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ABSTRACT

Introduction: The exponential rise in the global prevalence and incidence of type 2 diabetes
is concerning. Hyperglycemia is a hallmark of type 2 diabetes that induces oxidative stress,
leading to impairment of vital liver metabolic pathways. Metformin is the first-line treatment
for type 2 diabetes mellitus. However, Momordica foetida has been used in folk medicine for
the treatment and management of diabetes mellitus in various parts of the world including
South Africa.

Aim: In the present study, the cytoprotective effects of M. foetida on liver impaired glucose
metabolism and oxidative stress damage were investigated on high glucose induced HepG2

cells, with Metformin as a positive drug control.

Methods: The M. foetida leaves were used to prepare an aqueous lyophilized extract. The
HepG2 cells were serum starved for 1 hour, then exposed to hyperglycemic conditions
(30mM D-glucose) for 24 hours. Cells were treated with various concentrations (125 - 1000
pHg/ml) of the lyophilized M. foetida aqueous extract for 24 hours, and the 3-(4,5-
dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT) assay evaluated the effects of
high glucose and M. foetida on the metabolic activity of HepG2 cells. Antioxidants and pro-
oxidants were assessed and quantified using luminometry, thiobarbituric acid reactive
substances (TBARS) and nitric oxide synthase (NOS) assays. Western blot and quantitative
real-time (QPCR) were used to observe the effects high glucose and M. foetida on signaling

pathways and antioxidant response.

Results: Glucose uptake in hyperglycemic conditions was mediated by increased gene
expression of adenosine monophosphate-activated protein kinase alpha 2 (AMPKa?2)
(p<0.05) and phosphatidylinositol 3-kinase (PI3K) (p<0.05), but glucose transporter 2
(GLUT2), glucokinase (GK) and glycogen synthase (GS) were downregulated (p<0.05).
Interestingly, an opposing response was noted for Metformin and M. foetida treatments,
where AMPKa2 (p<0.05) and PI3K (p<0.05) were downregulated, whereas GLUT2, GK and
GS were upregulated (p<0.05) compared to the hyperglycemic control. When compared to
the hyperglycemic conditions control, M. foetida treatments and Metformin showed an
increase in glucose uptake. Hyperglycemic conditions induced toxicity indicated by
increased extracellular lactate dehydrogenase (LDH) and decreased adenosine
triphosphate (ATP), but Metformin and M. foetida decreased LDH activity back to

XV



normoglycemic levels, indicating reduced cytotoxicity. Increased mitochondrial membrane
potential (A¥m) in hyperglycemic conditions was accompanied by increased lipid
peroxidation (p<0.05) and reactive nitrogen species (RNS) (p<0.05). The A¥m was
increased further by M. foetida, with minimal effect on reactive oxygen species (ROS)
production but effectively increasing RNS (p<0.05). Oxidative damage was reduced in the
hyperglycemic control but was increased by Metformin and M. foetida treatments prompting
the activation of p53 in these cells (p<0.05). Effective oxidative stress response was
mounted by NRF2 (p<0.05) and antioxidants SOD2 (p<0.05) and GSH, but GPx1 and CAT
(p<0.05) were decreased. Interestingly, Metformin and M. foetida induced CAT (p<0.05) and
GPx1 (p<0.05) in the antioxidant response, consequently decreasing GSH. Metformin
decreased NRF2 (p<0.05) and SOD2, while M. foetida increased NRF2 significantly and
had no effect on SOD2 relative to the hyperglycemic control. Hyperglycemic conditions
downregulated the oxidative stress response by MAPK (p-p38, pJNK and pERK1/2)
(p<0.05). However, Metformin upregulated pJNK (p<0.05) and pERK1/2 (p<0.05), but p-p38
(p<0.05) was downregulated. Interestingly, M. foetida upregulated pJNK (p<0.05),
downregulated pERK1/2 (p<0.05) and had no effect on p-p38. Hyperglycemic conditions
also increased pSTAT3, which was downregulated by Metformin and M. foetida treatments
(p<0.05).

Conclusion: Taken together, the results demonstrated that M. foetida enhanced the
metabolic activity and reduced cell cytotoxicity in HepG2 cells. Furthermore, M. foetida
facilitated glucose uptake independent of AMPK2a and PI3K. The main source of oxidative
stress was increased RNS, which was alleviated by an effective MAPK/JNK and antioxidant

response involving CAT.

Key words: T2DM, high glucose, oxidative stress, liver glucose metabolism, M. foetida,

antioxidants
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CHAPTER 1: INTRODUCTION

1.1 Background

Diabetes mellitus (DM) is a class of metabolic disease characterized by chronic
hyperglycemia with disorders of protein, carbohydrate and fat metabolism triggered by
defective insulin action, insulin secretion or both (Amini et al., 2020, Alberti and Zimmet,
1998a). It has been classified into typel, type 2 and gestational diabetes, amongst others
(AmericanDiabetesAssociation, 2017). Type 2 diabetes mellitus (T2DM) is characterized by
resistance to insulin action and relative insufficient insulin resulting in hyperglycemia, and
accounts for about 90% of all types of diabetes around the globe (Galicia-Garcia et al., 2020,
Yaribeygi et al., 2020b, Williams et al., 2020). The incidence of T2DM is increasing at an
alarming rate in developed and developing countries because of urbanization, physical
inactivity, unhealthy diet and obesity (Galicia-Garcia et al., 2020, Chatterjee et al., 2017b).
According to the International Diabetes Federation (IDF), 536.6 million people worldwide
were living with diabetes in 2021, with that number anticipated to increase to 643 million by
2030 and 783.2 million by 2045 (Ogurtsova et al., 2022, Sun et al., 2022). Furthermore, 24
million people in Africa have diabetes in 2021 (Sun et al., 2022). This number is anticipated
to increase to 33 million by 2030 and 55 million by 2045 (Sun et al., 2022). South Africa had
the highest number of adults living with diabetes in Africa in 2019 (Kok et al., 2021, Williams
et al., 2020). Furthermore, with 4.2 million adults (20-79 years), South Africa had the highest
incidence once again in 2021 (Sun et al., 2022). Thus, diabetes is a serious disease that

requires intervention.

Maintaining normal plasma glucose and glucose homeostasis is dependent on the liver,
which is a significant insulin target organ (Wang et al., 2020). Insulin stimulates glycogen
synthesis and lipogenesis in the liver, while suppressing glucose synthesis and fatty acid
oxidation (Batista et al., 2021). Thus, impairment in insulin production or activity leads to
tissue inability to take up glucose, resulting in hyperglycemia, a hallmark of T2DM (Rochette
et al., 2014b). The binding of insulin to the insulin receptor initiates the mitogen-activated
protein kinase (MAPK) cascade and the phosphatidylinositol 3-kinase (P13K)/protein kinase
B (AKT) cascade, which further activate downstream transcriptional factors (Yung and
Giacca, 2020). Moreover, the PI3K/AKT cascade regulates cellular responses such as lipid
synthesis, protein synthesis, glycogen synthesis and glucose uptake, whereas the MAPK
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cascade regulates cell growth and proliferation (Lennicke and Cochemé, 2021, Olivares-
Reyes et al., 2009a).

Complications of T2DM include failure of various organs, long-term damage and dysfunction
(Lee et al., 2021, Alberti and Zimmet, 1998b). The adverse effects associated with diabetic
complications are primarily induced by inflammation and hyperglycemia-induced oxidative
stress (Aslam et al., 2019, Dewanjee et al., 2009). Oxidative stress prevails when pro-
oxidants including reactive oxygen species (ROS) and reactive nitrogen species (RNS) are
in excess of antioxidants (Yaribeygi et al., 2020b, Tangvarasittichai, 2015b). Oxidative
damage in T2DM pathogenesis occurs as a result of impaired cellular defense mechanisms
and/or the formation of ROS (Dewanjee et al., 2009). Mitochondria are a major source of
oxidative stress caused by high levels of glucose, oxygen and ROS produced as a by-

product of metabolism (Alkahtani et al., 2021).

The superoxide anion (O2") is a ROS that is largely formed by NADPH oxidase (NOXSs) in
the mitochondrial electron transport chain (complex I, Il and 1ll) (Sies and Jones, 2020). In
the mitochondria, superoxide dismutase (SOD) reduces O2" to hydrogen peroxide (H202)
(Lennicke et al., 2015). In the Fenton reaction, iron (Il) interacts with H202 to yield hydroxyl
radicals ("OH), which causes oxidative damage to deoxyribonucleic acid (DNA), lipids and
proteins (Zhao, 2019). Of note, H202 dual properties depend on its localization and
concentration (Unuofin and Lebelo, 2020). At low doses, it serves as a secondary
messenger, stimulating signal transduction pathway kinases such as mitogen-activated
protein kinase (MAPK), extracellular signal-regulated kinase (ERK), p38-MAPK,
phosphoinositide 3-kinase (PI3K), protein kinase B (AKT), and signal transducer and
activator of transcription 3 (STAT3) (Unuofin and Lebelo, 2020). In contrast, at high
concentrations, it acts as an anti-apoptotic agent altering mitochondrial membrane integrity
(Unuofin and Lebelo, 2020).

Antioxidant properties include lowering ROS production and increasing cellular antioxidant
systems. Therefore, a reduction in antioxidants is one of the significant causes of T2DM
pathogenesis (Dewanjee et al., 2009). The nuclear factor erythroid 2-related factor 2

(NRF2), a key regulator of antioxidant defense mechanism, promotes the synthesis of

2



antioxidant enzymes in response to elevated levels of H202 (Dare et al., 2021, Lennicke et
al., 2015). Moreover, NRF2 is activated in response to signal transduction pathways
preventing oxidative stress (Sies and Jones, 2020, Lennicke et al., 2015). Reduced
glutathione (GSH), an intracellular antioxidant, and antioxidant enzymes such as catalase
(CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx) detoxify ROS and RNS
effectively (Dare et al., 2021, Unuofin and Lebelo, 2020). After SOD2 dismutates Oz™ to H202,
CAT detoxifies it to oxygen and water (Zhu et al., 2021, Gounden et al., 2015). In addition,
GPx reduces hydroperoxides to alcohol and H20:2 to water, using GSH as a cofactor (Zhu
et al., 2021, Gounden et al., 2015). Because nitric oxide (NO) is vital in glucose metabolism,
low NO levels play a significant role in the pathogenesis of T2DM (Bahadoran et al., 2020).
Peroxynitrite (ONOQ?), an oxidant involved in RNS generation is produced when NO reacts
with O2™ (Unuofin and Lebelo, 2020, Yuan et al., 2019). Excess NO and ONOO™ production
have also been associated with oxidative stress, enzyme dysfunction, DNA damage and
inflammation (Sokolovska et al., 2020). Hyperglycemia-induced oxidative stress has been
implicated in T2DM microvascular complications such as retinopathy, neuropathy and
nephropathy (Asmat et al., 2016, Fowler, 2008).

T2DM is treated using insulin therapy and oral hypoglycemic agents (Inzucchi et al., 2015).
The latter include and are not limited to metformin, sulfonylureas, glinide and a-glucosidase
inhibitors (Prasad et al., 2020, Wilke et al., 2019, Meenakshi et al., 2010). To regulate
glycemic levels, these oral hypoglycemic agents are being used in polytherapy or
monotherapy (Kim et al., 2019, Wilke et al., 2019, Meenakshi et al., 2010). Lactic acidosis,
hypoglycemia, renal failure and weight gain have all been documented as side effects of
T2DM medicines (Blahova et al., 2021). For monotherapy, metformin is still the first-line
medicine for T2DM treatment (Cock et al., 2021, Inzucchi et al., 2015). Conversely,
metformin has a range of side effects including prolonged gastrointestinal and poor glycemic
regulation (Yang et al., 2019). Biguanides and sulfonylureas have been shown in studies
to have no effect on the progression of diabetes complications (Pareek et al., 2009b). The
reactions of patients to these medications vary (Hussain et al., 2020). Thus, micro- and
macro-vascular injury, secondary complications and immunological variations could all play
arole in these variations (Hussain et al., 2020). Since ancient times, therapeutic foods have
been effectively used to prevent diabetes and its related complications due to their
availability, safety and effectiveness (Prasad et al.,, 2020, Dewanjee et al., 2009). The

medicinal plant antioxidants are well documented and can be used as therapeutic agents
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that can scavenge free radicals, thereby preventing diabetes and controlling normal blood
glucose (Unuofin and Lebelo, 2020, Nazarian-Samani et al., 2018, Rajendiran et al., 2018,
Sen et al., 2010).

Momordica foetida Schumach. et Thonn is an indigenous African medicinal plant that is also
known as Bitter cucumber and Nngu in Tshivenda belongs to the Cucurbitaceae family,
genus Momordica (Oloyede and Aluko, 2012, Maanda and Bhat, 2010). It is a herbaceous
perennial climber that is distributed in Africa (Mulholland et al., 1997a). Momordica foetida
is widely distributed in South Africa's sub-tropical regions, including the Vhembe district in
Limpopo province (Magwede et al.,, 2019). Commercially, it is cultivated for its nutritional
value, and it is often used in folk medicine (Maanda and Bhat, 2010). The leaves of M.
foetida are harvested and eaten when prepared as a cooked vegetable in Gabon, Sudan,
Uganda, Tanzania, South Africa, Malawi and other African countries (Maanda and Bhat,
2010). The leaves can be stewed with other vegetables or used as a meat sauce with

peanuts and honey (Maanda and Bhat, 2010).

The roots and leaves are traditionally used for the treatment of headache, stomachache,
earache, coughing, intestinal problems, boils and smallpox (Muronga et al., 2020,
Mulholland et al., 1997a). Momordica foetida is utilized for the treatment of various ailments
such as diabetes, malaria symptoms, hypertension and fever (Baharvand-Ahmadi et al.,
2016b, Pareek et al., 2009b, Abo et al., 2008a). Crude extracts have been shown to have
anti-diabetic, antiviral, antilipogenic, antiplasmodial, antimicrobial, antimalarial, anthelmintic
bioactivity, antioxidant and chemopreventative properties in pharmacological studies
(Baharvand-Ahmadi et al., 2016b, Semenya et al., 2012b, Abo et al., 2008a,
Narendhirakannan et al., 2005b, Mulholland et al., 1997b). Because of its high content in
phenolic and flavonoid compounds, M. foetida aqueous extract has antioxidant activity
(Semenya et al., 2012b). It is used to treat stomachache because of its hypoglycemic
properties which decrease the amount of glucose in the bloodstream while also stimulating

appetite and assisting in the process of digestion (Muronga et al., 2020).

This study was undertaken to evaluate the cytoprotective effect of M. foetida on

hyperglycemia-induced oxidative stress in HepG2 cells.



1.2 Problem statement / Rationale

Diabetes mellitus (DM) is a non-communicable metabolic disease with high incidence and
mortality rates (Yaribeygi et al., 2020b). The incidence and prevalence of type 2 diabetes
(T2DM) have increased globally over the years (Motala et al., 2022, Sun et al., 2022,
Williams et al., 2020). In 2021, 24 million individuals were estimated to have DM in Africa,
with South Africa accounting for 4.2 million (Sun et al., 2022). T2DM affects all vital organs,
including the kidney, cardiovascular system and liver (Abdollahi et al., 2021, Alam et al.,
2014). Insulin resistance in the liver causes hyperglycemia and consequently disrupts
glucose metabolism in T2DM (Demir et al., 2021, Mu et al., 2019, Mohamed et al., 2016).
Abnormal inflammatory response and enhanced oxidative stress stimulate pro-apoptotic
gene transcription and damage hepatocytes, which contributes to diabetic liver damage
(Mohamed et al., 2016). Moreover, uncontrolled hyperglycemia causes kidney failure due to
functional changes in the nephron and hemodynamic dysregulation (Singh et al., 2022,
Badal and Danesh, 2014). The current drugs used to treat T2DM in the sub-Saharan Africa
public health care sector includes insulin, metformin and glibenclamide (Prasad et al., 2020,
Kim et al., 2019, Wilke et al., 2019, Inzucchi et al., 2015, Meenakshi et al., 2010). Although
antidiabetic treatments are frequently beneficial, current treatments have adverse side
effects and are ineffective in reducing clinical complications (Cock et al., 2021, Bahmani et
al., 2014, Meenakshi et al., 2010, Venkatesh et al., 2010). For many years, folk medicine
has used a variety of medicinal plants in the treatment and management of T2DM
(Bourebaba et al., 2021, Kumar et al., 2021, Karigidi et al., 2020, Bahmani et al., 2014,
Pareek et al., 2009b). In addition to accessibility and affordability, medicinal plants contain
secondary metabolites that are responsible for therapeutic effects. It is therefore imperative
that more studies are conducted on medicinal plants for the treatment and management of
T2DM. Addition to the herbal medicine database is imperative so that they can be made
available to the public, potentially leading to the development of effective and affordable

plant-based drugs with fewer side effects.

1.3 Significance / Implications

Majority of people in developing and underdeveloped countries cannot afford basic care.
Diabetes mellitus is a global epidemic, and the treatments are expensive. Medicinal plants
are a viable solution in such countries, especially in rural areas as they are easily accessible
at no cost. Momordica foetida is used to treat T2DM in the Limpopo province of South Africa.
Furthermore, the leaves of M. foetida have been found to be a potential source of

antioxidants. However, its effects against hyperglycemia-induced oxidative stress and
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associated damage that promotes diabetic complications are not known. Understanding the
hypoglycemic, antioxidant and anti-inflammatory effects of M. foetida will help and add more
insights to the practice of traditional medicine. The findings could serve as a foundation for
future ethnopharmacology studies on the benefits of M. foetida in T2DM management. In
addition, the cultivation of M. foetida will be beneficial to society and the economic growth
of South Africa.

1.4 Research questions
. Does hyperglycemia induce oxidative stress in HepG2 cells?
. Does M. foetida inhibit hyperglycemia in HepG2 cells, and by what mechanism?

. Does M. foetida inhibit the hyperglycemia-induced oxidative stress in HepG2 cells?

1.5 Hypothesis

Momordica foetida ameliorates hyperglycemia-induced oxidative damage in HepG2 cells.

1.6 Aim
To investigate the effect of hyperglycemia on the induction of oxidative stress in HepG2
cells, as well as the ability of M. foetida to ameliorate the effect of hyperglycemia-induced

oxidative stress.

1.7 Objectives
To evaluate the effects of M. foetida on glucose homeostasis in HepG2 cells under
hyperglycemic conditions by determining the
o effect on glucose homeostasis by
o assessing glucose uptake in treated cells
o observing the effect on signaling pathways using western blotting (b ERK/ERK,
p-p38/p38, pSTAT3/STAT3, pIJNK/INK) and gPCR (PI3K, AKT, AMPKas,
GLUT2, glucokinase, glycogen synthase)
e induction of oxidative stress by
o measuring pro-oxidant production using the TBARS, as well nitrate and nitrite
levels with the NOS assay
o quantifying antioxidant expression using luminometry (GSH) and western
blotting (SOD2, catalase and GPx) and gPCR (NRF2)



CHAPTER 2: LITERATURE REVIEW

2.1. The liver control of glucose homeostasis

2.1.1 Structural organisation of the liver

In an average adult, the liver makes up 2% of body weight and is slightly heavier in men
than in women (Mahadevan, 2020). It is located in the upper abdominal cavity's epigastrium,
where it functions as the largest multifunctional abdominal organ (Chaudhari et al., 2017).
The falciform ligament divides the liver externally into a smaller left lobe and a larger right
lobe (Sibulesky, 2013). The right lobe of the liver contains the caudate and quadrate lobes
(Chaudhari et al., 2017). There are three primary networks in the liver (Figure 2.1A): one
outlet (hepatic vein), hepatocytes (metabolic epithelial cells) and two inlets (portal vein and
hepatic artery) (Lorente et al.,, 2020). The inlets transport deoxygenated blood and
oxygenated blood to the liver respectively (Lorente et al., 2020). The liver's smallest
functional units, the lobules (Figure 2.1B), are formed by hepatocyte cords and sinusoids
(Lorente et al., 2020). The filtration and metabolic functions are performed by cells in the
porous lobule system (Lorente et al., 2020). The sinusoids (Figure 2.1B, C), which are
evenly distributed throughout the liver, make up the hepatic microcirculation (Lorente et al.,
2020). In the sinusoids (Figure 2.1B, C), deoxygenated and oxygenated blood mix and are
subsequently carried to the hepatic vein (Lorente et al., 2020). The role of sinusoid cells
includes defense, filtration, fat storage and phagocytosis (Scott et al., 2004, Sasse et al.,
1992). Hepatocytes are the primary cellular unit of the liver, accounting for 60% of its volume
(Dutta et al., 2021, Touboul et al., 2012). Hepatocytes are responsible for metabolizing
drugs, blood purification, intermediate metabolic activities, synthesis of coagulation factors
and bile synthesis, storage and secretion (Dutta et al., 2021, Schulze et al., 2019, Tabibian,
2014, Washabau and Day, 2012).
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Figure 2.1: A) Gross structure of the liver showing the blood supply to the liver. At the microscopic level, the
smallest functional unit of the liver is the lobule (B), which is comprised of multiple acini (C) with rows of
hepatocytes separated by sinusoids (Adapted from (Cunningham, 2003)).

2.1.2 Functions of the liver

Xenobiotic metabolism, detoxification of drugs, glucose and lipid metabolism are the main
metabolic functions of the liver (Chiang, 2014). The liver receives nutrients, hormones,
medicines and metabolites from the small intestine via the enterohepatic circulation;
similarly, bile acids are transported from the liver to the small intestine (Chiang, 2014). The
liver is the sole organ that converts cholesterol to bile acids; modifications in bile acid
homeostasis are associated with inflammation and pathogenesis of metabolic diseases like
non-alcoholic fatty liver disease, as well as defects in hepatic metabolic homeostasis
(Chiang and Ferrell, 2018). The liver is also primarily responsible for stabilizing blood
glucose levels in the body through its significant role in the storage and production of glucose
(Aslam et al., 2019, Roder et al., 2016). The liver stores glucose as glycogen, thus
glycogenesis is an important metabolic pathway in the fed state (Roder et al., 2016).
Glycolysis, glycogenesis, glycogenolysis and gluconeogenesis are some of the pathways
that the liver utilizes to regulate and stabilize blood glucose levels (Alamri, 2018). Within 2-
6 hours following meal consumption, glycogenesis takes place (Postic et al., 2004).

Conversely, glycogenolysis (glycogen degradation) and gluconeogenesis (synthesis of
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glucose from non-carbohydrate sources) takes place during fasting (Figure 2.2A), thus the
liver plays a significant role in supplying glucose during fasting (Lopez-Soldado et al., 2020,
Rines et al., 2016, Elujoba et al., 2005).
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Glucose
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Liver

Figure 2.2: Glucose metabolism in the non-diabetic (A) and diabetic (B) liver. Insulin activity by pancreatic p-
cell is reduced in diabetics, however, glucagon action by pancreatic a-cell is increased. Thus,
gluconeogenesis, glycogenolysis and glucose release into the bloodstream is promoted by this, while glucose
absorption into peripheral tissues is diminished (Adapted from (Rines et al., 2016)).

2.1.3 Glucose transporters

To maintain normal blood glucose levels, glucose transporters (GLUTS) regulate tissue-
specific glucose uptake and metabolism in adipose tissue, liver and skeletal muscle (Chadt
and Al-Hasani, 2020). The GLUTs are transmembrane proteins that facilitate glucose
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diffusion across the plasma membrane (Cholkar et al., 2013). In humans, there are 14
GLUTSs, with 5 isoforms present in the liver; GLUT1, GLUT2, GLUT5, GLUT8 and GLUT9
(Chadt and Al-Hasani, 2020). GLUTZ2 is primarily abundant in pancreatic beta cells (B-cells),
as well as the liver and kidney (Navale and Paranjape, 2016). In B-pancreatic cells, GLUT2
facilitates glucose entry that results in insulin secretion (Al-Ishaq et al., 2019). In contrast,
GLUT2 is involved in the absorption and reabsorption of glucose in the tubule cells of the
kidney (Navale and Paranjape, 2016). Moreover, GLUT2 promotes glucose uptake in the
liver during feeding (prandial state) (Kinsella et al., 2021). Following the prandial state, the
postprandial state occurs, in which GLUT2 is upregulated to inhibit hyperglycemia and to
release stored glucose into the bloodstream during fasting (Kinsella et al., 2021). Glucose
transporters are therefore vital for the liver to regulate blood glucose (Zhang et al., 2019).
Hyperglycemia develops in diabetics due to impaired glycogen synthesis, degradation of
glycogen and gluconeogenesis, which consequently raises the production of hepatic
glucose (Figure 2.2B) (Li et al., 2020). In addition, liver disorders such as cirrhosis and liver

fibrosis can develop as a result of impaired metabolic activities in the liver (Alamri, 2018).

2.1.4 Regulation of glycogen synthesis in the liver
The regulation of blood glucose homeostasis is facilitated by liver glycogen (Li and Hu,
2020). The liver stores glycogen in the fed state so that a supply of glucose is available
during fasting (Li and Hu, 2020). For glycogenesis to occur, glycogen synthase (GS) must
be activated and glycogen phosphorylase (GP), which functions in glycogenolysis, must be
inhibited (Figure 2.3) (Han et al., 2016). During fasting, active and dephosphorylated
glycogen synthase kinase 3 (GSK3) phosphorylates GS thereby inactivating it (Figure 2.3).
Inhibition of GSK3 is also facilitated by adenosine monophosphate-activated protein kinase
(AMPK) and insulin phosphorylation (Han et al., 2016, Kasangana et al., 2019). In addition,
AMPK may increase hepatic insulin sensitivity by activating the PISK-AKT signaling pathway
(Yan et al., 2018). Conversely, phosphatases such as protein phosphatase-1 (PP1),
catalyze the dephosphorylation of GS, which leads to activation of GS (Figure 2.4) (Li and
Hu, 2020). PP1, which can deactivate GP while activating GS, is principally responsible for
the reciprocal control of GS and GP (Figure 2.4) (Chen et al., 2015). Furthermore, higher
glucose 6-phosphate (G6P) concentrations due to hepatic glucokinase (GK) activity
allosterically promotes GS, hence increasing glycogen synthesis (Chen et al., 2015). The
excess glucose also inhibits the enzyme GP, which regulates glycogen degradation (Zhang
et al., 2019).
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Figure 2.3: Phosphorylation and activation of GSK3p. AKT and MAPKAP-K1 phosphorylate Ser9 of GSK3,
resulting in inhibition of activity. The inhibition of GSK3[ decreases the phosphorylation of glycogen synthase,
leading to an increase in the active form, since phosphorylated glycogen synthase is less active. As a result,
glycogen synthesis is promoted (Adapted from (Han et al., 2016, Chen et al., 2015)).
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Figure 2.4: Regulation of glycogen synthesis in the liver. Glucagon and epinephrine stimulate the cAMP
signaling pathway, which activates PKA, which further phosphorylates phosphorylase kinase and glycogen
phosphorylase, inhibiting glycogen synthesis. In the presence of high glucose, insulin binding to the insulin
receptor simultaneously stimulates the PP1 pathway and PI3SK/AKT pathway, which decreases GSK3 activity,
which in turn phosphorylates glycogen synthase, promoting glycogen synthesis (Adapted from (Han et al.,
2016)).

11



Hepatic GK is a glucose-phosphorylating enzyme that catalyzes the conversion of glucose
into G6P in the liver, and is a vital step in the pentose phosphate, glycogen synthesis and
glycolysis pathways (Han et al., 2016, Vella et al., 2019). In hepatocytes, it functions as a
gatekeeper for glucose metabolism (Li et al., 2019). In the presence of low glucose
concentrations, the GK regulatory protein (GKRP) regulates hepatic GK by binding the
enzyme thus inactivating it (Vella et al., 2019, Agius, 2016). In contrast, in the presence of
fructose and high glucose concentrations, GKRP dissociates from GK consequently
activating GK (Agius, 2016). Hepatic GK has emerged as a potential gene therapy-based
method for controlling diabetic hyperglycemia due to its allosteric activation that enhances
blood glucose absorption and glucose tolerance in the liver (Vella et al., 2019, Han et al.,
2016). Allosteric activators of GK include fructose 2,6-bisphosphatase and 6-phosphofructo-
2-kinase (Agius, 2016). Hepatocellular glucose-6-phosphatase (G6Pase) facilitates the
conversion of G6P from glycogenolysis and gluconeogenesis to glucose, which may then
be released into the bloodstream (Van Schaftingen and Gerin, 2002, Nozaki et al., 2020).
The G6Pase activity is inhibited by an increase in GS activity (Kasangana et al., 2019).
Phosphorylation of AMPK regulates glucose homeostasis in the liver by activating GS
activity while inhibiting G6Pase (Kasangana et al., 2019). The inhibition of oxidative stress
and ROS generation is also dependent on AMPK activity; research has shown that activation
of AMPK inhibits ROS generation and oxidative stress in endothelial cells via increased
expression of antioxidant enzymes in the mitochondria (Wang and Zou, 2018, Yan et al.,
2018).

In type 2 diabetes mellitus (T2DM), all these physiological pathways are disrupted, resulting
in hyperglycemia in the postprandial phase, as well as the fasting phase (Li et al., 2019).
Since dysfunction of hepatic AMPK plays a role in the initiation and progression of T2DM, it

is anticipated that activation of AMPK may aid in the treatment of T2DM (Yan et al., 2018).

2.2 Diabetes mellitus

2.2.1 Incidence of diabetes mellitus

Diabetes mellitus (DM) is a non-communicable metabolic disease with high incidence and
mortality rates (Yaribeygi et al., 2020b). It is the 5" leading cause of mortality across the
globe and has been regarded as a silent outbreak (Pheiffer et al., 2021, Baharvand-Ahmadi

et al., 2016a). The incidence of DM is increasing at an alarming rate in developing countries
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due to obesity, inactive lifestyle and energy-rich diets (Williams et al., 2020, Pareek et al.,
2009b, Abo et al., 2008b). Other risk factors of DM include environmental factors, smoking,

genetic predisposition, hypertension and dyslipidemia (Semenya et al., 2012a).

In 2019, 463 million people globally were estimated to be living with DM (Chami and Khaled,
2022, Aschner et al., 2021, Teo et al., 2021, Williams et al., 2020). According to the
International Diabetes Federation Diabetes (IDF), in 2021, about 536.6 million people
worldwide suffer from DM (Ogurtsova et al., 2022, Sun et al., 2022). This number is expected
to rise to 643 million by 2030 and 783.2 million by 2045 (Ogurtsova et al., 2022, Sun et al.,
2022). In 2021 about 24 million people were estimated to have DM in Africa (Sun et al.,
2022). It is predicted that the number will rise to 33 million in 2030 and 55 million in 2045
(Sun et al., 2022). In addition, the number of men living with DM was a bit higher than in
women, 17.7 million more with the prevalence of 10.8% (men) and 10.2% (women) (Sun et
al., 2022). South Africa was reported to have the highest incidence of DM in the African
region in 2019 (Kok et al., 2021, Williams et al., 2020). South Africa had 4.2 million people
living with DM in 2021 (Figure 2.5B), with the prevalence of 10.8% (20-79 years) (Atlas,
2021, Sun et al., 2022). Of note, in 2021 6.7 million adults (20-70 years) were estimated to
have died from DM and its complications (Sun et al., 2022). Diabetes was also responsible
for 416 000 mortalities in Africa (Atlas, 2021). Furthermore, women's mortality rates were
higher than men's (Atlas, 2021, Sun et al., 2022).

The sociodemographic prevalence of DM in South Africa was last published in 2016 (Lee et
al., 2021, Pheiffer et al., 2021). Lee et al. (2021) reported that the prevalence of DM was
significantly higher in females than in males and increased with age. Furthermore, black
Africans are the most commonly diagnosed ethnic group, followed by coloured and white
ethnicities (Lee et al., 2021). The rising prevalence of DM is due to urbanization and being
overweight or obese (Lee et al., 2021). There is still difficulty in the management of DM in
both adults and children globally and effective treatment is yet to be developed
(Narendhirakannan et al., 2005a).
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Figure 2.5: (A) Prevalence of diabetes mellitus in Africa region. In 2021, diabetes mellitus was estimated to
have affected 24 million adults (20-79 years), accounting for 4.5% prevalence. The prevalence is projected to
increase to 4.8% and 5.2% in 2030 and 2045 respectively. United Republic of Tanzania, Zambia, Comoros,
South Africa, and Seychelles had the highest prevalence between 8.5% and 12.3%. No estimation has been
made in Western Sahara. (B) Five countries with the highest diabetes incidence in IDF African region. South
Africa had the highest incidence, followed by Nigeria. Ethiopia and Democratic Republic of Congo had the
lowest incidence of diabetes (Adapted from (Sun et al., 2022)).
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2.2.2 Pathogenesis of diabetes mellitus

DM is characterized by elevated blood glucose levels (hyperglycemia) resulting from
insufficient insulin production, insulin resistance, or both (Amini et al., 2020, Alberti and
Zimmet, 1998a). Insulin, a hormone produced by pancreatic beta cells of the islets of
Langerhans, regulates glucose, lipid and protein metabolism (Magkos et al., 2010, Joshi et
al., 2007). It increases glucose uptake in muscle and inhibits adipose tissue lipolysis, as well
as muscle and whole-body proteolysis (Magkos et al., 2010). Moreover, insulin inhibits the
production of hepatic glucose and triglyceride oxidation (Batista et al., 2021, Magkos et al.,
2010). Insulin regulates the amount of glucose in the blood by allowing glucose to enter fat
and muscle cells via GLUT4 transporters (Asmat et al., 2016). Glucose is then converted to
energy, which is stored in the cells (Rochette et al., 2014b). GLUT2 expression is reduced
in most organs, including the liver, in T2DM patients (Zhang et al., 2019). Glycogen synthase
(GCS) activity is inhibited in T2DM patients, which impairs the ability of hepatocytes to store
glycogen (Zhang et al., 2019).

2221 Insulin signaling

Insulin binding to the extracellular a-subunit of its cognate receptor initiates the insulin
signaling cascade (Figure 2.6), thereby resulting in the autophosphorylation of various
tyrosine residues in the beta-subunit (Batista et al., 2021, Rains and Jain, 2011). In
succession, the activated insulin receptor (IR) phosphorylates insulin receptor substrate
proteins (IRS proteins) which leads to the activation of Ras—mitogen-activated protein kinase
(MAPK) and PIBK—AKT signaling pathways (Lennicke and Cochemé, 2021, Taniguchi et al.,
2006). IRS1/2 activation is inhibited by reduced tyrosine phosphorylation and elevated
serine phosphorylation, impeding further activation of the PI3K/AKT pathway (Yung and
Giacca, 2020). At the plasma membrane, tyrosine-phosphorylated IRS1/2 recruits the
heterodimeric p85/p110 PI3K, which generates the lipid second messenger
phosphatidylinositol triphosphate (PIP3) thus inducing a serine/threonine phosphorylation
cascade of pleckstrin homology domain (PH-domain) containing proteins (Saltiel, 2021).
The serine/threonine-AKT, phosphoinositide-dependent protein kinase 1 (PDK1) and
atypical protein kinases C A and ¢ isoforms (aPKC) are recruited to the plasma membrane
by PIP3 via the PH domain (Saltiel, 2021, Frojdo et al., 2009). AKT and aPKCs are activated
when PDK1 phosphorylates a threonine residue in the catalytic domain’s activation loop
(Frojdo et al., 2009). When these kinases are activated many insulin responses occur

(Figure 2.6), including lipogenesis through up-regulation of the synthesis of the fatty acid
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synthase gene, glycogen synthesis through phosphorylation of GSK3 and GLUT4

translocation to the plasma membrane (Rains and Jain, 2011).

The insulin-stimulated translocation of the GLUT4 at the plasma membrane is regulated by
AKT, leading to elevated glucose uptake (Mancusi et al., 2020). When IRS1/2 is activated,
it recruits Grb2, which binds to SOS and initiates the extracellular signal-regulated kinase
(Erk1/2) MAPK pathway (Figure 2.5) (White and Kahn, 2021, Rains and Jain, 2011). The
p38 mitogen-activated protein kinases (p38-MAPK) and Jun N-terminal kinase (JNK) stress-
activated kinases have been reported to be phosphorylated in response to insulin, even
though their activation is primarily dependent on inflammatory cytokines and stress signals
(Yung and Giacca, 2020). Defects in the insulin signaling pathway have been linked to
insulin resistance (Naicker et al., 2016). Hyperglycemia causes insulin resistance by
promoting the formation of reactive oxygen species (ROS), which impede insulin-induced

tyrosine autophosphorylation of IR (Mancusi et al., 2020).
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Figure 2.6: Insulin signaling pathway. Insulin binding to the alpha subunit of the insulin receptor causes a
conformational change in the insulin receptor (IR). As a result, the tyrosine residue on the B subunit is auto-
phosphorylated. The phosphorylated tyrosine also phosphorylates IRS-1 and Src homology and Collagen
(SHC). Growth factor receptor-bound protein 2 (Grb2) binds to both SHC and IRS-1 docking sites. Grb2 acts
as an adaptor protein for Son of Sevenless (SOS). RAS binding to SOS activates the MAPK pathway, which
controls the growth and proliferation of cells. When PI3K binds to the IRS subunit, the PI3K pathway is
activated and regulates metabolic functions such as lipid synthesis, glycogen synthesis, protein synthesis, and
glucose uptake. PI3K also activates protein kinase ¢ (PKC) which induces glucose uptake (Adapted from
(Olivares-Reyes et al., 2009b)).
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Insulin action is not required by the liver during the fasting period (Asmat et al., 2016).
Defects in insulin production or action result in tissue's inability to take up glucose leading
to hyperglycemia, a hallmark of DM (Rochette et al., 2014b). Insulin plays an important role
in lipid, carbohydrate and protein metabolism as an anabolic hormone (Rosenbloom et al.,
2009). Therefore, insulin defects affect the metabolism of carbohydrates, lipids, glucose,
glycoproteins and protein (Aslam et al., 2019, Kharroubi and Darwish, 2015, Alberti and
Zimmet, 1998a).

2222 Symptoms of diabetes mellitus

Early symptoms of DM include weight loss, blurred vision, polydipsia and polyuria (Cock et
al., 2021, Mukhtar et al., 2020). The majority of people with diabetes are asymptomatic and
may have hyperglycemia for a prolonged period, which might cause some complications
before diagnosis (AmericanDiabetesAssociation, 2019). Non-ketotic hyperosmolar and
ketoacidosis might occur in cases where DM is uncontrolled leading to stupor, coma and
possibly death (Umpierrez, 2020, Dhatariya, 2019, Alberti and Zimmet, 1998a).
Hyperglycemia is the prime cause of microvascular (retinopathy, neuropathy and
nephropathy) and macrovascular (stroke, peripheral arterial disease and coronary artery
disease) complications (Fowler, 2008). Thus, diabetic patients are at high risk of developing
cerebrovascular, cardiovascular, and peripheral vascular diseases (Williams et al., 2020).
Neuropathy and nerve damage may lead to foot ulcers which can result in amputations,
while nephropathy may lead to renal failure and retinopathy may lead to blindness (Cock et
al., 2021).

Patients are also at risk of erectile dysfunction and autonomic neuropathy (Hussain et al.,
2020). Moreover, sexual dysfunction affects diabetic men at a slightly higher rate than
diabetic women and the occurrence increases with age (Wooton and Melchior, 2018).
Sexual dysfunction is a common but often overlooked complication of diabetic autonomic
dysfunction, which affects the nerve supply to the genitals, which controls arousal (Holloway,
2019, Wooton and Melchior, 2018). Research has shown that oxidative stress is associated
with the pathogenesis of DM and its complications (Tang et al., 2017). A decrease In
antioxidant levels occurs due to an increase in reactive oxygen species (ROS) induced by

hyperglycemia (Tang et al., 2017). Interestingly, high dietary antioxidant consumption has
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been proposed as a promising and cost-effective strategy for erectile function (Akomolafe
et al., 2018, Mykoniatis et al., 2018).

2.2.3 Classification of diabetes mellitus

The American Diabetes Association (ADA) classified DM into 4 categories: type 1, type 2,
gestational and other types of diabetes mellitus (AmericanDiabetesAssociation, 2017).
Classification of diabetes is challenging especially at an early stage as some patients are
asymptomatic (Atkinson et al., 2014). Gestational diabetes mellitus (GDM) is characterized
as any level of glucose intolerance with first affirmation during pregnancy
(AmericanDiabetesAssociation, 2004). Most women with GDM appear to have marked
chronic insulin resistance that is instigated by pregnancy (Buchanan and Xiang, 2005).
Increased risk of type 1 diabetes after GDM has been linked to markers of islet cell-
coordinated autoimmunity while the risk of type 2 diabetes is enhanced by factors like
obesity that elevate insulin resistance (AmericanDiabetesAssociation, 2004). Other types of
DM are triggered by various factors such as drug or chemical-induced diabetes; utilization
of glucocorticoid in post-organ transplant or HIV/AIDS treatment, exocrine pancreas
diseases like cystic fibrosis, monogenic diabetes syndromes like maturity-onset diabetes of

the young and neonatal diabetes (AmericanDiabetesAssociation, 2017).

According to the IDF, more than 1.2 million children and adolescence worldwide were living
with type | DM in 2021, with Europe and South Asia having the highest prevalence and Africa
having the lowest incidence (Sun et al.,, 2022). Type | DM (T1DM) is characterized by
autoimmune destruction of pancreatic (3-cells resulting in absolute insulin loss (Atkinson et
al., 2014). Environmental factors such as viral infection and an unsuitable diet for infants
may also contribute to the fluctuating incidence of T1DM throughout the years (Williams et
al., 2020, Atkinson et al., 2014). Currently, TIDM cannot be prevented (Atkinson et al.,
2014). People living with T1DM require a daily injection of insulin for survival, thus
maintaining the normal blood glucose level (Williams et al., 2020).

2.2.4 Type 2 diabetes mellitus

Type 2 diabetes mellitus (T2DM) is characterized by hyperglycemia caused by resistance
to insulin action and relatively insufficient insulin (Galicia-Garcia et al., 2020, Yaribeygi et
al., 2020b). Reduction of glucose uptake by adipose and muscle tissue and an increase in

glucose production in the liver occurs because of insulin resistance (Bahmani et al., 2014).
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T2DM represents about 90% of all types of diabetes around the globe (Motala et al., 2022,
Kumar et al., 2021, Williams et al., 2020). The prevalence of type 2 diabetes is high and
rising worldwide, with Asians, Canadians, and Afro-Americans among the populations
having the highest frequency (Williams et al., 2020, Sun et al., 2022). India is considered
the epicenter of the T2DM epidemic (Banerjee et al.,, 2019, Pareek et al., 2009b,
Narendhirakannan et al., 2005b). Interestingly, Africa recorded the lowest number of diabetic
patients and has the lowest prevalence (Motala et al., 2022). According to Motala et al.,
2022 T2DM is more prevalent in Africans who live in cities than in those who live in rural
regions due to factors like unhealthy diet and sedentary lifestyles.

T2DM is commonly diagnosed in obese and overweight adults, but can equally occur in
children and adolescents (Dabelea et al., 2014). Although it is known that the incidence and
prevalence of T2DM in adults have steadily increased, new epidemiological data suggest
that the emerging incidence and prevalence of T2DM in children and adolescents is
concerning (Sun et al., 2022). Even though the majority of obese people do not develop
hyperglycemia, a minority of obese people do as they cannot compensate for insulin
resistance to maintain normal blood glucose levels due to apoptosis of 3-cells, which can
lead to the development of T2DM (Rochette et al., 2014a). Furthermore, most obese people
do not develop T2DM because hyperinsulinemia can occur, which increases 3-cell mass
(Rochette et al., 2014a). Thus, they secrete enough insulin to compensate for the level of
insulin resistance and regulate glycemia (Al-Goblan et al., 2014). There is a direct
connection between T2DM and risk factors like sedentary lifestyle, age, obesity, family
history, overweight and ethnicity yet the causes are not fully known (Alberti and Zimmet,
1998a, Mukhtar et al., 2020, Williams et al., 2020). B-cell dysfunction and insulin resistance
are induced by both environmental factors and genetic makeup (Unuofin and Lebelo, 2020).
Medications such as atypical antipsychotics, thiazide diuretics and glucocorticoids have

been reported to increase the risk of T2DM (AmericanDiabetesAssociation, 2017).

The gradual increase of T2DM over the years is associated with physical inactivity,
unhealthy diet and obesity (Chatterjee et al., 2017). Genetic factors also affect the
epidemiology of T2DM; however, it is not the main determinant (Chatterjee et al., 2017).
Lifestyle intervention to regulate impaired glucose, as well as treatment with metformin and
thiazolidinediones, is extensive evidence proposed to impede the progression of T2DM (Kim

et al., 2019, Chatterjee et al., 2017). Unlike type 1 diabetes, type 2 diabetes patients do not
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require exogenous insulin for survival (Rosenbloom et al.,, 2009). In nations where
customary tests without symptoms are not conducted, the diagnosis of T2DM is usually
delayed due to moderate symptoms at the onset (Kharroubi and Darwish, 2015). Untreated
hyperglycemia during this period aggravates the occurrence of long-term complications
(Kharroubi and Darwish, 2015).

2.2.5 Treatment of type 2 diabetes mellitus

Oral hypoglycemic agents and insulin therapy are primarily prescribed for the treatment of
T2DM (Prasad et al., 2020, Inzucchi et al., 2015). Current oral hypoglycemic agents include
metformin, sulfonylureas, glinide and a-glucosidase inhibitors which are used either in
polytherapy or monotherapy to regulate glycemic levels (Kim et al., 2019, Wilke et al., 2019,
Meenakshi et al., 2010). Metformin is usually the first drug recommended for T2DM (Kim et
al., 2019, Inzucchi et al., 2015). It is the only biguanide drug derived from a plant (Inzucchi
et al., 2015). Metformin activates AMPK thereby increasing glucose uptake in peripheral
tissue, preventing postprandial marked hyperglycemia and reducing the production of
hepatic glucose (Inzucchi et al., 2015, Cock et al., 2021). It is cost-effective; however, it
causes vitamin deficiency, abdominal cramping, diarrhoea and dehydration (Inzucchi et al.,
2015). Sulfonylureas inhibit ATP-sensitive potassium plasma membrane channels of
pancreatic [(-cells, thereby increasing insulin secretion (Inzucchi et al.,, 2015).
Disadvantages of sulfonylureas are weight gain, hypoglycemia and short durability (Inzucchi
et al., 2015). Biguanides and sulfonylureas have been shown in studies to have no effect on
the progression of diabetes complications (Pareek et al., 2009b). Thus, current treatments
cause adverse side effects and have not been effective in minimizing or preventing clinical
complications (Bahmani et al., 2014, Meenakshi et al., 2010, Venkatesh et al., 2010).
Moreover, these treatments are often beneficial just during the outset of disease and lose
efficiency as the condition progresses (Cock et al., 2021). Rural residents have chosen
alternatives from traditional healers who use plant-based preparations to treat diabetes
since they cannot afford these expensive treatments with adverse effects (Oyedemi et al.,
2009). In order to develop plant-based therapies for the treatment and maintenance of
T2DM, this has intensified the search for medicinal plants with anti-diabetic properties (Cock
et al., 2021, Pareek et al., 2009).
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2.3 Medicinal plants

Medicinal plants have been utilized globally as remedies in the treatment and management
of a diverse range of ailments (Abo et al., 2008b). These medicinal plants are used
traditionally without information on the medical properties and constituents they possess
(Sagbo et al., 2018, Dewanjee et al., 2009). In traditional folk medicine, they have been
effectively utilized for centuries to produce novel drugs with little or no adverse side effects
(Yang et al., 2019, Tang et al., 2017, Dewanjee et al., 2009). In addition, medicinal plants
are also cost-effective, readily available and effective (Tang et al., 2017, Dewanjee et al.,
2009, Bahmani et al., 2014). The majority of indigenous people in South Africa rely on
traditional healers and herbalists for the treatment of infections and diseases such as DM
(Oyedemi et al., 2009).

Medicinal plants with anti-diabetic properties are used in ethnomedicine and ayurvedic
medicine systems (Bourebaba et al., 2021, Karigidi et al., 2020, Pareek et al., 2009a). The
efficiency of medicinal plants in managing blood glucose levels and reducing long-term
complications in T2DM is well documented (Salleh et al., 2021, Karigidi et al., 2020, Salehi
et al., 2019, Bahmani et al., 2014, Pareek et al., 2009a). Research studies have shown a
significant increase in the utilization of medicinal plants; therefore, the cultivation of
medicinal plants would be beneficial to society and economic growth (Bourebaba et al.,
2021, Cock et al., 2021). Medicinal plants possess antioxidants such as flavonoids, ascorbic
acid (vitamin C), carotenoids, tocopherol (vitamin E), phenolics and tannins (Karigidi et al.,
2020, Unuofin and Lebelo, 2020, Germoush et al., 2019, McCune and Johns, 2002).
Polyphenols have been shown to have significant antioxidant properties, either by
stimulating the endogenous antioxidant defense response or scavenging free radicals
(Kumar et al., 2021, McCune and Johns, 2002).

2.3.1 Anti-diabetic medicinal plants

The drumstick tree (Moringa oleifera) is widely distributed in subtropical and tropical regions
of Africa and Asia (Tang et al., 2017). Cambodian M. oleifera leaf extracts were reported to
decrease hyperglycemia and possess antioxidant properties (Tang et al.,, 2017).
Sterculiaceae (Helicteres isora), distributed in the Andaman Islands and India, was reported
to reduce blood glucose levels and regenerate the liver, as well as the pancreatic islets of
diabetic rats, while extracts of wild leek (Allium ampeloprasum) from northern Europe and

central Asia exhibit anti-oxidant, hypoglycemic and hypolipidemic properties (Rahimi-
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Madiseh et al., 2017, Venkatesh et al., 2010). Black and green tea possess tannins that
lower blood glucose levels, but green tea has been reported to contain more antioxidants
than black tea (McCune and Johns, 2002). An in vivo study of whole plant extracts of Tridax
daisy (Tridax procumbens) that is widely distributed in India were found to possess anti-
hyperglycemic properties and no traits of toxicity were observed (Pareek et al., 2009a). T.
procumbens was observed to be more effective in reducing blood sugar than Glibenclamide,
an anti-diabetic medicine prescribed for T2DM (Pareek et al., 2009a). A study conducted in
the Eastern Cape of South Africa demonstrated that plant extracts of Strychnos henningsii
and Leonotis leonorus were effective in reducing diabetes symptoms such as polyuria and

glycosuria with no adverse side effects (Oyedemi et al., 2009).

2.3.2 Momordica foetida Schumach. et Thonn

Momordica foetida Schumach. et Thonn, also known as Bitter cucumber and Nngu in
Tshivenda, is an indigenous African medicinal plant that belongs to the Cucurbitaceae
family, genus Momordica (Oloyede and Aluko, 2012, Maanda and Bhat, 2010). It is widely
distributed in sub-tropical regions of Africa (Odeleye and Oyedeji, 2008). In South Africa, M.
foetida is widely distributed in the Vhembe district, Limpopo province (Figure 2.7) (Magwede
et al., 2019). M. foetida is a monoecious perennial vine with green leaves, which have a
glabrous surface (Figure 2.8A, B). The leaves (Figure 2.8A, B) are simple, alternate, with no
stipules, a widely ovate-cordate to the triangular-cordate blade, and a deeply cordate base
(Komakech, 2017). The flowers (Figure 2.8B) have an orange or reddish coloured center
and cream white petals (Acquaviva et al., 2013, Hyde, 2002). The Ovid of the fruit (Figure
2.8C) is 7.5x5cm with prickles (Hyde, 2002). When the fruit is ripe (Figure 2.8D), it has a
bright orange color with black seeds covered by a consumable red pulp (Fern, 2014, Froelich
et al., 2007).
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Figure 2.7: Distribution of Momordica foetida in South Africa. M. foetida is widely distributed in three provinces:
KwaZulu-Natal, Limpopo and Mpumalanga, with minimal distribution in the Eastern Cape (Adapted from
(Foden, 2005)).

Figure 2.8: Momordica foetida morphology appearance. (A) matured leaves, (B) monoecious flower with white
petals and orange center, (C) green unripe fruits and orange ripe fruit, and (D) ripe fruits with red pulp covering
the black seeds (Prepared by author).
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2321 Phytochemical content of M. foetida

Phytochemical studies demonstrated that M. foetida possesses secondary metabolites
such as polyphenols, saponins, flavonoids, tannins, alkaloids, steroids and triterpenoids
(Soh et al.,, 2020, Odeleye and Oyedeji, 2008). The whole plant was used to extract
glycosides and alkaloids, while the leaves were used to extract polyphenolic and curcubitane
triterpenoids (Adenike, 2020, Mulholland et al., 1997b). A number of bioactive chemicals
are found in the M. foetida plant, including sitosterylglucoside, 5, 25-stigmastadien3-
ylglucoside, and 1-hydroxyfriedel-6-en-3-one (Molehin and Adefegha, 2014, Froelich et al.,
2007). A recent study demonstrated that Momordiside compounds, 3B-hydroxy-7-oxo-
23(R)-cucurbita-5,24-diene-23-0-B-D glucopyranoside and 3B-hydroxy-7p-methoxy-23(R)-
cucurbita-5,24-diene-23-0O-B-D-glucopyranoside exhibited antioxidant activity (Soh et al.,
2020).

2.3.2.2 Traditional uses of M. foetida

The bitter leaves of M. foetida are added to green leafy vegetables such as kale and stew
as spice by the Venda tribe (Magwede et al., 2019, Maanda and Bhat, 2010). In Tanzania,
Uganda, Gabon, Kenya, Sudan and Ghana the ripe fruit pulp is consumed (Oloyede and
Aluko, 2012). M. foetida is also consumed by cattle and is appropriate for weight gain in
rabbits (Oloyede and Aluko, 2012). In Venda, leaf extracts are used in medicine for the
treatment of various ailments (Magwede et al., 2019, Maanda and Bhat, 2010). Plant
extracts of M. foetida may be used for the treatment of boils (Odeleye and Oyedeji, 2008).
Leaf extracts are traditionally used in Ethiopia, Uganda and Somalia for the treatment of
malaria (Asnake et al., 2016, Acquaviva et al., 2013). Leaf or root extracts are used by the
Zulu tribe in South Africa in the treatment of stomachache, hypertension, and boils (Ndhlala
et al., 2011, Mulholland et al., 1997a). Leaf and root extracts are traditionally used in
Cameroon and Uganda for abortion and to facilitate difficult labor (Fern, 2014, Noumi and
Djeumen, 2007, Mulholland et al., 1997a). The fruit pulp is used in Tanzania as a repellent
for moths, ants and weevils (Mulholland et al., 1997a). Regulation of blood sugar and blood
pressure is achieved by using a decoction of leaves that is administered orally (Mokganya
and Tshisikhawe, 2019). The plant has been used traditionally to treat DM (Omokhua-Uyi
and Van Staden, 2020b, Zobolo and Mkabela, 2006). Its use has also been reported as a
treatment of liver disease and tiredness (Asnake et al., 2016). The leaves are crushed and
rubbed on areas of the body bitten by the Naja nigricollis cobra just few minutes after the

attack to prevent inflammation (Fern, 2014).
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2.3.2.3 In vitro and in vivo molecular effects of M. foetida

A pharmacological study revealed that M. foetida is an effective antimuscarinic and
antinicotinic agent (Odeleye and Oyedeji, 2008). The M. foetida plant extracts also inhibit
oxidative stress in muscle cells (Maanda and Bhat, 2010). The ability of the agqueous extract
of M. foetida to inhibit plasma lipid peroxidation in vitro and adipogenesis of human
mesenchymal stem cells can be directly associated with the aqueous extract's high phenolic
content and radical scavenging ability (Omokhua-Uyi and Van Staden, 2020a). In 2008, van
de Venter et al. published an in vitro study that demonstrated an increase in glucose
consumption in mouse myoblast muscle cells (C2C12) treated with M. foetida whole plant
extract (van de Venter et al., 2008). In addition, a recent in vivo study demonstrated that
various sections of M. foetida including the leaves showed hypoglycaemic effects in fasting
and alloxan-treated diabetes model rats, while foetidin, an isolated compound from the
leaves, only showed hypoglycaemic effects in fasted rats (Omokhua-Uyi and Van Staden,
2020a). The lack of synergistic compounds, which may be present in the whole plant or fruits
used in folkloric medicinal preparations, was ascribed to the inadequate action in diabetic
rats (Omokhua-Uyi and Van Staden, 2020a). In vivo and in vitro studies demonstrated that
M. foetida exhibited anti-malarial properties, conforming to its traditional use by healers and
herbalists (Waako et al., 2005). Antibacterial, anti-plasmodial, anti-lipogenic and antioxidant
properties are documented for M. foetida (Odeleye and Oyedeji, 2008, Asnake et al., 2016,
Waako et al., 2005, Soh et al., 2020, Acquaviva et al., 2013). The anti-inflammatory activity
of M. foetida is yet to be studied.

2.4  Oxidative stress

Oxidative stress prevails when pro-oxidants in the body are in excess of antioxidants
(Yaribeygi et al., 2020b, Tangvarasittichai, 2015b). Free radicals are reactive molecules with
an unpaired electron that are categorized into reactive oxygen species (ROS) and reactive
nitrogen species (RNS) (Sen et al., 2010, Devasagayam et al., 2004). Free radicals are
produced by exogenous substances such as cigarette smoke, pesticides, alcohol, pollution,
UV light and ionization radiation (Sen et al., 2010). Intracellularly, oxidative phosphorylation
is the primary source of free radicals. In addition, RNS and ROS are also produced by
macrophages and neutrophils in response due to the increased expression of NADPH
oxidase (NOX), NOS, and xanthine oxidase (Leuti et al., 2019, Sen et al., 2010). Uncoupled
endothelial nitric oxide synthase (NOS), xanthine oxidase and NADPH oxidases play a role
in the production of ROS (Weseler and Bast, 2010).
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Nitric oxide (NO), peroxynitrous acid (ONOOH), nitrogen dioxide (NO2), and peroxynitrite
(ONOQ") are examples of RNS, while superoxide (O2°), hydroxyl radical ("(OH), hydrogen
peroxide (H202), peroxyl radical (ROO"), singlet oxygen (*O2), organic hydroperoxide
(ROOH), and ozone (Os) are examples of ROS (Figure 2.9) (Hussain et al., 2020, Unuofin
and Lebelo, 2020, Rahimi-Madiseh et al., 2017, Devasagayam et al., 2004). Free radicals
play an important role in apoptosis, homeostasis and cell signaling pathways such as
extracellular-signal-regulated kinase (ERK) and mitogen-activated protein kinase (MAPK)
(Weseler and Bast, 2010, Cho and Wolkenhauer, 2003). ROS and RNS also act as
secondary messengers and are involved in aging and the development of various diseases
such as cardiovascular diseases, cancer and diabetic complications (Oloyede and Aluko,
2012, Weseler and Bast, 2010). Metal-binding proteins (ceruloplasmin, lactoferrin, ferritin,
and albumin), non-enzymatic oxidants, enzymatic oxidants, phytonutrients and

phytochemicals form part of the antioxidant defense system (Sen et al., 2010).

Non-enzymatic oxidants include flavonoids, reduced glutathione (GSH), ascorbic acid, a-
tocopherol, a-lipoic acid and carotenoids, while glutathione reductase (GR), superoxide
dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT) is part of the enzymatic
antioxidants (Figure 2.9) (Ibrahim et al., 2021, Cordero-Herrera et al., 2015, Morén and
Castilla-Cortazar, 2012, Moussa, 2008). Enzymatic antioxidants, which detoxify free
radicals, are the first line of defense against these radicals (Kumar et al., 2021, Lennicke et
al., 2015). Antioxidants are important because they neutralize excessively produced ROS,
protecting cells from injury and preventing interference with homeostasis (Tang et al., 2017,
Rahimi-Madiseh et al., 2017). Cell damage due to oxidative stress impacts cell function and
structure (Asmat et al., 2016). Macromolecules such as DNA, lipids and proteins are prone
to oxidative damage that leads to permanent modification (Sen et al., 2010,

Tangvarasittichai, 2015a).

DNA oxidation induces DNA single- and double-strand breaks at oxidized bases (purines
and pyrimidines) and abasic sites (apurinic/apyrimidinic site) (Thompson and Cortez, 2020).
Due to its low oxidation capacity, guanine is the most vulnerable DNA base (Deavall et al.,
2012). It is therefore not surprising that the most well-known DNA damage caused by
oxidative stress is the formation of 8-hydroxyguanosine (8-OH-G) (Birben et al., 2012). The
first cellular damage caused by free radical reactions is lipid peroxidation, which is a

typical marker of diabetes. ROS can disrupt the lipid bilayer structure in the membrane and
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cause lipid peroxidation (Birben et al., 2012). These may, in turn, increase the permeability
of tissue and inactivate membrane-bound enzymes and receptors (Birben et al., 2012).
Unsaturated aldehydes and malondialdehyde (MDA) are lipid peroxidation products that
may form protein cross-links that inactivate several cellular proteins (Birben et al., 2012).
MDA is a key biomarker of oxidative stress and lipid peroxidation caused by free radicals
(Tiwari et al., 2013, Kilisi¢ et al., 2018). When ROS react with specific amino acids, they
produce non-functional, denatured and modified proteins, which can exacerbate oxidative
stress (Asmat et al., 2016, Tiwari et al.,, 2013). Protein oxidation has several side-chain
targets including tyrosine, cysteine, and methionine (Tiwari et al., 2013, Birben et al., 2012).
Protein carbonyls and advanced oxidation protein products (AOPP) are protein oxidation
products that are significant biomarkers of oxidative stress (Tiwari et al., 2013). Chlorinated
oxidants, such as hypochlorous acid (HOCI) and chloramines, react with plasma proteins to
generate AOPP during oxidative stress (Gryszczynska et al., 2017). Hence these modified
molecules are used as oxidative stress biomarkers invivoandin vitro studies

(Tangvarasittichai, 2015a).
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Figure 2.9: Role of antioxidant enzymes in oxidative stress mechanism. Catalase, glutathione peroxidase, and cytochrome C all neutralize
H,0.. H,0 is neutralized by catalase to 2H,0 and O,, whereas glutathione peroxidase to H,O. The reaction of H,O, and ferric ions (Fe?"),
produces a highly reactive ‘OH radical is the primary cause of oxidative damage in the cell which leads to cellular death (Adapted from
(Morén and Castilla-Cortazar, 2012)).

Intracellular antioxidants GSH, SOD and CAT are also oxidative stress biomarkers

(Tangvarasittichai, 2015a). SOD is the main defense enzyme responsible for the direct
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removal of ROS (Moussa, 2008). It catalyzes the reaction of O2" yielding molecular oxygen
and H202 (Figure 2.9) (Shankar and Mehendale, 2014). Although H202 has been
documented to be very harmful to cells at high concentrations, at low concentrations it
controls physiological processes including thiol redox balance, cell proliferation,
mitochondrial function, carbohydrate metabolism and cell death (Ighodaro and Akinloye,
2018). Various enzymes are capable of neutralizing H202; CAT, GPx and other peroxidases
like cytochrome c peroxidase and NADH peroxidase are among these enzymes (Nandi et
al., 2019). Catalase neutralizes H202 by converting it into water and oxygen (Figure 2.9)
consequently ensuring that the molecule remains at its optimal level in the cell which is also
essential for regulating physiological processes (Nandi et al., 2019, Asmat et al., 2016,
Maritim et al., 2003, Kabel, 2014). CAT is extremely effective, as it can decompose millions
of H202 molecules per second (Ighodaro and Akinloye, 2018, Kabel, 2014). GPx is
responsible for the decomposition of H202 into water and oxygen (Figure 2.9) in mammalian
cells' mitochondria since CAT is mostly found in peroxisomes (Ilghodaro and Akinloye, 2018).
The liver is the principal source of GSH and converts oxidized glutathione to active
glutathione via glutathione reductase (Yaribeygi et al., 2020b, Gaucher et al., 2018).
Furthermore, GSH, a co-substrate of GPx, detoxifies lipid peroxides and H202 to alcohol
and water (Dare et al., 2021, Yaribeygi et al., 2020a). Mutations and deficiency of this enzyme
are associated with a variety of abnormalities and diseases (Ighodaro and Akinloye, 2018,
Nandi et al., 2019). NRF2 has been reported as a key regulator of transcriptional genes such
as NADPH oxidase-1, oxygenase-1, GPx, SOD, GSH and CAT involved in metabolism and
antioxidant defense pathway that protects cells from oxidative stress (Hussain et al., 2020,
Ding et al., 2019, Yuan et al., 2019, Wang and Guo, 2019). A deficiency of NRF2 results in
severe glucose intolerance decreased insulin signaling, and hyperglycemia (Ding et al.,
2019).

2.4.1 Oxidative stress in T2DM complications

Hyperglycemia and hyperlipidemia induce the formation of excess ROS (Figure 2.10) by
decreasing the production of antioxidants (Tang et al., 2017, Rahimi-Madiseh et al., 2017,
Abo et al., 2008b). Increased ROS has been implicated in the development of microvascular
complications of T2DM (Asmat et al., 2016). Oxidative phosphorylation is the main cause of
ROS production in T2DM and its complications (Kumar et al., 2021; Moussa, 2008).
Oxidative stress disturbs the uptake of glucose by peripheral tissues and insulin signaling,

thereby inducing insulin resistance (Yaribeygi et al., 2020b). The formation of advanced
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glycation end-products (AGES), hexosamine pathway, diacylglycerol (DAG) and abnormal
PKCB1/2 kinase activation (Figure 2.10) are mechanisms activated by excess production of
ROS causing microvascular diabetic complications, insulin resistance and dysfunction of -

cells (Bigagli and Lodovici, 2019, Tangvarasittichai, 2015a).

Long-term hyperglycemia damages kidney and liver tissue because the kidney filters and
reabsorbs glucose and the liver is the primary organ that regulates blood glucose levels
(Aslam et al., 2019). Hepatic antioxidant enzymes that scavenge free radicals decrease
oxidative stress in the liver (Aslam et al., 2019). Oxidation of RNA and DNA has been
observed at the onset of diabetic nephropathy (Wang et al., 2017). A recent study indicated
that urinary oxidized 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxoGuo) could be a potential

diabetic nephropathy marker (Wang et al., 2017).

ROS triggers the expression of nuclear factor-kB (NF-kB) (Figure 2.10) which in turn
promotes the production of inflammatory cytokines, resulting in the development of diabetic
nephropathy (Galicia-Garcia et al., 2020, Lee et al., 2003). Production of ROS in diabetic
nephropathy is induced by transforming growth factor- 81 (TGF-£1), angiotensin Il and AGE,
thereby activating elevated glucose signaling (Lee et al., 2003). Antioxidants are produced
by the body and come from the food consumed (Sen et al., 2010). Plant antioxidants are
well documented and can be used as therapeutic agents that can scavenge free radicals
thereby preventing microvascular complications of DM and controlling normal blood glucose
(Aslam et al., 2019, Sen et al., 2010).
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Figure 2.10: Mechanism of oxidative stress in type 2 diabetes mellitus complications. Hyperglycemia causes
the production of ROS, which then activates the stress signaling pathway and disrupts DNA, lipid, and protein
metabolism, resulting in insulin resistance, beta-cell dysfunction, and diabetes complications (Adapted from

(Fernandez-Mejia, 2013)).
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CHAPTER 3: METHODOLOGY

3.1 Materials

The HepG2 cells were obtained from the Discipline of Medical Biochemistry at the University
of KwaZulu-Natal. Cell culture media [Eagles Minimum Essential Medium (EMEM), L-
glutamine, penstrep-fungizone, trypsin] were procured from Whitehead Scientific (Cape
Town, South Africa (SA)), while plasticware including tissue culture plates, test tubes, micro-
centrifuge tubes, 75cm? flasks and luminometer plates were purchased from Merck
(Darmstadt, Germany). Foetal bovine serum (FBS) and Pierce™ protease/phosphatase
inhibitor were acquired from ThermoFisher Scientific (Johannesburg, SA). Phosphate
buffered saline (PBS), methylthiazol tetrazolium (MTT) salt and B-actin (#A3854) from
Sigma (St. Louis, Missouri, USA), and dimethylsulfoxide (DMSO) from Merck
(Johannesburg, SA). Cytobuster™ protein extraction reagent, bicinchoninic acid (BCA),
thiobarbituric acid (TBA), malondialdehyde (MDA), butylated hydroxytoluene (BHT), copper
sulphate, sodium nitrate, vanadium (Ill) chloride (VCIs), sulphanilamide and N-1-Naphthyl
ethylenediamine dihydrochloride (NEDD) were also purchased from Sigma (St. Louis,
Missouri, USA). Western blot and PCR reagents were procured from Bio-Rad (Hercules,
California, USA), while Cell Signalling Technology (CST, Danvers, Massachusetts, USA)
antibodies and Promega products (Madison, Wisconsin, USA) were obtained from Anatech
(Johannesburg, SA). The phosphoric acid (HsPOa), ethanol, hydrochloric acid (HCI) and
butanol were from Merck (Darmstadt, Germany). Bovine serum albumin (BSA) and all
primers were obtained from Ingaba Biotech (Johannesburg, SA). All other salts and

solvents/acids were purchased from Lasec SA (Pty) Ltd unless stated otherwise.

3.2  Preparation of M. foetida aqueous extract

Fresh M. foetida leaves were harvested at Sheshe village (district) in Limpopo province and
air-dried in the Medical Biochemistry laboratory (University of Kwazulu-Natal, Howard
College). The leaves were blended with a laboratory blender at maximum speed to a fine
powder. Thereafter, 50g of the leaf powder was added to a beaker containing 500ml of
distilled water. The solution was boiled for 15 minutes and allowed to cool. After cooling,
the solution was transferred to 10x 50ml falcon tubes. The tubes were centrifuged at 3220xg,
20°C for 30 minutes. The supernatant was transferred to a freeze-dryer container and stored

at -80°C before being lyophilized using the freeze-dryer (VirTis SP Scientific Sentry 2.0). The
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remaining dried extract was used to prepare a stock concentration in cell culture medium

(CCM) (5mg/ml), from which all treatments were made.

3.3 Cell culture

The human hepatocellular carcinoma (HepG2) cells were maintained until approximately
80% confluent in a 75cm? flask containing CCM (EMEM supplemented with 10% FBS, 1%
L-glutamine and 1% penstrep-fungizone) in a 5% CO2 humidified atmosphere at 37°C
(NUAIRE, Plymouth, USA). To subculture cells, cells were examined under an inverted
microscope for confluence and to ensure that no fungal or bacterial contamination occurred.
The media was discarded, and the cells were rinsed 3 times with sterile 0.1M PBS. Cells
were then trypsinized by adding 1ml of trypsin and monitoring under a microscope to check
if the cells have dislodged. Once 90% of the cells were detached, the trypsin was discarded
and 2ml of CCM was added to the flask to inactivate the trypsin. The flask was gently tapped
on the palm of the hand to dislodge the cells. A cell counting solution was prepared by
adding 150ul of CCM, 50ul of cell suspension, and 50ul of trypan blue to a microcentrifuge
tube. Thereafter, 10ul of the counting solution was loaded onto a haemacytometer and the
cells were counted using an inverted microscope. The number of cells in the cell suspension
was determined (cells/ml = average cell count x dilution factor x 10*). Thereafter, the cells
were diluted as required for the respective assays, dispensed into cell culture plates or
flasks, and incubated to allow cell attachment. Alternatively, the cells were stored (2 million
cells, 10% DMSO0:90% CCM).

3.4  3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT) assay

3.4.1 Principle

The MTT assay is a colorimetric assay that is commonly used to evaluate cytotoxicity and
cell viability (van Meerloo et al., 2011, Stockert et al.,, 2018). This assay assesses
mitochondrial activity by quantifying the reduction of the tetrazolium MTT salt (yellow) to
insoluble formazan crystals (purple) by nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent oxidoreductase enzymes (Figure 3.1) (Stockert et al., 2018). The
insoluble formazan crystals are then solubilized by adding a solubilizing solution such as
acidified ethanol or dimethyl sulfoxide (DMSO) and measured using a spectrophotometer at

570nm/690nm (Kuete et al., 2017). The number of viable cells correlates with the amount of
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formazan yielded; the mitochondrial activity and cell viability are higher as the solution

becomes darker (Figure 3.1) (van Meerloo et al., 2011).

Figure 3.1: The MTT assay principle (adapted from ICBG Project). Tetrazolium salt MTT (yellow) is reduced
to insoluble formazan (purple) by NADPH-dependent oxidoreductase enzymes in viable cells (Prepared by
author).

3.4.2 Protocol

The MTT assay was used to determine the cytotoxicity of M. foetida, and to derive the
treatment concentrations for subsequent assays. Confluent HepG2 cells were trypsinised
and counted, then seeded into a 96-well microtiter plate (20000 cells / 200ul CCM / well).
After adherence was achieved overnight, the CCM was discarded, and cells were starved
for 1 hour in a serum-free, low glucose minimum essential medium. Thereafter, except for
the control, all cells were equilibrated to hyperglycemic (HG) conditions by incubation in
CCM containing 30mM glucose (HG-CCM) for 24 hours. The cells were then treated in
triplicate with 125ug/ml, 500pug/ml and 1000 pg/ml M. foetida for 24 hours; control cells were
untreated (normoglycemia CCM only), hyperglycemic control cells contained HG-CCM only
and the positive control received metformin. Following treatment, MTT salt (5mg/ml in PBS)
and CCM were mixed (1:4), then equal volumes (120pl) of the resultant MTT solution were
pipetted into each well containing treated cells. The plate was incubated at 37°C, 5% CO2
(NUAIRE, Plymouth, USA) for 4 hours. After removal of the MTT salt solution, 100ul of

DMSO was added to each well and incubated for 1 hour at 37°C. The plate was then read
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using BMG LABTECH SPECTROstar Nano (Ortenberg, Germany) microplate

spectrophotometer at 570nm, and 690nm was used as a reference. The absorbance was

Average absorbance of treated cells

used to calculate the percentage of cell viability (

x 100).

Average absorbance of control cells

3.5 Treatment of cells

The HepG2 cells were treated in opaque microtiter plates for luminometry, and in flasks for
western blotting and gPCR. For luminometry, confluent HepG2 cells were trypsinized and
counted, then seeded into a 96-well white microtiter plate (20000 cells / 200yl CCM / well)
in triplicate. The plate was incubated overnight to allow the cells to adhere before treatment.
For western blotting and qPCR, six 75cm? flasks of HepG2 cells were maintained for 48
hours until cells reached approximately 80% confluence. The CCM was discarded from the

plates and flasks, and the cells were treated as described below.

The cells were serum starved in serum free media for 1 hour, then hyperglycemia was
induced by exposing the HepG2 cells to HG conditions (30mM D-glucose) for 24 hours, with
exception of the control (low glucose CCM only). The cells were then treated with the M.
foetida extract (125ug/ml, 500ug/ml and 1000 pg/ml in CCM) and metformin (100ug/ml;
positive control) under HG conditions for 24 hours; the HG control was untreated. After 24
hours, the treatment medium was retained to determine glucose uptake, free radical
production and LDH release. The treated cells were used in the luminometry, western

blotting and qPCR assays.

3.6 Lactate Dehydrogenase (LDH) assay

3.6.1 Principle
The LDH assay is a colorimetric assay for evaluating cellular cytotoxicity by measuring the
amount of LDH released (Aslantlirk, 2018a). Lactate dehydrogenase is a stable and soluble
cytosolic enzyme that is only released into the neighbouring environment of damaged cells;
it is thus used as a cell death marker in a cell culture medium (Man, 2020). Released LDH
activity is measured quantitatively in a coupled-enzymatic reaction where tetrazolium salt
(INT) is reduced to red formazan salt (Figure 3.2) (Man, 2020). The LDH assay occurs in 2
steps (Figure 3.2); firstly, lactate is reduced to pyruvate thereby reducing NAD to NADH/H*
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(Aslantirk, 2018a). Subsequently, diaphorase, a catalyst, transfers H* from NADH/H* to
tetrazolium salt (INT) producing red formazan salt (Aslantiirk, 2018a). The number of
damaged cells in the medium corresponds to the amount of colour produced (Man, 2020).

Formazan is measured by spectroscopy at 490 nm (Man, 2020).

Figure 3.2: LDH cytotoxicity assay. The reaction is involved in the quantification of LDH activity. Reduced INT
produces red-coloured formazan salt measured at 490nm by standard spectroscopy (Prepared by author).

3.6.2 Protocol

To investigate cellular cytotoxicity, LDH was measured in the treatment medium using an
LDH-Cytotoxicity assay kit (#J2380, Promega, Madison, Wisconsin, United States).
Retained treatment medium containing released LDH was added into a 96-well plate in
triplicate (50ul per well). A reconstituted reaction mix comprising the diaphorase/NAD*
substrate and INT/sodium lactate dye solution was prepared as instructed by the
manufacturer. The reaction mix was added to each well containing the transferred aliquots
and the plate was covered with foil and incubated for 30 minutes at room temperature in the
dark. The reaction was halted by adding 25ul of stop solution to the plate. The absorbance
was then measured using a BMG LABTECH SPECTROstar Nano microplate
spectrophotometer (Ortenberg, Germany) at 490nm, and 600nm was used as a reference.
The results were expressed as the percentage of LDH released compared to the maximum
LDH released from the untreated control cells.
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3.7 Thiobarbituric acid reactive substances (TBARS) assay

3.7.1 Principle

Lipid peroxidation is a mechanism in which free radicals such as reactive nitrogen species
(RNS) and reactive oxygen species (ROS) attack carbon-carbon double bonds in lipids
(Ayala et al., 2014). This process results in a combination of products such as
hydroperoxides and lipid peroxyl radicals as the main products, as well as 4-hydroxynonenal
and malondialdehyde (MDA) as the predominant secondary products (Ayala et al., 2014).
Malondialdehyde is a thiobarbituric acid reactive substance (TBARS) that is commonly used
as an oxidative stress marker (De Leon and Borges, 2020). The TBARS assay is based on
the reaction of the end product of lipid peroxidation, MDA with thiobarbituric acid (TBA) at a
high temperature of 95°C and low pH (1.5), yielding a pink-coloured adduct (Figure 3.3) that
is quantified by spectrophotometry at 532nm (De Leon and Borges, 2020).

Figure 3.3: TBARS assay. Formation of TBARS by reaction of malondialdehyde with 2-thiobarbituric acid at
high temperature and acidic conditions (Adapted from (Ghasemi et al., 2007)).

3.7.2 Protocol
Free radical production culminating in lipid peroxidation was measured using the TBARS
assay to quantify MDA. A volume of 200ul of each retained treatment media of HepG2 cells

[Control: CCM only, HG control, M. foetida (125ug/ml, 500ug/ml, and 1000ug/ml) and
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metformin] was added into respective test tubes. Method controls were also prepared from
fresh CCM; the positive control tube contained 200l MDA solution (1.38uM), and the blank
comprised 200l CCM only. Thereafter, 200 pl of 7% phosphoric acid (HsPO4) was added
to each tube, followed by the addition of 400ul of TBA/BHT (10mg/ml TBA in 50mM NaOH
containing 0.1mM BHT, from 20mM BHT in ethanol) solution to each sample tube except to the
blank, which received 400ul of 3mM HCL. All the glass tubes were then vortexed briefly for
optimum mixing (VELP Scientifica Rx3). Thereafter, 200ul of 1M HCL was added to all tubes
and boiled on a heating block set to 100°C for 15 minutes. The samples were allowed to
cool at room temperature for 15 minutes. Following the cooling step, 1500ul of butanol was
added to all the tubes and the tubes were vortexed for 30 seconds (VELP Scientifica Rx3).
The samples were allowed to settle until two distinct phases were observed. A volume of
500ul butanol phase (upper phase) was transferred to labelled microcentrifuge tubes, then
100ul of each sample was transferred into the 96-well microtiter plate in triplicate and the
absorbance was measured at 532nm with a reference wavelength of 600nm using a
spectrophotometer (BMG LABTECH SPECTROstar Nano, Ortenberg, Germany). The
standard formula was used to calculate the mean MDA levels for each treatment as follows:

Sample absorbance
156mM—1

MDA concentration (UM) = X 1000

3.8 Nitric oxide synthase (NOS) assay

3.8.1 Principle

The synthesis of nitric oxide (NO) from L-arginine is catalyzed by nitric oxide synthase
(NOS). Nitric oxide plays an important role in pathological and physiological processes
(Ghasemi et al., 2007). The low bioavailability of NO is correlated with the development of
type 2 diabetes mellitus since NO is involved in the metabolism of carbohydrates
(Bahadoran et al., 2020). It is hard to measure NO precisely since it is an unstable gas with
a short life span (Ghasemi et al., 2007). Instead, the concentration of NO end products,
nitrate (NOx) and nitrite are measured to estimate the entire NO activity (Ghasemi et al.,
2007). Nitrate and NOx serve as indicators of NOS activity and could be quantified by ion-
selective electrodes chromatography, mass spectroscopy, chemiluminescence, fluorescent
and the colorimetric Griess assay (Ghasemi et al., 2007, Ghafourifar et al., 2008). The
principle of this assay relies on the detection of nitrite after NOx has been reduced to nitrite

by vanadium chloride (Ghafourifar et al., 2008). Nitrite then reacts with Griess reagents
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(sulphanilamide and N-(1-naphthyl) ethylenediamine (NEDD)), forming a red-pink coloured
that is quantified by a spectrophotometer at 546 nm (Figure 3.4) (Ghafourifar et al., 2008).

Figure 3.4: Griess reaction. Detection of NO concentration by reaction of nitrite with Griess reagents (Adapted
from (Ghafourifar et al, 2008)).

3.8.2 Protocol

The NO produced by the HepG2 cells was determined by assaying the levels of NO2 using
the Griess reagent. For this reaction, 50l of treatment media was added to a 96-well plate,
along with sodium nitrate standards [0; 25; 50; 75; 100; 125; 150; 175; 200uM ] in triplicate
for each standard and sample. This was followed by the addition of 50ul of vanadium
chloride (100mg VCls dissolved in 12.5ml of 1M HCI), 25ul of sulphanilamide (200mg
sulphanilamide dissolved in 10ml of 5%HCI, wrapped with foil) and 50ul of N-1-Naphthyl
ethylenediamine dihydrochloride (NEDD) (10mg NEDD dissolved in 10ml of dH20). After 30
minutes of incubation at room temperature (dark), the absorbance of the reaction mixture
was read by a spectrophotometer (BMG LABTECH SPECTROstar Nano, Ortenberg,

Germany) at 540nm and 690nm was used as reference. The means of standards were
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calculated and used to construct a standard curve, which was used to estimate levels of

nitrites and nitrates in the samples.

3.9 Luminometry

Bioluminescence is known as a mechanism of light emission from species and it reflects a
chemical transfer of energy into light (Chollet and Ribault, 2012). A multi-step
bioluminescence process involving the luciferase enzyme is a process that requires a
substrate of luciferin, ATP, oxygen and magnesium cations (Mg?*) (Chollet and Ribault,
2012). Luminometry was used to quantify ATP and GSH, and determine mitochondrial

membrane potential (A¥Ym); the HepG2 cells were prepared in the same way for each assay.

Briefly, the HepG2 cells (20,000 cells/well) were seeded into an opaque polystyrene 96-well
luminometer plate and incubated at 37°C (NUAIRE, Plymouth, USA) overnight to facilitate
adherence. The CCM was removed, and the attached cells were serum-starved for 1 hour,
then hyperglycemia was induced by exposing the HepG2 cells to HG conditions (30mM D-
glucose) for 24 hours, with exception of the control (low glucose CCM only). The cells were
then treated with the M. foetida extract (125pg/ml, 500pg/ml and 1000 pg/ml in CCM) and
Metformin (100ug/ml; positive control) under HG conditions for 24 hours; the HG control was
untreated. After 24 hours, the treatment medium was removed, and wells were replenished

with 50ul of 0.1M PBS before proceeding with the assays.

3.9.1 ATP assay

3.9.11 Principle

Adenosine triphosphate (ATP) is found in all living species and serves as the cell's primary
source of energy (Zheng et al., 2018). It is involved in signalling, cellular synthesis and
mobility (Aslantirk, 2018b). The ATP assay is a rapid, reliable and sensitive assay to
determine cell viability (Aslantirk, 2018b). It is based on the oxidation of luciferin by the
enzyme luciferase in the presence of intracellular ATP to yield oxyluciferin (Kamiloglu et al.,
2020; Chollet and Ribault, 2012). Intracellular ATP is directly proportional to the
luminescence signal, which is measured by a luminometer (Kamiloglu et al., 2020; Chollet
and Ribault, 2012).

39



Firefly
COOH Luciferase

HO S NT 5 © s NTO— + PPi + CO, + LIGHT
N/>_<S +ATP + 0, NHS l + AMP

+ Mg*

Luciferin Oxyluciferin

Figure 3.5: ATP-bioluminescence chemical reaction based on the luciferin/ luciferase method emits photons
of yellow-green between 550-570 nm (Adapted from (Martin, 2022)).

3.9.1.2 Protocol

The Promega CellTiter-Glo® Luminescent Cell Viability Assay Kit (#G7571) was used to
determine ATP levels in HepG2 cells. The CellTiter-Glo® reagents were prepared according
to the manufacturer’s instructions (ATP detection buffer and ATP detection substrate mix).
Thereatfter, a 25ul ATP detection reagent was added to each well containing treated HepG2
cellsin 0.1M PBS. The plate was incubated in the dark for 30 minutes at room temperature.
After incubation, the plate was placed in a Turner BioSystems Modulus microplate
luminometer (Sunnyvale, USA), and the luminescence was measured. The ATP
concentration was directly proportional to the light emitted by the sample, which was
presented as mean relative light units (RLU).

3.9.2 Glutathione (GSH) assay

3.9.21 Principle

Glutathione is a tripeptide (y-glutamyl cysteinyl glycine) involved in xenobiotic detoxification,
apoptosis, gene expression and signal transduction (Ali et al., 2022, Rahman et al., 2006).
Reduced GSH is the co-factor and electron donor for several antioxidant reactions, including
GPx, thioredoxin, and glutaredoxin (Alisik et al., 2019, Rahman et al., 2006). In the process,
the oxidized glutathione disulfide (GSSG) is produced. As a result, oxidized (GSSG) and
reduced (GSH) forms serve as a good marker of oxidative stress (Alisik et al., 2019). The
GSH assay is based on the conversion of Luciferin-NT to Luciferin in the presence of a
glutathione-S-transferase enzyme (Figure 3.6) (Rahman et al., 2006). The amount of GSH

in the sample is directly proportional to the luminescent signal produced (Mehdi et al., 2018).
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Figure 3.6: Mechanism of firefly luciferase. Glutathione-S-transferase catalyzes the conversion of Luciferin-
NT and GSH probe to Luciferin. Adapted from (Promega, 2022).

3922 Protocol

The Promega GSH-Glo™ Glutathione Kit (#V6911) was used to detect and quantify GSH in
HepG2 cells. The GSH-Glo™ reagent (Luciferin-NT substrate and glutathione-S-transferase
in GSH-Glo™ Reaction Buffer) was prepared according to the manufacturer’s instructions.
Thereafter, 25ul/well of 2X GSH-Glo™ reagent was added to the treated cells in 50ul PBS.
Following 30 minutes of incubation at room temperature, 12.5ul of luciferase detection
reagent was added and the plate was incubated for 15 minutes at room temperature. The
plate was placed in a Turner BioSystems Modulus microplate luminometer (Sunnyvale,

USA), and the luminescence was measured. The results were reported as mean RLU.

3.9.3 Mitochondrial integrity

3.9.3.1 Principle

Mitochondria are essential for the synthesis of ROS and ATP (Cowan et al., 2019). This
assay evaluates ATP levels as well as changes in cell membrane integrity. Mitochondrial
integrity is assessed using a fluorogenic peptide substrate (bis-AAF-R110). A dead cell
protease substrate in the media is cleaved by proteases released from cells with
compromised membrane integrity (Figure 3.7). Thus, decreased membrane integrity
correlates with increased fluorescence. The amount of ATP in the sample is determined by
adding the ATP detection reagent, which causes cell lysis by diffusing into the mitochondrial
matrix of healthy cells. The luminescent signal produced is proportional to the amount of
ATP present (Figure 3.7).
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Figure 3.7: The mitochondrial membrane potential assay differentiates healthy from unhealthy cells based on
the membrane integrity and ATP production (Adapted from (worldwide.promega.com, 2022)).

3.9.3.2 Protocol

The Promega Mitochondrial ToxGlo™ Assay Kit (#G8000) was used to determine
mitochondrial membrane integrity in HepG2 cells. The 5X cytotoxicity (5ul bis-AAF-R110 in
1ml assay buffer) and ATP detection reagents were prepared according to the
manufacturer’s instructions. Briefly, the treatment medium was replaced with 50ul PBS, then
25pl/well of 5X cytotoxicity reagent was added to the treated cells and incubated at room
temperature for 30 minutes in the dark. Following incubation, fluorescence was measured
at 485nm excitation and 525nm emission in a Turner BioSystems Modulus microplate
luminometer (Sunnyvale, USA). The plate was then equilibrated for 10 minutes at room
temperature. Thereafter, 25ul of ATP Detection Reagent was added to each sample. The
plate was placed in a Turner BioSystems Modulus microplate luminometer (Sunnyvale,

USA), and the luminescence was measured.
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3.10 Western blot

3.10.1 Principle

Western blotting also known as immunoblotting is a commonly used assay for detecting
proteins (Gwozdz and Dorey, 2017). Western blot uses antibody-based probes to extract
precise target protein information from complex samples (Gwozdz and Dorey, 2017, Najafov
and Hoxhaj, 2017). It is a very sensitive approach that even quantifies picogram amounts of
targeted proteins because of the high affinities of antibodies towards their epitopes and the
amplifying nature of western blotting (Najafov and Hoxhaj, 2017). Western blot is used to
acquire details about post-translational modifications, quantity and molecular weight of
proteins (Najafov and Hoxhaj, 2017). Sample protein is extracted, quantified using various
assays such as Lowry and Bradford assays, and standardized (Roy et al., 2019). Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is used to separate the
proteins in the sample by molecular weight and isolated proteins are then transferred to a
nitrocellulose or polyvinylidene difluoride membrane where the targeted proteins bind to
specific antibodies (Figure 3.8) (Roy et al., 2019). The antigen-antibody reaction is
visualized using a chemiluminescent substrate and the captured image is analysed to
determine relative band density (RBD) (Bass et al., 2017). The RBD is normalized against

housekeeping proteins such as B-actin (Bass et al., 2017).

Figure 3.8: Overview of western blot protocol showing electrophoresis of the standardized protein, electro
transfer and immunodetection steps (Adapted from (Cusabio, 2022)).
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3.10.2 Protocol

3.10.2.1 Protein isolation

Treated cells were rinsed twice with PBS, followed by the addition of 200pl of Cytobuster™
protein extraction reagent (71009-3, Sigma-Aldrich, St. Louis, Missouri, USA) supplemented
with protease and phosphatase inhibitors (Pierce™, ThermoScientific, Waltham,
Massachusetts, USA). Cells were then lysed completely on ice for 30 minutes. The cells
were scraped using a cell scraper and transferred to 1.5ml labelled microcentrifuge tubes.
The lysate was then spun at 10000 x g for 10 minutes at 4 C in a precooled centrifuge
(Eppendorf Centrifuge 5804 R). The supernatant was transferred to new labelled tubes and

samples were kept on ice.

3.10.2.2 Protein quantification and standardization

Proteins were quantified and standardized after isolation using the bicinchoninic acid (BCA)
assay. The standards (0-1mg/ml) and samples were then plated in triplicates of 25ul in a
96-well plate, followed by the addition of 200ul BCA working solution (4pl CuSO4 and 198pl
BCA) into all samples and standards. The plate was then incubated for 10 minutes at 37°C,
5%CO2 (NUAIRE). Using a spectrophotometer, the absorbance values were measured at
562nm after incubation (BMG LABTECH SPECTROstar Nano, Ortenberg, Germany). The
absorbance readings of the standards were used to generate a curve from which the protein
concentration of the various samples was estimated and standardized to 3.5mg/ml with the

cytobuster.

3.10.2.3 Sample preparation for electrophoresis

A volume of 200pl of standardized protein samples were diluted in 50pl sample buffer [12ml
Tris-HCI (pH 6.8, 0.5M), 20ml glycerol, 4g sodium dodecyl sulphate (SDS), B-
mercaptoethanol, 8mg bromophenol blue]. Samples were boiled for 5 minutes at 100°C and

then allowed to cool at room temperature.

3.10.2.4 Protein separation by gel electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate proteins based on their molecular weight. The Mini-PROTEAN 3 SDS-PAGE
apparatus were assembled according to manufacturer’s instructions (Bio-Rad, Hercules,
California). A 10% resolving gel [dH20, 1.5M Tris-HCI (pH 8.8), 10% (w/v) SDS, 30% bis-
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acrylamide, 10% ammonium persulfate (APS), N, N, N’, N’-tetramethylethylenediamine
(TEMED)] was prepared and allowed to set for 1 hour at room temperature with water topped
over the resolving gel to ensure a smooth interface. Following gel setting, dH20 was
removed and 4% stacking gel [dH20, 0.5M Tris-HCI (pH 6.8), 10% SDS, 30% bis-acrylamide,
10% APS, TEMED] was prepared and added on the resolving gel with Bio-Rad plastic
combs to create sample loading wells. The gel was allowed to set for 40 minutes, followed
by transfer of the gel cassette sandwich from casting stands to the electrode assembly. The
tank was filled with 1X running buffer [dH20, Tris, glycerine, SDS; (pH 8.3)]. An equal
amount of protein (25 pl) was then loaded into wells of SDS-PAGE gel. The gel was run at
a constant voltage of 150 V for 1 hour using a Bio-Rad power supplier (Hercules, California)

to separate protein according to molecular weight.

3.10.2.5 Transfer the protein from the gel to the membrane

The electrophoresed gels were placed in 1x transfer buffer [25mM Tris, 192mM glycine,
20% methanol; pH 8.3] for 10 minutes to equilibrate. Blotting membranes, nitrocellulose and
fibre pads were soaked in 1x transfer buffer and the transfer sandwich was assembled in
the Bio-Rad Trans-Blot® Turbo™ Transfer System (Hercules, California) by sandwiching
the nitrocellulose membrane and the equilibrated SDS-PAGE gel between the fibre pads.

Proteins were transferred for 30 minutes at a constant voltage (25V, 2.5mA).

3.10.2.6 Antibody incubation

Following the transfer, the membranes were carefully placed in a 5ml blocking solution (5%
BSA in Tween-20 Tris-buffered saline (TTBS)) and incubated on a shaker at room
temperature for 1 hour. The membranes were incubated in primary antibody SOD2
(#13141), P-p38 (#4511), p38 (#8690), P-INK (#9251), JNK (#9252), P-Erk (#8544), Erk
(#4348), GPx-1(#3206), P-Stat3 (#9145), Stat3 (#4904) [1:1000 in 1% BSA in TTBS] for 1
hour on the shaker at room temperature and overnight incubation. Following overnight
incubation, the membrane in the primary antibody was allowed to reach room temperature
(2 hour on the shaker) and rinsed 5 times for 10 minutes in TTBS. The membranes were
then probed with HRP-conjugated secondary antibody (1:2500 in 1% BSA in TTBS) for 2
hours at room temperature on a shaker. The membranes were rinsed 5 times for 10 minutes
with TTBS.
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3.10.2.7 Immunodetection

Following the second wash, membranes were viewed on the Chemidoc™ Imaging System
(Bio-Rad, Hercules, California) using the chemiluminescent substrate (luminol and
peroxidase buffer) which was applied according to the manufacturer’'s recommendation. The
images were captured using Image Lab™ V6.0.1 build 34 Standard Edition © 2017, Bio-
Rad Laboratories, Inc software, USA. The membranes were stripped with 5ml of H202 for
30 minutes at 37°C, then probed for B-actin to normalize protein expression. The results
were analysed using Image Lab™ V6.0.1 build 34 Standard Edition © 2017, Bio-Rad
Laboratories, Inc software, USA to read the band intensity of the target proteins. The results
were demonstrated as relative band intensity (RBI).

3.11 Quantitative real-time PCR (qPCR)

3.11.1 Principle

Real-time PCR, commonly known as quantitative PCR (qPCR), is a reliable and effective
technique for detecting and quantifying DNA and mRNA (Fathurrahman et al., 2022, Jalali
et al., 2017). The use of fluorescent assays to track the amplification process in real-time is
a distinguishing feature of g°PCR (Fathurrahman et al., 2022). Every qPCR cycle includes
three main steps (figure 3.9): denaturing, annealing, and extension (Jalali et al., 2017).
gPCR is based on the detection and quantification of target sequences in complementary
DNA (cDNA) that is synthesised from extracted mRNA (Aryal, 2021, Jalali et al., 2017). As
the amount of PCR products in the reaction increases, so will the fluorescent signal
generated by the dye that is incorporated into the master mix (figure 3.9) (Fathurrahman et
al., 2022). The advantage of qPCR over the traditional PCR method is that products are
measured during each cycle in real time (Kadri, 2019, Arya et al., 2005). In addition, the
guantity of templates at the beginning of the PCR reaction is directly proportional to the
products produced (Kadri, 2019, Arya et al., 2005).
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Figure 3.9: Fluorescent markers for use in qPCR. SYBR green solely fluoresce when it intercalates into dsDNA
and in TagMan probe detection, the fluorophore solely fluoresces when the quencher is released (Adapted
from (Aryal, 2021)).

3.11.2 Protocol

3.11.2.1 MRNA isolation

Flasks of treated cells were washed with PBS. A volume of 500ul of Trizol and PBS each
were added for the first step of MRNA isolation, followed by incubation for 5 minutes at room
temperature. The homogenates were then transferred into 1.5ml microcentrifuge tubes and
frozen overnight at -80°C. The samples were thawed and 100ul chloroform was added. The
samples were then shaken vigorously for 15 seconds and incubated for 3 minutes at room
temperature. Following incubation, samples were centrifuged for 15 minutes at 12000xg
(Epperndorf Centrifuge 5804 R, Hamburg, Germany) 4°C. The aqueous phase was then
transferred to a new 1.5mlI RNAse/DNAse-free microcentrifuge tube, followed by the addition
of 250pl isopropanol. The samples were mixed by flicking and stored at -80°C overnight.
The samples were then thawed and centrifuged at 4°C, 15 minutes, 12000xg (Epperndorf
Centrifuge 5804 R, Hamburg, Germany). The supernatant was discarded, and the pellet
was washed with 500l cold ethanol (75%) and flicked to loosen the pellet. The samples
were centrifuged at 4°C, 15 minutes, 7400xg and then the ethanol was discarded. The
samples were allowed to air dry for 1.5 hours. Following the air drying, the pellets were
resuspended in 15ul nuclease free (NF) water and incubated at room temperature for 3
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minutes. The RNA concentration was quantified using the Nanodrop 2000
spectrophotometer (ThermoScientific, Waltham, USA) and standardized to 900ng/ml using
NF water and the purity ratio (A260/A280) was 2.

3.11.2.2 cDNA synthesis and Gene expression

The iScript cDNA Synthesis Kit (#1708891) was used for cDNA synthesis from template
RNA. The cDNA synthesis was performed by mixing 2ul 5X iScript reaction mix, 0.5ul iScript
reverse transcriptase (Bio-Rad, Hercules, California), 5.5ul NF water and 4pl Template RNA
in a NF microcentrifuge tube. The GeneAMP PCR 97000 (Applied Biosystems, Waltham,
Massachusetts) was utilized, with the following reaction conditions: 5 minutes at 25°C, 30
minutes at 42°C, and 5 minutes at 85°C, 1 cycle. The expression of the genes NRF2, PI3K,
OGG1, p53, SOD2, Glycogen synthase, GLUTZ2, Glucokinase, AMPK2¢«, catalase and
housekeeping gene (GAPDH) (Tablel) were evaluated, and master mixes were made by
mixing 6.25ul iTag Universal SYBR® Green Supermix (Bio-Rad, Hercules, California),
3.75ul NF water, 0.5ul each forward and reverse primers, and 1.5ul cDNA. For 40 cycles,
the C1000 Touch Thermal Cycler CFX96 Real-Time System was used (Bio-Rad, Hercules,
California), under the conditions listed in Table 2. The quantification cycle (Cq) values were
obtained using the CFX Manager™ Software (Bio-Rad, Hercules, California), and gene
expression was estimated using Livak and Schmittgen's 2-CT technique (Livak and
Schmittgen, 2001).
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Tablel: Primers used to assess high glucose levels induce oxidative stress and alteration

in glucose metabolism.

Gene Primer sequence Annealing
temperature
(°C)

Glycogen synthase F:5-GCCAGACACCTGACATTAAG-3 55
R:5CTCCACTTCATCTTCCACATC-3’

AMPKa2 F:5-GGGTGAAGATCGGACACTACGT-3 55
R:5-TTGATGTTCAATCTTCACTTTG-3’

CAT F:5-TAAGACTGACCAGGGCATC-3 55
R:5-CAACCTTGGTGAGATCGAA-3’

PI3K F:5-AACACAGAAGACCAATACTC-3’
R:5-TTCGCCATCTACCACTAC-3

GLUT2 F:5-GGCTAATTTCAGGACTGGTT-3’ 59
R:5-TTTCTTTGCCCTGACTTCCT-3’

Glucokinase F:5-GTCGAGCAGATCCTGGCAG-3 59
R:5-ACTGTGTCGTTCACCATTGCC-3’

NRF2 F:5-AGTGGATCTGCCAACTACTC-3 53
R:5-CATCTACAAACGGGAATGTCTG-3

0GG1 F:5-GCATCGTACTCTAGCCTCCAC-3’ 58
R:5-AGGACTTTGCTCCCTCCAC-3

SOD2 F:5-GAGATGTTACACGCCCAGATAGC-3’ 60
R:5-AATCCCCAGCAGTGGAATAAGG-3’

p53 F:5-CCACCATCCACTACAAACTACAT-3’ 54,8
R:5-CAAACACGGACAGGACCC-3

GAPDH F:5-TCCCTGAGCTGAACGGGAAG-3 The
R:5-GGAGGAGTGGGTGTCGCTGT-3 temperature

of the gene

interest
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Table 2: qPCR standard cycle conditions for 40 cycles

Steps Temperature (°C) Time

Initial annealing 95 4 minutes
Denaturing 95 15 seconds
Annealing Temperature at which the 40 seconds

primer of interest is

annealed

Extension 72 2 Seconds

3.12 Statistical analysis

Plating was performed in triplicates, and assays were repeated once for confirmation. Cells
in CCM were used as a control, while cells in HG were used as a diabetes study model.
GraphPad Prism 5 (La Jolla, California) was used to analyze the data. The t-test with
Welch's correction was used to compare NG and HG data. A one-way analysis of variance
(ANOVA) with Tukey post-test was used to analyze statistical differences between the
samples compared to the hyperglycemic control. Data was represented as the standard

error of the mean. Significant p-values were reported to be lower than 0.05.
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CHAPTER 4: RESULTS

The cytoprotective effects of M. foetida on liver impaired glucose metabolism and oxidative
stress damage were investigated in high glucose (HG) induced HepG2 cells, with Metformin
as a positive drug control. The HepG2 cells were starved for 1 hour in a serum-free HG
medium before treatment. Except for the normoglycemic control (NG-C), HepG2 cells were
exposed to a HG concentration of 30mM for 24 hours after the fasting interval. Following a
24-hour HG treatment, HepG2 cells were treated with various M. foetida aqueous extract
concentrations (125ug/ml (MF1), 500pug/ml (MF2) and 1000pg/ml (MF3)), with 100pg/ml
Metformin as the positive control. The bar graph in the figures below contains the NG-C:
untreated normoglycemic HepG2 cells; HG: high glucose; Met: Metformin; MF: M. foetida;
MF1: 125ug/ml; MF2: 500ug/ml; MF3: 1000ug/ml. Error bars represent the standard error
of the mean, the asterisk (*) above the error bars represents the statistically significant
difference (p < 0.05) of the NG-C vs HG and the hash (#) represents the HG vs M. foetida
and Metformin treatments (unpaired students t-test with Welch’s corrections used to

compare NG to HG and one-way ANOVA was used to compare treatments to HG).

4.1 Effects of M. foetida extracts on cellular cytotoxicity

The MTT assay was used to evaluate the effect of HG conditions and M. foetida on the
metabolic activity of HepG2 cells. Figure 4.1A demonstrates that M. foetida extracts
enhanced metabolic activity under NG and HG conditions, with an amplified metabolic
response observed under HG conditions. Cell injury or death was not induced for any
treatments, which corresponded with reduced extracellular LDH activity by M. foetida
extracts (Figure 4.1B). The LDH concentration in HG-treated cells was significantly different
when compared to the NG (ANOVA, p = 0.0023) and HG (ANOVA, p = 0.0027) control
respectively (Figure 4.1B). The data shows that extracellular LDH increased from
(0.120250+0.00450) under NG conditions to 0.12450+0.00350 in the HG control (p = 0.0023,
Figure 4.1B). A significant decrease in LDH activity to similar levels was observed in
Metformin (0.10100+0.00300), MF1 (0.09750+0.00050) and MF2 (0.09650+0.00550)
treatments compared to the HG control (p = 0.0027). Interestingly, a significant decrease in
LDH activity was noted at the highest concentration of M. foetida (Figure 4.1B), indicating
that M. foetida inhibits cell cytotoxicity in a dose-dependent manner.
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Figure 4.1: Effect of M. foetida leaf extracts on high glucose-induced cellular cytotoxicity in HepG2 cells. (A)
M. foetida increased metabolic activity in both NG and HG conditions, with HG conditions showing the greatest
increase. (B) LDH activity increased in HG condition, yet treatment with Metformin, MF1, MF2 and MF3
reduced LDH activity. NG- normoglycemia, HG- hyperglycemia, MF1- M. foetida 125ug/ml, MF2- M. foetida
500pg/ml, MF3- M. foetida 1000ug/ml and Met- Metformin. Error bars represent the standard error of the mean.

4.2 Effects of M. foetida extracts on high glucose induced mitochondrial membrane
potential (A¥m) and ATP synthesis

Mitochondrial integrity is integral to metabolic activity and ATP production in cells. As shown
in Figure 4 2A, the A¥Ym varied significantly between treatments when compared to the NG
control (ANOVA, p = 0.0139) and HG control (ANOVA, p = 0.0257) respectively. The A¥Ym
increased from 0.06169+0.00292 in the NG control to 0.07451+0.00775 in the HG control (p
= 0.3650). Metformin and MF1 maintained A¥Ym within NG levels, but MF2
(0.08704+0.00309) and MF3 (0.11620+0.00171) concentrations increased A¥Ym non-
significantly compared to HG control cells. The ATP concentration was decreased in HG-
treated cells, compared to the NG (ANOVA, p = 0.0071) and HG (ANOVA, p = 0.0171)
control (Figure 4.2B). ATP synthesis decreased almost 2-fold from 21350000+2250000 RLU
in NG control cells to 11180000+775000 RLU in the HG control. Interestingly, ATP synthesis
was slightly elevated in the MF1, MF2 and Metformin treated cells to 11750000+150000
RLU, 13980000+725000 RLU and 13280000+575000 RLU respectively in comparison to
the HG control (Figure 4.2B), with the highest concentration of M. foetida (MF3) synthesizing
the most ATP (18580000+1825000 RLU).
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Figure 4.2: Effect of M. foetida leaf extracts on mitochondrial membrane potential (A) and ATP synthesis (B)
in HepG2 cells. (A) Mitochondrial membrane potential increased in HG conditions; however, Metformin and
MF1 reduced it back to the normal control level. MF2 and MF3 increased more than in HG conditions. (B) In
HG conditions, ATP concentration decreased, but Metformin, MF1, MF2 and MF3 counteracted this effect.
NG- normoglycemia, HG- hyperglycemia, MF1- M. foetida 125ug/ml, MF2- M. foetida 500ug/ml, MF3- M.
foetida 1000ug/ml and Met- Metformin. Error bars represent the standard error of the mean.

4.3 Effects of M. foetida extracts on high glucose-induced pro-oxidant production
To investigate pro-oxidant production, lipid peroxidation (MDA) and NO (nitrate and nitrite)
production were measured in HG-induced HepG2 cells. The MDA concentration (Figure
4 3A) in HG-treated cells increased significantly when compared to the NG (ANOVA, p <
0.0001) and HG (ANOVA, p < 0.0001) control. The MDA level was increased a significant
1.4-fold to 0.02205+0.00005 pM in the HG control compared to 0.01550+0.00050 puM in the
NG control (Figure 4.3A, p = 0.0487). While Metformin treatment induced a further increase
in lipid peroxidation to 0.03750+0.00050 uM (p = 0.0207), lipid peroxidation decreased to
NG levels at the lowest concentration of M. foetida (0.01505+0.00005 uM, p = 0.0064)
compared to the HG control. In addition, MDA concentration for MF2 (0.02101+0.00001 pM)
and MF3 (0.02200+0.00100 pM) treatments was similar to the HG HepG2 cells (Figure
4 3A). The RNS concentration (Figure 4.3B) was significantly different from the NG (p <
0.0001) and HG (p < 0.0001) control. The NO concentration in NG HepG2 cells
(4.01200+0.22230 uM) was decreased 1.4-fold to 2.96300+0.00003 pM (p = 0.0421) in HG
HepG2 cells. Similar RNS concentration was observed in Metformin-treated cells
(2.901004£0.12330 pM). All M. foetida treatments (MF1, MF2 and MF3) significantly
increased NO production to 5.4940+0.06200 pM (p = 0.0006), 11.61000+0.24700 pM (p =
0.00086) and 19.26000+0.59530 uM (p = 0.0013) respectively in comparison with the HG
control (Figure 4.3B). In addition, the highest NO production was observed for MF3-treated
cells compared to the lower concentrations of the M. foetida extracts.

53



>
w

__ 0.04- # 25+

2 ] . =

é 0.034 E \\§

% 0.02+ —Z: g §

L:) 0.01 § %

g 0.00 e k\
NG-C HG Met MF1 MF2 MF3 NG-C HG Met MF1 MF2 MF3

Samples Samples

Figure 4.3: Effect of M. foetida leaf extracts on high glucose-induced lipid peroxidation (A) and (B) Nitric Oxide
in HepG2 cells. (A) MDA levels increased in HG conditions similarly to MF2 and MF3. On the other hand,
metformin treatment increased MDA concentration more than HG conditions, whereas MF1 treatment
decreased MDA concentration back to normal control levels. (B) NO production decreased in HG control in a
similar manner as Metformin. However, MF1, MF2 and MF3 increased the production of NO. NG-
normoglycemia, HG- hyperglycemia, MF1- M. foetida 125ug/ml, MF2- M. foetida 500ug/ml, MF3- M. foetida
1000pg/ml and Met- Metformin. Error bars represent the standard error of the mean. The asterisk (*) above
the error bars represents the statistically significant difference (p <0.05) of the NG-C vs HG and the hash (#)
represents the HG vs M. foetida and Metformin treatments.

44 Effects of M. foetida extracts on high glucose-induced antioxidant system

Antioxidants were assessed to determine the response to oxidant production. Figure 4.4A
demonstrates a significant difference in the protein expression of SOD2 in the HG
treatments compared to the NG (ANOVA, p =0.0004) and HG (ANOVA, p = 0.0316) control.
The expression of SOD2 was increased 1.5-fold in HG control cells to 18360000+384000
RBD compared to the NG control (12690000+209200 RBD) (p = 0.0010). While Metformin
(15180000+£1163000 RBD) and MF2 (16370000+257200 p = 0.0230) decreased the
expression of SOD2 toward control levels, no significant difference was observed for the
MF1 (19310000+989900 RBD) and MF3 (18010000+876500 RBD) treatment compared to
the HG control (Figure 4.4A). Data for GPx1 was statistically different when compared to the
NG (ANOVA, p <0.0001) and HG (ANOVA, p < 0.0001) control (Figure 4.4B). HG induced
a slight decrease in the expression of GPx1 compared to the NG control (23340000+228300
RBD and 24950000+712100 RBD respectively) (Figure 4.4B). As shown in Figure 4.4B,
MF1 (28080000+34820 RBD, p = 0.0310), MF3 (28910000+372400 RBD, p = 0.0498) and
Metformin (31340000+20140 RBD, p = 0.0182) increased GPx1 protein expression
significantly compared to the induced HG control. Moreover, Metformin increased GPx1
expression more than M. foetida extracts (Figure 4.4B). No significant difference was
observed in GPx1 expression in cells treated with MF2 (23390000+201700 RBD) compared
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to the HG control (Figure 4.4B). HG significantly decreased the gene expression of catalase
(p < 0.0001) compared to the NG control (Figure 4.4C). The CAT expression decreased to
0.32500+0.01500 fold in the HG control compared to the NG control (p = 0.0141). A more
than 6-fold increase was observed following Metformin treatment (p < 0.0001), with similar
increases noted for MF2 (p < 0.0001) and MF3 (p < 0.0001) treatment in comparison with
the induced HG control. At the lowest M. foetida concentration (MF1) catalase expression
was only slightly increased towards NG control levels (0.72000+0.03000 fold). Metformin
increased catalase expression less than MF2 and MF3. Reduced glutathione (GSH) levels
were recorded as 52810+45170 RLU for the NG control and were only slightly increased to
622700+73190 RLU for the HG control. The GSH concentration remained the same at MF1
(657900+£107000 RLU) and MF3 (628500+78250 RLU) in the induced HG control, whereas
Metformin and MF2 similarly decreased GSH levels by 1.4-fold (460500+31980 RLU) and
1.3-fold (48430066650 RLU) respectively (Figure 4.4D). As shown in Figure 4.4E, HG
treatments significantly altered the expression of NRF2 compared to the NG (p < 0.0001)
and HG (p < 0.0001) control. The expression of NRF2 significantly increased by 1.7—fold (p
= 0.0314) in MF2 treated HepG2 cells compared to the HG control, but no significant
difference was observed in MF1. In contrast, Metformin (p = 0.0092) and MF3 (p = 0.0041)
significantly decreased the expression of NRF2 by 1.3-fold and 2.4-fold respectively
compared to the HG control. Moreover, MF3 treatment reduced NRF2 expression more than

Metformin treatment.
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Figure 4.4: Effect of M. foetida leaf extracts on high glucose-induced antioxidant expression in HepG2 cells.
Protein expression is represented by A and B, while gene expression is represented by C, D, and E. (A)
SOD2 expression increased in HG conditions more than in normal control. Metformin, MF3 and MF2 could not
improve the effects of high glucose on SOD2 expression. MF1 increased the expression of SOD2. (B) Gpx1
expression decreased in HG conditions and MF2. However, Metformin, MF1 and MF3 increased Gpx1
expression back to normal control (C) In HG conditions, CAT expression decreased, and Metformin, MF1,
MF2, and MF3 counteract the effect of HG by increasing CAT expression. (D) GSH increased in HG condition,
MF1 and MF3 treatment. However, Metformin and MF2 reduced GSH expression less than the NG control.
(E) NRF2 expression increased in HG condition and MF1 treatment. Metformin and MF3 reduced the effect of
HG on NRF2 expression in comparison to a NG control. MF3 increased Nfr2 above HG levels. NG-
normoglycemia, HG- hyperglycemia, MF1- M. foetida 125ug/ml, MF2- M. foetida 500ug/ml, MF3- M. foetida
1000pg/ml and Met- Metformin. Error bars represent the standard error of the mean. The asterisk (*) above
the error bars represents the statistically significant difference (p <0.05) of the NG-C vs HG and the hash (#)
represents the HG vs M. foetida and Metformin treatments
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4.5  Effects of M. foetida on high glucose induced MAPK pathway

To investigate the effects of HG-induced oxidative stress on the intracellular signalling
transduction pathway, mitogen-activated protein kinases (MAPK) such as ERK1/2, Stress-
activated Protein Kinase (SAPK)/-c-Jun N-terminal kinases (JNK) and p38, as well as signal
transducer and activator of transcription 3 (STAT3) were investigated. A significant
difference in the MAPK expression ratio for pERK1/2 and ERK1/2 (Figure 4.5A), pJNK/JNK
(Figure 4.5B) and p-p38/p38 (Figure 4.5C) was observed between the HG treatments and
the NG control (ANOVA, p < 0.0001). The expression ratio of pPERK1/2 and ERK1/2 was
decreased from 14.46000+0.06320 in the NG control to 13.22000+0.19270 in the HG control
(p = 0.0256, Figure 4.5A). While Metformin significantly increased the expression ratio of
pERK1/2 and ERK1/2 (16.44000+0.62670, p = 0.0256), MF1 (p = 0.0015) and MF2 (p =
0.0061) significantly decreased the expression of pPERK1/2 and ERK1/2 to 8.14000+0.05377
and 7.84200%0.37400 respectively (Figure 4.5A). Interestingly, the MF3 treatment
maintained the expression of pERK1/2 and ERK1/2 at similar levels to the NG control
(14.67000+0.27390). As demonstrated in Figure 4.5B, pJNK/JNK expression decreased
from 0.7448+0.02181 in the NG control to 0.50540+0.00575 in the HG control (p = 0.00088).
Interestingly, phosphorylation of JINK was enhanced by Metformin (1.69800+0.01389, p =
0.0002), MF1 (1.63200+0.12870, p = 0.00128), MF2 (3.55100+0.02330, p < 0.0001) and
MF3 (2.67400+0.10930, p = 0.0025) as noted by the increased pJNK/INK expression ratio
when compared to the HG control (Figure 4.5B). MF2 and MF3 increased the ratio of
pINK/INK expression more than Metformin, whereas MF1 and Metformin increased the
ratio of pJNK/IJNK expression in a similar manner. HG significantly decreased the
expression ratio of p-p38/p38 (2.24100+0.11740) compared to the normal control
(4.58200+0.30740) (Figure 4.5C, p = 0.0192). All treatments reduced phosphorylation of p-
p38/p38; Metformin significantly reduced the p-p38/p38 expression ratio compared to the
HG control (1.65100+0.11360, p = 0.0364), and the MF1 (2.27600+0.08853), MF2
(1.91300+0.07288) and MF3 (1.9500+0.11210) treatments (Figure 4.5C). When MF1, MF2
and MF3 treatments were compared to the HG control, no significant changes in the
expression of p-p38/p38 expression were observed. Figure 4.5D indicates that HG
treatments significantly varied the expression of pPSTAT3/STAT3 when compared to the NG
(ANOVA, p <0.0001) and HG (ANOVA, p <0.0001) control. The pSTAT3/STATS3 expression
ratio decreased from 0.28940+0.01348 in the NG control to 1.84400+0.05171 in the HG
control (p = 0.0012). Metformin (0.94630+0.09726, p = 0.0039), MF1 (1.26600+0.06953, p
= 0.0069), MF2 (1.15500+0.01496, p = 0.0061) and MF3 (0.99150+0.07890, p = 0.0029)

significantly decreased the expression ratio of pSTAT3/STAT3 relative to the HG control,
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but all were higher than the NG control (Figure 4.5D). Although M. foetida concentrations
reduced pSTAT3/STAT3 expression, Metformin reduced pSTAT3/STAT3 expression more
than M. foetida.
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Figure 4.5: Effect of M. foetida leaf extracts on high glucose-induced oxidative stress signaling pathway in HepG2 cells.
(A) Under hyperglycemic conditions, pERK1/2/ERK1/2 expression decreased. Metformin and MF3 increased the
expression of pERK1/2/ERK1/2 back to normal control, whilst MF1 and MF2 decreased the expression of pPERK1/2/ERK1/2
more than in hyperglycemic conditions. (B) Expression of p-JNK/JNK decreased more than the normal control in
hyperglycemic conditions. Metformin, like MF1, increased p-JNK/JNK expression when compared to hyperglycemic
conditions. MF2 and MF3 increased p-JNK/JNK expression when compared to hyperglycemic conditions. (C) p-p38/p38
expression decreased in hyperglycemic conditions as well as in MF2 and MF3. Metformin on the other had decreased p-
p38/p38 expression more than in the hyperglycemic condition, whereas MF1 increased p-p38/p38 expression more than
in the hyperglycemic condition but less than normal control. (D) pSTAT3/STAT3 expression increased in hyperglycemic
conditions. Metformin, MF1, MF2 and MF3 decreased pSTAT3/STAT3 expression. NG- normoglycemia, HG-
hyperglycemia, MF1- M. foetida 125ug/ml, MF2- M. foetida 500ug/ml, MF3- M. foetida 1000pg/ml and Met- Metformin.
Error bars represent the standard error of the mean. the asterisk (*) above the error bars represents the statistically
significant difference (p <0.05) of the NG-C vs HG and the hash (#) represents the HG vs M. foetida and Metformin

treatments.
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46 Effects of M. foetida on high glucose-induced oxidative damage

To assess the repair of high glucose-induced oxidative damage, OGG17 and p53 gene
expression were evaluated. As shown in Figure 4.6A, HG treatments varied OGG1
expression when compared to the NG (ANOVA, p <0.0001) and HG (ANOVA, p <0.0001)
control. The OGG1 expression in the HG control decreased to 0.28860+0.01097 fold of the
NG control (p = 0.0002), while a significant increase in OGG17 expression was induced by
Metformin (3.38700+0.02603, p < 0.0001), MF1 (1.18000+0.00000, p = 0.0002), MF2
(3.66000+0.02887, p < 0.0001) and MF3 (1.80000+0.147300, p = 0.0094) in comparison
with the induced HG control (Figure 4.6A). The data for p53 gene expression varied from
the NG (ANOVA, p <0.0001) and HG (ANOVA, p <0.0001) control (Figure 4.6B). In addition,
both the NG and HG control expressed similar p53 levels. The expression of p53 increased
significantly for Metformin (3.31700+0.16750-fold, p = 0.0052), MF1 (1.21700+0.01453 (p =
0.0045), MF2 (4.36300+0.11260, p = 0.0011) and MF3 (2.68300+0.12410, p = 0.0054) in
comparison with the HG control (Figure 4.6B). In addition, MF2 increased p53 expression

more than Metformin, whereas MF1 and MF3 increased the expression of p53 less than

Metformin.
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Figure 4.6: Effects of M. foetida in high glucose-induced DNA repair in HepG2 cells. (A) In hyperglycemic
conditions, OGG1 expression decreased. Metformin, MF1, MF2 and MF3 increased OGG1 expression
significantly. (B) There was no change in p53 expression in hyperglycemic conditions, however, Metformin,
MF2 and MF3 increased the expression of p53. There was a slight increase in p53 expression after MF1
treatment. NG- normoglycemia, HG- hyperglycemia, MF1- M. foetida 125ug/ml, MF2- M. foetida 500ug/ml,
MF3- M. foetida 1000ug/ml and Met- Metformin. Error bars represent the standard error of the mean. The
asterisk (*) above the error bars represents the statistically significant difference (p <0.05) of the NG-C vs HG
and the hash (#) represents the HG vs M. foetida and Metformin treatments.
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4.7 Effects of M. foetida on high glucose-induced hepatic glucose uptake

An increase in glucose consumption was observed in all M. foetida treatments and
Metformin in comparison with the HG control (Table 3). Figure 4.7A shows a
1.76500£0.02500-fold increase in AMPKaZ2 in the HG control compared to the NG control
(p = 0.0208). However, Metformin and M. foetida treatments decreased AMPKa?2 relative to
the NG and HG control (ANOVA, p < 0.0001). All M. foetida concentrations (p = 0.0128, p =
0.0244 and p = 0.0137 for MF1, MF2 and MF3 respectively) and Metformin (p = 0.0153) had
lower AMPKa2 expression that was similar to the NG control (Figure 4.7A). Similarly, a
3.00000+0.01732-fold elevation in PI3K expression was observed in HG-treated HepG2
cells compared to the NG control (Figure 4.7B, p < 0.0001), while Metformin and M. foetida
treatments decreased PI3K expression. Figure 4.7B shows that Metformin (p < 0.0001),
MF1 (p = 0.0002), MF2 (p = 0.0006) and MF3 (p = 0.0004) decreased PI3K when compared
to the HG control, with similar PI3K expression noted for the Metformin and MF3 treatments.
In contrast, GLUT2 (ANOVA, p < 0.0001), GK (ANOVA, p < 0.0001) and GS (ANOVA, p <
0.0001) gene expressions varied when compared to the NG control and HG control (Figure
4.7C-E). GLUTZ2 was decreased in the HG control to 0.17500+0.04500 fold of NG levels (p
=0.0347). Similarly, Metformin (p = 0.0296) and MF2 (p = 0.0309) increased the expression
of GLUT2 to levels similar to the NG control, whereas for MF1 (p = 0.0489) and MF3 (p =
0.0513) the GLUT2 expression of was higher than the HG control (Figure 4.7C). Figure 4.7D
demonstrates a significant decrease in the expression of GK to 0.11460+0.00466 fold for
the HG control (p = 0.0034), while MF2 (p = 0.0011), MF3 (p = 0.0005) and Metformin (p =
0.0067) upregulated GK expression. The MF3 had the highest amount of GK expression (p
= 0.0005) and MF1 (p = 0.0013) was not as effective at raising the expression of GK. GS
expression decreased to 0.62000+0.00000 fold for the HG control (p < 0.0001, Figure 4.7E).
The MF1 treatment was similar to the HG control (Figure 4.7E), while the expression of GS
increased for Metformin (p < 0.0001), MF2 (p < 0.0001) and MF3 (p = 0.0005) treatments

compared to the HG control.
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Figure 4.7: Effect of M. foetida leaf extracts on hepatic glucose uptake pathway. (A) In hyperglycemic
conditions, AMPKa2 expression increased. Metformin, MF1, MF2 and MF3 treatments reduced the expression
of AMPKa2 back to the normal control range. (B) PI3K expression increased in hyperglycemic conditions.
Expression of PI3K increased in MF1 whilst Metformin, MF2 and MF3 reduced it back to the normal control
level (C) In hyperglycemic conditions, GLUT2 expression decreased, however, treatment with Metformin, MF1,
MF2 and MF3 enhanced GLUT2 expression back to normal. (D) Glucokinase expression decrease in
hyperglycemic condition. Metformin, MF1, MF2 and MF3 increased the expression of glucokinase. (E)
Glycogen synthase expression decreased in hyperglycemic conditions, yet, Metformin, MF2 and MF3
treatment brought back glycogen synthase expression to normal control. MF1 reduced glycogen synthase
expression. NG- normoglycemia, HG- hyperglycemia, MF1- M. foetida 125ug/ml, MF2- M. foetida 500ug/ml,
MF3- M. foetida 1000pg/ml and Met- Metformin. Error bars represent the standard error of the mean. the
asterisk (*) above the error bars represents the statistically significant difference (p <0.05) of the NG-C vs HG
and the hash (#) represents the HG vs M. foetida and Metformin treatments.
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CHAPTER 5: DISCUSSION

The incidence and mortality associated with type 2 diabetes mellitus (T2DM) is increasing
at an alarming rate (Motala et al., 2022, Sun et al., 2022, Willams et al., 2020).
Characterised by chronic hyperglycemia, T2DM may affect multiple organs through
complications associated with its pathogenesis (Lee et al., 2021, Galicia-Garcia et al., 2020).
Insulin therapy is vital to control T2DM when pancreatic 3-cells fail to compensate for insulin
resistance (van de Venter et al., 2008). However, in cases where -cells continue to produce
insulin, the primary goal of T2DM treatment is to keep blood glucose levels stable, which
can be accomplished through the use of, but not limited to, oral hypoglycaemic drugs and
lifestyle changes (Adenike, 2020, van de Venter et al.,, 2008). The principal oral
hypoglycaemic drug used to treat T2DM, metformin, works well to decrease blood glucose
levels but presents with a few undesirable side effects such as prolonged gastrointestinal
disturbances (Yang et al., 2019). The aetiology of T2DM and its complications are
exacerbated by hyperglycemia-induced oxidative stress (Yarahmadi et al., 2021). In both
the microvascular and cardiovascular systems, oxidative stress plays a major role in the
pathogenesis of diabetes complications (Pieme et al., 2017). Studies have suggested that
antioxidants be used as a supplementary strategy to prevent diabetic complications and
diabetes mellitus (Bourebaba et al., 2021, Atchan Nwakiban et al., 2020, Safarzad et al.,
2020, Unuofin and Lebelo, 2020). Thus, screening medicinal plants for anti-diabetic efficacy
has become popular because they have fewer adverse effects and plants naturally possess
antioxidants (Adenike, 2020). Several studies have highlighted the significance of M. foetida
leaf extract as a powerful antioxidant, however the mechanism by which M. foetida induces
glucose absorption and restores the antioxidant system has yet to be investigated (Soh et
al., 2020, Molehin and Adefegha, 2014, Acquaviva et al., 2013, Oloyede and Aluko, 2012).
The present study evaluated M. foetida's ability to protect HepG2 cells from high glucose-
induced oxidative stress. The mechanism of action of M. foetida serves as the foundation

for this study.

While the liver is pivotal to glucose homeostasis, the mitochondria are the metabolic hub of
the cell (Degli Esposti et al., 2012). These organelles are vital for oxidative metabolism and
cell viability. Viable cells sustain metabolic activity by maintaining mitochondrial membrane
potential (AWm), ATP production and plasma membrane integrity. In this study, M. foetida
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extracts-maintained cell viability in NG-treated HepG2 cells and promoted metabolic activity
in HG-treated HepG2 cells (Figure 4.1A). Previous in vitro drug metabolism studies indicate
that the acceptable toxicity criterion of plant extract should be 20% or less (Olwenyi et al.,
2021, Lan et al., 2010, van de Venter et al., 2008). The toxicity threshold in this study was
less than 20% at all M. foetida concentrations, suggesting that the aqueous extract of M.
foetida is not toxic to HepG2 cells. This study thus demonstrated that M. foetida was not
cytotoxic to HepG2 cells, which contrasted with previous observations that M. foetida leaf
has anti-proliferative action in HepG2 cells (Nkambule, 2017). The reduced cytotoxic effect
of M. foetida was validated by the LDH assay, which showed reduced lysis of the plasma
membrane in a dose-dependent manner; HG enhanced LDH activity compared to the NG
control, whereas M. foetida and Metformin significantly reduced this impact (Figure 4.1B).
The loss of plasma membrane integrity and consequent release of LDH from the cytoplasm
is one of the main events after cell death and is assumed to be an indicator of necrosis or
apoptosis (Parhamifar et al., 2019). The current findings are comparable with those of
Subraminiyan and kumar Natarajan, 2017, who found that citral, a phytochemical from a
citrus medicinal herb, significantly protected HepG2 cells from HG-induced apoptosis at a
concentration of 30mM. On the other hand, Yarahmadi et al. (2021) found that HepG2 cells
cultured in 30mM and 50mM D-glucose for 48 and 72 hours did not affect cell viability when

treated with quercetin (Yarahmadi et al., 2021).

The cell viability assay used in this study is dependent on a functioning electron transport
chain (ETC), since the conversion of the MTT salt to formazan is performed by mitochondrial
(NADPH)-dependent cellular oxidoreductase enzymes (Subramaniyan and Natarajan,
2017). In particular, succinate dehydrogenase from complex Il of the ETC is implicated in
the conversion of MTT to formazan; the successful formation of formazan suggests that this
complex was stimulated by the M. foetida in HG-induced cells. Complex I, 1l and IV of the
ETC work together to generate a AWm that is utilized by ATP synthase (complex V) to
generate ATP during oxidative phosphorylation (Zorova et al., 2018). Suppression of ETC
complexes reduces ATP synthesis, resulting in a rise in cellular AMP and ADP production
and a change in the AMP/ATP ratio (Apostolova et al., 2020). Although HG-induced HepG2
cells raised AWm slightly, it lowered ATP levels thus implying that metabolite exchange
between the cytosol and mitochondria was reduced (Figure 4.2A, B). The result is
comparable to the Ramesh (2021) study, where AWYm and ATP were decreased in diabetic
rats (Ramesh, 2021). The decrease in AWYm in HG Metformin-treated HepG2 cells to NG
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levels (Figure 4.2A) may be attributed to AYm-driven mitochondrial import; when Metformin
is recruited into mitochondria, its gradual build-up induces a reduction in AYm (Vial et al.,
2019). Treatment of HG HepG2 cells with M. foetida increased AWm and ATP levels (Figure
4.2A, B), suggesting its potential to increase electron flux in the ETC to restore ATP to the
normal range. Similar findings were observed in a study where treatment with Asiatic acid
restored ATP levels and ETC function in diabetic rats to the normal range (Ramesh, 2021).
In obese mice, quercetin raised ATP levels and mitochondria complexes Il, IV, and V,
thereby regulating the mitochondrial oxidative phosphorylation system (Sharma et al.,
2015). It has been reported that polyphenols and flavonoids in M. foetida aqueous extracts
scavenge free radicals in human adipose mesenchymal stem cells (Acquaviva et al., 2013).
This may suggest that the increased ATP and AWm in the current study is due to the

presence of polyphenol flavonoids in M. foetida.

Since impaired glucose metabolism during hyperglycemia reverses the flow of electrons to
complex | and Il, the raised AWYm may be accompanied by the generation of free radicals
that subject the hepatocytes to oxidative damage (Ramesh, 2021, Yaribeygi et al., 2020a).
The principal free radical produced by mitochondria is superoxide (O2""), which may form
other ROS as part of the detoxification process. Alternatively, excess O2"" reacts with NO to
produce RNS, increasing oxidative stress (Azizi et al., 2021). Since NO plays a significant
role in carbohydrate metabolism, impaired NO pathways contribute to T2DM pathogenesis
(Bahadoran et al., 2020). Recent studies demonstrated that serum NO levels were reduced
in T2DM (Azemi et al., 2021, Azizi et al., 2021, Majeed et al., 2021). Similar findings were
found in a study by Mishra and Mishra (2017), who observed that nitrite levels in diabetics
and diabetics with complication groups were significantly lower than in the control group;
this decrease in NO was linked to endothelial abnormalities in T2DM (Mishra and Mishra,
2017). In this study, HG and Metformin reduced nitrate concentration but M. foetida induced
an increase in nitrite (Figure 4.3B); thus, M. foetida may contain inorganic nitrate which could
have been converted to NO. Inorganic nitrate compounds, found in green leafy vegetables
can be converted to form nitrite and then NO without the involvement of nitric oxide
synthases (Lundberg et al., 2018, Bahadoran et al., 2015). Therefore, dietary nitrate and
nitrite may have therapeutic benefits for T2DM because they can function as a substrate for
endogenous non-enzymatic NO production and could restore NO homeostasis, thus
improving glucose uptake and the insulin signaling pathway (Lundberg et al., 2018,
Bahadoran et al., 2015).
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Increased ROS and RNS are potent oxidants that induce damage to cellular
macromolecules, including carbohydrates, lipids, protein and DNA (Liguori et al., 2018, Nita
and Grzybowski, 2016). As the product of lipid peroxidation, MDA is a biomarker of cellular
damage induced by free radicals; increased MDA levels indicate an increase in lipid
peroxidation and DNA damage (Bassey et al., 2020). Recent in vivo studies have shown
elevated MDA levels in T2DM (Azemi et al., 2021, Azizi et al., 2021, Majeed et al., 2021).
Previous studies also demonstrated an increase in lipid peroxidation in HepG2 cells treated
with 50mM glucose concentration for 24 -72 hours (Subramaniyan and Natarajan, 2017,
Shokrzadeh et al.,, 2016). Similar results were observed in this study, with MDA levels
increasing in the study model compared to the control, indicating oxidative cellular damage
to the lipid membrane (Figure 4.3A). The lowest concentration of M. foetida significantly
reduced the level of MDA (Figure 4.3A), corresponding to an in vivo study where M. foetida
leaf extract inhibited lipid peroxidation induced by iron Il sulphate in the liver and brain
(Oloyede and Aluko, 2012). Other studies also reported that the leaf extract of M. foetida
inhibited lipid peroxidation due to its antioxidant content (Adenike, 2020, Puskarova et al.,
2017, Khoza et al., 2016, Acquaviva et al., 2013, Oloyede and Aluko, 2012). Polyphenols
and flavonoids are antioxidant phytochemicals that have been reported to exert
hepatoprotection on HepG2 cells and mice liver injury (Farhood et al., 2019). Quercetin and
kaempferol, polyphenolic and flavonoid compounds extracted from M. foetida leaves were
found to have anti-inflammatory, antioxidant and blood pressure-lowering properties (Khoza
et al., 2016). Indeed, quercetin has potent antioxidant capacity that may protect HepG2 cells

from hyperglycemia-induced oxidative stress (Yarahmadi et al., 2021).

Guanine's lower redox potential makes it susceptible to oxidative damage from ROS,
forming 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) (Szewczuk et al., 2020). This
mutagenic base is removed by 8-Oxoguanine Glycosylase (OGGL1), another biomarker for
ROS-induced cellular damage (Tao et al.,, 2021). The DNA damage in hyperglycemia,
caused by an imbalance between the DNA repair system and DNA damage, could
contribute to the further development of T2DM complications (Tao et al., 2021, Pang et al.,
2012). A previous study reported that in HepG2 cells, HG treatment reduced OGG1 mRNA
levels, resulting in DNA damage (Pang et al., 2012). Similarly, HG-treated HepG2 cells
significantly decreased OGG1 expression; however, M. foetida extracts and Metformin
upregulated the expression of OGGL1 expression (Figure 4.6A); it is, therefore, possible that

any oxidative DNA damage induced by ROS was repaired by OGG1. The finding in Figure
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4.6A is in accordance with a study that showed that HG decreased OGG1 expression in
endothelial cells, but Metformin increased OGG1 protein and mMRNA levels (Tao et al.,
2021). According to Scheffler et al. (2018), mitochondrial ETC activity was reduced in the
hepatocytes of OGG1-/- knockout mice due to reduced glycolysis during the absorptive state
(feeding state) (Scheffler et al., 2018).

Tumor protein 53 is a transcription factor that responds to cellular stimuli and controls genes
involved in metabolism, DNA repair, apoptosis, and cell cycle arrest (Iltahana and Itahana,
2018). Given that p53 plays an important role in regulating glucose homeostasis, p53
dysregulation due to stimuli such as oxidative stress results in T2DM (Itahana and Itahana,
2018, Sliwinska et al., 2017). Interestingly, p53 is activated under oxidising conditions. In
addition, its pleiotropic properties mean that at low-stress levels it may serve as an
antioxidant protein, inhibiting ROS generation, yet at high-stress levels it acts as a pro-
apoptotic protein, activating both the senescence and apoptotic pathways (Turacli et al.,
2018). The HG treatment had minimal effect on p53 gene expression in the current study,
while the M. foetida extract and Metformin increased p53 expression (Figure 4.7B). This
observation is consistent with the findings of Turacli et al. (2018) that showed that
administering Metformin to T2DM patients significantly enhanced p53 expression, which
may contribute to the antioxidant response in treated cells (Turacli et al., 2018). In addition,
Solanum melongena green calyx upregulated p53 gene expression in diabetic rat liver
(Roshankhah et al., 2020). Thus, p53 upregulation by M. foetida could contribute to the

antioxidant response.

To regulate and decrease oxidative damage in diabetes, the plant extract is used as an
antioxidant therapeutic agent (Balakrishnan et al., 2019). The primary intracellular
antioxidants that form part of the antioxidant defense system are superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx) and reduced glutathione (GSH) (Javid
et al., 2020). Literature shows that hyperglycemia impairs antioxidant function in hepatic
cells by lowering GPx, CAT and SOD activity, resulting in the persistence of free radicals
that are connected to the development of T2DM (Yaribeygi et al., 2020a, Abdulmalek et al.,
2021, Apostolova et al., 2020). Scientific exploration has demonstrated that HG increased
the expression of SOD2 and GSH, while decreasing expression of CAT and GPx
(Yarahmadi et al., 2021, Shokrzadeh et al., 2016, Gounden et al., 2015), as was evident in
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this study (Figure 4.4A, D). Thus, SOD2 was available to catalyse the breakdown of Oz~
into O2 and H202, which should be detoxified by CAT or GPx into Oz and H20 (Yarahmadi
et al., 2021, Iftikhar et al., 2020). However, HG decreased the expression of GPx and CAT
(Figure 4.4B, C) potentially, allowing H202 to persist; the H202 would be shunted to the
Fenton reaction producing the highly reactive *OH radical and consequently increasing lipid
peroxidation (Figure 4.2A). In this study, Metformin decreased SOD2 and GSH, but
Metformin and M. foetida increased the expression GPx and CAT (Figure 4.4B, C).
Metformin is known to act as an antioxidant by increasing NADPH oxidase and boosting the
endogenous antioxidant system (Apostolova et al., 2020). The result is consistent with the
findings by Yarahmadi et al. (2021) who showed that CAT and GPx activity decreased after
72 hours of HG treatment, while quercetin increased the expression of CAT and GPx
(Yarahmadi et al., 2021). The livers of alloxan-induced HG rats showed similar results, with
decreasing CAT and GPx levels that were restored by polyphenol extracts of Caesalpinia
bonduc (lftikhar et al., 2020).

In the current study, HG increased the expression of GSH (Figure 4.4D), which is consistent
with previous studies in T2DM patients and or HG-treated cells (Pieme et al., 2017,
Yarahmadi et al., 2021, Shokrzadeh et al., 2016, Gounden et al., 2015). However, GSH was
decreased by the Metformin and M. foetida treatments (Figure 4.4D). This could be
attributed to the increase in GPx activity, which uses GSH to detoxify H202 to water (Pieme
et al., 2017). Detoxification of lipid radicals (Figure 4.2A) is also accomplished by GSH,
which may further deplete the GSH. The master regulator of the antioxidant response is
NRF2. The findings of this study suggest that NRF2 up-regulation may play a role in SOD,
GPx and GSH homeostasis in HG conditions (Farhood et al., 2019). However, the Metformin

and M. foetida antioxidant defense is not dependent on NRF2.

Studies have shown that NO and p53 could influence hepatic glucose uptake (de la Torre
et al., 2013, Bahadoran et al., 2020). In fasting rats, foetidin from M. foetida has been shown
to lower blood sugar levels (Muronga et al.,, 2021). It is anticipated that this could be
facilitated by increased glucose uptake, which has been linked to 5 AMP-activated protein
kinase (AMPK) activation, and the downregulation of this protein kinase has been linked to
the pathogenesis of DM (Yuan et al., 2019). The phosphorylation of threoninel72 on the

catalytic a1/2 subunits of AMPK has been shown to modulate its activity (Zhou et al., 2021).
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In diabetic mice, upregulating AMPK in hepatocytes reduced HG levels and gluconeogenic
genes. In T2DM, treatment with Metformin is mainly utilized to regulate blood glucose levels
by activating AMPKa2, thereby inhibiting hepatic gluconeogenesis (Tao et al., 2021, Day et
al., 2017). The decreased AMPK2« expression by Metformin in this study was unexpected;
however, gene expression was measured in this study, while other studies have quantified
protein expression. In addition, in this study increased AMPK2a expression in HG HepG2
cells was decreased with M. foetida leaf extracts to levels equivalent to Metformin (Figure

4.7A), suggesting that M. foetida does not affect glucose absorption via AMPK2a.

Glucose transporter 2 (GLUTZ2) is the primary glucose transporter expressed in hepatocytes,
facilitating glucose uptake during meals, preventing postprandial hyperglycemia and
releasing glucose into the bloodstream during the fasting state (Kinsella et al., 2021).
Glucose enters liver cells through GLUT2 and is converted to glucose-6-phosphate by
glucokinase in the liver during the first step of glycolysis (Lodhi and Kori, 2021). Inhibition of
hepatic GLUT2 has been correlated to the long-term progression of glucose intolerance
(Kinsella et al., 2021). In the current study, HG decreased GLUT2 gene expression in
comparison with normal control (Figure 4.7C). However, treatment of HG HepG2 cells with
M. foetida restrained this by upregulating GLUT2 expression significantly to levels
comparable to Metformin (Figure 4.7C), by restoring GLUT2 expression, and is supported
by a previous study which reported that the Cocoa phenolic (epicatechin and cocoa phenolic
extract) extract was able to restore GLUT2 expression in HepG2 cells (Cordero-Herrera et
al., 2015). Given that M. foetida contains catechin, a cis isomer of epicatechin, it is
thus feasible to suggest that M. foetida phenolics act in a similar manner to restore GLUT2
expression (Nantia et al., 2018, Colomer et al., 2017, Acquaviva et al., 2013). Furthermore,
Metformin enhanced hepatic GLUTZ2 levels in insulin-resistant mice implying that hepatic
insulin tolerance had been restored (Cordero-Herrera et al., 2015). Zhu et al. (2020) also
demonstrated that Pea-derived peptides might stimulate GLUT2 protein and gene
expression in HepG2 cells (Zhu et al., 2020). The data implies that M. foetida induced
glucose absorption via GLUT2 was not dependent on AMPKZ2a, since GLUT2 upregulation
did not correlate with increased AMPK2a expression as observed in diabetic rats treated
with Bactris setosa Mart. (Heibel et al., 2018).
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Glucose that enters the cells is phosphorylated by GK to commit it to glycolysis, and excess
glucose is directed to glycogen synthesis by GS. HG lowered the expression of GK and GS
in the current study; however, treatment of HG-induced HepG2 cells with M. foetida leaf
extracts restored GK (Figure 4.7E) and GS (Figure 4.7D) gene expression to levels similar
to Metformin. The data suggest that M. foetida enhanced GK and GS expression and could
restore glycogen synthesis in T2DM patients who have limited capacity to store glycogen
when GS is inactivated (Hussain et al., 2020). The above results are consistent with a study
that demonstrated that injecting quercetin in streptozotocin-induced diabetic rats improved
hepatic GK activity and glucose sensitivity in hyperglycemia (Al-Ishaq et al., 2019). These
findings can be ascribed to glycogen synthesis in the liver. Quercetin also restored GS
activity in human HepG2 and murine H4IIE cells (Eid et al., 2015). Hussain et al. (2020)
found ingestion of sodium butyrate improved the GS activity in db/db mice (Hussain et al.,
2020). Oral administration of ferulic acid has been shown to significantly improve plasma
insulin levels by lowering blood glucose levels in T2DM mice, thereby increasing GK activity
and hepatic glycogen synthesis (Odeyemi and Dewar, 2020). The current data suggest that
M. foetida possesses a mechanism in hepatic glucose uptake that is comparable to
Metformin, resulting in the upregulation of genes involved in glucose uptake and storage.
As a result, this effect promoted glucose absorption in hepatocytes and stimulated glucose

storage (Hussain et al., 2020).

Interestingly, the current data demonstrated that M. foetida significantly upregulated GK and
GLUT2 activity and notably decreased PI3K expression (Figure 4.7B). This is in contrast to
a study by Dihingia et al. (2018) where vitamin K1 treatment stimulated glucose absorption
in HG HepG2 cells and up-regulated GK, p-AMPK and PI3K expression while decreasing
GLUT2 expression (Dihingia et al., 2018).

The PI3K/AKT pathway plays an important role in the cell response to insulin. Intracellular
signal transduction becomes dysfunctional due to increased HG levels mediated by ROS
(Bourebaba et al., 2021). Although ROS inhibits the PI3K/AKT pathway, it stimulates the
mitogen-activated protein kinase (MAPK pathway), which lowers glucose metabolism
and NOS activity (Yuan et al., 2019). Thus, suppression of ROS stress-mediated MAPK is
a critical strategy for preventing oxidative stress development in hepatocytes

(Subramaniyan and Natarajan, 2017). The MAPK pathways that include extracellular signal-
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regulated kinase 1/2 (ERK1/2), p38-MAPK and c-Jun N-terminal kinase (JNK) are
associated with inflammation, cell proliferation, the modulation of phosphorylation
intermediates, apoptosis and oxidative stress (Abdulmalek et al., 2021). In the current study,
HG modulated the expression of p-p38, p-JNK and p-ERK1/2 in HepG2 cells (Figure 4A-C).
Interestingly, Metformin further decreased p-p38 while M. foetida maintained p-p38 (MF2
and MF3) expression to levels comparable to the HG control (Figure 4.5C). M. foetida also
inhibited the expression of p-ERK1/2 (MF1 and MF2), but an increased expression was
observed for MF3 and Metformin (Figure 4.5A). The results are consistent with data that
showed that treatment of HG-induced HepG2 cells with citral significantly downregulated the
expression of p-p38 and p-ERK1/2 (Subramaniyan and Natarajan, 2017). Similarly, the
expression of p38 MAPK in the liver of T2D-induced rats was decreased by the treatment of
curcumin and zinc oxide nanoparticles, as well as Metformin (Abdulmalek et al., 2021). Due
to the importance of p-p38 and p-ERK1/2 in various pathways, the response in HG-treated
HepG2 cells may ultimately impact inflammatory signalling, cell survival

and protection against oxidative stress (Das et al., 2020, Cordero-Herrera et al., 2015).

Interestingly, while HG non-significantly decreased the expression of p-JNK, pSTAT3 was
elevated (Figure 4.5B, D). In addition, treatment of HG-HepG2 cells with M. foetida
upregulated the expression of p-JNK similar to Metformin (Figure 4.5B), but M. foetida and
Metformin dramatically reduced pSTATS3 (Figure 4.5D). This is important since activation of
the oxidative stress-induced p-JNK pathway is associated with insulin resistance (Iftikhar et
al., 2020). The expression of p-STAT3 in HepG2 cells is known to increase following
treatment with HG, but the effect was attenuated by pre-treatment of HG HepG2 cells with
Stattic or knockdown with STAT3 (Kuo et al., 2020). Also, in a manner similar to nifuroxazide
in palmitic acid-treated HepG2 cells, suppressed STAT3 activation by Metformin and M.
foetida could inhibit insulin resistance and gluconeogenesis, and improve dysregulated

glucose metabolism and glycogen content (Figure 4.7E) (Liu et al., 2019).
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CHAPTER 6: CONCLUSION

The purpose of this study was to investigate the effect of hyperglycemic conditions on the
induction of oxidative stress in HepG2 cells, as well as the ability of M. foetida (in comparison
to Metformin) to counteract it. In this study, associated cytotoxicity was evident by increased
LDH and decreased ATP, as well as oxidative and nitrosative stress. Free radical production
was attributed to increased AWYm and corresponding MDA and nitrites in HG-HepG2 cells.
An antioxidant response by NRF2, GSH and SOD2 was noted in the HG-HepG2 cells, but
catalase, GPx1 and the MAPK pathway were not induced. The data suggest that the high
flavonoid and polyphenol content of M. foetida confers potent antioxidant potential that may
alleviate oxidative stress induced by HG levels, while also lowering blood glucose to normal
levels. In this study, M. foetida was not cytotoxic as indicated by the MTT and LDH assays.
In contrast to Metformin, the HG-induced increase in AYm was amplified by M. foetida to
ensure ATP production and preserve cell viability. Interestingly, the expected increase in
free radical production was counteracted by an antioxidant response that relied on catalase
to facilitate the detoxification of H202, thus reducing lipid peroxidation as indicated by the
decreased MDA and LDH levels. The heightened JNK response by Metformin and M. foetida
noted in accordance with increased catalase activity was expected since JNK induces
protective genes in response to oxidative stress; both ERK1/2 and p38 were not activated
by M. foetida in response to the prevailing oxidative stress (Figure 6.1). However, the JNK
response facilitated Metformin and M. foetida modulation of NRF2, GPx1, GSH and SOD2
to a minimal extent in the endogenous antioxidant system, by increasing OGG1 and p53
expression. Furthermore, the associated suppressed STAT3 influenced glucose
homeostasis and glycogen production, while NO increased glucose uptake by increasing
glucokinase expression. However, the data suggests that Metformin and M. foetida's
influence on glucose metabolism in HepG2 cells is independent of AMPKa2 and PI3K gene
expression. As a result, M. foetida can regulate glucose uptake and glycogenesis in the liver
by upregulating GLUTZ2, glycogen synthase and glucokinase expression similar to
Metformin; in HG-treated cells glucose homeostasis was disrupted by downregulation of
GLUT2, GS and GK (Figure 6.1). Thus, M. foetida demonstrates the potential to be a
valuable therapeutic agent in the treatment and management of T2DM. Most importantly,
these data provide evidence for its long-standing traditional usage in diabetes treatment.
Further studies should be conducted in a rat or mouse model to corroborate these findings.
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In addition, the phytochemical composition of the aqueous leaf crude extracts needs to be
investigated, and compounds should be individually assessed for their effect on

hyperglycemia-induced oxidative stress.

Figure 6.1: Summary diagram showing the pathways affected by M. foetida treatment of HepG2 cells under
hyperglycemic conditions (prepared by author).
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APPENDIX

Appendix 1: Preparation of media, buffers, and antibodies

High glucose media

Media was made by dissolving 225mg of D (+) glucose in 50ml of CCM media (EMEM
containing 10% FBS and 1% gentamicin) for 15 minutes under ultraviolet light.

Metformin

Metformin treatment was prepared by dissolving 5mg in 1ml of PBS. Stock was made up

fresh on the day.
Cell storage

To cryopreserve HepG2 cells, 1.8ml of CCM and 200yl DMSO are pipetted into a 2ml cryo-

vile and then stored at -80°C.
Running buffer (10X)

In 180ml of dH20, tris (6,069), glycine (28.8g), and SDS (2g) were weighed and dissolved.
The solution was then thoroughly mixed with a magnetic stirrer until it was completely
dissolved. A volume of 20ml was added thereafter to top up the volume to 200ml. The buffer

was stored at 4°C.
Transfer buffer

Tris (0.769), glycine (3.6g) were weighed and dissolved in 200ml of dH20. A volume of
50ml of methanol was then added. The pH was adjusted to 8.3 and the volume was topped
up to 600ml with dH20.

TTBS wash buffer

In 800ml dH20, 8g of NaCl, 0.2g of KCI, 3g of Tris were weighed and dissolved. After that,
the pH was adjusted to 7.5. Distilled water was added to bring the total to 1000ml. Tween
20 was added in a volume of 500ul, and the buffer was stored at 4°C.
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Antibody

To prepare primary (1°) and (2°) secondary antibody dilution: 5ul of 1° was a diluted in 5000yl
BSA (5%) and 2ul of 2° was diluted in 5000ul BSA (5%).

Appendix 2: Sodium nitrate standard curve
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Figure 1: Nitrate standard curve generated to evaluate NOS activity

Appendix 3: Protein standardisation

Table 1: BSA analysis used for protein quantification curve construction

Standards Avg-
(mg/mL) | Abs1(595nm) | Abs2(595nm) | Average(595nm) | bink(595nm)
0 0,102 0,091 0,097 0

0,2 0,248 0,246 0,247 0,151

0,4 0,356 0,361 0,359 0,262

0,6 0,476 0,482 0,479 0,383

0,8 0,606 0,590 0,598 0,502

1 0,680 0,660 0,670 0,574
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Figure 2: Protein quantification using bovine serum albumin as standards.
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Table 2: Total protein concentration of samples determined using a standard curve

generated from bovine serum albumin analysis

Samples Average Protein C2 (mg/ml) | V1 () V2 ()
Absorbance | (mg/ml)

Normal 2,05 3,561 1.84 0 200

control

High 2,04 3,49 1.84 0 200

glucose

Metformin 2,45 4,21 1.84 34,23 165,75

MF1 2,20 3,78 1.84 15,33 184,68

MF2 2,15 3,68 1.84 10,77 189,23

MF3 2,16 3,71 1.84 11,96 188,04
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Figure 3: Western blots of normoglycemia and hyperglycemia proteins and B-Actin. NG represents normoglycemia and HG represents
hyperglycemia. H1&N1- M. foetida 125mg/ml, H2&N2- M. foetida 500mg/ml, H3&N3-M. foetida 1000mg/ml.
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Appendix 4: gPCR

Table 3: Standardization of mMRNA concentrations obtained from Nanodrop

Samples [RNA] ng/ml | C2 ng/ml V1l V2 ul RNA
purity[A260/A
280]

Normal 952 800 8,4 10 2.16

control

High glucose | 836 800 9,57 10 2.17

control

Metformin 970 800 8,25 10 2.18

MF1 1353 800 5,91 10 2.13

MF2 1663 800 4,81 10 2.22

MF3 1384 800 5,78 10 2.18

Amplification

1000 1
goo |

s00 |

RFU

400 |

200 |

Cycles

Figure 3: Real time PCR amplification curve showing mRNA expression of CAT, p53, OGG1 on HepG2 cells with or without M. foetida

treatment generated at each reaction cycle using NAPDH as a standard
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Figure 4: Real time PCR amplification curve showing mRNA expression of NRF2, NFKB, PI3K on HepG2 cells with or without M. foetida
treatment generated at each reaction cycle using NAPDH as a standard
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Figure 5: Real time PCR amplification curve showing mRNA expression of IRS, GLUT2, glucokinase on HepG2 cells with or without M.

foetida treatment generated at each reaction cycle using NAPDH as a standard.
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Figure 6: Real time PCR amplification curve showing mRNA expression of glycogen synthase and AMPKa2 on HepG2 cells with or without

M. foetida treatment generated at each reaction cycle using NAPDH as a standard.
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