, R., KNAUF, C., WAGET, A., NEYRINCK, A. M., DELZENNE, N. M. & BURCELIN, R.
2008. Changes in gut microbiota control metabolic endotoxemia-induced inflammation in
high-fat diet-induced obesity and diabetes in mice. Diabetes, 57, 1470-1481.

CANI, P. D., POSSEMIERS, S., VAN DE WIELE, T., GUIOT, Y., EVERARD, A., ROTTIER, O., GEURTS, L.,
NASLAIN, D., NEYRINCK, A. & LAMBERT, D. M. 2009. Changes in gut microbiota control
inflammation in obese mice through a mechanism involving GLP-2-driven improvement of
gut permeability. Gut, 58, 1091-1103.

CANNON, T. L., ATKINS, M. B., DEEKEN, J. F., MANI, H., RASSULOVA, S., KOKON, M. & TRUMP, D. L.
2015. Exanetide and Pancreatic Cancer: A Case Report and Review of Relevant Literature.
American Journal of Cancer Case Reports, 3, 126-134.

CARERI, M., ELVIRI, L., MANGIA, A. & MUSCI, M. 2000. Spectrophotometric and coulometric
detection in the high-performance liquid chromatography of flavonoids and optimization of
sample treatment for the determination of quercetin in orange juice. Journal of
Chromatography A, 881, 449-460.

CARTER, W., NARAYANAN, P. K. & ROBINSON, J. 1994. Intracellular hydrogen peroxide and
superoxide anion detection in endothelial cells. Journal of leukocyte biology, 55, 253-258.

CARVALHO, E., KOTANI, K., PERONI, O. D. & KAHN, B. B. 2005. Adipose-specific overexpression of
GLUT4 reverses insulin resistance and diabetes in mice lacking GLUT4 selectively in muscle.

American Journal of Physiology-Endocrinology and Metabolism, 289, E551-E561.

198



CASTELLO, P. R., DRECHSEL, D. A. & PATEL, M. 2007. Mitochondria are a major source of paraquat-
induced reactive oxygen species production in the brain. Journal of biological chemistry, 282,
14186-14193.

CAVENDER, M. A. & LINCOFF, A. M. 2010. Therapeutic Potential of Aleglitazar, a New Dual PPAR-a/y
Agonist. American journal of cardiovascular drugs, 10, 209-216.

CAZAROLLI, L. H., KAPPEL, V. D., PEREIRA, D. F., MORESCO, H. H., BRIGHENTE, I. M. C., PIZZOLATTI,
M. G. & SILVA, F. R. M. B. 2012. Anti-hyperglycemic action of apigenin-6-C-B-fucopyranoside
from Averrhoa carambola. Fitoterapia, 83, 1176-1183.

CHAMPATISINGH, D., SAHU, P. K., PAL, A. & NANDA, G. S. 2011. Anticataleptic and antiepileptic
activity of ethanolic extract of leaves of Mucuna pruriens: A study on role of dopaminergic
system in epilepsy in albino rats. Indian Journal of Pharmacology, 43, 197-199.

CHAN, G. C. W. & TANG, S. C. W. 2015. Diabetic nephropathy: landmark clinical trials and
tribulations. Nephrology Dialysis Transplantation.

CHANG, H.-C., YANG, S.-F., HUANG, C.-C., LIN, T.-S., LIANG, P.-H., LIN, C.-J. & HSU, L.-C. 2013.
Development of a novel non-radioactive cell-based method for the screening of SGLT1 and
SGLT2 inhibitors using 1-NBDG. Molecular BioSystems, 9, 2010-2020.

CHEN, C.-J., KONO, H., GOLENBOCK, D., REED, G., AKIRA, S. & ROCK, K. L. 2007. Identification of a key
pathway required for the sterile inflammatory response triggered by dying cells. Nature
medicine, 13, 851-856.

CHEN, M.-P., CHUNG, F.-M., CHANG, D.-M., TSAI, J. C.-R., HUANG, H.-F., SHIN, S.-J. & LEE, Y.-J. 2006.
Elevated plasma level of visfatin/pre-B cell colony-enhancing factor in patients with type 2
diabetes mellitus. The Journal of Clinical Endocrinology & Metabolism, 91, 295-299.

CHENG, Z.-J., SINGH, R. D., WANG, T.-K., HOLICKY, E. L., WHEATLEY, C. L., BERNLOHR, D. A., MARKS,
D. L. & PAGANO, R. E. 2010. Stimulation of GLUT4 (glucose transporter isoform 4) storage

vesicle formation by sphingolipid depletion. Biochemical Journal, 427, 143-150.

199



CHENG, Z., GUO, S., COPPS, K., DONG, X., KOLLIPARA, R., RODGERS, J. T., DEPINHO, R. A.,
PUIGSERVER, P. & WHITE, M. F. 2009. Foxo1 integrates insulin signaling with mitochondrial
function in the liver. Nature medicine, 15, 1307-1311.

CHERNEY, D. Z., PERKINS, B. A., SOLEYMANLOU, N., HAR, R., FAGAN, N., JOHANSEN, O. E., WOERLE,
H. J., VON EYNATTEN, M. & BROEDL, U. C. 2014. The effect of empagliflozin on arterial
stiffness and heart rate variability in subjects with uncomplicated type 1 diabetes mellitus.
Cardiovasc Diabetol, 13, 28.

CHOI, S. B.,, WHA, J. D. & PARK, S. 2004. The insulin sensitizing effect of homoisoflavone-enriched
fraction in Liriope platyphylla Wang et Tang via Pl 3-kinase pathway. Life sciences, 75, 2653-
2664.

CHRISTIANSEN, J. S., GAMMELGAARD, J., FRANDSEN, M. & PARVING, H.-H. 1981. Increased kidney
size, glomerular filtration rate and renal plasma flow in short-term insulin-dependent
diabetics. Diabetologia, 20, 451-456.

CHUKWUDI, N., SIMEON, O. & CHINYERE, A. 2011. Analysis of some biochemical and haematological
parameters for Mucuna pruriens (DC) seed powder in male rats. Pakistan journal of
pharmaceutical sciences, 24, 523-526.

CIRCU, M. L. & AW, T. Y. 2010. Reactive oxygen species, cellular redox systems, and apoptosis. Free
Radical Biology and Medicine, 48, 749-762.

CLARK, R. A. & VALENTE, A. J. 2004. Nuclear factor kappa B activation by NADPH oxidases.
Mechanisms of ageing and development, 125, 799-810.

CLAUSSNITZER, M., SKURK, T., HAUNER, H., DANIEL, H. & RIST, M. J. 2011. Effect of flavonoids on
basal and insulin-stimulated 2-deoxyglucose uptake in adipocytes. Molecular nutrition &
food research, 55, S26-S34.

CNOP, M., WELSH, N., JONAS, J.-C., JORNS, A., LENZEN, S. & EIZIRIK, D. L. 2005. Mechanisms of
pancreatic B-cell death in Type 1 and Type 2 diabetes many differences, few similarities.

Diabetes, 54, S97-5107.

200



COCHEME, H. M. & MURPHY, M. P. 2008. Complex | is the major site of mitochondrial superoxide
production by paraquat. Journal of biological chemistry, 283, 1786-1798.

COIMBRA, S., BRANDAO PROENCA, J., SANTOS-SILVA, A. & NEUPARTH, M. J. 2014. Adiponectin,
leptin, and chemerin in elderly patients with type 2 diabetes mellitus: a close linkage with
obesity and length of the disease. BioMed research international, 2014.

COMBS, T. P. & MARLISS, E. B. 2014. Adiponectin signaling in the liver. Reviews in Endocrine and
Metabolic Disorders, 15, 137-147.

COPPIETERS, K. T., WIBERG, A., AMIRIAN, N., KAY, T. W. & VON HERRATH, M. G. 2011. Persistent
glucose transporter expression on pancreatic beta cells from longstanding type 1 diabetic
individuals. Diabetes/metabolism research and reviews, 27, 746-754.

CORTELAZZO, A., LAMPARIELLO, R. L., STICOZZI, C., GUERRANTI, R., MIRASOLE, C., ZOLLA, L.,
SACCHETTI, G., HAJEK, J. & VALACCHI, G. 2014. Proteomic profiling and post-translational
modifications in human keratinocytes treated with Mucuna pruriens leaf extract. Journal of
ethnopharmacology, 151, 873-881.

CREELY, J. J.,, DIMARI, S. J., HOWE, A. M. & HARALSON, M. A. 1992. Effects of transforming growth
factor-beta on collagen synthesis by normal rat kidney epithelial cells. The American Journal
of Pathology, 140, 45-55.

CRISTINO, L., BECKER, T. & MARZO, V. 2014. Endocannabinoids and energy homeostasis: an update.
Biofactors, 40, 389-397.

CURTIS, P. J., SAMPSON, M., POTTER, J., DHATARIYA, K., KROON, P. A. & CASSIDY, A. 2012. Chronic
ingestion of flavan-3-ols and isoflavones improves insulin sensitivity and lipoprotein status
and attenuates estimated 10-year CVD risk in medicated postmenopausal women with type
2 diabetes A 1-year, double-blind, randomized, controlled trial. Diabetes care, 35, 226-232.

DE LARCO, J. E. & TODARO, G. J. 1978. Epithelioid and fibroblastic rat kidney cell clones: epidermal
growth factor (EGF) receptors and the effect of mouse sarcoma virus transformation. Journal

of cellular physiology, 94, 335-342.

201



DE NIGRIS, V., PUJADAS, G., LA SALA, L., TESTA, R., GENOVESE, S. & CERIELLO, A. 2015. Short-term
high glucose exposure impairs insulin signaling in endothelial cells. Cardiovascular
Diabetology, 14, 114.

DE ROOQS, B. & DUTHIE, G. G. 2015. Role of dietary pro-oxidants in the maintenance of health and
resilience to oxidative stress. Molecular nutrition & food research.

DEAN, A. D., VEHASKARI, V. M. & GREENWALD, J. E. 1994. Synthesis and localization of C-type
natriuretic peptide in mammalian kidney. American Journal of Physiology-Renal Physiology,
266, FA91-F496.

DEFRONZO, R. A. 2011. Bromocriptine: a sympatholytic, D2-dopamine agonist for the treatment of
type 2 diabetes. Diabetes Care, 34, 789-794.

DEFRONZO, R. A. & TRIPATHY, D. 2009. Skeletal muscle insulin resistance is the primary defect in
type 2 diabetes. Diabetes care, 32, S157-S163.

DELL'OMO, G., PENNO, G., PUCCI, L., LUCCHESI, D., DEL PRATO, S. & PEDRINELLI, R. 2014. Q192R
paraoxonase (PON) 1 polymorphism, insulin sensitivity, and endothelial function in essential
hypertensive men. Clinical Medicine Insights. Cardiology, 8, 57.

DENDUP, T., PRACHYAWARAKORN, V., PANSANIT, A., MAHIDOL, C., RUCHIRAWAT, S. & KITTAKOOP,
P. 2014. a-Glucosidase inhibitory activities of isoflavanones, isoflavones, and pterocarpans
from Mucuna pruriens. Planta medica, 80, 604-608.

DI MARZO, V., BIFULCO, M. & DE PETROCELLIS, L. 2004. The endocannabinoid system and its
therapeutic exploitation. Nature reviews Drug discovery, 3, 771-784.

DIANO, S., LIU, Z.-W., JEONG, J. K., DIETRICH, M. O., RUAN, H.-B., KIM, E., SUYAMA, S., KELLY, K.,
GYENGESI, E. & ARBISER, J. L. 2011. Peroxisome proliferation-associated control of reactive
oxygen species sets melanocortin tone and feeding in diet-induced obesity. Nature medicine,
17,1121-1127.

DIEPENBROEK, C., SERLIE, M. J., FLIERS, E., KALSBEEK, A. & FLEUR, S. E. 2013. Brain areas and

pathways in the regulation of glucose metabolism. Biofactors, 39, 505-513.

202



DIETZE, D., KOENEN, M., ROHRIG, K., HORIKOSHI, H., HAUNER, H. & ECKEL, J. 2002. Impairment of
insulin signaling in human skeletal muscle cells by co-culture with human adipocytes.
Diabetes, 51, 2369-2376.

DIMITRIADIS, G., MARATOU, E., BOUTATI, E., PSARRA, K., PAPASTERIADES, C. & RAPTIS, S. A. 2005.
Evaluation of glucose transport and its regulation by insulin in human monocytes using flow
cytometry. Cytometry Part A, 64, 27-33.

DING, Y. & CHOI, M. E. 2015. Autophagy in diabetic nephropathy. Journal of Endocrinology, 224, R15-
R30.

DINIZ, L. R. L., PORTELLA, V. G., CARDOSO, F. M., DE SOUZA, A. M., CARUSO-NEVES, C., CASSALI, G.
D., DOS REIS, A. M., BRANDAO, M. & VIEIRA, M. A. R. 2012. The effect of saponins from
Ampelozizyphus amazonicus Ducke on the renal Na(+) pumps’ activities and urinary
excretion of natriuretic peptides. BMC Complementary and Alternative Medicine, 12, 40-40.

DINUZZO, M., GIOVE, F., MARAVIGLIA, B. & MANGIA, S. 2013. Glucose metabolism down-regulates
the uptake of 6-(N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) amino)-2-deoxyglucose (6-NBDG)
mediated by glucose transporter 1 isoform (GLUT1): theory and simulations using the
symmetric four-state carrier model. Journal of neurochemistry, 125, 236-246.

DOMANICO, D., FRAGIOTTA, S., CUTINI, A., CARNEVALE, C., ZOMPATORI, L. & VINGOLO, E. M. 2015.
Circulating levels of reactive oxygen species in patients with nonproliferative diabetic
retinopathy and the influence of antioxidant supplementation: 6-month follow-up. Indian
journal of ophthalmology, 63, 9.

DONATH, M. Y. & SHOELSON, S. E. 2011. Type 2 diabetes as an inflammatory disease. Nature
Reviews Immunology, 11, 98-107.

DONATI, D., LAMPARIELLO, L. R., PAGANI, R., GUERRANTI, R., CINCI, G. & MARINELLO, E. 2005.
Antidiabetic oligocyclitols in seeds of Mucuna pruriens. Phytotherapy Research, 19, 1057-

1060.

203



DOYLE, M. E. & EGAN, J. M. 2007. Mechanisms of Action of GLP-1 in the Pancreas. Pharmacology &
therapeutics, 113, 546-593.

DROUGARD, A., DUPARGC, T., BRENACHOT, X., CARNEIRO, L., GOUAZE, A., FOURNEL, A., GEURTS, L.,
CADOUDAL, T., PRATS, A.-C. & PENICAUD, L. 2014. Hypothalamic apelin/reactive oxygen
species signaling controls hepatic glucose metabolism in the onset of diabetes. Antioxidants
& redox signaling, 20, 557-573.

DUNET, V., RUIZ, J., ALLENBACH, G., 1ZZO, P., JAMES, R. W. & PRIOR, J. 0. 2011. Effects of
paraoxonase activity and gene polymorphism on coronary vasomotion. EJINMMI research, 1,
1

E.U. MADUKWE, A. M. O. A. V. U. O. 2014. Effectiveness of Fresh and Shade-Dried Mucuna pruriens
Leaf Extract in Controlling Anaemia in Adult Male Albino Rats. Pakistan Journal of Nutrition,
13,579-583.

ECKBURG, P. B., BIK, E. M., BERNSTEIN, C. N., PURDOM, E., DETHLEFSEN, L., SARGENT, M., GILL, S. R.,
NELSON, K. E. & RELMAN, D. A. 2005. Diversity of the human intestinal microbial flora.
science, 308, 1635-1638.

EDALAT, A., SCHULTE-MECKLENBECK, P., BAUER, C., UNDANK, S., KRIPPEIT-DREWS, P., DREWS, G. &
DUFER, M. 2015. Mitochondrial succinate dehydrogenase is involved in stimulus-secretion
coupling and endogenous ROS formation in murine beta cells. Diabetologia, 58, 1532-1541.

ELMORE, S. 2007. Apoptosis: a review of programmed cell death. Toxicologic pathology, 35, 495-516.

ERLANK, H., ELMANN, A., KOHEN, R. & KANNER, J. 2011. Polyphenols activate Nrf2 in astrocytes via
H 2 O 2, semiquinones, and quinones. Free Radical Biology and Medicine, 51, 2319-2327.

EVERT, A. B., BOUCHER, J. L., CYPRESS, M., DUNBAR, S. A., FRANZ, M. J., MAYER-DAVIS, E. J.,
NEUMILLER, J. J., NWANKWO, R., VERDI, C. L. & URBANSKI, P. 2014. Nutrition therapy
recommendations for the management of adults with diabetes. Diabetes care, 37, S120-

S143.

204



EWING, J. F. & JANERO, D. R. 1995. Microplate superoxide dismutase assay employing a
nonenzymatic superoxide generator. Analytical biochemistry, 232, 243-248.

EZE, E. D., DANIEL, MOHAMMIED, A., MUSA, K. Y. & TANKO, Y. 2012. Evaluation of effect of Ethanolic
leaf extract of Mucuna pruriens on blood glucose levels in Alloxan-Induced diabetic Wistar
rats. Asian Journal of Medical Sciences, 4, 23-28.

FABRE, O., BREUKER, C., AMOUZOU, C., SALEHZADA, T., KITZZMANN, M., MERCIER, J. & BISBAL, C.
2014. Defects in TLR3 expression and RNase L activation lead to decreased MnSOD
expression and insulin resistance in muscle cells of obese people. Cell Death Dis, 5, €1136.

FAN, J.-M., NG, Y.-Y., HILL, P. A., NIKOLIC-PATERSON, D. J., MU, W., ATKINS, R. C. & LAN, H. Y. 1999.
Transforming growth factor-&bgr; regulates tubular epithelial-myofibroblast
transdifferentiation in vitro. Kidney international, 56, 1455-1467.

FARAH, A., MONTEIRO, M., DONANGELO, C. M. & LAFAY, S. 2008. Chlorogenic acids from green
coffee extract are highly bioavailable in humans. The Journal of Nutrition, 138, 2309-2315.

FAVA, F., GITAU, R., GRIFFIN, B. A., GIBSON, G. R., TUOHY, K. M. & LOVEGROVE, J. A. 2013. The type
and quantity of dietary fat and carbohydrate alter faecal microbiome and short-chain fatty
acid excretion in a metabolic syndrome 'at-risk' population. Int J Obes (Lond), 37, 216-23.

FERNANDES, J., SU, W., RAHAT-ROZENBLOOM, S., WOLEVER, T. & COMELLI, E. 2014. Adiposity, gut
microbiota and faecal short chain fatty acids are linked in adult humans. Nutrition &
diabetes, 4, e121-e127.

FERRANNINI, E., MUSCELLI, E., FRASCERRA, S., BALDI, S., MARI, A., HEISE, T., BROEDL, U. C. &
WOERLE, H.-J. 2014. Metabolic response to sodium-glucose cotransporter 2 inhibition in
type 2 diabetic patients. The Journal of clinical investigation, 124, 499-508.

FESKENS, E. J., VIRTANEN, S. M., RASANEN, L., TUOMILEHTO, J., STENGARD, J., PEKKANEN, J.,
NISSINEN, A. & KROMHOUT, D. 1995. Dietary factors determining diabetes and impaired
glucose tolerance: a 20-year follow-up of the Finnish and Dutch cohorts of the Seven

Countries Study. Diabetes care, 18, 1104-1112.

205



FISCHER, S., HANEFELD, M., HAFFNER, S., FUSCH, C., SCHWANEBECK, U., KOHLER, C., FUCKER, K. &
JULIUS, U. 2002. Insulin-resistant patients with type 2 diabetes mellitus have higher serum
leptin levels independently of body fat mass. Acta diabetologica, 39, 105-110.

FORMAN, H. J., DAVIES, K. J. & URSINI, F. 2014. How do nutritional antioxidants really work:
nucleophilic tone and para-hormesis versus free radical scavenging in vivo. Free Radical
Biology and Medicine, 66, 24-35.

FOWLER, M. J. 2007. Diabetes treatment, part 2: oral agents for glycemic management. Clinical
diabetes, 25, 131-134.

FRIAS, M. A., SOMERS, S., GERBER-WICHT, C., OPIE, L. H., LECOUR, S. & LANG, U. 2008. The PGE2-
Stat3 interaction in doxorubicin-induced myocardial apoptosis. Cardiovascular research, 80,
69-77.

FU, X., ZHANG, G., LIU, R., WEI, J., ZHANG-NEGRERIE, D., JIAN, X. & GAO, Q. 2016. Mechanistic Study
of Human Glucose Transport Mediated by GLUT1. Journal of chemical information and
modeling, 56, 517-526.

FUJIMURA, K. E., SLUSHER, N. A., CABANA, M. D. & LYNCH, S. V. 2010. Role of the gut microbiota in
defining human health. Expert review of anti-infective therapy, 8, 435-454.

FUKUHARA, A., MATSUDA, M., NISHIZAWA, M., SEGAWA, K., TANAKA, M., KISHIMOTO, K., MATSUKI,
Y., MURAKAMI, M., ICHISAKA, T. & MURAKAMI, H. 2005. Visfatin: a protein secreted by
visceral fat that mimics the effects of insulin. Science, 307, 426-430.

FUNG, S. Y., SIM, S. M., KANDIAH, JEYASEELAN, ARMUGAM, A., AGUIYI, J. C. & TAN, N. H. 2014.
Prophylactic effect of Mucuna pruriens Linn (velvet bean) seed extract against experimental
Naja sputatrix envenomation: gene expression studies. Indian J Exp Biol, 52, 849-59.

FUNG, S. Y., TAN, N. H,, SIM, S. M. & AGUIYI, J. C. 2012. Effect of Mucuna pruriens Seed Extract
Pretreatment on the Responses of Spontaneously Beating Rat Atria and Aortic Ring to Naja
sputatrix (Javan Spitting Cobra) Venom. Evidence-based Complementary and Alternative

Medicine : eCAM, 2012, 486390-96.

206



GALATI, G., LIN, A,, SULTAN, A. M. & O'BRIEN, P. J. 2006. Cellular and in vivo hepatotoxicity caused
by green tea phenolic acids and catechins. Free Radical Biology and Medicine, 40, 570-580.

GAO, Y., YANG, M.-F., SU, Y.-P., JIANG, H.-M., YOU, X.-J., YANG, Y.-J. & ZHANG, H.-L. 2013.
Ginsenoside Re reduces insulin resistance through activation of PPAR-y pathway and
inhibition of TNF-a production. Journal of ethnopharmacology, 147, 509-516.

GELLING, R. W., VUGUIN, P. M., DU, X. Q., CUI, L., RBMER, J., PEDERSON, R. A., LEISER, M.,
S@RENSEN, H., HOLST, J. J. & FLEDELIUS, C. 2009. Pancreatic B-cell overexpression of the
glucagon receptor gene results in enhanced B-cell function and mass. American Journal of
Physiology-Endocrinology and Metabolism, 297, E695-E707.

GEORGE, R. E. & JOSEPH, S. 2014. A review of newer treatment approaches for type-2 diabetes:
Focusing safety and efficacy of incretin based therapy. Saudi Pharmaceutical Journal, 22,
403-410.

GEORGIEV, M. I., IVANOVSKA, N., ALIPIEVA, K., DIMITROVA, P. & VERPOORTE, R. 2013. Harpagoside:
from Kalahari Desert to pharmacy shelf. Phytochemistry, 92, 8-15.

GERICH, J. 2010. Role of the kidney in normal glucose homeostasis and in the hyperglycaemia of
diabetes mellitus: therapeutic implications. Diabetic Medicine, 27, 136-142.

GEURTS, L., MUCCIOLI, G. G., DELZENNE, N. M. & CANI, P. D. 2013a. Chronic endocannabinoid
system stimulation induces muscle macrophage and lipid accumulation in type 2 diabetic
mice independently of metabolic endotoxaemia. PloS one, 8, €55963.

GEURTS, L., NEYRINCK, A. M., DELZENNE, N. M., KNAUF, C. & CANI, P. D. 2013b. Gut microbiota
controls adipose tissue expansion, gut barrier and glucose metabolism: novel insights into
molecular targets and interventions using prebiotics. Beneficial microbes, 5, 3-17.

GHARZOULI, K. & HOLZER, P. 2004. Inhibition of guinea pig intestinal peristalsis by the flavonoids
quercetin, naringenin, apigenin and genistein. Pharmacology, 70, 5-14.

GIACCO, F. & BROWNLEE, M. 2010. Oxidative stress and diabetic complications. Circulation research,

107, 1058-1070.

207



GNUDI, L. & KARALLIEDDE, J. 2016. Beat it early: putative renoprotective haemodynamic effects of
oral hypoglycaemic agents. Nephrology Dialysis Transplantation, 31, 1036-1043.

GOLBABAPOUR, S., HAJREZAIE, M., HASSANDARVISH, P., ABDUL MAJID, N., HADI, A. H. A., NORDIN,
N. & ABDULLA, M. A. 2013. Acute Toxicity and Gastroprotective Role of M. pruriens in
Ethanol-Induced Gastric Mucosal Injuries in Rats. BioMed Research International, 2013, 1-13.

GOLBIDI, S., ALIREZA EBADI, S. & LAHER, 1. 2011. Antioxidants in the treatment of diabetes. Current
diabetes reviews, 7, 106-125.

GOLSTEIN, P. & KROEMER, G. 2007. Cell death by necrosis: towards a molecular definition. Trends in
biochemical sciences, 32, 37-43.

GOODPASTER, B. H., BERTOLDO, A., NG, J. M., AZUMA, K., PENCEK, R. R., KELLEY, C., PRICE, J. C.,
COBELLI, C. & KELLEY, D. E. 2014. Interactions among glucose delivery, transport, and
phosphorylation that underlie skeletal muscle insulin resistance in obesity and type 2
diabetes: studies with dynamic PET imaging. Diabetes, 63, 1058-1068.

GOODPASTER, B. H., HE, J., WATKINS, S. & KELLEY, D. E. 2001. Skeletal muscle lipid content and
insulin resistance: evidence for a paradox in endurance-trained athletes. The Journal of
Clinical Endocrinology & Metabolism, 86, 5755-5761.

GORLACH, A, DIMOVA, E. Y., PETRY, A., MARTINEZ-RUIZ, A., HERNANSANZ-AGUSTIN, P., ROLO, A. P.,
PALMEIRA, C. M. & KIETZMANN, T. 2015. Reactive oxygen species, nutrition, hypoxia and
diseases: Problems solved? Redox biology, 6, 372-385.

GOTH, L. 2008. Catalase deficiency and type 2 diabetes. Diabetes Care, 31, €93-e93.

GOTO, T., HORITA, M., NAGAI, H., NAGATOMO, A., NISHIDA, N., MATSUURA, Y. & NAGAOKA, S.
2012. Tiliroside, a glycosidic flavonoid, inhibits carbohydrate digestion and glucose
absorption in the gastrointestinal tract. Molecular nutrition & food research, 56, 435-445,

GOVERS, R. 2014. Molecular mechanisms of GLUT4 regulation in adipocytes. Diabetes & metabolism,

40, 400-410.

208



GOYAL, R., SINGHAI, M. & FAIZY, A. F. 2011. Glutathione peroxidase activity in obese and nonobese
diabetic patients and role of hyperglycemia in oxidative stress. Journal of mid-life health, 2,
72.

GREEN, H. & KEHINDE, 0. 1976. Spontaneous heritable changes leading to increased adipose
conversion in 3T3 cells. Cell, 7, 105-113.

GROVER, J. K., VATS, V., RATHI, S. S. & DAWAR, R. 2001. Traditional Indian anti-diabetic plants
attenuate progression of renal damage in streptozotocin induced diabetic mice. J
Ethnopharmacol, 76, 233-8.

GRUNBERGER, G. 2014. Insulin Analogs—Are They Worth It? Yes! Diabetes Care, 37, 1767-1770.

GUILHERME, A., VIRBASIUS, J. V., PURI, V. & CZECH, M. P. 2008. Adipocyte dysfunctions linking
obesity to insulin resistance and type 2 diabetes. Nature reviews Molecular cell biology, 9,
367-377.

GUNAWARDANA, S. C. & PISTON, D. W. 2012. Reversal of type 1 diabetes in mice by brown adipose
tissue transplant. Diabetes, 61, 674-682.

GURGUL, E., LORTZ, S., TIEDGE, M., JORNS, A. & LENZEN, S. 2004. Mitochondrial catalase
overexpression protects insulin-producing cells against toxicity of reactive oxygen species
and proinflammatory cytokines. Diabetes, 53, 2271-2280.

HAIDARI, F., OMIDIAN, K., RAFIEI, H., ZAREI, M. & MOHAMAD SHAHI, M. 2013. Green tea (Camellia
sinensis) supplementation to diabetic rats improves serum and hepatic oxidative stress
markers. Iranian Journal of Pharmaceutical Research, 12, 109-114.

HAIDER, D., SCHALLER, G., KAPIOTIS, S., MAIER, C., LUGER, A. & WOLZT, M. 2006. The release of the
adipocytokine visfatin is regulated by glucose and insulin. Diabetologia, 49, 1909-1914.

HAKKI KALKAN, |. & SUHER, M. 2013. The relationship between the level of glutathione, impairment
of glucose metabolism and complications of diabetes mellitus. Pakistan Journal of Medical

Sciences, 29, 938-942.

209



HALL, V., THOMSEN, R. W., HENRIKSEN, O. & LOHSE, N. 2011. Diabetes in Sub Saharan Africa 1999-
2011: Epidemiology and public health implications. a systematic review. BMC Public Health,
11, 564-564.

HALLIWELL, B. 1990. How to characterize a biological antioxidant. Free radical research
communications, 9, 1-32.

HALLIWELL, B. 2008. Are polyphenols antioxidants or pro-oxidants? What do we learn from cell
culture and in vivo studies? Arch Biochem Biophys, 476, 107-12.

HAMLIN, N. 2015. Examination of major tea catechins on GLUT4 translocation in L6 skeletal muscle
cells. Rutgers University-Graduate School-New Brunswick.

HANDA SS, K. S., LONGO G, RAKESH DD 2008. Extraction Technologies for Medicinal and Aromatic
Plants, (1stedn),ltaly: United Nations Industrial Development Organization and the
International Centre for Science and High Technology. 66, 22-23.

HANSELL, P., WELCH, W. J., BLANTZ, R. C. & PALM, F. 2013. Determinants of kidney oxygen
consumption and their relationship to tissue oxygen tension in diabetes and hypertension.
Clinical and Experimental Pharmacology and Physiology, 40, 123-137.

HARA, K., OHARA, M., HAYASHI, ., HINO, T., NISHIMURA, R., IWASAKI, Y., OGAWA, T., OHYAMA, Y.,
SUGIYAMA, M. & AMANO, H. 2012. The green tea polyphenol (-)-epigallocatechin gallate
precipitates salivary proteins including alpha-amylase: biochemical implications for oral
health. European journal of oral sciences, 120, 132-139.

HARBORNE., I. 1973. Phytochemical Methods: A Guide to Modern Techniques of Plant Analysis. New
York, NY, USA: Chapman and Hall, 2nd edition.

HARDIE, D. G., ROSS, F. A. & HAWLEY, S. A. 2012. AMPK: a nutrient and energy sensor that maintains
energy homeostasis. Nature reviews Molecular cell biology, 13, 251-262.

HARTLEY, A., STONE, J., HERON, C., COOPER, J. & SCHAPIRA, A. 1994. Complex | inhibitors induce
dose-dependent apoptosis in PC12 cells: relevance to Parkinson's disease. Journal of

neurochemistry, 63, 1987-1990.

210



HASAN, F. M., ALSAHLI, M. & GERICH, J. E. 2014. SGLT2 inhibitors in the treatment of type 2
diabetes. Diabetes research and clinical practice, 104, 297-322.

HASIMA, N. & OZPOLAT, B. 2014. Regulation of autophagy by polyphenolic compounds as a potential
therapeutic strategy for cancer. Cell Death & Disease, 5, e1509.

HAUNER, H. 2002. The mode of action of thiazolidinediones. Diabetes/Metabolism Research and
Reviews, 18, S10-S15.

HEX, N., BARTLETT, C., WRIGHT, D., TAYLOR, M. & VARLEY, D. 2012. Estimating the current and
future costs of Type 1 and Type 2 diabetes in the UK, including direct health costs and
indirect societal and productivity costs. Diabetic Medicine, 29, 855-862.

HIGUCHI, M., DUSTING, G. J., PESHAVARIYA, H., JIANG, F., HSIAO, S. T.-F., CHAN, E. C. & LIU, G.-S.
2012. Differentiation of human adipose-derived stem cells into fat involves reactive oxygen
species and Forkhead box O1 mediated upregulation of antioxidant enzymes. Stem cells and
development, 22, 878-888.

HININGER-FAVIER, I., BENARABA, R., COVES, S., ANDERSON, R. A. & ROUSSEL, A.-M. 2009. Green tea
extract decreases oxidative stress and improves insulin sensitivity in an animal model of
insulin resistance, the fructose-fed rat. Journal of the American College of Nutrition, 28, 355-
361.

HIROSUMI, J., TUNCMAN, G., CHANG, L., GORGUN, C. Z., UYSAL, K. T., MAEDA, K., KARIN, M. &
HOTAMISLIGIL, G. S. 2002. A central role for JNK in obesity and insulin resistance. Nature,
420, 333-6.

HOLDEN, S. E., POOLE, C. D., MORGAN, C. L. & CURRIE, C. J. 2011. Evaluation of the incremental cost
to the national health service of prescribing analogue insulin. BMJ Open, 1, 258.

HORTON, E. S. 2009. Defining the role of basal and prandial insulin for optimal glycemic control.

Journal of the American College of Cardiology, 53, S21-S27.

211



HORVATH, P., OLIVER, S. R., ZALDIVAR, F. P., RADOM-AIZIK, S. & GALASSETTI, P. R. 2015. Effects of
intravenous glucose and lipids on innate immune cell activation in healthy, obese, and type 2
diabetic subjects. Physiological reports, 3, e12249.

HU, F. B. 2011. Globalization of Diabetes The role of diet, lifestyle, and genes. Diabetes care, 34,
1249-1257.

HUAN, Y, LI, L., LIU, Q,, LIU, S. & SHEN, Z. 2013. A cell-based fluorescent glucose transporter assay
for SGLT2 inhibitor discovery. Acta Pharmaceutica Sinica B, 3, 97-101.

HUANG, S. & CZECH, M. P. 2007. The GLUT4 glucose transporter. Cell metabolism, 5, 237-252.

HUSSEY, S., MCGEE, S., GARNHAM, A., WENTWORTH, J., JEUKENDRUP, A. & HARGREAVES, M. 2011.
Exercise training increases adipose tissue GLUT4 expression in patients with type 2 diabetes.
Diabetes, Obesity and Metabolism, 13, 959-962.

HYOTY, H., HILTUNEN, M., KNIP, M., LAAKKONEN, M., VAHASALO, P., KARJALAINEN, J., KOSKELA, P.,
ROIVAINEN, M., LEINIKKI, P. & HOVI, T. 1995. A prospective study of the role of coxsackie B
and other enterovirus infections in the pathogenesis of IDDM. Diabetes, 44, 652-657.

IBRINI, J., FADEL, S., CHANA, R., BRUNSKILL, N., WAGNER, B., JOHNSON, T. & EL NAHAS, A. 2012.
Albumin-induced epithelial mesenchymal transformation. Nephron Experimental
Nephrology, 120, e91-e102.

INZUCCHI, S. E., LIPSKA, K. J., MAYO, H., BAILEY, C. J. & MCGUIRE, D. K. 2014. Metformin in patients
with type 2 diabetes and kidney disease: a systematic review. Jama, 312, 2668-2675.

ISHIBASHI, Y., MATSUI, T. & YAMAGISHI, S. 2016. Tofogliflozin, a highly selective inhibitor of SGLT2
blocks proinflammatory and proapoptotic effects of glucose overload on proximal tubular
cells partly by suppressing oxidative stress generation. Hormone and Metabolic Research,
48,191-195.

ISLAM, S., JALALUDDIN, M. & HETTIARACHCHY, N. S. 2011. Bio-active compounds of bitter melon
genotypes (Momordica charantia L.) in relation to their physiological functions. Functional

Foods in Health and Disease, 2, 61-74.

212



IYER, S. S., PULSKENS, W. P., SADLER, J. J., BUTTER, L. M., TESKE, G. J., ULLAND, T. K., EISENBARTH, S.
C., FLORQUIN, S., FLAVELL, R. A. & LEEMANS, J. C. 2009. Necrotic cells trigger a sterile
inflammatory response through the NIrp3 inflammasome. Proceedings of the National
Academy of Sciences, 106, 20388-20393.

JAHAN, I. A., NAHAR, N., MOSIHUZZAMAN, M., ROKEYA, B., ALI, L., AZAD KHAN, A., MAKHMUR, T. &
IQBAL CHOUDHARY, M. 2009. Hypoglycaemic and antioxidant activities of Ficus racemosa
Linn. fruits. Natural product research, 23, 399-408.

JAMES, A. M., COLLINS, Y., LOGAN, A. & MURPHY, M. P. 2012. Mitochondrial oxidative stress and the
metabolic syndrome. Trends in Endocrinology & Metabolism, 23, 429-434.

JUNG, D.-W., HA, H.-H., ZHENG, X., CHANG, Y.-T. & WILLIAMS, D. R. 2011. Novel use of fluorescent
glucose analogues to identify a new class of triazine-based insulin mimetics possessing
useful secondary effects. Molecular BioSystems, 7, 346-358.

JUNG, H. S. & LEE, M. S. 2010. Role of autophagy in diabetes and mitochondria. Annals of the New
York Academy of Sciences, 1201, 79-83.

JURCZAK, M. J., LEE, H.-Y., BIRKENFELD, A. L., JORNAYVAZ, F. R., FREDERICK, D. W., PONGRATZ, R. L.,
ZHAO, X., MOECKEL, G. W., SAMUEL, V. T., WHALEY, J. M., SHULMAN, G. |. & KIBBEY, R. G.
2011. SGLT2 Deletion Improves Glucose Homeostasis and Preserves Pancreatic 3-Cell
Function. Diabetes, 60, 890-898.

KAATABI, H., BAMOSA, A. O., BADAR, A., AL-ELQ, A., ABOU-HOZAIFA, B., LEBDA, F., AL-KHADRA, A. &
AL-ALMAIE, S. 2015. Nigella sativa improves glycemic control and ameliorates oxidative
stress in patients with type 2 diabetes mellitus: placebo controlled participant blinded
clinical trial. PloS one, 10, e0113486.

KACEROVSKY, M. 2011. Impaired insulin stimulation of muscular ATP production in patients with
type 1 diabetes. J. Intern. Med., 269, 189-199.

KADOGLOU, N. P., TSANIKIDIS, H., KAPELOUZOU, A., VRABAS, I., VITTA, |., KARAYANNACOS, P. E.,

LIAPIS, C. D. & SAILER, N. 2010. Effects of rosiglitazone and metformin treatment on apelin,

213



visfatin, and ghrelin levels in patients with type 2 diabetes mellitus. Metabolism, 59, 373-
379.

KAESTNER, K. H., CHRISTY, R. J., MCLENITHAN, J. C., BRAITERMAN, L. T., CORNELIUS, P., PEKALA, P. H.
& LANE, M. D. 1989. Sequence, tissue distribution, and differential expression of mRNA for a
putative insulin-responsive glucose transporter in mouse 3T3-L1 adipocytes. Proceedings of
the National Academy of Sciences, 86, 3150-3154.

KAHN, S. E., COOPER, M. E. & DEL PRATO, S. 2014. Pathophysiology and treatment of type 2
diabetes: perspectives on the past, present, and future. The Lancet, 383, 1068-1083.

KAHN, S. E., HULL, R. L. & UTZSCHNEIDER, K. M. 2006. Mechanisms linking obesity to insulin
resistance and type 2 diabetes. Nature, 444, 840-846.

KALKAN, I. H. & SUHER, M. 2013. The relationship between the level of glutathione, impairment of
glucose metabolism and complications of diabetes mellitus.

KAMEI, Y., MIURA, S., SUZUKI, M., KAI, Y., MIZUKAMI, J., TANIGUCHI, T., MOCHIDA, K., HATA, T.,
MATSUDA, J. & ABURATANI, H. 2004. Skeletal muscle FOXO1 (FKHR) transgenic mice have
less skeletal muscle mass, down-regulated Type | (slow twitch/red muscle) fiber genes, and
impaired glycemic control. Journal of Biological Chemistry, 279, 41114-41123.

KANWAL, A., SINGH, S. P., GROVER, P. & BANERJEE, S. K. 2012. Development of a cell-based
nonradioactive glucose uptake assay system for SGLT1 and SGLT2. Analytical biochemistry,
429, 70-75.

KAWAMURA, T., KUSAKABE, T., SUGINO, T., WATANABE, K., FUKUDA, T., NASHIMOTO, A., HONMA,
K. & SUZUKI, T. 2001. Expression of glucose transporter-1 in human gastric carcinoma.
Cancer, 92, 634-641.

KELLEY, D. E., HE, J., MENSHIKOVA, E. V. & RITOV, V. B. 2002a. Dysfunction of mitochondria in human
skeletal muscle in type 2 diabetes. Diabetes, 51, 2944-2950.

KELLEY, D. E., HE, J.,, MENSHIKOVA, E. V. & RITOV, V. B. 2002b. Dysfunction of mitochondria in

human skeletal muscle in type 2 diabetes. Diabetes, 51, 2944-2950.

214



KELLEY, E. E., KHOO, N. K., HUNDLEY, N. J., MALIK, U. Z., FREEMAN, B. A. & TARPEY, M. M. 2010.
Hydrogen peroxide is the major oxidant product of xanthine oxidase. Free Radical Biology
and Medicine, 48, 493-498.

KENNEDY, D. O. & WIGHTMAN, E. L. 2011. Herbal extracts and phytochemicals: plant secondary
metabolites and the enhancement of human brain function. Advances in Nutrition: An
International Review Journal, 2, 32-50.

KERIMI, A., JAILANI, F. & WILLIAMSON, G. 2015. Modulation of cellular glucose metabolism in human
HepG2 cells by combinations of structurally related flavonoids. Molecular nutrition & food
research, 59, 894-906.

KHAN, V., NAJMI, A. K., AKHTAR, M., AQIL, M., MUJEEB, M. & PILLAI, K. K. 2012. A pharmacological
appraisal of medicinal plants with antidiabetic potential. Journal of Pharmacy & Bioallied
Sciences, 4, 27-42.

KIM, S.-H., KIM, C.-W., JEON, S.-Y., GO, R.-E., HWANG, K.-A. & CHOI, K.-C. 2014. Chemopreventive
and chemotherapeutic effects of genistein, a soy isoflavone, upon cancer development and
progression in preclinical animal models. Laboratory Animal Research, 30, 143-150.

KIM, W. H., LEE, J., JUNG, D.-W. & WILLIAMS, D. R. 2012. Visualizing sweetness: increasingly diverse
applications for fluorescent-tagged glucose bioprobes and their recent structural
modifications. Sensors, 12, 5005-5027.

KIMURA, 1., INOUE, D., HIRANO, K. & TSUJIMOTO, G. 2014. The SCFA Receptor GPR43 and Energy
Metabolism. Frontiers in Endocrinology, 5, 85-90.

KOAY, L. C., RIGBY, R. J. & WRIGHT, K. L. 2014. Cannabinoid-induced autophagy regulates suppressor
of cytokine signaling-3 in intestinal epithelium. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 307, G140-G148.

KOBAYASHI, Y., SUZUKI, M., SATSU, H., ARAI, S., HARA, Y., SUZUKI, K., MIYAMOTO, Y. & SHIMIZU, M.
2000. Green tea polyphenols inhibit the sodium-dependent glucose transporter of intestinal

epithelial cells by a competitive mechanism. J Agric Food Chem, 48, 5618-23.

215



KOMOROWSKI, J. & STEPIEN, H. 2006. [The role of the endocannabinoid system in the regulation of
endocrine function and in the control of energy balance in humans]. Postepy higieny i
medycyny doswiadczalnej (Online), 61, 99-105.

KUMAR, G. S. 2015. Isoquinoline Alkaloids and Their Analogs: Nucleic Acid and Protein Binding
Aspects, and Therapeutic Potential for Drug Design. Bioactive Natural Products: Chemistry
and Biology.

KUMAR, S., SHARMA, S. & VASUDEVA, N. 2013. Screening of antidiabetic and antihyperlipidemic
potential of oil from Piper longum and piperine with their possible mechanism. Expert
opinion on pharmacotherapy, 14, 1723-1736.

KUMAR, S., SINGH, R., VASUDEVA, N. & SHARMA, S. 2012. Acute and chronic animal models for the
evaluation of anti-diabetic agents. Cardiovascular Diabetology, 11, 1-9.

KUO, C.-W., SHEN, C.-J., TUNG, Y.-T., CHEN, H.-L., CHEN, Y.-H., CHANG, W.-H., CHENG, K.-C., YANG,
S.-H. & CHEN, C.-M. 2015. Extracellular superoxide dismutase ameliorates streptozotocin-
induced rat diabetic nephropathy via inhibiting the ROS/ERK1/2 signaling. Life sciences, 135,
77-86.

LAAKSO, M. 2011. Heart in diabetes: a microvascular disease. Diabetes care, 34, S145-5149.

LAFONTAN, M. 2012. Historical perspectives in fat cell biology: the fat cell as a model for the
investigation of hormonal and metabolic pathways. American Journal of Physiology-Cell
Physiology, 302, C327-C359.

LAMBERT, J. D. & ELIAS, R. J. 2010. The antioxidant and pro-oxidant activities of green tea
polyphenols: a role in cancer prevention. Arch Biochem Biophys, 501, 65-72.

LAMBERT, R., SRODULSKI, S., PENG, X., MARGULIES, K. B., DESPA, F. & DESPA, S. 2015. Intracellular
Na+ Concentration ([Na+] i) Is Elevated in Diabetic Hearts Due to Enhanced Na+—Glucose

Cotransport. Journal of the American Heart Association, 4, ¢002183.

216



LARSEN, N., VOGENSEN, F. K., VAN DEN BERG, F. W., NIELSEN, D. S., ANDREASEN, A. S., PEDERSEN, B.
K., AL-SOUD, W. A., SORENSEN, S. J., HANSEN, L. H. & JAKOBSEN, M. 2010. Gut microbiota in
human adults with type 2 diabetes differs from non-diabetic adults. PloS one, 5, €9085.

LASH, L. H., PUTT, D. A., HUENI, S. E., CAO, W., XU, F., KULIDJIAN, S. J. & HORWITZ, J. P. 2002. Cellular
energetics and glutathione status in NRK-52E cells: toxicological implications. Biochemical
pharmacology, 64, 1533-1546.

LASH, L. H., PUTT, D. A., XU, F. & MATHERLY, L. H. 2007. Role of rat organic anion transporter 3
(Oat3) in the renal basolateral transport of glutathione. Chemico-biological interactions, 170,
124-134.

LEE, E. Y., KANEKO, S., JUTABHA, P., ZHANG, X., SEINO, S., JOMORI, T., ANZAI, N. & MIKI, T. 2015.
Distinct action of the a-glucosidase inhibitor miglitol on SGLT3, enteroendocrine cells, and
GLP1 secretion. Journal of Endocrinology, 224, 205-214.

LEVIGNE, D., TOBALEM, M., MODARRESSI, A. & PITTET-CUENOD, B. 2012. Hyperglycemia increases
susceptibility to ischemic necrosis. BioMed research international, 2013, 1-5.

LI, S., SHIN, H. J., DING, E. L. & VAN DAM, R. M. 2009. Adiponectin Levels and Risk of Type 2 Diabetes.
JAMA: The Journal of the American Medical Association, 302, 179-188.

LI, X. & HAQ, Y. 2015. Probing the binding of (+)-catechin to bovine serum albumin by isothermal
titration calorimetry and spectroscopic techniques. Journal of Molecular Structure, 1091,
109-117.

LIMONCIEL, A., WILMES, A., ASCHAUER, L., RADFORD, R., BLOCH, K. M., MCMORROW, T., PFALLER,
W., VAN DELFT, J. H., SLATTERY, C. & RYAN, M. P. 2012. Oxidative stress induced by
potassium bromate exposure results in altered tight junction protein expression in renal
proximal tubule cells. Archives of toxicology, 86, 1741-1751.

LIU, I. M., HSU, F. L., CHEN, C. F. & CHENG, J. T. 2000. Antihyperglycemic action of isoferulic acid in

streptozotocin-induced diabetic rats. British journal of pharmacology, 129, 631-636.

217



LIU, J.,, WANG, C., LIU, F., LU, Y. & CHENG, J. 2015. Metabonomics revealed xanthine oxidase-induced
oxidative stress and inflammation in the pathogenesis of diabetic nephropathy. Analytical
and bioanalytical chemistry, 407, 2569-2579.

LIU, R. H. 2003. Health benefits of fruit and vegetables are from additive and synergistic
combinations of phytochemicals. The American journal of clinical nutrition, 78, 517S-520S.

LIU, Y., PETERSON, D. A., KIMURA, H. & SCHUBERT, D. 1997. Mechanism of cellular 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) reduction. Journal of
neurochemistry, 69, 581-593.

LOPEZ-ALARCON, C. & DENICOLA, A. 2013. Evaluating the antioxidant capacity of natural products: A
review on chemical and cellular-based assays. Analytica chimica acta, 763, 1-10.

LU, H., KOSHKIN, V., ALLISTER, E. M., GYULKHANDANYAN, A. V. & WHEELER, M. B. 2010. Molecular
and metabolic evidence for mitochondrial defects associated with B-cell dysfunction in a
mouse model of type 2 diabetes. Diabetes, 59, 448-459.

LUBOS, E., LOSCALZO, J. & HANDY, D. E. 2011. Glutathione peroxidase-1 in health and disease: from
molecular mechanisms to therapeutic opportunities. Antioxidants & redox signaling, 15,
1957-1997.

MA, Q., CHEN, D., SUN, H.-P., YAN, N., XU, Y. & PAN, C.-W. 2015. Regular Chinese Green Tea
Consumption Is Protective for Diabetic Retinopathy: A Clinic-Based Case-Control Study.
Journal of Diabetes Research, 2015, 7.

MAEDA, S., MATSUI, T., TAKEUCHI, M. & YAMAGISH]I, S. I. 2013. Sodium-glucose cotransporter 2-
mediated oxidative stress augments advanced glycation end products-induced tubular cell
apoptosis. Diabetes/metabolism research and reviews, 29, 406-412.

MAKAROVA, E., GORNAS, P., KONRADE, I., TIRZITE, D., CIRULE, H., GULBE, A., PUGAJEVA, I., SEGLINA,
D. & DAMBROVA, M. 2015. Acute anti-hyperglycaemic effects of an unripe apple preparation
containing phlorizin in healthy volunteers: a preliminary study. Journal of the Science of Food

and Agriculture, 95, 560-568.

218



MANGIA, S., DINUZZO, M., GIOVE, F., CARRUTHERS, A., SIMPSON, I. A. & VANNUCCI, S. J. 2011.
Response to ‘Comment on Recent Modeling Studies of Astrocyte—Neuron Metabolic
Interactions’: Much ado about Nothing. Journal of Cerebral Blood Flow & Metabolism, 31,
1346-1353.

MANYAM, B. V., DHANASEKARAN, M. & HARE, T. A. 2004. Neuroprotective effects of the
antiparkinson drug Mucuna pruriens. Phytotherapy Research, 18, 706-712.

MARIC-BILKAN, C. 2013. Obesity and diabetic kidney disease. Medical Clinics of North America, 97,
59-74.

MATHER, A. & POLLOCK, C. 2011. Glucose handling by the kidney. Kidney international, 79, S1-S6.

MAYA-MONTEIRO, C. & BOZZA, P. 2008. Leptin and mTOR: partners in metabolism and
inflammation. Cell Cycle, 7, 1713-1717.

MBANYA, J. C. N., MOTALA, A. A,, SOBNGWI, E., ASSAH, F. K. & ENORU, S. T. 2010. Diabetes in sub-
saharan africa. The lancet, 375, 2254-2266.

MCGEE, K. C., HARTE, A. L., DA SILVA, N. F., AL-DAGHRI, N., CREELY, S. J., KUSMINSKI, C. M.,
TRIPATHI, G., LEVICK, P. L., KHANOLKAR, M. & EVANS, M. 2011. Visfatin is regulated by
rosiglitazone in type 2 diabetes mellitus and influenced by NFkB and JNK in human
abdominal subcutaneous adipocytes. PloS one, 6, €20287.

MEDDAH, B., DUCROC, R., EL ABBES FAOUZI, M., ETO, B., MAHRAOUI, L., BENHADDOU-ANDALOUSSI,
A., MARTINEAU, L. C., CHERRAH, Y. & HADDAD, P. S. 2009. Nigella sativa inhibits intestinal
glucose absorption and improves glucose tolerance in rats. Journal of Ethnopharmacology,
121, 419-424.

MEMBREZ, M., BLANCHER, F., JAQUET, M., BIBILONI, R., CANI, P. D., BURCELIN, R. G., CORTHESY, I.,
MACE, K. & CHOU, C. J. 2008. Gut microbiota modulation with norfloxacin and ampicillin
enhances glucose tolerance in mice. The FASEB Journal, 22, 2416-2426.

MENG, Z.-X., WANG, L., XIAO, Y. & LIN, J. D. 2014. The Baf60c/Deptor pathway links skeletal muscle

inflammation to glucose homeostasis in obesity. Diabetes, 63, 1533-1545.

219



MEYER, C., STUMVOLL, M., NADKARNI, V., DOSTOU, J., MITRAKOU, A. & GERICH, J. 1998. Abnormal
renal and hepatic glucose metabolism in type 2 diabetes mellitus. Journal of Clinical
Investigation, 102, 619.

MICHAEL, H. N., SALIB, J. Y. & ESKANDER, E. F. 2013. Bioactivity of diosmetin glycosides isolated from
the epicarp of date fruits, Phoenix dactylifera, on the biochemical profile of alloxan diabetic
male rats. Phytotherapy Research, 27, 699-704.

MICHIELS, C. 2004. Physiological and pathological responses to hypoxia. The American journal of
pathology, 164, 1875-1882.

MILLER, R. A., CHU, Q., XIE, J., FORETZ, M., VIOLLET, B. & BIRNBAUM, M. J. 2013. Biguanides
suppress hepatic glucagon signalling by decreasing production of cyclic AMP. Nature, 494,
256-260.

MITRAKOU, A. 2011. Kidney: its impact on glucose homeostasis and hormonal regulation. Diabetes
research and clinical practice, 93, S66-S72.

MOHORA, M., GREABU, M., MUSCUREL, C,, DU]'A, C. & TOTAN, A. 2007. The sources and the targets
of oxidative stress in the etiology of diabetic complications. Romanian J Biophys, 17, 63-84.

MONTONEN, J., KNEKT, P., JARVINEN, R. & REUNANEN, A. 2004. Dietary antioxidant intake and risk
of type 2 diabetes. Diabetes Care, 27, 362-366.

MORRISON, S. & MCGEE, S. L. 2015. 3T3-L1 adipocytes display phenotypic characteristics of multiple
adipocyte lineages. Adipocyte, 4, 295-302.

MORTON, G. J., GELLING, R. W., NISWENDER, K. D., MORRISON, C. D., RHODES, C. J. & SCHWARTZ,
M. W. 2005. Leptin regulates insulin sensitivity via phosphatidylinositol-3-OH kinase
signaling in mediobasal hypothalamic neurons. Cell metabolism, 2, 411-420.

MOSES, T., PAPADOPOULOU, K. K. & OSBOURN, A. 2014. Metabolic and functional diversity of
saponins, biosynthetic intermediates and semi-synthetic derivatives. Critical reviews in

biochemistry and molecular biology, 49, 439-462.

220



MOSMANN, T. 1983. Rapid colorimetric assay for cellular growth and survival: application to
proliferation and cytotoxicity assays. Journal of immunological methods, 65, 55-63.

MUCCIOLI, G. G., NASLAIN, D., BACKHED, F., REIGSTAD, C. S., LAMBERT, D. M., DELZENNE, N. M. &
CANI, P. D. 2010. The endocannabinoid system links gut microbiota to adipogenesis.
Molecular systems biology, 6, 392.

MUECKLER, M. & THORENS, B. 2013. The SLC2 (GLUT) family of membrane transporters. Molecular
aspects of medicine, 34, 121-138.

MURUGAN, M. & REDDY, C. U. M. 2009. Hypoglycemic and hypolipidemic activity of leaves of
Mucuna pruriens in alloxan induced diabetic rats. 69-73.

MUSCOGIURI, G., SALMON, A. B., AGUAYO-MAZZUCATO, C., LI, M., BALAS, B., GUARDADO-
MENDOZA, R., GIACCARI, A., REDDICK, R. L., REYNA, S. M. & WEIR, G. 2013. Genetic
disruption of SOD1 gene causes glucose intolerance and impairs B-cell function. Diabetes,
62,4201-4207.

NAKANISHI, T., FUKUSHI, A., SATO, M., YOSHIFUJI, M., GOSE, T., SHIRASAKA, Y., OHE, K., KOBAYASHI,
M., KAWAI, K. & TAMAI, |. 2011. Functional characterization of apical transporters expressed
in rat proximal tubular cells (PTCs) in primary culture. Molecular pharmaceutics, 8, 2142-
2150.

NATHAN, D. M., BUSE, J. B., DAVIDSON, M. B., HEINE, R. J., HOLMAN, R. R., SHERWIN, R. & ZINMAN,
B. 2006. Management of hyperglycemia in type 2 diabetes: A consensus algorithm for the
initiation and adjustment of therapy a consensus statement from the American Diabetes
Association and the European Association for the study of diabetes. Diabetes care, 29, 1963-
1972.

NERURKAR, P. V., LEE, Y.-K. & NERURKAR, V. R. 2010. Momordica charantia (bitter melon) inhibits
primary human adipocyte differentiation by modulating adipogenic genes. BMC

complementary and alternative medicine, 10, 34.

221



NIMSE, S. B. & PAL, D. 2015. Free radicals, natural antioxidants, and their reaction mechanisms. RSC
Advances, 5, 27986-28006.

NISR, R. B. & AFFOURTIT, C. 2014. Insulin acutely improves mitochondrial function of rat and human
skeletal muscle by increasing coupling efficiency of oxidative phosphorylation. Biochimica et
Biophysica Acta (BBA)-Bioenergetics, 1837, 270-276.

NORDBERG, J. & ARNER, E. S. J. 2001. Reactive oxygen species, antioxidants, and the mammalian
thioredoxin system. Free Radical Biology and Medicine, 31, 1287-1312.

NORMAN, P. & RABASSEDA, X. 2001. Nateglinide: A structurally novel, short-acting, hypoglycemic
agent. Drugs Today, 37, 411-426.

NUGENT, C., PRINS, J. B., WHITEHEAD, J. P., SAVAGE, D., WENTWORTH, J. M., CHATTERIJEE, V. K. &
O’RAHILLY, S. 2001. Potentiation of glucose uptake in 3T3-L1 adipocytes by PPARy agonists is
maintained in cells expressing a PPARy dominant-negative mutant: evidence for selectivity in
the downstream responses to PPARYy activation. Molecular Endocrinology, 15, 1729-1738.

NUNES, A. R., ALVES, M. G., TOMAS, G. D., CONDE, V. R., CRISTOVAO, A. C., MOREIRA, P. I., OLIVEIRA,
P. F. & SILVA, B. M. 2015. Daily consumption of white tea (Camellia sinensis (L.)) improves
the cerebral cortex metabolic and oxidative profile in prediabetic Wistar rats. British Journal
of Nutrition, 113, 832-842.

OBIOMA, B. E., EMMANUEL, I. 0., OKECHUKWU, P. U. & IFEMEIJE, J. 2014a. The effects of aqueous
leaf extract of Mucuna pruriens (agbala) on some selected biochemical indices of wister
albino rats. Int. J. Curr. Microbiol. App. Sci, 3, 724-729.

OBIOMA, E., UGWU, O., OBEAGU, E. & IFEMEJE, J. 2014b. Antianaemic potential of aqueous leaf
extract of Mucuna pruriens on wister albino rats. Int. J. Curr. Microbiol. App. Sci, 3, 707-712.

OBOGWU, M. B., AKINDELE, A. J. & ADEYEMI, O. 0. 2014. Hepatoprotective and in vivo antioxidant
activities of the hydroethanolic leaf extract of Mucuna pruriens (Fabaceae) in antitubercular

drugs and alcohol models. Chinese journal of natural medicines, 12, 273-283.

222



ODIATOU, E. M., SKALTSOUNIS, A. L. & CONSTANTINOU, A. I. 2013. Identification of the factors
responsible for the in vitro pro-oxidant and cytotoxic activities of the olive polyphenols
oleuropein and hydroxytyrosol. Cancer Lett, 330, 113-21.

OHTA, T., ISSELBACHER, K. & RHOADS, D. 1990. Regulation of glucose transporters in LLC-PK1 cells:
effects of D-glucose and monosaccharides. Molecular and cellular biology, 10, 6491-6499.

OLIVA, R. V. & BAKRIS, G. L. 2014. Blood pressure effects of sodium—glucose co-transport 2 (SGLT2)
inhibitors. Journal of the American Society of Hypertension, 8, 330-339.

ONG, K. W., HSU, A. & TAN, B. K. H. 2012. Chlorogenic acid stimulates glucose transport in skeletal
muscle via AMPK activation: a contributor to the beneficial effects of coffee on diabetes.
PloS one, 7, e32718.

OSAADON, P., FAGAN, X., LIFSHITZ, T. & LEVY, J. 2014. A review of anti-VEGF agents for proliferative
diabetic retinopathy. Eye, 28, 510-520.

OSORIO, H., CORONEL, I., ARELLANO, A., PACHECO, U., BAUTISTA, R., FRANCO, M. & ESCALANTE, B.
2012. Sodium-glucose cotransporter inhibition prevents oxidative stress in the kidney of
diabetic rats. Oxidative medicine and cellular longevity, 2012.

PAGANINI, A. T., FOLEY, J. M. & MEYER, R. A. 1997. Linear dependence of muscle phosphocreatine
kinetics on oxidative capacity. Am. J. Physiol., 272, C501-C510.

PALANISAMY, N. & VENKATARAMAN, A. C. 2013. Beneficial effect of genistein on lowering blood
pressure and kidney toxicity in fructose-fed hypertensive rats. Br J Nutr, 109, 1806-12.

PANCHAPAKESAN, U., PEGG, K., GROSS, S., KOMALA, M. G., MUDALIAR, H., FORBES, J., POLLOCK, C.
& MATHER, A. 2013. Effects of SGLT2 inhibition in human kidney proximal tubular cells—
renoprotection in diabetic nephropathy? PLoS One, 8, e54442.

PANDEY, K. B. & RIZVI, S. 1. 2009. Plant polyphenols as dietary antioxidants in human health and

disease. Oxidative medicine and cellular longevity, 2, 270-278.

223



PARK, M. H., SON, D. J., KWAK, D. H., SONG, H. S., OH, K.-W., YOO, H.-S., LEE, Y. M., SONG, M. J. &
HONG, J. T. 2009. Snake venom toxin inhibits cell growth through induction of apoptosis in
neuroblastoma cells. Archives of pharmacal research, 32, 1545-1554.

PATERSON 1999. Phytochemical Methods. A Guide to Modern Techniques of Plant Analysis. Plant
Pathology, 48, 146-146.

PEHM@LLER, C., TREEBAK, J. T., BIRK, J. B., CHEN, S., MACKINTOSH, C., HARDIE, D. G., RICHTER, E. A.
& WOITASZEWSKI, J. F. 2009. Genetic disruption of AMPK signaling abolishes both
contraction-and insulin-stimulated TBC1D1 phosphorylation and 14-3-3 binding in mouse
skeletal muscle. American Journal of Physiology-Endocrinology and Metabolism, 297, E665-
E675.

PESSIN, J. E., THURMOND, D. C., ELMENDOREF, J. S., COKER, K. J. & OKADA, S. 1999. Molecular Basis
of Insulin-stimulated GLUT4 Vesicle Trafficking LOCATION! LOCATION! LOCATION! Journal of
Biological Chemistry, 274, 2593-2596.

PETIT, P. X. 1992. Flow cytometric analysis of rhodamine 123 fluorescence during modulation of the
membrane potential in plant mitochondria. Plant physiology, 98, 279-286.

PHIELIX, E., JELENIK, T., NOWOTNY, P., SZENDROEDI, J. & RODEN, M. 2014. Reduction of non-
esterified fatty acids improves insulin sensitivity and lowers oxidative stress, but fails to
restore oxidative capacity in type 2 diabetes: a randomised clinical trial. Diabetologia, 57,
572-581.

PIEL, S., EHINGER, J., ELMER, E. & HANSSON, M. 2015. Metformin induces lactate production in
peripheral blood mononuclear cells and platelets through specific mitochondrial complex |
inhibition. Acta Physiologica, 213, 171-180.

PIRO, S., ANELLO, M., DI PIETRO, C., LIZZIO, M. N., PATAN, G., RABUAZZO, A. M., VIGNERI, R.,
PURRELLO, M. & PURRELLO, F. 2002. Chronic exposure to free fatty acids or high glucose
induces apoptosis in rat pancreatic islets: possible role of oxidative stress. Metabolism, 51,

1340-1347.

224



POWER, C., KUH, D. & MORTON, S. 2013. From developmental origins of adult disease to life course
research on adult disease and aging: insights from birth cohort studies. Public Health, 34, 7.

PROZIALECK, W. C., EDWARDS, J. R., LAMAR, P. C. & SMITH, C. S. 2006. Epithelial barrier
characteristics and expression of cell adhesion molecules in proximal tubule-derived cell
lines commonly used for in vitro toxicity studies. Toxicology in vitro, 20, 942-953.

PULIKKALPURA, H., KURUP, R., MATHEW, P. J. & BABY, S. 2015. Levodopa in Mucuna pruriens and its
degradation. Scientific Reports, 5, 11078-87.

Ql, W., NIU, J,, QIN, Q,, QIAO, Z. & GU, Y. 2014. Astragaloside IV attenuates glycated albumin-
induced epithelial-to-mesenchymal transition by inhibiting oxidative stress in renal proximal
tubular cells. Cell Stress and Chaperones, 19, 105-114.

Ql, W,, NIU, J,, QIN, Q., QIAO, Z. & GU, Y. 2015. Glycated albumin triggers fibrosis and apoptosis via
an NADPH oxidase/Nox4-MAPK pathway-dependent mechanism in renal proximal tubular
cells. Molecular and cellular endocrinology, 405, 74-83.

QIAO, S., DENNIS, M., SONG, X., VADYSIRISACK, D. D., SALUNKE, D., NASH, Z., YANG, Z., LIESA, M.,
YOSHIOKA, J., MATSUZAWA, S.-I., SHIRIHAI, O.S., LEE, R. T., REED, J. C. & ELLISEN, L. W.
2015. A REDD1/TXNIP pro-oxidant complex regulates ATG4B activity to control stress-
induced autophagy and sustain exercise capacity. Nature Communications, 6, 7014-20.

QlN, J., LI, Y., CAl, Z., LI, S., ZHU, J., ZHANG, F., LIANG, S., ZHANG, W., GUAN, Y. & SHEN, D. 2012. A
metagenome-wide association study of gut microbiota in type 2 diabetes. Nature, 490, 55-
60.

QUEIROZ, E. F., WOLFENDER, J.-L. & HOSTETTMANN, K. 2009. Modern approaches in the search for
new lead antiparasitic compounds from higher plants. Current drug targets, 10, 202-211.

QUILLEY, J., SANTOS, M. & PEDRAZA, P. 2011. Renal protective effect of chronic inhibition of COX-2
with SC-58236 in streptozotocin-diabetic rats. American Journal of Physiology - Heart and

Circulatory Physiology, 300, H2316-H2322.

225



RABITO, C. A. 1981. Localization of the Na+-sugar cotransport system in a kidney epithelial cell line
(LLC PK1). Biochimica et Biophysica Acta (BBA)-Biomembranes, 649, 286-296.

RAFIGHI, Z., SHIVA, A., ARAB, S. & YUSUF, R. M. 2013. Association of Dietary Vitamin C and E Intake
and Antioxidant Enzymes in Type 2 Diabetes Mellitus Patients. Global Journal of Health
Science, 5, 183-187.

RAFNSSON, A., BOHM, F., SETTERGREN, M., GONON, A., BRISMAR, K. & PERNOW, J. 2012. The
endothelin receptor antagonist bosentan improves peripheral endothelial function in
patients with type 2 diabetes mellitus and microalbuminuria: a randomised trial.
Diabetologia, 55, 600-607.

RAHAT-ROZENBLOOM, S., FERNANDES, J., GLOOR, G. & WOLEVER, T. 2014. Evidence for greater
production of colonic short-chain fatty acids in overweight than lean humans. International
Journal of Obesity, 38, 1525-1531.

RAHMAN, K. 2007. Studies on free radicals, antioxidants, and co-factors. Clinical interventions in
aging, 2, 219.

RAHMOUNE, H., THOMPSON, P. W., WARD, J. M., SMITH, C. D., HONG, G. & BROWN, J. 2005.
Glucose transporters in human renal proximal tubular cells isolated from the urine of
patients with non—insulin-dependent diabetes. Diabetes, 54, 3427-3434.

RAMIREZ-SANCHEZ, I., DE LOS SANTOS, S., GONZALEZ-BASURTO, S., CANTO, P., MENDOZA-LORENZO,
P., PALMA-FLORES, C., CEBALLOS-REYES, G., VILLARREAL, F., ZENTELLA-DEHESA, A. & CORAL-
VAZQUEZ, R. 2014. (—)-Epicatechin improves mitochondrial-related protein levels and
ameliorates oxidative stress in dystrophic &-sarcoglycan null mouse striated muscle. FEBS
journal, 281, 5567-5580.

RAMPRASATH, T., MURUGAN, P. S., KALAIARASAN, E., GOMATHI, P., RATHINAVEL, A. & SELVAM, G.
S. 2012. Genetic association of Glutathione peroxidase-1 (GPx-1) and NAD (P) H: Quinone
Oxidoreductase 1 (NQO1) variants and their association of CAD in patients with type-2

diabetes. Molecular and cellular biochemistry, 361, 143-150.

226



REBELLO, S. A., CHEN, C. H., NAIDOO, N., XU, W., LEE, J., CHIA, K. S., TAI, E. S. & VAN DAM, R. M.
2011. Coffee and tea consumption in relation to inflammation and basal glucose metabolism
in a multi-ethnic Asian population: a cross-sectional study. Nutrition Journal, 10, 61.

RHEE, S. G. 1999. Redox signaling: hydrogen peroxide as intracellular messenger. Exp Mol Med, 31,
53-59.

RICHARD, J. W. & RASKIN, P. 2011. Updated Review: Improved Glycemic Control with Repaglinide-
Metformin in Fixed Combination for Patients with Type 2 Diabetes. Clinical Medicine
Insights. Endocrinology and Diabetes, 4, 29-37.

RIZOS, C., ELISAF, M., MIKHAILIDIS, D. & LIBEROPOULOS, E. 2009. How safe is the use of
thiazolidinediones in clinical practice? Expert opinion on drug safety, 8, 15-32.

RODRIGUEZ-PONCELAS, A., MIRAVET-JIMENEZ, S., CASELLAS, A., BARROT-DE LA PUENTE, J. F.,
FRANCH-NADAL, J., LOPEZ-SIMARRO, F., MATA-CASES, M. & MUNDET-TUDURI, X. 2015.
Prevalence of diabetic retinopathy in individuals with type 2 diabetes who had recorded
diabetic retinopathy from retinal photographs in Catalonia (Spain). British Journal of
Ophthalmology, 99, 1628-1633.

ROLO, A. P. & PALMEIRA, C. M. 2006. Diabetes and mitochondrial function: role of hyperglycemia
and oxidative stress. Toxicology and applied pharmacology, 212, 167-178.

RONDINONE, C. M., WANG, L.-M., LONNROTH, P., WESSLAU, C., PIERCE, J. H. & SMITH, U. 1997.
Insulin receptor substrate (IRS) 1 is reduced and IRS-2 is the main docking protein for
phosphatidylinositol 3-kinase in adipocytes from subjects with non-insulin-dependent
diabetes mellitus. Proceedings of the National Academy of Sciences, 94, 4171-4175.

SAENZ-MORALES, D., ESCRIBESE, M. M., STAMATAKIS, K., GARCIA-MARTOS, M., ALEGRE, L., CONDE,
E., PEREZ-SALA, D., MAMPASO, F. & GARCIA-BERMEJO, M. L. 2006. Requirements for
proximal tubule epithelial cell detachment in response to ischemia: role of oxidative stress.

Experimental cell research, 312, 3711-3727.

227



SAMAI, M., SHARPE, M. A., GARD, P. R. & CHATTERIEE, P. K. 2007. Comparison of the effects of the
superoxide dismutase mimetics EUK-134 and tempol on paraquat-induced nephrotoxicity.
Free Radical Biology and Medicine, 43, 528-534.

SANGARALINGHAM, S. J., HEUBLEIN, D. M., GRANDE, J. P., CATALIOTTI, A., RULE, A. D., MCKIE, P. M.,
MARTIN, F. L. & BURNETT, J. C. 2011. Urinary C-type natriuretic peptide excretion: a

potential novel biomarker for renal fibrosis during aging. American Journal of Physiology-

Renal Physiology, 301, F943-F952.

SARRIA, B., MARTINEZ-LOPEZ, S., MATEOS, R. & BRAVO-CLEMENTE, L. 2016. Long-term consumption

of a green/roasted coffee blend positively affects glucose metabolism and insulin resistance

in humans. Food Research International.

SCAFOGLIOQ, C., HIRAYAMA, B. A., KEPE, V., LIU, J., GHEZZI, C., SATYAMURTHY, N., MOATAMED, N. A,,
HUANG, J., KOEPSELL, H. & BARRIO, J. R. 2015. Functional expression of sodium-glucose

transporters in cancer. Proceedings of the National Academy of Sciences, 112, E4111-E4119.

SCALBERT, A., JOHNSON, I. T. & SALTMARSH, M. 2005. Polyphenols: antioxidants and beyond. Am J

Clin Nutr, 81.
SCHEID, C., KOUL, H., HILL, W. A., LUBER-NAROD, J., KENNINGTON, L., HONEYMAN, T., JONASSEN, J.

& MENON, M. 1996. Oxalate toxicity in LLC-PK 1 cells: role of free radicals. Kidney

international, 49, 413-419.

SCHUIT, F. C., HUYPENS, P., HEIMBERG, H. & PIPELEERS, D. G. 2001. Glucose sensing in pancreatic B-

cells a model for the study of other glucose-regulated cells in gut, pancreas, and

hypothalamus. Diabetes, 50, 1-11.

SCHULZE, C. 2014. From molecule to men: Inhibition of intestinal glucose absorption by polyphenols

and plant extracts for reducing the glycemic response. Universitatsbibliothek der TU

Minchen.

228



SCHWARTZ, M. W., SEELEY, R. J., TSCHOP, M. H., WOODS, S. C., MORTON, G. J., MYERS, M. G. &
D’ALESSIO, D. 2013. Cooperation between brain and islet in glucose homeostasis and
diabetes. Nature, 503, 59-66.

SCHWARTZ, M. W., WOODS, S. C., PORTE, D., SEELEY, R. J. & BASKIN, D. G. 2000. Central nervous
system control of food intake. Nature, 404, 661-671.

SCIRE, A., TANFANI, F., BERTOLI, E., FURLANI, E., NNADOZIE, H.-0., CERUTTI, H., CORTELAZZO, A.,
BINI, L. & GUERRANTI, R. 2011. The belonging of gpMuc, a glycoprotein from Mucuna
pruriens seeds, to the Kunitz-type trypsin inhibitor family explains its direct anti-snake
venom activity. Phytomedicine, 18, 887-895.

SEDEEK, M., GUTSOL, A., MONTEZANO, AUGUSTO C., BURGER, D., NGUYEN DINH CAT, A., KENNEDY,
CHRIS R. J., BURNS, KEVIN D., COOPER, MARK E., JANDELEIT-DAHM, K., PAGE, P.,
SZYNDRALEWIEZ, C., HEITZ, F., HEBERT, RICHARD L. & TOUYZ, RHIAN M. 2013a.
Renoprotective effects of a novel Nox1/4 inhibitor in a mouse model of Type 2 diabetes.
Clinical Science, 124, 191-202.

SEDEEK, M., NASRALLAH, R., TOUYZ, R. M. & HEBERT, R. L. 2013b. NADPH Oxidases, Reactive Oxygen
Species, and the Kidney: Friend and Foe. Journal of the American Society of Nephrology :
JASN, 24, 1512-1518.

SENA, C. M., PEREIRA, A. M. & SEICA, R. 2013. Endothelial dysfunction—a major mediator of diabetic
vascular disease. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 1832,
2216-2231.

SHEN, L., YOU, B., GAO, H., LI, B., YU, F. & PEI, F. 2012. Effects of phlorizin on vascular complications
in diabetes db/db mice. Chinese medical journal, 125, 3692-3696.

SHEN, Y.-M., ARBMAN, G., OLSSON, B. & SUN, X.-F. 2010. Overexpression of GLUT1 in colorectal
cancer is independently associated with poor prognosis. The International journal of

biological markers, 26, 166-172.

229



SHIBATA, M., HAKUNO, F., YAMANAKA, D., OKAJIMA, H., FUKUSHIMA, T., HASEGAWA, T., OGATA, T.,
TOYOSHIMA, Y., CHIDA, K. & KIMURA, K. 2010. Paraquat-induced oxidative stress represses
phosphatidylinositol 3-kinase activities leading to impaired glucose uptake in 3T3-L1
adipocytes. Journal of Biological Chemistry, 285, 20915-20925.

SHU, G., LU, N.-S., ZHU, X.-T., XU, Y., DU, M.-Q., XIE, Q.-P., ZHU, C.-J., XU, Q., WANG, S.-B. & WANG,
L.-N. 2014. Phloretin promotes adipocyte differentiation in vitro and improves glucose
homeostasis in vivo. The Journal of nutritional biochemistry, 25, 1296-1308.

SHUKLA, A. P., ILIESCU, R. G., THOMAS, C. E. & ARONNE, L. J. 2015. Food order has a significant
impact on postprandial glucose and insulin levels. Diabetes care, 38, e98-e99.

SILVESTRI, C. & DI MARZO, V. 2013. The endocannabinoid system in energy homeostasis and the
etiopathology of metabolic disorders. Cell metabolism, 17, 475-490.

SILVESTRI, C., LIGRESTI, A. & DI MARZO, V. 2011. Peripheral effects of the endocannabinoid system
in energy homeostasis: adipose tissue, liver and skeletal muscle. Reviews in Endocrine and
Metabolic Disorders, 12, 153-162.

SINGH, R., KAUR, N., KISHORE, L. & KUMAR GUPTA, G. 2013. Management of diabetic complications:
A chemical constituents based approach. Journal of ethnopharmacology, 150, 51-70.

SINGH, R. B.,, MENGI, S. A., XU, Y.-J., ARNEJA, A. S. & DHALLA, N. S. 2002. Pathogenesis of
atherosclerosis: A multifactorial process. Experimental & Clinical Cardiology, 7, 40-53.

SKOLNIK, E., BATZER, A., LI, N., LEE, C., LOWENSTEIN, E., MOHAMMADI, M., MARGOLIS, B. &
SCHLESSINGER, J. 1993. The function of GRB2 in linking the insulin receptor to Ras signaling
pathways. Science-New york then Washington, 260, 1953-1953.

SKOWERA, A., ELLIS, R. J., VARELA-CALVINO, R., ARIF, S., HUANG, G. C., VAN-KRINKS, C., ZAREMBA,
A., RACKHAM, C., ALLEN, J. S., TREE, T. I, ZHAO, M., DAYAN, C. M., SEWELL, A. K., UNGER, W.
W., DRIJFHOUT, J. W., OSSENDORP, F., ROEP, B. O. & PEAKMAN, M. 2008. CTLs are targeted
to kill beta cells in patients with type 1 diabetes through recognition of a glucose-regulated

preproinsulin epitope. J Clin Invest, 118, 3390-402.

230



SONG, S. H. 2015. Complication characteristics between young-onset type 2 versus type 1 diabetes
in a UK population. BMJ open diabetes research & care, 3, €000044.

STAELS, B. & FRUCHART, J.-C. 2005. Therapeutic roles of peroxisome proliferator—activated receptor
agonists. Diabetes, 54, 2460-2470.

STOCKERT, J. C., BLAZQUEZ-CASTRO, A., CANETE, M., HOROBIN, R. W. & VILLANUEVA, A. 2012. MTT
assay for cell viability: Intracellular localization of the formazan product is in lipid droplets.
Acta histochemica, 114, 785-796.

SUN, Y.B. Y., QU, X., ZHANG, X., CARUANA, G., BERTRAM, J. F. & LI, J. 2013. Glomerular endothelial
cell injury and damage precedes that of podocytes in adriamycin-induced nephropathy. PloS
one, 8, e55027.

SURESH, S. & PRAKASH, S. 2011. Effect of Mucuna pruriens (Linn.) on oxidative stress-induced
structural alteration of corpus cavernosum in streptozotocin-induced diabetic rat. The
journal of sexual medicine, 8, 1943-1956.

SURESH, S. & PRAKASH, S. 2012. Effect of Mucuna pruriens (Linn.) on sexual behavior and sperm
parameters in streptozotocin-induced diabetic male rat. The journal of sexual medicine, 9,
3066-3078.

SURESH, S., PRITHIVIRAJ, E. & PRAKASH, S. 2009. Dose-and time-dependent effects of ethanolic
extract of Mucuna pruriens Linn. seed on sexual behaviour of normal male rats. Journal of
ethnopharmacology, 122, 497-501.

SUSZTAK, K., RAFF, A. C., SCHIFFER, M. & BOTTINGER, E. P. 2006. Glucose-induced reactive oxygen
species cause apoptosis of podocytes and podocyte depletion at the onset of diabetic
nephropathy. Diabetes, 55, 225-233.

SWEENEY, B. & BROMILOW, J. 2006. Liver enzyme induction and inhibition: implications for
anaesthesia. Anaesthesia, 61, 159-177.

SZENDROEDI, J., YOSHIMURA, T., PHIELIX, E., KOLIAKI, C., MARCUCCI, M., ZHANG, D., JELENIK, T.,

MULLER, J., HERDER, C. & NOWOTNY, P. 2014. Role of diacylglycerol activation of PKC8 in

231



lipid-induced muscle insulin resistance in humans. Proceedings of the National Academy of
Sciences, 111, 9597-9602.

TAKAHASHI, K., GHATEI, M., LAM, H.-C., O'HALLORAN, D. & BLOOM, S. 1990. Elevated plasma
endothelin in patients with diabetes mellitus. Diabetologia, 33, 306-310.

TANG, S. C. & LAI, K. N. 2012. The pathogenic role of the renal proximal tubular cell in diabetic
nephropathy. Nephrology Dialysis Transplantation, 27, 3049-3056.

TARLOFF, J. B. A. L. H. L. 2004. Toxicology of the Kidney, CRC Press.

TATULIAN, S. A. 2015. Structural Dynamics of Insulin Receptor and Transmembrane Signaling.
Biochemistry, 54, 5523-5532.

TAVARES, R. L., SILVA, A. S., CAMPOS, A. R. N., SCHULER, A. R. P. & DE SOUZA AQUINO, J. 2015.
Nutritional composition, phytochemicals and microbiological quality of the legume, Mucuna
pruriens. African Journal of Biotechnology, 14, 676-682.

TAYLOR, S. I., BLAU, J. E. & ROTHER, K. I. 2015. SGLT2 inhibitors may predispose to ketoacidosis. The
Journal of Clinical Endocrinology & Metabolism, 100, 2849-2852.

TESSARI, P., CECCHET, D., COSMA, A., VETTORE, M., CORACINA, A., MILLIONI, R., IORI, E., PURICELLI,
L., AVOGARO, A. & VEDOVATO, M. 2010. Nitric oxide synthesis is reduced in subjects with
type 2 diabetes and nephropathy. Diabetes, 59, 2152-2159.

THORENS, B. & MUECKLER, M. 2010. Glucose transporters in the 21st Century. American Journal of
Physiology-Endocrinology and Metabolism, 298, E141-E145.

THURAISINGHAM, R. C., NOTT, C. A,, DODD, S. M. & YAQOOB, M. M. 2000. Increased nitrotyrosine
staining in kidneys from patients with diabetic nephropathy. Kidney international, 57, 1968-
1972.

TISHINSKY, J. M., DE BOER, A. A, DYCK, D. J. & ROBINSON, L. E. 2013. Modulation of visceral fat
adipokine secretion by dietary fatty acids and ensuing changes in skeletal muscle

inflammation. Applied Physiology, Nutrition, and Metabolism, 39, 28-37.

232



TOJO, A., HATAKEYAMA, S., KINUGASA, S. & NANGAKU, M. 2015. Angiotensin receptor blocker
telmisartan suppresses renal gluconeogenesis during starvation. Diabetes, Metabolic
Syndrome and Obesity: Targets and Therapy, 8, 103-113.

TOWLER, M. C. & HARDIE, D. G. 2007. AMP-activated protein kinase in metabolic control and insulin
signaling. Circulation research, 100, 328-341.

TREASE GE, W. E. 1983. Textbook of Pharmacognosy. London, UK: Tindall,.

TREMAROLI, V. & BACKHED, F. 2012. Functional interactions between the gut microbiota and host
metabolism. Nature, 489, 242-249.

TRIPATHI, A. S., MAZUMDER, P. M. & CHANDEWAR, A. V. 2016. Sildenafil, a phosphodiesterase type
5 inhibitor, attenuates diabetic nephropathy in STZ-induced diabetic rats. Journal of basic
and clinical physiology and pharmacology, 27, 57-62.

TSE, G. G., KIM, B. B., MCMURTRAY, A. M. & NAKAMOTO, B. K. 2013. Case of Levodopa Toxicity from
Ingestion of Mucuna gigantea. Hawai'i Journal of Medicine & Public Health, 72, 157-160.

TURNBAUGH, P.J., LEY, R. E.,, MAHOWALD, M. A., MAGRINI, V., MARDIS, E. R. & GORDON, J. I. 2006.
An obesity-associated gut microbiome with increased capacity for energy harvest. nature,
444,1027-131.

VALLON, V. 2011. The proximal tubule in the pathophysiology of the diabetic kidney. American
Journal of Physiology-Regulatory, Integrative and Comparative Physiology, 300, R1009-
R1022.

VALLON, V., ROSE, M., GERASIMOVA, M., SATRIANO, J., PLATT, K. A., KOEPSELL, H., CUNARD, R.,
SHARMA, K., THOMSON, S. C. & RIEG, T. 2013. Knockout of Na-glucose transporter SGLT2
attenuates hyperglycemia and glomerular hyperfiltration but not kidney growth or injury in
diabetes mellitus. American Journal of Physiology-Renal Physiology, 304, F156-F167.

VAN BELLE, T. L., PAGNI, P. P., LIAO, J., SACHITHANANTHAM, S., DAVE, A., HANI, A. B., MANENKOVA,

Y., AMIRIAN, N., YANG, C. & MORIN, B. 2014. Beta-cell specific production of IL6 in

233



conjunction with a mainly intracellular but not mainly surface viral protein causes diabetes.
Journal of autoimmunity, 55, 24-32.

VAN DE LAAR, F. A., LUCASSEN, P. L., AKKERMANS, R. P., VAN DE LISDONK, E. H., RUTTEN, G. E. &
VAN WEEL, C. 2005. a-Glucosidase Inhibitors for Patients With Type 2 Diabetes Results from
a Cochrane systematic review and meta-analysis. Diabetes care, 28, 154-163.

VAN TONDER, A., JOUBERT, A. M. & CROMARTY, A. D. 2015. Limitations of the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay when compared to
three commonly used cell enumeration assays. BMC Research Notes, 8, 1-47.

VARATHARAJAN, R., SATTAR, M. Z. A., CHUNG, I., ABDULLA, M. A., KASSIM, N. M. & ABDULLAH, N. A.
2013. Antioxidant and pro-oxidant effects of oil palm (Elaeis guineensis) leaves extract in
experimental diabetic nephropathy: a duration-dependent outcome. BMC Complementary
and Alternative Medicine, 13, 242-254.

VAYALIL, P. K. 2012. Date fruits (Phoenix dactylifera Linn): an emerging medicinal food. Critical
reviews in food science and nutrition, 52, 249-271.

VIGNON-ZELLWEGER, N., RELLE, K., RAHNENFUHRER, J., SCHWAB, K., HOCHER, B. & THEURING, F.
2014. Endothelin-1 overexpression and endothelial nitric oxide synthase knock-out induce
different pathological responses in the heart of male and female mice. Life sciences, 118,
219-225.

VIJAY-KUMAR, M., AITKEN, J. D., CARVALHO, F. A., CULLENDER, T. C., MWANGI, S., SRINIVASAN, S.,
SITARAMAN, S. V., KNIGHT, R., LEY, R. E. & GEWIRTZ, A. T. 2010. Metabolic syndrome and
altered gut microbiota in mice lacking Toll-like receptor 5. Science, 328, 228-231.

VISHNU PRASAD, C., ANJANA, T., BANERIJI, A. & GOPALAKRISHNAPILLAI, A. 2010. Gallic acid induces
GLUT4 translocation and glucose uptake activity in 3T3-L1 cells. FEBS letters, 584, 531-536.

VISHWANATH, D., SRINIVASAN, H., PATIL, M. S., SEETARAMA, S., AGRAWAL, S. K., DIXIT, M. & DHAR,

K. 2013. Novel method to differentiate 3T3 L1 cells in vitro to produce highly sensitive

234



adipocytes for a GLUT4 mediated glucose uptake using fluorescent glucose analog. Journal
of cell communication and signaling, 7, 129-140.

VOLING, L. R,, PAN, E. Y. & MANSUKHANI, R. P. 2014. Sodium glucose co-transporter 2 (SGLT2)
inhibitors in type 2 diabetes: a literature review of approved products. Pharmacology &
Pharmacy, 5, 1029.

WANG, C., BLOUGH, E. R., ARVAPALLI, R., DAI, X., PATURI, S., MANNE, N., ADDAGARLA, H., TRIEST,
W. E., OLAJIDE, O. & WU, M. 2013. Metabolic syndrome-induced tubulointerstitial injury:
Role of oxidative stress and preventive effects of acetaminophen. Free Radical Biology and
Medicine, 65, 1417-1426.

WANG, H., SHI, S., BAO, B., LI, X. & WANG, S. 2015. Structure characterization of an arabinogalactan
from green tea and its anti-diabetic effect. Carbohydrate polymers, 124, 98-108.

WANG, L., WALTENBERGER, B., PFERSCHY-WENZIG, E.-M., BLUNDER, M., LIU, X., MALAINER, C.,
BLAZEVIC, T., SCHWAIGER, S., ROLLINGER, J. M. & HEISS, E. H. 2014. Natural product agonists
of peroxisome proliferator-activated receptor gamma (PPARYy): a review. Biochemical
pharmacology, 92, 73-89.

WANG, M., CRAGER, M. & PUGAZHENTHI, S. 2012. Modulation of Apoptosis Pathways by Oxidative
Stress and Autophagy in B Cells. Experimental Diabetes Research, 2012, 1-14.

WEIL, E. J., LEMLEY, K. V., MASON, C. C., YEE, B., JONES, L. |, BLOUCH, K., LOVATO, T., RICHARDSON,
M., MYERS, B. D. & NELSON, R. G. 2012. Podocyte detachment and reduced glomerular
capillary endothelial fenestration promote kidney disease in type 2 diabetic nephropathy.
Kidney international, 82, 1010-1017.

WENG, J., SOEGONDO, S., SCHNELL, O., SHEU, W. H. H., GRZESZCZAK, W., WATADA, H., YAMAMOTO,
N. & KALRA, S. 2015. Efficacy of acarbose in different geographical regions of the world:

analysis of a real-life database. Diabetes/metabolism research and reviews, 31, 155-167.

235



WHEATLEY, K. E., NOGUEIRA, L. M., PERKINS, S. N. & HURSTING, S. D. 2011. Differential effects of
calorie restriction and exercise on the adipose transcriptome in diet-induced obese mice.
Journal of obesity, 2011.

WHITE, J. R. 2010. Apple trees to sodium glucose co-transporter inhibitors: a review of SGLT2
inhibition. Clinical Diabetes, 28, 5-10.

WHITING, D. R., GUARIGUATA, L., WEIL, C. & SHAW, J. 2011. IDF diabetes atlas: global estimates of
the prevalence of diabetes for 2011 and 2030. Diabetes research and clinical practice, 94,
311-321.

WIJNGAARDEN, M. A., BAKKER, L. E., VAN DER ZON, G. C., AC'T HOEN, P., VAN DIK, K. W., JAZET, I.
M., PIJL, H. & GUIGAS, B. 2014. Regulation of skeletal muscle energy/nutrient-sensing
pathways during metabolic adaptation to fasting in healthy humans. American Journal of
Physiology-Endocrinology and Metabolism, 307, E885-E895.

WILKINSON-BERKA, J. L., RANA, I., ARMANI, R. & AGROTIS, A. 2013. Reactive oxygen species, Nox
and angiotensin Il in angiogenesis: implications for retinopathy. Clinical science, 124, 597-
615.

WILMES, A. & JENNINGS, P. 2014. The use of renal cell culture for nephrotoxicity investigations.
Predictive Toxicology: From Vision to Reality.

WINK, M. 2003. Evolution of secondary metabolites from an ecological and molecular phylogenetic
perspective. Phytochemistry, 64, 3-19.

WIRYANA, M. 2009. The role of intensive insulin therapy in increasing superoxide dismutase (SOD)
and normalizing hyperglycemia in critically ill patients. Acta Med Indones, 41, 59-65.

WONG, J. M., DE SOUZA, R., KENDALL, C. W., EMAM, A. & JENKINS, D. J. 2006. Colonic health:
fermentation and short chain fatty acids. Journal of clinical gastroenterology, 40, 235-243.

WOOD, I. S. & TRAYHURN, P. 2003. Glucose transporters (GLUT and SGLT): expanded families of

sugar transport proteins. British Journal of Nutrition, 89, 3-9.

236



XIE, L., O'REILLY, C. P., CHAPES, S. K. & MORA, S. 2008. Adiponectin and leptin are secreted through
distinct trafficking pathways in adipocytes. Biochimica et Biophysica Acta (BBA)-Molecular
Basis of Disease, 1782, 99-108.

XU, Y.-Y., DU, F., MENG, B, XIE, G.-H., CAQ, J., FAN, D. & YU, H. 2015a. Hepatic overexpression of
methionine sulfoxide reductase A reduces atherosclerosis in apolipoprotein E-deficient mice.
Journal of lipid research, 56, 1891-1900.

XU, Y., LIU, L., XIN, W., ZHAOQ, X., CHEN, L., ZHEN, J. & WAN, Q. 2015b. The renoprotective role of
autophagy activation in proximal tubular epithelial cells in diabetic nephropathy. Journal of
Diabetes and its Complications, 29, 976-983.

YAGISHITA, Y., FUKUTOMI, T., SUGAWARA, A., KAWAMURA, H., TAKAHASHI, T., P1, J., URUNO, A. &
YAMAMOTO, M. 2014. Nrf2 Protects Pancreatic B-Cells From Oxidative and Nitrosative
Stress in Diabetic Model Mice. Diabetes, 63, 605-618.

YAMAUCHI, T. & KADOWAKI, T. 2008. Physiological and pathophysiological roles of adiponectin and
adiponectin receptors in the integrated regulation of metabolic and cardiovascular diseases.
International journal of obesity, 32, S13-S18.

YANG, C., AYE, C. C,, LI, X., RAMOS, A. D., ZORZANO, A. & MORA, S. 2012. Mitochondrial dysfunction
in insulin resistance: differential contributions of chronic insulin and saturated fatty acid
exposure in muscle cells. Bioscience reports, 32, 465-478.

YANG, J.,, MAO, Q.-X., XU, H.-X., MA, X. & ZENG, C.-Y. 2014a. Tea consumption and risk of type 2
diabetes mellitus: a systematic review and meta-analysis update. BMJ Open, 4.

YANG, X., SCHNACKENBERG, L. K., SHI, Q. & SALMINEN, W. F. 2014b. Hepatic toxicity biomarkers.
Biomarkers in Toxicology. Elsevier BV.

YE, G., METREVELI, N. S., REN, J. & EPSTEIN, P. N. 2003. Metallothionein prevents diabetes-induced
deficits in cardiomyocytes by inhibiting reactive oxygen species production. Diabetes, 52,

777-783.

237



YESUDAS, R., SNYDER, R., ABBRUSCATO, T. & THEKKUMKARA, T. 2012. Functional role of sodium
glucose transporter in high glucose-mediated angiotensin type 1 receptor downregulation in
human proximal tubule cells. American Journal of Physiology-Renal Physiology, 303, F766-
F774.

YU, C., CHEN, Y., CLINE, G. W., ZHANG, D., ZONG, H., WANG, Y., BERGERON, R., KIM, J. K., CUSHMAN,
S. W. & COONEY, G. J. 2002. Mechanism by which fatty acids inhibit insulin activation of
insulin receptor substrate-1 (IRS-1)-associated phosphatidylinositol 3-kinase activity in
muscle. Journal of Biological Chemistry, 277, 50230-50236.

YUN, J.-S., KO, S.-H., KIM, J.-H., MOON, K.-W., PARK, Y.-M., YOO, K.-D. & AHN, Y.-B. 2013. Diabetic
retinopathy and endothelial dysfunction in patients with type 2 diabetes mellitus. Diabetes
& metabolism journal, 37, 262-269.

ZHANG, M.-Z., YAO, B., YANG, S., YANG, H., WANG, S., FAN, X., YIN, H., FOGO, A. B., MOECKEL, G. W.
& HARRIS, R. C. 2012. Intrarenal dopamine inhibits progression of diabetic nephropathy.
Diabetes, 61, 2575-2584.

ZHANG, W.-L., YAN, W.-]., SUN, B. & ZOU, Z.-P. 2014. Synergistic effects of atorvastatin and
rosiglitazone on endothelium protection in rats with dyslipidemia. Lipids in Health and
Disease, 13, 168-174.

ZHAO, Y., LI, X. & TANG, S. 2015. Retrospective analysis of the relationship between elevated plasma
levels of TXNIP and carotid intima-media thickness in subjects with impaired glucose
tolerance and early Type 2 diabetes mellitus. Diabetes research and clinical practice, 109,
372-377.

ZHENG, Y., SCOW, J. S., DUENES, J. A. & SARR, M. G. 2012. Mechanisms of glucose uptake in
intestinal cell lines: role of GLUT2. Surgery, 151, 13-25.

ZHU, M., ZHANG, G., WANG, H. & NG, T. 2011. Isolation and characterization of a Kunitz-type trypsin
inhibitor with antiproliferative activity from Gymnocladus chinensis (Yunnan bean) seeds.

The protein journal, 30, 240-246.

238



ZHUANG, Y., YASINTA, M., HU, C., ZHAO, M., DING, G., BAIl, M., YANG, L., NI, J., WANG, R. & JIA, Z.
2015. Mitochondrial dysfunction confers albumin-induced NLRP3 inflammasome activation
and renal tubular injury. American Journal of Physiology-Renal Physiology, 308, F857-F866.

ZINMAN, B., WANNER, C., LACHIN, J. M., FITCHETT, D., BLUHMKI, E., HANTEL, S., MATTHEUS, M.,
DEVINS, T., JOHANSEN, O. E. & WOERLE, H. J. 2015. Empagliflozin, cardiovascular outcomes,
and mortality in type 2 diabetes. New England Journal of Medicine, 373, 2117-2128.

Z0U, C.,, WANG, Y. & SHEN, Z. 2005. 2-NBDG as a fluorescent indicator for direct glucose uptake

measurement. Journal of biochemical and biophysical methods, 64, 207-215.

239



	List of Figures
	Abbreviations
	Abstract

	Chapter 1: Introduction
	1.1   Statement of   Problem
	1.3   The Insulin signaling Pathway
	1.4   Insulin receptor structure and Function

	Fig.1.1: The basic structure of the insulin receptor         The two α-subunits on the outer membrane are disulfide-linked, and each α-chain is disulfide-linked to a β-subunits. A bound insulin molecule is shown as a hexagon, cross-linked to two α-cha...
	1.6   Glucose Transporters (GLUT)
	I.7 Sodium Dependent Glucose transporters (SGLTs)
	Fig.1.2:  The multiple intracellular effects of insulin.                                                                                Activation of insulin receptor by binding of insulin causes binding and activation of insulin receptor substrates (...

	1.9    Pathophysiology of Type 1 Diabetes
	1.10   Pathophysiology of Type 2 Diabetes
	1.11   Insulin resistance and T2D
	1.12   Insulin resistance in skeletal muscles
	1.13    Insulin resistance and adipocyte dysfunction
	1.14   Gut microbiota, adipocyte dysfunction and T2D
	1.15    Mitochondrial Dysfunction, Reactive Oxygen Species and Development of T2D and Diabetic complications
	1.5.1  Oxidative stress
	1.15.2   Oxidative stress induced apoptosis in the progression of Diabetes
	1.15.3  Oxidative stress induced Necrosis in the progression of Diabetes
	1.15.4    Oxidative stress and Chronic Diabetic Complications
	Fig: 1.7:  Diagram showing how mitochondrial ROS generation is central to hyperglycaemic induced damage in micro-and macro-vascular complications.                                                    PW=Pathway. Diagram adapted from Giacco(Giacco and Br...

	1.15.5   Diabetic MicroVascular Complications
	1.15.6  Oxidative stress, Endothelial Dysfunction and Diabetic Vascular Complications
	1.15.7    Diabetic Nephropathy
	1.15.8   Diabetic Retinopathy
	1.15.9    Oxidative stress and Diabetic macrovascular complications
	1.16 Antioxidants and Diabetes
	 1.16.1 Enzymatic Antioxidants
	 1.16.2   Superoxide dismutase:
	 1.16.3   Catalase

	1.16.3 Glutathione peroxidase
	 1.17. Non-Enzymatic Antioxidants

	1.17.1   Vitamin C, E and Glutathione
	1.18     Current and Future therapies for T2D
	 1.18.1 Enhancing optimum β-cell function and targeting gut digestion enzymes
	 1.18.2   Harnessing gut microbiota for optimum energy homeostasis.
	 1.18.3 Enhancing neuro-endocrine signaling for glucose metabolism

	1.18.4    Promoting efficient control of post prandial blood glucose levels by e.g. by improving glucose uptake/ insulin resistance in skeletal muscles and/ or reducing glucose re-absorption in the kidneys.
	 Drugs that improve insulin glucose uptake/insulin resistance
	   Drugs that inhibit Glucose Re-absorption in Kidneys and in the Intestine

	1.19   Role of Medicinal Plants in the Management of Diabetes in Developing Countries.
	1.21    Review on Pharmacological Activity of Mucuna  pruriens
	1.22    Biological activity of Mucuna pruriens seeds
	1.23    Bioactivity of Mucuna pruriens leaves and roots
	1.24    Hypothesis
	1.25. Aims and Objectives
	1.26    In vitro models used for Evaluating Anti-diabetic Effects
	1.27.1    Normal rat epithelial kidney (NRK-52E) cell lines
	1.27.2    Mouse pre-adipocyte (3T3-L1) cell lines

	Chapter 2: Materials and Methods
	2.1. Collection and Storage of MP Leaves
	2.2. Identification of MP
	2.3. Preparation of MPLE
	2.4. Sterilization of the plant extract
	2.5     Method to evaluate antioxidant activity of aqueous MPLE in cell  free/chemical assays.
	 2.5.1 Materials:
	 2.5.2 Protocol for Evaluating Antioxidant Activity of MPLE using Xanthine Oxidase\Xanthine Superoxide anion radical Generating System.

	2.5.4 Protocol for Evaluating Antioxidant Activity of MPLE using the NADH/PMS Superoxide anion radical Generating System.
	2.6 Method for investigating Antioxidant activities of MPLE in NRK-52E cell line
	 2.6.1 Materials
	 2.6.2 Cell culture Methods

	2.6.3 Toxicity Studies of MPLE on NRK-52E cell line
	2.6.4  Cell viability Assay
	2.6.5 Lactose Dehydrogenase Assay
	2.6.6   Investigation of antioxidant activity of MPLE against oxidant injury induced   by Paraquat
	2.7     Method for evaluating glucose uptake in NRK-52E cell line
	 2.7.1    Buffers
	  2.7.2 Dissolution of standards
	  2.7.3 Experimental Design 1:
	 2.7.4 Cell culture
	 2.7.5 Experimental protocol for inhibition of glucose uptake in NRK-52E cell lines
	 2.7.6 Experimental Design 2:
	 2.7.7 Cell culture
	 2.7.8  Experimental protocol for measurement of glucose uptake in NRK-52E cell lines

	2.8     Method for evaluating the effect of MPLE on glucose uptake in 3T3-L1 adipocytes
	 2.8.1 Materials
	 2.8.1   Extraction Procedure
	 2.8.2 Cell culture
	 2.8.3 Differentiation procedure
	 2.8.4 Procedure for glucose uptake assay in 3T3-L1

	2.9   Statistical Analysis and Data Presentation

	Chapter   3:  Antioxidant activities of aqueous Mucuna pruriens leaf extract
	3.1 Introduction
	3.2 Results
	Antioxidant activity of MPLE was evaluated in cell free systems using Xanthine/Xanthine Oxidase superoxide generating system and in NADH/PMS superoxide generating systems. The methods for superoxide generation in both Xanthine/Xanthine Oxidase and NAD...
	In cell lines the antioxidant activity of MPLE was evaluated in NRK-52E cells and paraquat to induce oxidative stress. The methods for evaluating the antioxidant activity of MPLE in NRK-52E are detailed in section 2.6.
	3.2.1 Antioxidant activity of MPLE in the Xanthine/Xanthine Oxidase superoxide generating system
	Fig 3.4: Antioxidant activity of MPLE in NADH/PMS superoxide anion radical generating system.  * Shows significant difference to 0.0mg at p<0.05 (one way ANOVA, followed by Dunnett's multiple comparison test). Data represents mean+ S.D of six replicat...

	3.4    Conclusion
	The study in this chapter reveals that MPLE has both antioxidant and pro-oxidant properties. Further studies are therefore required to determine the potential benefits of MPLE for diabetes and diabetic complications.

	Chapter 4: Glucose uptake inhibitory effect of Aqueous Mucuna pruriens leaf extract
	4.1   Introduction
	4.2    Results
	On this basis, the second method was developed to improve the sensitivity of the cells without transfecting the cells with SGLT genes.
	The details for the second experimental design are detailed in section 2.7.6. After adjusting for the growth duration of the cell and Na+ in the assay medium, the data in fig. 4.3, showed that PLDZ ( standard non-selective SGLT inhibitor), reduced glu...
	Fig. 4.4: Effect of different concentrations of MPLE on glucose uptake in NRK-52E cells incubated with/without Na+.  The data represents mean+S.D. of 6 replicates (N=6).
	Fig 4.5:  Effect of 0.1 and 1mM concentrations of Phloridzin on glucose uptake in NRK-2E cells with or without Na+. The data represents mean+S.D. of 6 replicates (N=6).


	4.3   Discussion
	4.4   Conclusions

	Chapter 5: Insulin Mimetic Effect of Aqueous Extracts of Mucuna pruriens Leaf Extracts
	5.1   Introduction
	5.2 Results
	5.3    Discussion
	5.4 Conclusion

	Chapter 6: General Discussion and Conclusion
	6.1: General Discussion and Conclusion
	6.2  Future Work

	Appendix  1
	Appendix 2
	REFERENCES

