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ABSTRACT
The present thesis assessed the in vitro, ex vivo and in vivo anti-oxidative and antidiabetic
activities of five teas which are widely consumed in China or South Africa. Three of the
selected five teas are from South Africa, namely red rooibos (Aspalathus linearis), green
rooibos (Aspalathus linearis) and red honeybush (Cyclopia genistoides) tea. The remaining
two from China are jasmine green (Camellia sinensis) and zhengshanxiaozhong (ZSXZ) black
tea (Camellia sinensis). The different sequential solvent extracts following increasing polarity
index (dichloromethane, ethyl acetate, ethanol, and water) and hot water extract of different
teas were evaluated at in vitro and ex vivo conditions for their antioxidant properties, inhibitory
potentials on a-glucosidase, a-amylase and pancreatic lipase, effects on ameliorating Fe?*-
induced oxidative pancreatic or hepatic injury, as well as the glucose absorption inhibition in
small intestine and the glucose uptake stimulation in isolated psoas muscle of rats. Possible
bioactive components responsible for the activities of the extracts were identified by using Gas
Chromatography-Mass Spectrometry (GC-MS) analysis or liquid chromatograph-mass
spectrometry (LC-MS) analysis. In vitro and ex vivo tests presented promising antioxidant and
antidiabetic activities of these five teas. The red honeybush, jasmine green and green rooibos
teas, were further subjected to an in vivo intervention trial in a fructose-streptozotocin (STZ)
induced T2D model of Sprague-Dawley rats. Assays were carried out to reveal the effects of
these teas on lowering blood glucose level, improving oral glucose tolerance ability,
stimulating insulin secretion and hepatic glycogen synthesis and ameliorating some diabetes
related parameters such as serum lipid profile, hepatic and renal function tests and calculated
insulin resistance (HOMA-IR), B-cell function (HOMA-p) from the blood glucose and serum
insulin data. Furthermore, in vivo oxidative stress markers such as reduced glutathione,
superoxide dismutase and catalase activity and lipid peroxidation were analysed in harvested
organs (liver, kidney, heart and pancreas). The results of in vivo tests demonstrated that high
dose of jasmine green tea showing the best activity followed by the high dose of red honeybush
tea, low dose of jasmine green tea, high dose of green rooibos tea, low dose of red honeybush
tea, when lowest activity was observed for the low dose green rooibos tea. The results of this
study indicated promising anti-T2D properties of the above-mentioned teas. However, further

clinical trials are needed to ascertain the results of these in vitro, ex vivo and in vivo studies.
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CHAPTER 1
1.0 INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Diabetes was first discovered by ancient Egyptians around 1500 BC, and they considered it a
rare condition in which the patient had excessive urination and lost weight. The term “diabetes”
was first used by the Greek physician Aertaecus, meaning “to pass through”. However, it was
not until 1798 that the British Surgeon-General, John Rollo used the Latin term “Mellitus” to
characterize the honey-sweet taste of urine in such patients (Lakhtakia 2013).

Traditional Chinese Medicine (TCM), a medical system of diagnosis and healing approaches.
Around 2000 years ago, the traditional term defined diabetes as “wasting thirst (xiao-ke)”,
appearing in the first medical text in TCM history, Huang Di Nei Jing, or The Yellow Emperor’s
Classic of Internal Medicine. This book records the primary symptoms of diabetes as “three
increases and one decrease”, namely polydypsia, polyphagia, polyuria and weight loss.
However, the contemporary term for diabetes in TCM, Tangniao-bing, means “sugar urine
illness.” (Zhang et al. 2010).

Diabetes mellitus (DM) is a chronic disease linking with disorders of sugar, fat and protein
metabolism. It is characterized by the presence of hyperglycaemia and insufficient production
or defective action of insulin produced by the pancreas (Punthakee et al. 2018). It is determined
by detecting the elevation of blood glucose levels. Insulin is an endocrine peptide hormone
biosynthesized in pancreatic islet B-cells in response to the use of glucose providing energy to
organ systems like muscle, liver, adipose tissue and brain (Guo 2014). The lack or inefficiency
of insulin in diabetic patients will cause the high levels of glucose in the bloodstream. As the
accumulation of blood glucose or high concentrations of blood glucose will damage tissues and
may eventually develop into disability or life-threatening complications such as diabetic

nephropathy, retinopathy, neuropathy, cardiomyopathy and diabetic foot disease.
1.2 Prevalence of diabetes mellitus

DM is one of the global epidemics in the 21st century. It is also an important cause of
worldwide premature mortality and disability, which makes the number of diabetics two to four
times than the general population (Papatheodorou et al. 2016, WHO 2016). Type 2 diabetes
(T2D) is the most common type of diabetes, since its early symptoms are not obvious, or the

symptoms associated with it are not completely confirmed to be diabetes, which delays the



diagnosis of patients, causing the failure of implementing timely and effective prevention and
management programs (Chatterjee et al. 2017). Thus, leading to the incidence of global
diabetes remain high. At present, diabetes is among the highest prevalent disease in the world,
DM and its complications killed approximately 4.2 million people in 2019 and it was the 7%
leading cause of death in 2016 (WHO 2016), and the 4" leading cause of disability in 2017 in
the world (WHO 2018). Especially in recent years, the prevalence of diabetes has shown a

rapid growth trend.

According to the International Diabetes Federation (IDF), there are approximately 463 million
adults (aged 20-79 years) with diabetes worldwide in 2019, with a prevalence of 9.3%. It is
estimated that by 2045, the number of patients worldwide may be beyond 700 million, the
prevalence is reaching around 10.9% (Figure 1.1). The report also states that 50.1% of people
with diabetes remain undiagnosed, with an estimated 232 million around the world. Among
those, the largest increases will take place where economies are moving from low-to-middle-
income status (IDF 2019).

According to IDF (2019), global diabetes is mainly divided into seven regions, which are
ranked according to the decreasing number of patients: Western Pacific > South-East Asia >
Europe > Middle East & North Africa > North America & Caribbean > South & Central
America > Africa. Among them, the total number of patients in the Western Pacific region,
including China, is at top of the rank, which is predicted to reach 212 million by 2045, while
the number of patients in Africa, including South Africa, is expected to reach 47 million by
2045.

The incidence of diabetes in China and South Africa has been increasing constantly year by
year. China is now among the top-ten diabetes prevalent country in the world, while South
Africa is at the top in Africa. Figure 1.2 depicts the situation of the diabetes population in
different countries. Among them, countries with a patient population of more than 20 million
are dark red, mainly including China, the United States and India, which means that the number

of patients with diabetes in these three countries ranks top in the world.
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Figure 1.1: Summary of estimated of people with diabetes worldwide and per region in 2019
and 2045 (20-79 years), copied without permission from IDF (2019) diabetes atlas.

B <100 thousand
B 100-<500 thousand
- 500 thousand -<1 million
B 1-<10 million

B 10-<20 million

W =20 million

. No estimates made

Figure 1.2: Global diabetes distribution of estimated number of adults (20-79 years) with
diabetes in 2019, copied without permission from IDF (2019) diabetes atlas edition 9"".

IDF (2019) lists the top 10 countries/regions with the highest number of people with diabetes
around the world (Table 1.1), namely China, India, the United States, Pakistan, Brazil, Mexico,

3



Indonesia, Germany, Egypt and Bangladesh. Among them, the prevalence of diabetes in China
has reached 10.9%, when the number of patients is about 116 million, accounting for 1/4 of the
total number of global patients. On the other hand, the prevalence of diabetes in South Africa
reaches 12.8%, the number of patients about 4.58 million, which is around 24% of the total
number of patients in Africa. It can be drawn that China is a large country with diabetes, the

global focus of diabetes, and South Africa is the focus of diabetes in Africa.

Table 1.1: Top 10 countries for number of diabetics aged 20-79 years in 2019, 2030 and 2045,
copied without permission from IDF (2019)

2019 2030 2045
Number of Number of Number of
people with people with people with
Country or diabetes Country or diabetes Country or diabetes
Rank territory (millions) Rank territory (millions) Rank territory (millions)
1 China 16.4 1 China 140.5 1 China 147.2
(108.6-145.7)¢ (130.3-172.3) (134.7-176.2)
2 India 770 2 India 101.0 2 India 134.2
(62.4-96.4) (81.6-125.6) (108.5-165.7)
3 United 31.0 3 United 344 3 Pakistan 371
States of (26.7-35.8) States of (29.7-39.8) (15.8-58.5)
America America
4 Pakistan 19.4 4 Pakistan 26.2 4 United 36.0
(79-30.4) (10.9-41.4) States of (31.0-416)
America
5 Brazil 16.8 5 Brazil 21.5 5 Brazil 26.0
(15.0-187) (19.3-24.0) (23.2-28.7)
6 Mexico 12.8 6 Mexico 17.2 6 Mexico 223
(7.2-15.4) (9.7-206) (12.7-26.8)
7 Indonesia 10.7 7 Indonesia 13.7 7 Egypt 16.9
(9.2-11.5) (11.9-14.9) (3.0-19.4)
8 Germany 9.5 8 Egypt 1.9 8 Indonesia 16.6
(78-106) (6.4-13.5) (14.6-18.2)
9 Egypt 8.9 9 Bangladesh 1.4 9 Bangladesh 15.0
(4.8-101) (9.4-14.4) (12.4-18.9)
10 Bangladesh 8.4 10 Germany 1041 10 Turkey 10.4
(70-10.7) (8.4-11.3) (74-13.3)

i 95% confidence intervals are reported in brackets.

In summary, a more fast and effective way of preventing and curing diabetes needs to be

developed regarding this serious global and national issue in many countries.
1.3 Types of diabetes

Patients with diabetes have multiple pathogenesis and types of complications, so it is relatively
difficult to classify them (NDDG 1979, Susman and Helseth 1997, Mayfield 1998). The World
Health Organization (WHO) classifies and revises diabetes many times (WHO 1980, WHO

1985). Eventually, diabetes is divided into four categories based on the etiology and clinical



presentation of diabetes shared by the WHO and the IDF. Type 1 diabetes (T1D), type 2
diabetes (T2D), gestational diabetes mellitus (GDM), and other specific types of diabetes
(Gavin Il et al. 1997, Alberti and Zimmet 1998, Unwin et al. 1998). However, T1D and T2D
are two most common types of diabetes.

1.3.1 Type 1 diabetes (T1D)

T1D is also well-known as insulin-dependent diabetes mellitus (IDDM). It is a chronic
autoimmune disease characterized by increased blood glucose levels (hyperglycaemia ), which
IS because of the absolute insulin deficiency that occurs due to the permanent destruction of
pancreatic islet B-cells (Atkinson et al. 2014).

The etiology of T1D has not yet been well elucidated, but autoimmune abnormalities are the
most important pathogenic factors, for instance, T cell-mediated autoimmunity (Bach and
Chatenoud 2011, Pugliese 2016). T1D induces due to autoimmune response in pancreatic
islet’s B-cell with islet inflammation, and damages in the B cells of islets to lose the function of
synthesizing and secreting insulin, resulting in the disorders of glucose metabolism. Besides,
other factors causing T1D may relate to genetics and environmental factors (microorganisms,
chemicals, food components, etc.) (Pirot et al. 2008, Csorba et al. 2010, Steck and Rewers 2011,
Wong 2019) (Figure 1.3).

T1D accounts for 5-10% of the total recorded cases of diabetes in the world (Gordon et al.
2020). It could take place at any age, however, it is most commonly occurring in childhood
(Katsarou et al. 2017). T1D associated with the occurrence of autoantibodies many months or
years before the onset of symptoms. These autoantibodies are not supposed to be pathogenetic
but act as biomarkers during the progression of autoimmunity. Characteristic autoantibodies
linked with T1D are those that target insulin, 65 kDa glutamic acid decarboxylase (GADG5;
glutamate decarboxylase 2), zinc transporter 8 (ZNT8) or insulinoma-associated protein 2
(1A-2) (Howson et al. 2012, Katsarou et al. 2017, Eugster et al. 2019).



Figure 1.3: Possible pathogenesis of T1D, copied without permission from Ozougwu, Obimba
et al. (2013).

1.3.2 Type 2 diabetes (T2D)

T2D also known as non-insulin-dependent diabetes mellitus (NIDDM), which is a type of
diabetes caused by insufficient insulin secretion and/or insulin resistance as the main cause
(ADA 2014). T2D attributes to about 90% of all diabetics (IDF 2019). The insufficiency of
insulin secretion is a result of the carbohydrates in the diet exceeding the ability of the highest-
level secretion of insulin could regulate, causing the blood glucose to constantly remain high,

and in severe cases, urine glucose could appear.

Insulin resistance (IR) occurs when the pancreatic B-cell can produce enough insulin, but they
cannot function due to the lack of insulin receptor to bind and maintain the blood glucose level.
It refers to a general term for the reduction of insulin efficiency caused by the loss of effector
cell sensitivity (such as muscle cells, fat cells, liver cells, etc.). In the past, T2D was recognized
as the disease of the adult, children and adolescents have also however become a high-risk
group of T2D in recent years (Kao and Sabin 2016, Yau et al. 2018).

Unlike T1D, T2D is mainly caused by IR as well as partial pancreatic § —cell dysfunction which

leads to lower insulin secretion, rather than autoimmune destruction of pancreatic 3 cells.



1.3.2.1 Pathogenesis of T2D

Multiple risk factors (both genetic and environmental factors) interrelate in the pathogenesis of
T2D, which includes obesity, family history of diabetes, aging, impaired glucose metabolism,
physical inactivity causing pancreatic B-cell dysfunction as well as IR (Tuomilehto et al. 2001,
Knowler et al. 2002). Furthermore, IR accompanies with [-cell dysfunction resulting in
hyperglycaemia, which is associated with abnormalities leading to glucolipotoxicity, thus
contributing to a vicious cycle (Wang et al. 1998, Patti et al. 1999) (Figure 1.4). The factors

involved in the development of T2D are discussed below.

Adverse Family History Other Risk
Intrauterine Factors
Environment I Aging
Epigenetics Genetics |l"l'5 ulin
Altered Shared Resistance
Development Environment
Altered Gene and Protein Expression ’/ I \“\ DTylr;etz
1Iabetes
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Figure 1.4: Multiple risk factors are involved in the pathogenesis of T2D, copied without

permission from Jin and Patti (2009).
1.3.2.1.1 Family history

T2D has a clear genetic predisposition but does not conform to the classic Mendelian genetic
laws and the genetic laws of mitochondrial matrilineal genesis, but rather a highly
heterogeneous genetic disease controlled by multiple genes (Kwak and Park 2016, Anthanont
et al. 2017). There are over 250 genes linked with the pathogenesis of diabetes, and most of
these genes are related to glucose metabolism, fat metabolism, energy metabolism, and insulin
signalling (Murea et al. 2012). Human Leukocyte Antigen (HLA) is one of the important
genetic control factors for diabetes (Diamantopoulos et al. 2002, Ide et al. 2004), which has a
total length of 3600 kbp and is located on the short arm of human chromosome six. HLA plays

an important role in the human immune system (Mungall et al. 2003). Krook et al. (1998) found



that the expression of mitochondrial uncoupling protein 3 (UCP3) gene in skeletal muscle of
T2D patients is 41% lower than that of normal people, however, UCP3 has a link with the
insulin-mediated glucose metabolism, which can regulate systemic IR. Moreover, the family
of insulin receptor substance (IRS) protein (IRS1-4) has implicated in the heritability of
diabetes, especially IRS1which locates on chromosome 2g36. IRS1 is an intracellular substrate
for insulin receptors. There are two mutations in IRS1, Aal513Pro, and Gly972Arg, which have
been confirmed the close relation with the pathogenesis of late-type T2D (Almind et al. 1993,
Van et al. 2004, Rung et al. 2009).

1.3.2.1.2 Environmental factors

In addition to genetic factors, environmental factors including obesity, diet, and inactivity also

has been implicated with the progression of diabetes.
1.3.2.1.3 Obesity

Obesity is a manifestation of abnormal metabolism (Parmar 2018). Obesity caused by
overeating, especially the excessive accumulation of visceral fat is an important factor in
triggering type 2 diabetes. Obesity can induce the body to resist insulin, which holds back the
binding of insulin to its related receptors, ending with hyperglycaemia (Enzi et al. 1986). Kahn
etal. (2001) reported that the higher the body-mass index (BMI), the higher the risk of diabetes.
The type of fat distribution in obese people also has an important relationship with the
occurrence of diabetes. The abdominal obesity is significantly higher than that of limb obesity
(Gesta et al. 2007, Lakey et al. 2019).

1.3.2.1.4 Physical inactivity

With the development of society and changes in lifestyles, work pattern changes from heavy
labour to sedentary occupations, physical activities are becoming less and less which also
contributes to T2D risk (Levine et al. 2005, Imamura et al. 2019). However, physical activity
can help with the reduction of weight, increasing muscle oxidative function and systemic
insulin sensitivity, improving glucose tolerance, etc., thereby reducing the risk factors of
diabetes (Wu et al. 2002, Zong et al. 2002, Russell et al. 2005).

1.3.2.1.5 Diets

With the increase of urbanisation and economy, many countries have experienced dietary

changes favouring the proportion of high-fat, high-sugar, high-calorie foods such as animal



meat, fats, and fine grains in the diet more and more (Lakey et al. 2019). However, the supply
of trace elements and fruits and vegetables, high-fibre foods are relatively inadequate. Thus,
an unhealthy diet with dense caloric content has been regarded as an increased risk factor for
developing T2D (Marshall et al. 1994, Toeller and Mann 2016).

1.3.2.1.6 Aging

With the improvement of medical conditions, the life expectancy of diabetic patients is
significantly extended. The prevalence of diabetes shows a significant upward trend with age
(Davidson 1979, Huang et al. 2008, Huang et al. 2014). The increase in blood glucose is closely
related to age, which may be due to the decreased secretion and delayed release of insulin in
the elderly, resulting in the reduction of glucose tolerance (Nathan et al. 1986, Gunasekaran
and Gannon 2011, Thambisetty et al. 2013, Lipska et al. 2016).

1.3.2.1.7 Pancreatic p-cell dysfunction

At present, high glucose and high fat are considered to be the main factors that cause islet §
cell dysfunction (Poitout et al. 2010). Persistent high blood glucose may cause glucotoxicity,
which augments the generation of reactive oxygen species (ROS). However, ROS can down-
regulate the expression of the transcription factor pancreas-duodenum homeobox-1 (PDX-1)
and musculoaponeurotic fibrosarcoma oncogene A (MafA) or inhibit their binding with insulin
neutrons, reducing the synthesis and secretion of insulin (Gleason et al. 2000, Harmon et al.
2005, Raum et al. 2006, Wang et al. 2007).

Long-term excessive free fatty acid (FFA) in the bloodstream will cause lipotoxicity (Defronzo
2004). Increased triglyceride (TG) synthesis caused by overexpression of diacylglycerol
acyltransferase (DGAT) can inhibit glucose-stimulated insulin secretion (GSIS) and damage
islet B cell function (Lee et al. 1994, Listenberger et al. 2003). High concentrations of FFA
such as palmitic acid can inhibit the expression of insulin genes, and its lipotoxicity is even
more pronounced when blood glucose continues to be at high levels (Briaud et al. 2001, Pardo
etal. 2015, Palomer et al. 2018). High concentrations of FFA can also be oxidized by ceramide,
peroxisome proliferator-activated receptor y (PPARY), insulin receptor substrate (IRS), and
endoplasmic reticulum (ER) stress causing [3-cell apoptosis (Donath et al. 2005, Wilding 2007,
Han et al. 2008, Muoio and Newgard 2008).

Type 2 diabetes is a natural immune and chronic subclinical inflammatory disease (Donath and

Shoelson 2011, Donath 2013). Inflammatory factors participate in the progression of diabetes



by the NF-«xB inhibitor kinase pathway, c-Jun amino-terminal kinase (JNK) and other pathways
(Cai et al. 2005, Shoelson et al. 2006, Tuncman, et al. 2006). Moreover, the inflammatory
response process of diabetes further produces a large amount of inflammation factors, forming
an inflammatory cascade. Therefore, cytokines can directly or indirectly affect the pancreas
and damage islet B cells through different pathways (Rabinovitch and Suarez-Pinzon 1998,
Donath et al. 2008, Eizirik et al. 2009).

Pancreatic B cell dedifferentiation is another mechanism behind T2D B cell dysfunction
(Talchai et al. 2012). During the progressive deterioration of islet cell function, the specific
marker molecules accompanied by the maintenance of cell differentiation phenotype continue
to decline, such as insulin, PDX-1 And MafA (Kitamura et al. 2002, Zhou et al. 2008, Hang
and Stein 2011).

When pancreatic islet B-cell function is deficient and the secreted insulin cannot compensate
for demands, blood glucose will increase, and then factors such as glucotoxicity, lipotoxicity,
inflammation, and increased reactive oxygen species will aggravate islet B-cell damage,

ultimately T2D develop malignancy (Marchetti et al. 2010, Montane et al. 2014) (Figure 1.5).
1.3.2.1.8 Insulin resistance (IR)

IR refers to the impaired insulin sensitivity of tissues, mainly skeletal muscle, liver, and adipose
tissues. The pathogenesis of IR is very complicated, and it may be a combination of genetic
and environmental factors (Brown and Walker 2016). IR is one character of T2D, which could
cause many complications such as hyperglycaemia, hyperlipidaemia, obesity, and hypertension
(Petersen and Shulman 2018). It results in defects in the inhibition of hepatic glucose output
and defects in insulin stimulating glucose uptake in peripheral tissues (muscles and fats),
increasing in blood glucose (Tomas et al. 2002, Jellinger 2007). The liver is critical for
maintaining glucose homeostasis through synthesis and decomposition of glycogen. It takes up
about half of the insulin secreted from pancreatic § cells through the portal vein (Ekberg et al.
1999). While, hepatic IR leads to the impaired suppression of gluconeogenesis and
glycogenolysis, causing an increase in blood glucose (Taylor 2008, Perry et al. 2014).
Meanwhile, IR in skeletal muscle results in the reduction of muscle glycogen synthesis, causing
the increase of blood glucose as well (Petersen and Shulman 2002, DeFronzo and Tripathy
2009). Furthermore, IR in adipose tissue decreases the insulin inhibitory effects on lipolysis
causing the plasma FFA elevation (Taylor 2008). However, the increased plasma concentration

of FFA can simultaneously promote the excessive synthesis of glycogen and inhibit skeletal
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muscle insulin-mediated glucose transport and muscle glycogen synthesis (Baldeweg et al.
2000, Brehm et al. 2004). Moreover, the long-term excessive high levels of FFA can reduce
the amount of glucose transporter 4 (GLUT4) on the cell membrane of skeletal muscle and
adipose tissue by reducing the expression and activity of GLUT4, thereby inhibiting the
oxidation and metabolism of glucose, which in turn aggravate IR (Baldeweg et al. 2000, Roden
etal. 2017) (Figure 1.5).

Figure 1.5: Pathogenesis of T2D, adapted without permission from (Stumvoll et al. 2005).
1.3.3 Gestational diabetes mellitus (GDM)

GDM refers to the fact of impaired glucose tolerance or elevated blood glucose in pregnant
women due to the insufficient insulin secretion cannot compensate for physiological changes
to respond the increase of antagonistic insulin substances during pregnancy (Liang et al. 2010,
Yao et al. 2017). After childbirth, glucose tolerance will be able to back to normal in most
patients. However, 30% of women with a history of GDM remaining the possibility to recur

GDM during future pregnancy or in the later part of their lives (Kim et al. 2007).

GDM is a multifactorial disease that includes a history of previous GDM or impaired glucose
tolerance, race, heredity, older maternal history, history of giant paediatrics, history of stillbirth
or congenital malformations, metabolic syndrome or polycystic ovary syndrome, smoking

during pregnancy, obesity, etc (Petry 2010) (Figure 1.6).
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During pregnancy, pregnant women gain weight and decrease physical activities, which
interact with external and personal reasons, contributing to the occurrence of peripheral IR and
glucose intolerance. Furthermore, it will undermine the pancreatic B-cell function and may
increase the incidence of GDM risk. The risk factors of GDM may associate with the

environment, genetic allergy, epigenetic changes, aging, etc (Chiefari et al. 2017).

Figure 1.6: Risk factors and pathogenic basis of gestational diabetes mellitus, copied without

permission from Chiefari et al. (2017).
1.3.4 Other specific types of diabetes

Other specific types of diabetes are uncommon, including a series of secondary or well-defined
diabetes, particular: genetic defects of the insulin receptor, genetic defects of beta-cell function,
pancreatic diseases, endocrine diseases, drugs or chemicals, infection, insulin autoimmune
syndrome, and other genetic diseases with diabetes (NDDG 1995, Eastman and Vinicor 1997,
ADA 2014).

1.4 Oxidative stress
1.4.1 Definition and sources of ROS

In 1956, Denham Harman proposed the free radical theory of aging, which believed that

endogenous free radicals attacked cellular components and caused progressive damage related
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to aging (Harraan 1955). In 1969, Mccord and Fridovich found superoxide dismutase, which
acts alone to remove superoxide anion free radicals, thus supporting Harman's hypothesis
(McCord and Fridovich 1969).

Free radicals refer to groups containing one or more unpaired electrons. Free radicals can be
divided into endogenous and exogenous according to the sources. They are produced either by
endogenous oxidative metabolism activities or induced by exogenous environmental factors
(Rahman 2007, Poljsak and Dahmane 2012). Endogenous free radicals are mostly derived from
mitochondria, and superoxide anions of mitochondria are mainly produced by NADH
dehydrogenase and coenzyme Q cytochrome C reductase on the electron transport chain.
Furthermore, the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system also
produces superoxide anions. Besides, peroxisomes, lipoxygenases, cytochrome P450, etc. can
produce free radicals (Inoue et al. 2003, Turrens 2003, Lambeth 2004, Finkel 2011, Nathan
and Cunningham-Bussel 2013). The causes of exogenous free radicals are ultraviolet radiation,
ionizing radiation, chemotherapy, inflammatory factors, and environmental toxins, etc
(Cadenas 1989, Finkel and Holbrook 2000, Winterbourn 2008, Halliwell and Gutteridge 2015).
The most common free radicals in living organisms are oxygen free radicals, which are often
the cause of the production of other free radicals (Gerschman 1954, Gerschman et al. 1954). It
contains oxygen and have unpaired valence electrons located on oxygen atoms (Riley 1994).
Anion free radicals mainly include superoxide anion free radicals (O2"), hydroxyl radical (OH"),
and dioxygen (Oy), singlet oxygen (*O2), hydrogen peroxide (H202), and lipid peroxides (R,
RO, ROO", ROOH) (Halliwell 2006, Liou and Storz 2010, Nathan and Ding 2010) (Figure
1.7). Among them, the superoxide anion radical (O27) is produced as the earliest, the hydroxyl
radical (OH") is the most toxic and aggressive, and the chain reaction of ROOH is the most
durable (Bergamini et al. 2004, Li and Wang 2004).

1.4.2 Oxidative stress and endogenous antioxidant system

It has been established that ROS is a double-edge sword, which could have a harmful and
beneficial effects involving in signalling in different process of biological systems
(Lopaczynski and Zeisel 2001, Glade 2003). However, this signalling is controlled by a balance
between ROS production and subsequent scavenging process. For instance, ROS produced by
phagocytic cells is an important defence mechanism against infection (Mittler 2017). In
contrast, excessive concentrations of ROS can result in oxidative stress in the body (Poli et al.

2004). Oxidative stress refers to the imbalance between the production of reactive oxygen
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species (ROS) and the elimination of the antioxidant defence system in the organism. It can
result in excessive production of ROS, leading to the lipid peroxidation of unsaturated fatty
acids to generate lipid peroxides, such as malondialdehyde (MDA) and oxidized glutathione
(GSSG). Furthermore, MDA and GSSG could damage biomembrane, break DNA, denature
proteins and inactivate enzymes, and even cause disintegration and death of cells (Storz and
Imlayt 1999, Finaud et al. 2006, Rahman 2007, Mayor Oxilia 2010) (Figure 1.7).

1.4.2.1 Endogenous antioxidant system

As mentioned above, the body has an antioxidant defence system, which can remove oxygen
free radicals promptly to maintain the balanced status of an organism (Halliwell 1996).
Antioxidant defence system consists of two kinds of substances, which are enzymes and non-
enzyme small molecules (McCord and Fridovich 1969, McCord et al. 1971). The antioxidant
enzymes mainly include superoxide dismutase (SOD), catalase and glutathione peroxidase
(GSH-Px). SOD can convert superoxide anions into hydrogen peroxide, while catalase and
GSH-Px can convert hydrogen peroxide into H2O (Matés et al. 1999, Altuntas et al. 2004,
Imlay 2008). Meanwhile, GSH-Px has a response to lipid peroxidation products and eliminates
active electrophilic mutants such as lipid peroxyaldehyde products (Imlay and Fridovich 1991,
Devi et al. 2000, Imlay 2008). Non-enzyme small molecule includes reduced glutathione
(GSH), ascorbate, pyruvate, and flavonoids (Thomas 1995, Finkel and Holbrook 2000, Lesser
2006).

In conclusion, in a normal state, the intracellular ROS level and the antioxidant defence system
is in a dynamic equilibrium. However, the increase in intracellular ROS levels has a dual effect.
On the one hand, ROS is the active substance of the body, which activates specific signalling
pathways and exerts beneficial effects on the body; On the other hand, excessive ROS causes

oxidative stress, trigger a series of pathological reactions (Figure 1.7).
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Figure 1.7: The sources and cellular response to ROS, copied without permission from Wang
etal. (2013).

1.5 Oxidative stress and type 2 diabetes (T2D)

Oxidative stress has been closely related to the occurrence and progression of type 2 diabetes.
Hyperglycaemia is mainly responsible for oxidative stress. It will increase the amounts of ROS
and RNS in the living organism through the mitochondrial electron transport chain, glucose
autoxidation, and polyol pathway. It is also the basis of other pathways to generate ROS. In the
tricarboxylic acid cycle, the rise of blood glucose concentration will raise the generation of
electron donors. Under the action of the proton pump, extravasation of mitochondrial
membrane protons will arise, causing promotion in mitochondrial membrane electric potential.
When the elevated membrane electric potential exceeds the mitochondrial threshold membrane
electric potential, the enzyme complexes complex | and complex Il in the mitochondrial
electron transport chain will constantly produce anion free radicals, including superoxide anion

(O27), hydrogen peroxide (peroxide, H202) and hydroxyl radicals (OH~). These anion free
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radicals in the mitochondria will further activate the polyol pathway, glucose autoxidation, and

PKC pathway, etc., thereby generating more free radicals and creating a vicious cycle.

1.5.1 Activation of polyol pathway

In the polyol pathway, glucose is deoxidized to sorbitol by aldose reductase (AR) and NADPH,
and then sorbitol is oxidized to fructose by sorbitol dehydrogenase, with nicotinamide adenine
dinucleotide (NAD") as a cofactor (Dunlop 2000) (Figure 1.8).
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Figure 1.8: The polyol pathway, copied without permission from Singh Grewal, Bhardwaj et
al. (2016).

AR is the key enzyme activate the polyol pathway in the hyperglycemic state, causing around
30% of glucose getting into this pathway to generate a large amount of sorbitol (Srivastava et
al. 2005). The accumulation of sorbitol in cells may cause osmotic damage, and reduction of
inositol and K*, Na*-K*-ATPase enzyme activity, which may result in the impact of the
structural integrity and function of the cell, and eventually triggers a series of pathological
changes in the body (Cohen et al. 1986, Reddy et al. 2012).

Several mechanisms have been brought up to elucidate how ROS is produced in the polyol
pathway. The enzyme AR is competitively using the NADPH with glutathione reductase. Both
the activation of AR and the reduction of GSSG to reduced glutathione (GSH) are conducted
by using NADPH. However, in the hyperglycaemia state, a large amount of NADPH is
consumed by AR, which reduces the production of GSH, and GSH is an important scavenger

16



of free radical (Vikramadithyan et al. 2005). Furthermore, oxidative stress also can be triggered
as a result of sorbitol converting to fructose. During this process, NAD" is depleted, creating
NADH, which is an important substrate for the production of ROS (Morre et al. 2000);

1.5.2 Increased formation of advanced glycation end-product (AGE)

Advanced glycation end products (AGEs) refer to carbonyl group of reducing sugars such as
fructose and glucose with free amino groups of macromolecular substances like proteins, amino
acids, nucleic acids, lipids, etc. with non-enzymatic conditions and prolonged exposure to
hyperglycaemia, then producing a class of stable and irreversible end products by condensation,
rearrangement, decomposition, and oxidation reactions (A Ajith and Vinodkumar 2016).

AGEs are mainly removed by the kidney, but slow and easy to accumulate tissues of diabetic
patients for a long period, due to its stable and irreversible structure (Nowotny et al. 2015).
Moreover, AGEs correlate with diabetic complications including diabetic atherosclerosis,
nephropathy, retinopathy, cardiovascular disease, cataract and, other physiological diseases
(Monnie et al. 2005, Pertynska-Marczewska and Merhi 2015, Yamagishi et al. 2015). AGEs
compounds that enter the body via foods (such as foods grilled, fried, dehydrated, and ionized)
are important sources of exogenous AGEs (Uribarri et al. 2010).

1.5.3 Activation of protein kinase C (PKC) isoforms

Protein kinase C is a family of protein kinases that phosphorylate serine/threonine residues and
is broadly present in a wide variety of biological systems (Newton 2003). So far, there are
multiple isoforms of PKC have been found, which are divided into three types according to
their structure and activators. The conventional PKC (cPKC) isforms, including a, Bi, Bii, and
v, which are DAG-sensitive and calcium-dependent, whereas novel PKCS (nPKCs) such as 9,
e, M, 0, and u, are DAG-sensitive and calcium-independent. The atypical PKCs (aPKCs),
including { and A, are not activated by DAG or calcium but can be activated by
phosphatidylserine (Steinberg 2008). Protein kinase C (PKC) is an important second messenger.
It transmits extracellular information to cells, thereby regulating cell growth and apoptosis,
contraction, secretion, conduction, membrane permeability, extracellular matrix synthesis and
gene expression, etc. In the state of diabetes, these functions are abnormal (Geraldes and King
2010).

The DAG-PKC pathway is one of the most studied pathways in cellular signaling induced by
diabetes (Nishizuka 1992). PKC can be activated by DAG and calcium in a variety of immune
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receptor-mediated signal transduction. Hyperglycaemia can increase DAG in tissue cells and
activate protein kinase C. Meanwhile, hyperglycaemia can also synergistically activate PKC

with angiotensin I1.

The activation of PKC is relevant to vascular endothelial dysfunction. In a diabetes state, the
expression of endothelial nitric oxide synthase (eNOS) mRNA in retinal vascular endothelial
cells is decreased, resulting in less production of nitric oxide (NO), while the inhibitor of PKC
can raise NO production (Buckstein et al. 1999). Moreover, PKCa, PKCp and PKCe play a key
role in the occurrence and progression of cardiomyopathy. The activation of PKCe and PKCd
are the primary factors for the pathogenesis of cardiomyopathy (Gisselbrecht 2002) (Figure
1.9).
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Figure 1.9: The activation and synthesis of protein kinase C (PKC) isoforms, copied without

permission from Geraldes and King (2010).
1.5.5 Activation of hexosamine pathway

After glucose enters the cell, most of it is metabolized by glycolysis, glycogen synthesis, and
pentose phosphate shunt, and just about 1% to 3% of the glucose gets into the hexosamine
pathway (Figure 1.10). It comprises the conversion of fructose-6 phosphate to glucosamine-6-
phosphate by glutamine: fructose-6-P amidotransferase (GFAT), which acts as the rate-limiting
enzyme to catalyze the first reaction of the hexosamine pathway. Uracil diphosphate-N-acetyl-

glucosamine (UDP-GIcNAC) is the end product of the hexosamine pathway and then serves as
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a donator for intracellular lipid and protein glycosylation (Giacco and Brownlee 2010). UDP-
GIcNAC is also a substrate for protein Posttranslational modifications (Luo et al. 2016).
Therefore, the activity of GFAT and the content of UDP-GIcNACc in cells or tissues can
represent the activity of the hexosamine pathway.

However, the excess oxidation of fatty acids induced by hyperglycaemia can significantly
upregulate the flux of fructose-6-phosphate into the hexosamine pathway, cause excessive
activation of the hexosamine pathway, and induce IR in muscle, fat and other tissues (Marshall
et al. 1991). Several studies have been reported that the main way of hyperglycaemia -induced
aminohexose pathway is by increasing the transcription of the genes tumor necrosis factor-a
(TNF-a) and TNF-B1. Excessive activation activates pro-inflammatory factors through a large
number of ROS, which in turn contributes to the complications of diabetes (Yang et al. 1970,
Brownlee 2001, Brownlee 2005).

Hexosamine pathway
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@ Chronic hyperglycemia

Figure 1.10: Activation of hexosamine pathways, copied without permission from Luo et al.
(2016).

These pathways described above are considered as the potential unified mechanisms of
hyperglycaemia-mediated oxidative cell dysfunction. This contributes to the understanding of

the pathogenesis of T2D complications.
1.6 Complications of diabetes

Oxidative stress damage plays a key role in complications of diabetes. Diabetic with persistent

abnormal glucose metabolism cause the disorders of lipid and protein metabolism, resulting in
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excessive generating of free radicals. This in turn leads to the damage of organs and tissues,
furthermore, brings out various diabetes complications (Brownlee 2005). Diabetic
complications can be divided into diabetic acute complications and diabetic chronic
complications (Brownlee 2001).

1.6.1 Acute complications of diabetes

There are three main types of acute complications of diabetes: diabetic ketoacidosis (DKA),

hyperosmolar hyperglycemic state (HHS), and lactic acidosis (LA).
1.6.1.1 Diabetic ketoacidosis (DKA)

DKA refers to a syndrome characterized by hyperglycaemia, ketosis, and acidosis. It resulted
from a relative or absolute insulin deficiency and an excess of insulin counter-regulatory
hormones, and then symptoms of hyperventilation, vomiting, abdominal pain (Magee and
Bhatt 2001, Charfen and Fernandez-Frackelton 2005).

1.6.1.2 Hyperosmolar hyperglycaemic state (HHS)

HHS refers to a complication of diabetes in which hyperglycaemia causing a marked increase
in osmolarity without significant ketoacidosis. HHS may lead to profound dehydration,
electrolyte losses and other complications. In severe cases, the patient may experience a

disturbance of consciousness or even a coma (Stoner 2005, Pasquel and Umpierrez 2014).
1.6.1.3 Lactic acidosis (LA)

LA refers to the rising of cellular anaerobic respiration under the conditions of alcohol abuse,
hypoxia, and excessive adrenaline secretion, resulting in the excessive conversion of acetyl
pyruvate to lactic acid after glycolysis. This leads to the excessive accumulation of lactic acid,
which brings out a type of diabetic complications of acidosis (English and Williams 2004). LA
is usually related to factors that may link with diabetes, myocardial infarction, cardiogenic

shock, drugs, toxins and inborn errors of metabolism (Kreisberg 1984).
1.6.2 Chronic complications of diabetes
Patients with chronic diabetes complications, mainly microvascular and macrovascular disease.

1.6.2.1 Microvascular complications of T2D
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Microvascular complications are those long-term diabetes complications that affect small
blood vessels, which are the most distinguished complications of T2D, including retinopathy,

neuropathy and nephropathy (Faselis et al. 2020).
1.6.2.1.1 Diabetic retinopathy (DR)

Diabetic retinopathy (DR) has been well-known as microvascular diseases, it is the most
prevalent complication of diabetes mellitus (DM) (Flaxman et al. 2017), and is the leading
inducement of visual loss amid adults aged from 20 to 74 years (Hirai et al. 2011, Wang and
Lo 2018). The pathogenesis DR can occur in various ways, which may involve AR,
glycoproteins, vascular endothelial growth factor (VEGF), growth hormone, hyperglycaemia
and oxidative stress (Fong et al. 2004, Demiot et al. 2006, Keenan et al. 2007). Currently, there
are three effective and rather invasive therapies in diminishing vision loss, including vitreous

surgery, laser photocoagulation and intravitreal pharmacologic agents (Wang and Lo 2018).
1.6.2.1.2 Diabetic nephropathy

Diabetic nephropathy is the second most common and predominant complication of DM, which
comprises beyond 50% of all the instances of kidney failure (Gheith et al. 2016). Diabetic
nephropathy is characterized by the presence of persistent clinical albuminuria (albumin
excretion rate > 300 mg/24 h) and a decline in the glomerular filtration rate over 5 years in
defect of urinary tract infections, cardiac insufficiency, or other kidney diseases (Sifuentes-
Franco et al. 2018). Hyperglycaemia, arterial hypertension, obesity, and an unhealthy lifestyle
have been closely related with the occurrence and development of diabetic nephropathy
(Rossing 2006). The kidney is the main organ liable for cleaning up body metabolic waste and
also for sustaining the blood water level and blood salt level (NDDG 1998). The best
administration for DM patients to manage the transformation of kidney impairment is the
suitable regulation of glycemia (Sifuentes-Franco et al. 2018). In T2D, diabetic nephropathy
predominantly occurs in patients with systemic arterial hypertension and previous kidney

disease (Persson and Rossing 2018).
1.6.2.1.3 Diabetic neuropathy

Glucose metabolism plays an important role in the nervous system, glucose supply neurons
constant and substantial energy to maintain brain main function. Abnormal cellular metabolism
that occurs in diabetes state will inevitably affect the nervous system. Therefore, diabetic

neuropathy is one of the common diabetes complications (Pellerin 2010). Diabetic neuropathy
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is characterized by progressive distal-to-proximal degeneration of peripheral nerves (De
Gregorio et al. 2018). Diabetic neuropathy has manifold forms, starting from discomfort to
death, with chronic sensorimotor distal symmetric polyneuropathy as its most prevalent form,
it may substantially induce pain, reduce motility, and even result in amputation (Dewanjee et
al. 2018). Unfortunately, there is no specific treatment for diabetic neuropathy, even nowadays
with various available drugs to choose from. Therefore, diabetic neuropathy demands urgent
awareness of glycaemic control might through dealing with convertible risk factors, which
include obesity, smoking, alcohol abuse (Feldman et al. 2019). However, diabetic neuropathy
can be predicted from the duration of diabetes and the haemoglobin Alc (HbAlc) levels
(Tesfaye et al. 2005).

1.6.2.2 Macrovascular complications

Macrovascular complications are diabetes complications that affect large blood vessels, which
mainly include cerebrovascular disease, coronary heart disease, peripheral artery disease, etc.
Among those macrovascular complications, cardiovascular disease (CVD) is the primary

reason leading to the death of diabetic patients (Huang et al. 2017, Viigimaa et al. 2020).
1.6.2.2.1 Atherosclerosis

Atherosclerosis is a chronic inflammatory disease which is a serious excuse for stroke and
coronary heart disease emerging in humans (Malekmohammad et al. 2019). Intimal plaques
and cholesterol accumulation in the arterial walls are the characteristics of atherosclerosis
(Hennekens and Gaziano 1993).

The progression of atherosclerosis is the central pathological mechanism in macrovascular
disease, which is believed to deriving from chronic inflammation and injury to the peripheral
arterial wall or coronary vascular system. Vis-a-vis this, oxidized lipids from low- density
lipoproteins (LDL) particles amass in the arteries endothelial wall. Thereafter, oxidized lipids
accumulated through macrophages, which is differentiated from monocytes to form foam cells.
Foam cells stimulate the proliferation of macrophage and the attraction of T-lymphocytes,
which further cause smooth muscle proliferation in the arterial walls and collagen accumulation.
All these processes provoke the emergence of a lipid-rich atherosclerotic region triggering
atherosclerosis in T2D (Fowler 2011).

1.6.2.2.2 Cardiovascular disease (CVD)
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CVD is a complex inflammatory process may lead to myocardial infarction, stroke, and
peripheral artery disease (Petrie et al. 2018). CVD takes the main responsibility for the death
of type 1 and type 2 diabetes, causing over 50% mortality seen in the diabetic population. It
results in the greatest component concerning the health care expenditures for diabetic (Fowler
2011). CVD risk factors including obesity, hypertension, and dyslipidaemia are common in
diabetic, positioning them at higher risk for cardiac events (Leon and Maddox 2015). In
response to this, the elevation of CVD risk should start with prediabetes period along with IR
and impaired glucose tolerance. As well as being the diagnostic hallmark of T2D,

hyperglycaemia plays a vital role in the pathogenesis of CVD (Petrie et al. 2018).
1.7 Management of T2D

T2D is a comprehensive disease, and it almost needs a life-long treatment. Nowadays, there
are four main methods for the management of T2D, diet management, physical exercises,
psychological adjustment therapy, and oral hypoglycaemic drugs. A reasonable diet structure
can reduce the intake of sugars, release the burden of islet B cells, and reduce the metabolic
load, which closely related to glucose metabolism, thereby controlling the condition of T2D.
The moderate amount of physical exercise can not only help to promote the energy substances
catabolism in the tissues and organs of T2D patients but also increase the insulin sensitivity of
the target cells, especially muscle cells. Meanwhile, mental and psychological counselling can
also play a significant role in the management of T2D. Furthermore, the main medical

treatment of T2D is taking oral hypoglycaemic drugs.

The management of T2D and its complications of oral hypoglycaemic drugs have been well
studied. These hypoglycaemic drugs can be divided into six major classes namely: insulin
secretion-promoting drugs, biguanide drugs, o-glucosidase inhibitors, thiazolidinediones,
sodium-glucose co-transporters (SGLT2) and dipeptidyl peptidase (DPP) IV inhibitors. The
different mechanisms of actions of these antidiabetic agents on hyperglycaemia treatment are

shown in Figure 1.11.
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1.7.1 Sulfonylureas

Sulfonylureas were discovered in 1942 and became accessible by the 1960s. Sulfonylureas can
be categorized into two generations. The application of the first-generation sulfonylureas (such
as acetohexamide, chlorpropamide, tolbutamide, and tolazamide) rapidly eliminated.
Meanwhile, the second-generation sulfonylureas (such as glipizide, gliclazide, glibenclamide,

glimepiride) are commonly used around the world (Sola et al. 2015).

The major difference in sulfonylureas focuses on the potency and period of action. Compared
to the first-generation sulfonylureas, the second-generation sulfonylureas are more effective

when administered in lower doses. This because of their long half-lives, so they can be given
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once daily. However, they can negatively affect the overnight hepatic glucose output, thereby

escalates the risk of hypoglycaemia (Lorenzati et al. 2010).

Sulfonylureas decrease blood glucose by increasing pancreatic B-cells insulin secretion
(Aguilar-Bryan et al. 1995) and may have a function on slightly ameliorate IR in peripheral
target tissues such as muscle, fat (Bressler and Johnson 1997). The binding of sulfonylureas
and its receptor leads to the inhibition of ATP-dependent potassium (K*) channel, which leads
to the changes in the resting potential of the cell, causes calcium influx and stimulates insulin
secretion. This in turn results in more insulin being released from pancreatic secretory granules
at different blood glucose concentrations (Lorenzati et al. 2010). Despite the effectiveness and
tolerance of sulfonylureas, possible side effects include hypoglycaemia and weight gain (Kalra
et al. 2018).

1.7.2 Biguanides

Biguanides are a class of drugs and chemicals formed upon the biguanide molecule, which
originated from the Galega officinalis plant (Bailey and Turner 1996). Biguanides reduce
hyperglycaemic by increasing insulin sensitivity and decreasing glucose absorption.
Biguanides related compounds inclusive of guanidine, metformin, phenformin, biuret, L-
arginine and some others. Among these compounds, metformin is the only marketed biguanide
to treat non-insulin-dependent diabetes now (Perla and Jayanty, 2013). In therapeutic doses,
metformin lower blood glucose levels through multiple mechanisms. It inhibits
gluconeogenesis via insulin and glucagon-stimulated gluconeogenesis (Bailey and Turner
1996). Metformin can also positively modify the phosphorylation of insulin receptor and the
activity of tyrosine kinase. It can likewise improve the translocation of GLUT-1 and GLUT-4
transporters along with suppressing the progression of IR in hepatocytes and adipocytes (Bailey
1992).

Adverse effects related to the therapeutic use of metformin can lead to nausea, vomiting and
abdominal pain, Vitamin B1. deficiency associated megaloblastic anaemia or neuropathies and
diarrhoea associated hypomagnesaemia, hypocalcaemia, hypokalaemia (Wang and Hoyte
2019).

1.7.3 a-glucosidase inhibitors

Since a-glucosidase is so closely related to carbohydrate metabolism that makes it an attractive

pharmacological target to ameliorate diabetes, obesity and other related complications. Among
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all the accessible antidiabetic drugs, a-glucosidase inhibitors might be the most effective in
decreasing postprandial hyperglycaemia through inhibiting the activity of a-glucosidase
enzyme located in the brush border of enterocytes, thus delaying the digestion of complex
carbohydrates and intestinal glucose absorption (Derosa and Maffioli 2012). Nowadays,
commonly used a-glucosidase inhibitors are miglitol, voglibose, acarbose, and emiglitate.
Among them, acarbose introduced into the market in the 1990s as the first a-glucosidase
inhibitor, which is the most used drug of this family. Nevertheless, some serious side-effects
such as flatulence, abdominal pain, and diarrhoea impede the more comprehensive usage of
these inhibitors (Santos et al. 2018).

1.7.4 Thiazolidinediones (TZDs)

TZDs also known as “insulin sensitizer”, the main mechanism of action is to increase the
insulin sensitivity to effector cells, such as adipocytes, hepatic cells, muscle cells, etc., thereby
accelerating the transformation of blood glucose to glycogen and other non-sugar substances.
Meanwhile, it can also stimulate glucose metabolism to provide energy (Diamant and Heine
2003, McGuire and Inzucchi 2008). These drugs primarily regulate glucose and lipid
metabolism through activating peroxisome proliferator-activated receptor gamma (PPARy). It
can promote the glucose uptake of adipocytes, hepatic cells, and muscle cells, hence reducing
the concentration of glucose in the blood, therefore reducing blood glucose (McGuire and
Inzucchi 2008). In turn, it can lower the conversion of glycogen and non-sugar substances to
glucose. Currently, widely used TZDs are mainly pioglitazone and rosiglitazone. Their side
effects include body weight gain, increased risk of heart failure and fractures (Lipscombe et al.

2018). Therefore, diabetic patients with myocardial disease need to be treated with caution.
1.7.5 Dipeptidyl peptidase (DPP) 1V inhibitors (DPP-1V)

Glucagon-like peptide (GLP)-1 promotes insulin biosynthesis by activating the cyclic
adenosine monophosphate (CAMP)-dependent protein kinase A (PKA) signaling pathway via
binding to the GLP-1 receptor of B-cells, thereby stimulating the gene expression of the insulin
precursor, resulting in a reduction of -cell apoptosis and increasing of 3-cell mass. However,
the half-life of GLP-1 present in the physiological state is relatively short, and it is easily
degraded by the enzyme dipeptidyl peptidase-1V (DPP-1V) in vivo (Deacon 2004). However,
DPP-1V inhibitor can inhibit the activity of DPP-1V and prolong the half-life of incretin GLP-
1, thereby achieving the effect of enhancing insulin secretion and lowering plasma glucose
(Dalla Man et al. 2009).

26



Examples of DPP-IV are alogliptin, linagliptin, saxagliptin, sitagliptin, and vildagliptin. Plenty
of studies have reported these drugs are associated with fewer adverse side effects which are

generally well tolerated (Deacon 2018).
1.7.6 SGLT2 inhibitors

Sodium-glucose cotransporter-2 (SGLT2) inhibitors were originally authorized as a new class
of hypoglycaemic agents that bring insulin-independent blood glucose lowering in type 2
diabetes patients by increasing urinary glucose excretion through inhibiting SGLT2 in the
proximal convoluted tubule, where glucose is reabsorbed. Owing to this kind mechanism, at
the moment that pancreatic $-cell stocks are eternally absent in T2D, these agents may still be
effective (Chaudhury et al. 2017, Ingelfinger and Rosen 2019). SGLT2 inhibitors are classes
of glucosuria agents: canagliflozin, dapagliflozin, and empagliflozin. Potential adverse effects
of these agents may include body weight loss, diuresis, polyuria, blood pressure-lowering,
ketoacidosis and increased genital infections (Reusch and Manson 2017).

1.8 Chinese teas and South African teas in the treatment and management of T2D

Tea is the most worldwide popular consumed non-alcoholic beverage just next to water. Teas
can be categorized as traditional tea made from Camellia sinensis or herbal tea made from non-
Camellia sinensis teas or tisanes. 1.8.1 The effects of Chinese teas on the treatment and

management of T2D.

Tea (Camellia sinensis) is a healthy beverage that originated in China and has more than 5000
years of cultivation and application history since time immemorial. Tea and its brewing have
been reported to possess bioactive compounds, such as polyphenols, polysaccharides, alkaloids,

amino acids and pigments.
1.8.1.1 Tea polyphenols

Tea polyphenols account for 10% to 25% of the dry weight of tea. It mainly contains catechins,
and their derivatives, including epicatechin (EC), gallocatechin (GC), epigallocatechin (EGC),
catechin gallate (CG), epicatechin gallate (ECG), gallocatechin gallate (GCG) and
epigallocatechin gallate (EGCG), which account for 60% to 80% of the total polyphenol
content (Tang et al. 2019, Zhao et al. 2019). Among them, EGCG is the major catechin, which
may account for 50 to 80% of the total catechin in tea. Moreover, other polyphenols like
flavonoids and flavonoid glycosides, anthocyanins and phenolic acids are also present in tea
(Khan and Mukhtar 2007, Zhao et al. 2019). Tea polyphenols are the primary bioactive
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compounds responsible for various tea health beneficials, such as antioxidant, radiation
protection, anti-aging, antibacterial, hypolipidemic, hypoglycaemic and enzyme inhibitory
activities, which have been reported in vitro and in vivo (Oh et al. 2015, Zielinski et al. 2015,
Satoh et al. 2016).

1.8.1.2 Tea polysaccharides

Tea polysaccharides is a group of heteropolysaccharides bond with proteins and mineral
elements. The protein in polysaccharide is mainly composed of about 20 common amino acids,
while the sugar unit is normally consisted of arabinose, xylose, rhamnose, glucose and
galactose and the mineral elements composition of tea polysaccharide mainly include calcium,
magnesium, iron, manganese, selenium and even trace elements (Wang et al. 2001, Du et al.
2016). Abundant previous studies on tea polysaccharide have suggested that polysaccharides
may contribute to anti-oxidation, immune regulation, anti-cancer, anti-diabetic, anti-
coagulation, anti-thrombosis and other biological properties (Ren et al. 2015, Yuan et al. 2015,
Park et al. 2017).

1.8.1.3 Tea alkaloids

The alkaloids in tea are usually purine alkaloids, including caffeine, theobromine and
theophylline, with caffeine accounting for the highest amount of tea alkaloids (Bi et al. 2016).
Alkaloids is one of the most important phytochemicals in tea. Some previous studies have
reported the antioxidant, anti-diabetic and anti-obesity effects of tea alkaloids (Xu et al. 2015,
Luca et al. 2016).

1.8.1.4 Tea amino acids

Amino acids accounts for 1% to 4% of dry weight of tea leaves, in which arginine, alanine,
theanine, glutamic acid, aspartic acid, and tyrosine cover over half the amount of free amino
acids. L-theanine is the predominant amino acid and almost solely in tea (Horanni and
Engelhardt 2013). It has been suggested that L-theanine contribute to lower blood pressure,
improve learning ability, anticancer, antiobesity and produce relaxation effect in human beings
(Juneja et al. 1999, Tiirk6zii and Sanlier 2017).

1.8.1.5 Tea pigments

The pigments in tea include fat-soluble pigments and water-soluble pigments. Fat-soluble
pigments include chlorophyll, xanthophyll and carotene. Water-soluble pigments include
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flavonoids, anthocyanins and tea catechins oxidation products, which include theaflavins,
thearubigins and theabrownins (Koch et al. 2017, Lv et al. 2017). Theabrownins is the most
common pigments accounting for more than 85% of the tea pigments. Tea pigments have been
reported for their health functions of such as antioxidant, anticancer, anti-inflammatory,

hepato-protective effects and hypercholesterolemia (Huang et al. 2019, Xiao et al. 2020).

As a natural hypoglycaemic material, tea has been investigated worldwide, such as the
inhibitory activity of tea polysaccharides on a-glucosidase (Shimizu et al. 1988, Wang et al.
2010, Wang et al. 2012), the inhibitory activity of theaflavins on a-amylase (Hara and Honda
1990), the inhibitory activity of polyphenols on sucrase (Matsumoto et al. 1993) and glucose-
absorbing carrier protein in intestinal cells, such as SGLT1, GLUT2, and GLUT5 (Kobayashi
et al. 2000, Shimizu et al. 2000) to manage T1D. The effect of teas on the treatment and
management of type 2 diabetes is mainly manifested in increasing insulin secretion, enhancing
insulin activity and sensitivity, enhancing intestinal insulin promoting activity, enhancing

glycolysis and inhibiting gluconeogenesis and antioxidant as summarized as below (Table 1.2):

Table 1.2: Target tissues and mechanisms of some Chinese tea bioactive compounds on T2D

Category Target tissue Mechanism Active compound Reference
Insulin Pancreas Enhance insulin EGCG, unknown Wolfram et al. 2006
secretion compounds in black tea, .
Islam and Choi 2007
Green tea polyphenols
Insulin Liver muscle Increase insulin EGCG, theaflavin, Anderson and Polansky
adipose activity unknown compounds in 2002, Tang et al. 2013
black tea
Insulin Liver muscle Increase insulin EGCG, theaflavin, Wu et al. 2004
adipose sensitivity thearubigins o
Nishiumi et al. 2010
Glycometabolism  Muscle Enhance EGCG Zhang et al. 2010
lycolysis
glyeoly Jung et al. 2008
Glycometabolism  Adipose Inhibit EGCG Waltner-Law et al. 2002
gluconeogenesis .
Collins et al. 2007
Others Mirco and Antioxidant Green tea Catechins, Yan et al. 2012
macro-

Zhou et al. 2007
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vascular Green tea Xu et al. 2012

tissues polysaccharide,

Puer polysaccharide

1.8.2 The effects of South African teas in the treatment and management of T2D

Herbal teas can be made from different parts (such as seeds, fruits, flowers, leaves, stems and
roots) of different plants and herbs through different ways such as infusion, decoction or
maceration. They gain popularity worldwide in recent years because of their fragrance, aroma,
and various health-promoting functions (Enioutina et al. 2017). In the African continent, over
30000 plant species accounting for 25% of the total number of higher plants in the world are
found in sub-Saharan Africa (Light et al. 2005, Van 2008). While, in South Africa, an estimated
3000 plant species are used as medicines, and around 500 of them are traded in large quantities
in informal markets (Van and Gericke 2000, Van 2008). Rooibos (Aspalathus linearis) and
honeybush (Cyclopia species) are becoming increasingly popular worldwide, due to their

multiple pharmaceutical and therapeutic properties-(Marnewick 2009).
1.8.2.1 Rooibos tea

Rooibos tea contains sodium, potassium, magnesium, calcium, and trace elements such as
zinc.(Ku et al. 2015). Several phenolic compounds are presented in red rooibos tea and green
rooibos tea, but their contents may have significant difference due to enzymatic and chemical
modifications during the tea fermentation and manufacturing (Bramati et al. 2002, Bramati et
al. 2003). Compounds comprising aspalathin, isoorientin, orientin, nothofagin, isovitexin and
vitexin are degraded during the fermentation (Standley et al. 2001). Other predominant
flavonoids identified in both teas are rutin, isoquercetin and hyperoside, quercetin, luteolin and
chrysoeriol. Moreover, phenolic acids including ferulic acid, caffeic acid, vanillic acid,
phydroxybenzoic acid, p-coumaric acid and protocatechuic acid have been reported presenting
in red rooibos tea (McKay and Blumberg 2007). Specifically, rooibos tea is a rare source of the

dietary dihydrochalcones, aspalathin and nothofagin.
1.8.2.1.1 Aspalathin

Aspalathin is a C-linked dihydrochalcone glycoside which has thus far uniquely found in
Aspalathus linearis, which account for 4 % to 12 % of the dry plant material (Kreuz et al. 2008,

Van et al. 2015). Studies have been focused on the biological activity of aspalathin linking with
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multiple health beneficial effects including antioxidant, antidiabetic, cardioprotective,

antihypertensive and antimutagenic effects (Han et al. 2014, Erlwanger and Ibrahim 2017).
1.8.2.1.2 Nothofagin

Nothofagin is also a dihydrochalcone which is similar in structure to aspalathin. This
contributes to its similar antioxidant capabilities with aspalathin, such as antioxidant,
antidiabetic, anti-inflammatory and antithrombotic (Erickson 2003, Snijman et al. 2009, Ku et
al. 2015, Liu et al. 2015). Nothofagin is a C-linked phloretin glucoside found in rooibos
(Koeppen and Roux 1966). It has only been identified in one other natural source besides
rooibos, the heartwood of the red beech tree (Nothofagus fusca (Hook F.) Oerst, Nothofagaceae)
(Joubert 1996). Green rooibos tea contains higher amount of nothofagin than red rooibos tea

due to the oxidation of nothofagin to other substances during the fermentation (Erickson 2003).

Rooibos tea is abundant in unique antioxidants, which may relate closely to the management
and treatment of T2D. Some studies indicate the potential anti-T2D activity of rooibos and/or

rooibos polyphenols are summarized as following (Table 1.3).

Table 1.3: Summary of some studies indicates the potential antioxidant and antidiabetic

activity of rooibos and/or rooibos polyphenols in ex vivo, in vivo experimental model

Material studied Experimental model Durati  Mechanisms Reference(s)
on

Aqueous or alkaline extract ~ STZ-induced diabetic 8 Reduced levels of lipid Ulicna et al.

of fermented rooibos tea rats weeks  peroxidation, malondialdehyde 2006

(MDA) and AGEs in the plasma,
lens, liver and kidney and decreased
creatine and total cholesterol

Fermented rooibos extract STZ-induced diabetic 7 Inhibited oxidative stress through Ayeleso et al.
rats weeks  suppression of lipid peroxidation 2015
and enhanced SOD and glutathione
peroxidase activity

Unfermented rooibos tea T2D KK-AY mice 5 Decreased fasting blood glucose Kamakura et
extract weeks al. 2015
Unfermented rooibos High fat fed diabetic 4 Improved glucose tolerance; prevent  Orlando et al.
extracts Vervet monkeys weeks  LDL oxidation; preserved 2017

endogenous coenzyme Q10 levels

and inhibited oxidative stress
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Fermented rooibos tea Normolipidemic 6 Modulated postprandial glycemia, Francisco 2010

individuals hours  oxidative stress and lipemia in
subjects

Aspalathin - enriched Palmitate-induced 3 Increased glucose uptake; enhanced  Mazibuko et
unfermented rooibos insulin resistant hours  mitochondrial activity and ATP al. 2013
extract or fermented C2C12 cells production
rooibos hot water extract
Aspalathin and nothofagin Human umbilical vein 6 Inhibited high-glucose induced Ku et al. 2015

endothelial cells and hours  vascular hyperpermeability and

male C57BL/6 mice monocytes adhesion to human

umbilical vein endothelial cells;
suppressed ROS formation and NF-

kB activation

Z-2-(p-o- Obese insulin-resistant 3 Increased glucose uptake, glucose Muller et al.
glucopyranosyloxy)-3- rats weeks  tolerance 2013

phenylpropenoic acid ) .
and mRNA expression of liver

GLUTY, 2, glucokinase, PPAR;
decreased fasting blood glucose

1.8.2.2 Honeybush tea

Honeybush tea (Cyclopia spp.) is native to South Africa and have a growing worldwide market.
It enjoys the reputation as a caffeine-free tea with a pleasant aroma and fruity honey-like
flavour, which attributes to its aromatic volatiles, monoterpenes, phenylethyl alcohol and 5-
methylfurfural (Wang et al. 2005). Honeybush is abundant in various phenolic compounds such
as mangiferin, isomangiferin, luteolin 7-rutinoside, diosmin, hesperidin, luteolin, and
hesperitin. The principal polyphenols in honeybush (Cyclopia genistoides) include the
xanthone mangiferin and the flavonones hesperitin.

1.8.2.2.1 Mangiferin

Honeybush tea (Cyclopia spp.) is the greatest dietary source of mangiferin (Matkowski et al.
2013). Mangiferin (1,3,6,7-tetrahydroxyxanthone-C2-B-D glucoside) is a polyphenol
compound found in honeybush tea, which makes up to about 4% of tea leaves by dry weight
(Gold-Smith et al. 2016). Several in vivo studies have been reported its antitumor, antidiabetic,
antioxidative, and hepato-protective effects (Guha et al. 1996, Sanchez et al. 2000, Yoshikawa
et al. 2002).
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1.8.2.2.2 Hesperidin

Hesperidin is another abundant polyphenol in honeybush tea. Some previous studies have been

reported for its biologically beneficial activities, such as antioxidant, cholesterol lowering and

anticarcinogenic effects (Garg et al. 2001, Muruganandan et al. 2005).

The antidiabetic effects of honeybush tea and some of its major polyphenols has been well

documented in vitro, ex vivo, in vivo animal and human studies, some of which are shown in

Table 1.4.

Table 1.4: Summary of some studies indicates the potential antioxidant and antidiabetic

activity of honeybush and/or honeybush polyphenols in ex vivo, in vivo experimental model

Material studied Experimental Duration Mechanisms Reference(s)
model
Cyclopia maculata 3T3-L1 mouse 8 days Inhibited intracellular triglyceride and fat Dudhia et al.
(fermented and adipocytes accumulation, and decreased the expression of 2013
unfermented) and PPAR2
Cyclopia subternata
(unfermented) extract
Agqueous Cyclopia Differentiated 24 hours Fermented Cyclopia maculata extract at 80 g/mL  Pheiffer et al.
maculata 3T3-L1 adipocytes induce maximal lipolysis, along with increased 2013
protein expression of hormone sensitive lipase
and perilipin
Mangiferin Partially 14 days Improve glycemia and glucose tolerance; Ajuwon et al.
pancreatectomized increased serum insulin levels; enhanced B-cell 2018
mice hyperplasia; elevated p-cell proliferation and
reduce B-cell apoptosis
Mangiferin STZ-diabetic rats 12 weeks  Decreased albuminuria; restored the nephrin Wang et al.
expression and inhibited glomerular extracellular 2018
matrix expansion
Hesperidin STZ-induced 4 weeks Reduce serum urea and creatinine levels; Kandemir et
diabetic rats decreased levels of MDA, TGF-1 f and 8-OHdG  al. 2018
in the kidney; Increased renal glutathione
concentration
Fermented honeybush ~ SHK-1 mice 10 days Fermented honeybush tea decreased oedema, Petrova et al.

(green ethanol soluble
extracts); mangiferin;

hesperidin

epidermal hyperplasia yclooxygenase-2,
ornithine decarboxylase, GADDA45 and OGG1/2
expression; fermented honeybush tea extract

reduced lipid peroxidation via increasing SOD

2011
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Agueous unfermented

Cyclopia maculata

Cyclopia intermedia

extract

STZ-induced
diabetes Wistar

rats

Obese, insulin-
resistant Wistar

rats

and catalase activity; hesperidin and magiferin

were less than effective.

15 days

Improved glucose tolerance; decreased fasting

plasma glucose levels; reduced total triglyceride

levels and decreased the glucose-to-insulin ratio.

3 months

Lowered fasting blood glucose concentrations;

lowered total plasma cholesterol concentrations

and decreased o-cell size

Chellan et al.
2014

Muller et al.
2011

A review of the literature shows that rooibos tea and honeybush tea have significantly different

phytochemical constitutes from those found in Camelia sinensis (See Table 1.5).

Table 1.5: Summary of some major phytochemicals of Camellia sinensis tea, rooibos and

honeybush herbal teas

Camellia References  Rooibos (Aspalathus References Honeybush (Cyclopia References
sinensis linearis) species)
Epigallocatechin  Harbowy et  Aspalathin; aspalalinin  Koeppen and Mangiferin, De Nysschen,
gallate (EGCG), al. 1997, Roux 1966, hesperidin, et al. 1996,
epigallocatechin  Liang et al. Shimamura isosakuranetin Joubert et al.
(EGC), 2001, et al. 2006 2008
epicatechin Punyasiri ) o
Z-2-(B-o- Mulleretal.  isomangiferin, Joubert et al.
gallate (ECG) et al. 2004, .
glucopyranosyloxy)-3- 2013 hesperidin 2008
) . Mamati et .
epicatechin phenylpropenoic acid
al. 2006,
(EC), . .
) Yousaf et Nothofagin Joubertetal.  Flavanones: Ferreira et al.
gallocatechin
al. 2014 2009 ] o 1998, Kamara
(GC), theanine, hesperetin, enocitrin,
o ) ) et al. 2003,
caffeine, narirutin, naringenin
heaflavi Joubert et al.
theaflavin,
o Flavones: Koeppen and  Flavanols: 2009
thearubigin, . . Roux 1965,
vitamins (B1, C luteolin, luteolin-7-O- kaempferol
T ) o Snyckers and )
B6) glucoside, vitexin and ] glucosides,
) o o Salemi 1974,
iso-vitexin, orientin, coumestans
. - Bramati et
iso-orietin and
al. 2002,

chrysoeriol
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Flavanones: Kazuno etal. Flavones:

. L 2005, - .
Hemiphlorin, dihydro- luteolin, diosmetin
Lo Krafczyk
orietin, dihydro-
L and Glomb
isoorietin

2008,

Flavanols: Marnewick Isoflavones:

. o 2009 .
rutin, quercetin, iso- formononetin,
quercitrin, quercetin-3- calycosin, wistin

roninobioside

1.9 Rationale of the study

A review of the literature shows the effectiveness of Chinese teas and South African teas in the
management and treatments of T2D. With the need for the discovery of alternate therapies due
to the deficiencies found in synthetic drugs, there is a need to do more research with teas with
the hope of the better management of diabetes since these teas are widely consumed in China
and South Africa.

1.10 Scope and limitations of the study

The focus of the present study was to compare some widely used Chinese and South African

teas and to identify the antidiabetic potentials of these teas.

This study covered the antioxidant and antidiabetic screening of Chinese tea
(zhengshanxiaozhong black tea, jasmine green tea) and South African teas (red rooibos tea,
green rooibos tea, red honeybush tea) using several in vitro, ex vivo and ultimately in vivo
experiments. Some bioactive components were also identified from the above-mentioned teas

and different tea solvent extracts and hot water extracts using GC-MS and LC-MS analysis.

This study did not investigate the in vivo antidiabetic potentials of zhengshanxiaozhong black
tea and red rooibos tea due to the unavailability of teas and the limited research time and

number of animals.
1.11 Aim and objectives of the study

The present study aimed to examine not only the antioxidant and antidiabetic effects in multi-
mode of selected Chinese teas (zhengshanxiaozhong black tea, jasmine green tea) and South
African teas (red rooibos tea, green rooibos tea, red honeybush tea) but also to identify their
possible bioactive antidiabetic phytochemicals and possible mechanism underlying those

actions.
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The specific objectives are as follow:

1. To evaluate the antioxidant activities of dichloromethane (DCM), ethyl acetate, ethanol and

aqueous sequential extracts of Chinese and South African teas using in vitro and ex vivo models.

2. To assess the in vitro antidiabetic effects of the studied teas via inhibition of key enzymes
linked to diabetes.

3. To evaluate the in vitro and ex vivo antioxidant and antidiabetic activities of the sequential

extracts and concentrated hot water extract of Chinese and South African teas.

4. To assess the antioxidant and antidiabetic activities of the most effective infusion extract of

Chinese and South African teas in T2D model of rats.

5. To identify the possible bioactive antidiabetic compounds in all studied teas employing Gas
Chromatography-Mass  Spectrometry (GC-MS) and Liquid Chromatography-Mass
Spectrometry (LC-MS).
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CHAPTER 2
2.0 MATERIALS AND METHODS

2.1 Experimental design

Figure 2.1: Flowchart demonstrating the entire experimental approach.
2.2 Collection of teas

Commercial Chinese teas including jasmine green (Camellia sinensis) and ZSXZ black tea
(Camellia sinensis) in loose leaf were purchased from local tea shops in Fuzhou, China and
South African tea, namely red rooibos (Aspalathus linearis), green rooibos (Aspalathus
linearis), red honeybush (Cyclopia genistoides) in tea bags were purchased from local food

malls in Durban, South Africa.
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2.2.1 Preparation of crude extracts

Individually, 100 grams of each tea were sequentially extracted with different solvents
following increasing polarity at 1:20 tea and solvents ratio and allowed to stand for 48 hours at
room temperature respectively to yield dichloromethane (DCM), ethyl acetate, ethanol and
aqueous extracts. All extracts except aqueous were then filtered using Whatman filter paper
(No.1) and the filtrates were concentrated in vacuo using a rotatory evaporator (Buchi RII;
Flawil, Switzerland) followed by drying under a fume hood at room temperature. The aqueous
extracts were concentrated using a water bath at 50°C overnight (Figure 2.2). The weights of

the different dry extracts were recorded, then stored in glass vials at 4°C until when needed.

Figure 2.2: Flowchart of the sequential extraction of tea samples.

2.2.2 Preparation of hot infusions

Five tea bags (2 g each) or 10 g of each loose-leaf teas were infused in a boiling water bath at
1:10 tea and distilled water ratio and allowed to stand for 2 hours. The infusions were filtered
with prewashed cotton and concentrated using a water bath at 50°C, then collected the hot water

extracts and stored in airtight vials at 4°C until further analysis.
2.2.3. Preparation of stock solutions

A stock solution (1 mg/mL) was prepared from each tea sequential extracts or hot water
infusions using distilled water, from which different working concentrations at 15, 30, 60, 120

and 240 pg/mL were prepared for subsequent in vitro and ex vivo studies.
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2.2.4. Total phenolic content

The principle of this assay is that phenolic hydroxyl groups can react with specific redox
reagents (Folin Ciocalteu reagent) under alkaline conditions to form a blue chromophore. The
absorption is positively related to the content of phenolic compounds and the maximum
absorption occurs at a wavelength of about 765 nm (McDonald, Prenzler et al. 2001). Briefly,
200 pL of the tea extracts or tea infusions (240 ng/mL) was incubated with 1 mL of 10 times
diluted Folin Ciocalteau reagent and 800 pL of 0.7 M Na>COs at room temperature for 30
minutes. Then the absorbance was determined at 765 nm on a Shimadzu UV mini 1240
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). All measurements were done in

triplicate and indicated in milligrams of gallic acid equivalent (GAE) per gram dry weight.
2.3 In vitro anti-oxidative activities assay

2.3.1 Free radical scavenging activity (DPPH) assay

The principle of this assay 1s that 1,1-diphenyl-2-picrylhydrazyl (DPPH) is a stable free radical
due to the delocalisation of the spare electron over nitrogen and its alcoholic solution is a deep
violet colour, which 1s measured at about 517 nm. When the DPPH solution mixes with an
antioxidant substance that donates a hydrogen atom, then its colour changes to a residual pale-

yellow colour from the picryl group.

. S
N-NLQ No, 1, N-NH NO,
@ O,N @ O,N
(Deep violet) (Pale yellow)

Figure 2.3: Reaction mechanism of 1,1-diphenyl-1-picrylhydrazyl (DPPH) with antioxidant
(Oscar, Ngoung et al. 2018).

Spectrophotometer was used to detect the change in the absorbance of DPPH after reaction
with the sample solution, which estimates the ability of the sample to donate hydrogen atoms
and scavenge free radicals and resist oxidation (Ak and Giilgin 2008). Briefly, 50 pL at a 0.3
mM solution of DPPH (in methanol) was added to a 96 well plate contained 100 pL of tea

sequential extract or infusion of various concentrations (15-240 pg/mL). Then, these solutions
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were incubated in the dark condition at room temperature for 30 minutes. The absorbance was
measured at 517 nm for the blank without tea sequential extract or infusion. Ascorbic acid,
gallic acid and Trolox were used as standards. DPPH inhibition was calculated using the

following formula:

) o Abs (control) — Abs (test sample)
% Scavenging activity = Abs (control) x 100

Abs: absorbance

2.3.2 Ferric cyanide (Fe**) reducing/antioxidant power (FRAP) assay

The principle of this assay is based on the ability of antioxidants to reduce Fe3* to blue-violet
Fe?* at low pH leading to formation of a bluish violet ferrous-probe complex which is detected
at a wavelength around 700 nm (Oyaizu 1986). Briefly, 100 uL of tea sequential extract or
infusion (15-240 pg/mL) mixed with 1 mL sodium phosphate buffer (0.2 M, pH 6.6) and 100
uL 1% potassium ferricyanide were incubated at 50°C for 30 minutes. After incubation for 30
minutes, the reaction mixtures were acidified with 100 uL of 10% trichloroacetic acid. Then,
100 uL of distilled water and 200 pL of 0.1% FeCls were sequentially added. The absorbance
was measured at 700 nm. Ascorbic acid was utilized as a control in this assay. The results were
expressed as a percentage of the absorbance of the sample to the absorbance of gallic acid and

calculated using the following formula:

Abs (sample)

Abs (gallic acid) x 100

% Ferric reducing antioxidant power =

Abs: absorbance

2.3.3 Nitric oxide (NO) radical scavenging assay
This assay is based on sodium nitroprusside solution (in aqueous) at physiological pH
spontaneously generating NO. NO interacts with oxygen to create nitrite ions which can be

evaluated by using the Griess reagent. Thus, NO scavengers compete with oxygen reducing
the NO generation (Kurian et al. 2010). Briefly, 100 pL of 10 mM sodium nitroprusside in
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phosphate buffer saline (pH 7.4) was added to 100 pL of each tea sequential extract or infusion
at various working concentrations (15-240 pg/mL) and then incubated at 37°C for 2 hours. A
volume of 100 pL Griess reagent was then mixed with the reaction mixture. The absorbance
of the chromophore was read at 546 nm which was formed during the diazotization of nitrite
with sulphanilamide and subsequent coupling with napthyl ethylenediamine. Inhibition of NO
generated was measured by comparing with the absorbance value of a control (sample without
tea sequential extract or infusion). All assays were carried out in triplicate. Quercetin was used
as the standard drug. The NO radical scavenging activities were calculated using the following

formula:

L . Abs
% inhibitory activity = (1 - %> x 100

Abs: absorbance of the sample and Abc: absorbance of the control
2.4 In vitro antidiabetic and antiobesogenic enzymes inhibitory assays

2.4.1 Determination of a-glucosidase inhibitory activity of tea extracts or infusions

This assay is based on the hydrolysis of the colourless p-nitrophenyl-a-D-glucopyranoside
(pNPG) by a-glucosidase to release p-nitrophenol (pNP), which is detected at a wavelength
around 405 nm. The inhibitory activity of the sample was determined according to the
absorbance of the solution. Lowest absorbance shows the lowest concentration of pNP and its
indication of the highest inhibitory activity of a-glucosidase (Ademiluyi and Oboh 2013).
Briefly, a volume of 250 uL of each tea sequential extract or infusion or acarbose at different
working concentrations (15-240 pg/mL) was mixed with 500 pL of 1.0 U/mL yeast a-
glucosidase solution in phosphate buffer (100 mM, pH 6.8) and incubated at 37°C for 15
minutes. Then, a volume of 250 uL 5 mM pNPG solution dissolved in the same phosphate
buffer was added. The reaction mixture was further incubated at 37°C for 20 minutes. The
absorbance of the released pNP was recorded at 405 nm and the inhibitory activity was
expressed as percentage of the control without the inhibitors. All assays were carried out in
triplicate. Acarbose was utilized as the standard drug. The inhibitory activities of a-glucosidase

were calculated using the following formula:
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L . Abs
% inhibitory activity = (1 - A_bc> x 100

Abs: absorbance of the sample and Abc: absorbance of the control

2.4.2 Determination of a-amylase inhibitory activity of the tea extracts or infusions

This assay is based on reducing sugars undergoing a redox reaction with DNS, and the product
is brownish-red when boiled. The depth of the product colour is proportional to the amount of
reducing sugar, and the content of reducing sugar was measured by colorimetry (Shai et al.
2010). Briefly, 250 pL tea sequential extract or infusion or acarbose at different working
concentrations (15-240 pg/mL) was mixed with 500 pL porcine pancreatic amylase (2 U/mL
in 100 mM pH 6.8 phosphate buffer) and later incubated at 37°C for 20 minutes. Then, 250 uL
1% starch dissolved in the same phosphate buffer was added to the reaction mixture following
by 1 hour incubation at 37°C. 1 mL of DNS solution (0.25 g DNS in 5 ml of 2 N NaOH) was
then added and allowed to boil for 10 minutes. The absorbance of the resulting mixture was
determined at 540 nm and the inhibitory activity was compared to the control without the
inhibitors. All assays were carried out in triplicate. Acarbose was utilized as the standard drug.

The inhibitory activities of a-amylase were calculated using the following formula:

o . Abs
% inhibitory activity = (1 — A_bc> x 100

Abs: absorbance of the sample and Abc: absorbance of the control
2.4.3 Estimation of pancreatic lipase inhibitory activity

This assay is based on the hydrolysis of the substrate p-NPB (p-nitrophenyl butyrate) in
dimethylformamide to p-nitrophenol (pNP) by lipase. The p-NPB hydrolysis was monitored
by absorbance changes at 405 nm (Kim, Lee et al. 2010). Briefly, a solution of porcine
pancreatic lipase (2.5mg/mL) was mixed with 10 mM MOPS (morpholinepropanesulphonic
acid) and 1 mM pH 6.8 EDTA to prepare an enzyme-containing buffer. A volume of 100 puL
of tea sequential extract or infusion or Orlistat (100 uM) at different working concentrations
(15-240 pg/mL) and 169 pL of Tris buffer (100 mM Tris—HC1 and 5 mM CaCly, pH 7.0), 20
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uL of freshly prepared enzyme buffer were pipetted into separate wells of a 96-well plate. The
plates were initially incubated at 37°C for 15 minutes. Thereafter, 5 uL of 10 mM p-NPB was
added and further incubated at 37°C for 30 minutes. The absorbance was determined by the
hydrolysis of p-NPB to pNP at 405 nm. All assays were carried out in triplicate. Orlistat was
utilized as the standard drug. The inhibitory activity of lipase was calculated using the

following formula:

L . Abs
% inhibitory activity = (1 - A_bc> x 100

Abs: absorbance of the sample and Abc: absorbance of the control.
2.5 Ex vivo antioxidant assays

2.5.1 Animal

Fifteen adult male Sprague-Dawley rats with a mean body weight of 211.16 + 22.43 g were
procured from the Biomedical Resource Unit (BRU), Westville Campus, University of
KwaZulu-Natal, Durban, South Africa. Before sacrifice, the food was removed and water given
ad libitum for 12 hours. The animals were euthanized by overdose of isoflurane and the whole
gastrointestinal tract, partial psoas muscle, pancreas and liver were harvested and immediately
tested for psoas muscle glucose uptake, small intestine glucose absorption and oxidative stress
studies. All animals were maintained following the rules and regulations of the Animal Ethics
Research Committee of the University of KwaZulu-Natal, South Africa (protocol approval
number: AREC/020/019D).

2.5.2 Preparation of tissue homogenates

A 0.5 gram of freshly excised tissue was homogenized in 5 mL of homogenization buffer (50
mM sodium phosphate buffer with triton X-100, pH 7.5). Then, the homogenate was
centrifuged using a refrigerated centrifuge at 15000 rpm for 15 minutes at 4°C. After

centrifugation, the supernatant was collected in sample tubes and stored at -20°C until needed.

2.5.3 Induction of ex vivo oxidative stress and treatment

Oxidative stress was induced in isolated hepatic or pancreatic tissue according to a previously
published method described by Adefegha and Oboh (2011). Briefly, a volume of 30 pL freshly
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prepared FeSO4, 15 mM was added to 100 pL tea sequential extract or infusion and the standard
drug at different working concentrations (15-240 pg/mL) and incubated with 100 pL tissue
homogenate in 5% CO, for 30 min at 37°C. A reaction mixture contained no tea sequential
extract or infusion or standard drug served as the negative control i.e. untreated. Thereafter, the
incubated samples were assessed for reduced glutathione (GSH) (Ellman 1959); superoxide
dismutase (SOD) (Misra and Fridovich 1977); catalase (Aebi 1984) and lipid peroxidation
(LPO) (Chowdhury and Soulsby 2002).

2.5.4 Reduced glutathione (GSH) assay

This assay is based on the rapid oxidation of GSH via 5,5’-dithio-bis (2-nitrobenzoic acid)
(DTNB) to generate GSSG and 5’-thio-2-nitrobenzoic acid (TNB) (yellow). The formed
oxidized glutathione (GSSG) can be converted to GSH through glutathione reductase in a

reaction containing the cofactor NADPH (Rahman, Kode et al. 2006).

Figure 2.4: The oxidation of GSH to GSSG by DTNB.

Briefly, 300 pL of the incubated sample was precipitated with 100 pL of 10% TCA and then
centrifuged at 15000 rpm for 10 minutes. Then, 80 uL of the supernatant was pipetted into a
96-well plate, 40 uL of 0.5 mM DTNB and a 200 pL of sodium phosphate buffer (0.2 M, pH
7.8) were sequentially added. The reaction mixture was then incubated at room temperature for
15 min before the absorbance was determined at 412 nm. Different GSH concentrations were
used to plot a standard curve and the GSH concentration of tests was then extrapolated from

the standard curve.
2.5.5 Superoxide dismutase (SOD) enzyme activity

This assay is based on the inhibitory activity of SOD converting superoxide radicals into
molecular oxygen (O2) and hydrogen peroxide (H20.). The H.O> produced from the
dismutation of the superoxide ion (O27) by SOD can oxidize 6-hydroxydopamine (6-HD) to
form a coloured product which can be spectrophotometrically determined at 492 nm, while the
diethylenetriaminepentaacetic acid (DETAPAC) was employed to suppress the aerobic
autoxidation of 6-HD (Kakkar et al. 1984). Briefly, a volume of 170 pL of 0.1 mM DETAPAC
and 15 uL of the incubated homogenate were pipetted into respective wells of a 96-well plate.
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Them, 15 uL of freshly prepared 6-HD (1.6 mM) was immediately added into the reaction
mixture and gently tapping the sides of the plate to mix the solution. The absorbance was
measured at 492 nm for 3 minutes at 1 min intervals. The SOD enzyme activity of test was
calculated using the following formula:

(A1 — Ab) x Rv x Df
€49 x Sv

Activity =

€490: the standard molar absorptivity at 490 nm wavelength given as 1.742/mM/cm

Al: sample reaction rate, Ab: blank reaction rate, Rv: the volume of the reaction, Df: the

dilution factor, Sv: the volume of the sample
2.5.6 Catalase activity

This assay is based on the reaction of undecomposed H20> with ammonium molybdate to form
a yellowish colour, which has a maximum absorbance at 374 nm. Meanwhile, catalase
catalyses the decomposition of H.O; into water and molecular oxygen, and plays the role of
transferring electrons in the reaction (Hadwan and Abed 2016). Briefly, 100 uL of the
incubated homogenate was mixed with 1 mL of H20 (65 uM) in sodium phosphate buffer (6.0
mM, pH 7.4) and allowed to stand for 3 minutes. Then, 4 mL of ammonium molybdate (32.4
mM) was added. The absorbance was measured at 347 nm to record the alterations yellow-
coloured molybdate/H.O, complex to compare the control containing H20- only. The catalase

activity was calculated using the following formula:

2.303 S° 43

s—Mml* Vs

Catalase activity of test kU = X [log

t: time, S°: absorbance of standard tube (containing all reagents except tissue sample), S:
absorbance of test samples, M: absorbance of control test sample (contains all reagents except

H20,), Vt: summation of volume of total reagents in test tube, Vs: test sample volume
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2.5.7 Determination of lipid peroxidation

This assay is based on the reaction in acidic and heated conditions between malondialdehyde
(MDA) and thiobarbituric acid (TBA) from the homogenate, forming a pink and fluorescent
chromogen (MDA-TBA:>), which can be spectrophotometrically determined at 532 nm (Oboh
et al. 2012).

Figure 2.5: The formation of MDA-TBA:.

Briefly, 200 pL of the incubated homogenate was mixed with 200 pL of 8.1% SDS solution,
750 uL of 20% acetic acid, 2 ml of 0.25% TBA solution and 850 uL of miliQ H20. Then the
reaction mixture was boiled in a water bath for 1 hour. After cooling, the cooled incubated
samples were pipetted into a 96-well plate. The absorbance was determined at 532 nm. The

MDA concentration of the tests was extrapolated from the MDA standard curve.
2.5.8 Determination of glutathione reductase (GR) activity

This assay is based on measuring the glutathione reductase activity spectrophotometrically by
recording a reduction in absorbance of the NADPH at 340 nm (Smith et al. 1988).

Briefly, 10 puL of sample or glutathione reductase buffer (at a concentration of 50 mM Tris.HCI
and 1 mM EDTA solution, pH 8.0) for blank was placed in a 96-well plate and 221 pL of the
buffer and 38 uL of GSSG solution (8 mM) was added sequentially. Then, 10 uL. of NADPH
was added into the reaction followed by immediate mixing by gently tapping the sides of the
96-well plate. The linear decrease in absorbance at 340 nm was quickly noted for 8 min at 2
min interval using a multi-well plate reader. The activity of the glutathione reductase enzyme

was calculated using following formula:

A
Activity = 1000 x(

W) x 0.5 ymol/min/pg of protein

Y. Wl
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€340: the molar absorptivity at 340 nm which is 6.22 mM/cm, Al: sample reaction rate and Ab:

blank reaction rate
2.6 Ex vivo antidiabetic activity assay
2.6.1 Determination of glucose absorption in isolated rat small intestine

The inhibitory activity of the different working concentrations (30-240 pg/mL) of tea
sequential extracts or infusions on small intestinal glucose absorption was determined
according to a previously published method (Hassan et al. 2010) as modified by Chukwuma,
Mopuri et al. (2018) which recorded the glucose concentrations in an incubation mixture
consisting of the 5 cm pre-cut rat jejunum and the test samples (Figure 2.6). Briefly, the jejunal
segments of the freshly harvested rat small intestine were cut into 5 cm segments and the inner
jejunal lumen was removed and rinsed with Krebs buffer (118 mM NaCl, 5 mM KClI, 1.328
mM CaCl,-2H,0, 1.2 mM KH2PO4, 1.2 mM MgSO4 and 25 mM NaHCOs3) using a sterile
syringe. Then, the villi of each divided segments were exposed and incubated with tea
sequential extracts or infusions at different working concentrations (30-240 pg/mL) in an
incubation tube consisting of 8 mL of Krebs buffer and 11.1 mM glucose in a Steri-Cult CO-
incubator (Labotec, South Africa) with 5% CO2, 95% oxygen and 37°C settings for 2 hours.
Rat small intestine incubated with glucose but without tea sequential extracts or infusions in
Krebs buffer used as the normal control. Blank was Krebs buffer with glucose only. The
glucose concentration in the samples were determined employing an Automated Chemistry
Analyzer (Labmax Plenno, Labtest Inc., Costa Brava, Brazil). The small intestinal glucose
absorption was extrapolated as the glucose quantity that absorbed by per centimetre of rat

jejunum and calculated using the following formula:

GC1—GC2
length of jejunum (cm)

Abdominal glucose absorption =

GC1: glucose concentrations (mg/dL) before incubation

GC2: glucose concentrations (mg/dL) after incubation
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2.6.2 Determination of glucose uptake in harvested rat psoas muscle

The effect of the different concentrations (30-240 pg/mL) of the tea sequential extracts or
infusions on harvested rat psoas muscle glucose uptake was determined according to the
procedure explained in a previous study (Hassan et al. 2010) as modified by (Chukwuma et al.
2018) (Figure 2.6). The harvested psoas muscle was briefly cleaned with Krebs buffer and
diced into small chunks of the same weight (0.5 g). Then, different concentrations of the
extracts were incubated with each chunk in 8 ml of Krebs buffer (pre-mixed with 11.1 mM
glucose) in a Steri-Cult CO> incubator (Labotec, South Africa) with 5% CO>, 95% oxygen and
37°C temperature settings for 2 hours. Psoas muscle incubated without tea sequential extracts
or infusions in Krebs buffer used as the normal control. Blank was Krebs buffer with glucose
only. Metformin at concentration of 2 mg/mL was employed as the standard drug i.e. positive
control. A volume of 1 mL sample was collected before and after the incubation period from
each incubation tube. The glucose concentration was measured employing a Chemistry
Analyzer (Labmax Plenno, Labtest Inc., Costa Brava, Brazil). The muscle glucose uptake was
extrapolated as the glucose quantity that used up by each gram of rat psoas muscle and

calculated using the following formula:

GC1—GC2
weight of muscle tissue (g)

Rat psoas muscle glucose uptake =

GC1: glucose concentrations (mg/dL) before incubation

GC2: glucose concentrations (mg/dL) after incubation
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Figure 2.6: Flow diagram describing the procedure of isolated rat small intestine glucose

absorption and harvested rat psoas muscle glucose uptake.
2.7 ldentification of phytochemicals in tea sequential extracts and infusions

2.7.1 Gas chromatography-mass spectrometric (GC-MS) analysis

The tea sequential extracts were analysed on an Agilent Technologies 6890 Series GC coupled
with (an Agilent) 5973 Mass Selective detector equipped with Agilent Chemstation software.
An HP-5MS capillary column was used (30 m x 0.25 mm ID, 0.25 pum film thickness, 5%
phenylmethylsiloxane). Ultra-pure helium was used as a carrier gas at a flow rate of 1.0
mL/min and a linear velocity of 37 cm/sec. The injector and oven temperatures were set at
250°C and 60°C, respectively. The oven was programmed to 280°C at the rate of 10°C/min
with a hold time of 3 minutes. Injections of 1 pL were made in splitless mode with a split ratio
of 20:1. The mass spectrometer was operated in the electron ionization mode at 70 eV and
electron multiplier voltage at 1859 V. Other MS operating parameters were as follows: ion
source temperature 230°C, quadrupole temperature 150°C, solvent delay 4 minutes and scan
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range 50-70 amu. Compounds were identified by direct comparison of their mass spectral data
with those in the NIST library.

2.7.2 Liquid chromatography-mass spectrometric (LC-MS) analysis

The tea water extracts were subjected to LC-MS analysis using Shimadzu LC-MS-2020 Single
Quadrupole Liquid Chromatograph Mass Spectrometer (LC-MS) by direct injection into the
machine via a loop. The LC stop time was set at 4.00 min. The PDA sampling frequency was
set at 1.5625 Hz and the operating mode was on low pressure gradient. Other operating
parameters were as follows: Pump A: LC-2030 Pump, Flow: 0.2000 mL/min, B Conc.: 95.0%;
C Conc.: 0.0%; D Conc.: 0.0%; Mobile Phase A: Water; Mobile Phase B: Methanol; Start
Wavelength: 190 nm; End Wavelength: 800 nm; Cell Temp.: 40°C; Start Time: 0.00 min; End
Time: 4.00 min; Acquisition Mode: Scan Polarity: Positive; Event Time: 1.00 sec; Detector
Voltage: +1.00 kV; Threshold: 0; Start m/z: 50.00; End m/z: 1700.00; Scan Speed: 1667 u/sec.
Compounds were identified by direct comparison of mass spectral data with those in the
http://foodb.ca/spectra/ms/search.

2.8 In vivo antidiabetic activity of the tea hot water extract in a type 2 diabetes rats model
2.8.1 Animals

Six-week-old male Sprague-Dawley rats were procured from the Biomedical Resource Unit (BRU),
Westville Campus, University of KwaZulu-Natal, Durban, South Africa. Animals were randomly
grouped into thirteen (13) groups as follows, with five (5) rats each in the normal or non-diabetic

groups and seven (7) rats each in the diabetic groups (Figure 2.7):
Normal control (NC): Normal rats supplied with normal diet and drinking water

Norma jasmine green tea (NJG): Normal rats administered with jasmine green tea infusion (300
mg per kg body weight).

Normal red honeybush tea (NRH): Normal rats administered with red honeybush tea infusion (300

mg per kg body weight).

Normal green rooibos tea (NGR): Normal rats administered with green rooibos green tea infusion

(300 mg per kg body weight).

Diabetic control (DBC): Diabetic rats supplied with normal diet and drinking water
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Diabetic jasmine green tea infusion low dose (DJGL): Diabetic rats administered with a low dose

of jasmine green tea infusion (150 mg per kg body weight).

Diabetic jasmine green tea infusion high dose (DJGH): Diabetic rats administered with a high dose

jasmine green tea infusion (300 mg per kg body weight).

Diabetic red honeybush tea infusion low dose (DRHL): Diabetic rats administered with a low dose

of red honeybush tea infusion (150 mg per kg body weight).

Diabetic red honeybush tea infusion high dose (DRHH): Diabetic rats administered with a high
dose of red honeybush tea infusion (300 mg per kg body weight).

Diabetic green rooibos tea infusion low dose (DGRL): Diabetic rats administered with a low dose
of green rooibos tea infusion (150 mg per kg body weight).

Diabetic green rooibos tea infusion high dose (DGRH): Diabetic rats administered with a high dose

of green rooibos tea infusion (300 mg per kg body weight).

Diabetic glibenclamide (DBG): Diabetic rats administered with glibenclamide (5 mg per kg body
weight).

Diabetic metformin (DBM): Diabetic rats administered with metformin (300 mg per kg body
weight).

The animals were housed in a maximum of two-in-one medium-sized polycarbonate cage and kept
in a temperature and humidity-controlled room in a natural photo period of 12-hour light-dark cycle.
All animals were fed with a commercial rat pellet diet and given normal drinking water during the
entire experimental period. Papers and tubes were put in cages for the rat's environmental
enrichment. Reduction of body weight after the injection of streptozotocin is very common and it
is also a part of the pathogenesis of the diabetic condition. However, most of the animals were
started to regain their body weight within a short period after the injection of streptozotocin. All
animals used were maintained under the rules and regulations of the Experimental Animal Ethics
Committee of the University of KwaZulu-Natal, Durban, South Africa (protocol approval number:
AREC/020/019D).
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Figure 2.7: Flow diagram of comprehensive in vivo animal treatment procedure.
2.8.2 Induction of diabetes

The animals were allowed to acclimatize for one week. For next 2 weeks of the experiment, a 10%
fructose solution was provided to the animals in the diabetic groups (DBC, DJGL, DJGH, DRHL,
DRHH, DGRL, DGRH, DBM and DBG groups; 63 animals in total) to induce insulin resistance.
Normal drinking water was provided to the animals in the normal or non-diabetic groups (NC, NJG,
NRH, NGR groups; 20 animals in total). Thereafter, a single low dose of streptozotocin (40 mg/kg
body weight) dissolved in a citrate buffer (pH 4.5) was intraperitoneally injected into the animals
in the diabetic groups to induce partial pancreatic -cell dysfunction. A similar volume of citrate
buffer was injected to the animals in the normal or non-diabetic groups. One week after the
streptozotocin injection, the non-fasting blood glucose (NFBG) levels of all rats were measured in

the blood collected from the tail vein with a portable glucometer. Rats with blood glucose level =

200 mg/dl were considered as diabetic and included in the studies, while rats with blood glucose

level < 200 mg/dl were excluded.
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2.8.3 Feeding and sampling

All animals were given normal drinking water ad libitum and pelletized chows after the diabetes
induction. The animals in tea infusion groups (DJGL, DJGH, DRHL, DRHH, DGRL, DGRH, NJG,
NRH and NGR) were orally administered with low (150 mg/kg bw) and high (300 mg/kg bw) dose
of respective tea extract. While the animals in the DBM and DBG groups were orally administered
with a single dose of metformin (300 mg/kg bw) and glibenclamide (5 mg/kg bw), respectively.
The animals in the NC and DBC groups were provided with only an equivalent volume of normal
drinking water via the same route. A 100 gram of each tea was infused in boiling water at 1:10 tea
and distilled water ratio and allow to stand for 2 hours. The infusions were concentrated in a water
bath at 50°C to yield concentrates, respectively.

2.8.4 Determination of food and fluid intake, body weight (BW) and sampling

The food and fluid intake, body weight and sampling were determined throughout the experimental
period. The food and fluid intake of all animal groups were monitored daily. The body weights of
rats were monitored weekly. At the end of the experiment, the overnight fasted animals were
euthanized using an overdose of isoflurane and blood and organs (liver, kidney, heart, muscle,
brain, and pancreas) were collected for further analysis. Blood was collected in sterile centrifuge
tubes and preserved on ice for 2-3 hours. Then the serum was separated by centrifuging at 3000

rpm for 15 minutes and preserved at -30°C until needed.
2.8.5 Oral glucose tolerance test (OGTT)

The OGTT was conducted in the last week of the intervention period. After an overnight fast, a
glucose solution was orally administered to each animal at a dose of 2 g/kg body weight and blood
samples were collected from the tail vein at 0 (just before glucose ingestion), 30, 60, 90 and 120
minutes to measure the level of glucose. Glucose levels were measured by employing a portable

glucometer (Glucoplus, Quebec, Canada).

2.8.6 Estimation of final fasting blood glucose and insulin and calculation of HOMA

scores

The final fasting blood glucose was measured by using a commercially available assay Kit. The
serum insulin level was determined by using an ultrasensitive rat insulin ELISA kit from Mercodia,
Uppsala, Sweden. The homeostatic model assessment (HOMA) scores for insulin resistance
(HOMA-IR) and beta-cell functions (HOMA-B) were calculated from the final fasting blood

glucose and fasting serum insulin data using following formulas:
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Fasting serum insulin (U/L) x FBG (mg/dL)
22.5
20 x Fasting Serum insulin (U/L)
FBG (mg/dL) — 3.5

HOMA — IR =

HOMA — B cell function =

Conversion factor: Insulin (1 U/L = 7.174 pmol/L) and Blood glucose (1 mMol/L = 18 mg/dL)
2.8.7 Serum lipid profiles

The total cholesterol, triglycerides, HDL-cholesterol and LDL-cholesterol, fructosamine, urea, uric
acid and creatinine, and liver function enzymes: aspartate and alanine transaminases (AST and
ALT), and alkaline phosphatase (ALP) were determined with an Automated Chemistry Analyzer
(Labmax Plenno, Labtest Co. Ltd., Lagoa Santa, Brazil) with commercial standard assay kits

according to manufacturer’s manual.
2.8.8 Hepatic glycogen content

Estimation of the levels of hepatic glycogen concentrations was done by using a phenol-sulfuric
acid method (Lo, Russell et al. 1970). Briefly, 0.5 gram of the excised liver tissue was digested
with 0.5 mL of 30% KOH saturated in Na.SO4 contained in a test tube immersed in ice. Then, it
was immediately cooled on ice after boiled for 30 minutes. Thereafter, a volume of 670 puL of 95%
ethanol was added and followed by cold centrifugation twice at 840 g for 30 minutes to precipitate
the glycogen content. Then, the supernatant was discarded, and the precipitate was re-suspended
in 300 pL of 95% ethanol and centrifuged for another 20 minutes at 840 g to precipitate the liver
glycogen. The precipitate obtained was dissolved in 1 mL of distilled water and an aliquot of 20
pL was in a test tube, later mixed with 180 pL distilled water. Subsequently, 200 pL of 5% phenol
was added to the test tube followed by rapidly adding 1 mL concentrated H.SO4 and whereafter
boiled for 20 minutes. After cooling, the absorbance was recorded at 490 nm by using Synergy
HTX Multi-mode Reader. The glycogen content of the samples was extrapolated from a standard

glycogen curve using log-log graph and expressed as pg/mg glycogen.
2.8.9 Histopathological analysis of pancreatic tissue

The formalin-preserved pancreatic tissue was subjected to standard laboratory procedures for
paraffin fixing/embedding. Tiny sections were cut to a size of approximately 4 pm, followed
by the deparaffination of the slides using p-xylene. This was consequently rehydrated using
ethanol at different concentrations (100%, 80%, 70%, 50%) and cleansed with running water.
Subsequently, hematoxylin was used to stain the slides for 5 minutes and then cleansed with

running water. Next was counterstaining using eosin; finally, the stained slides were arranged
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and mounted in Dibutylphthalate Polystyrene Xylene (DPX), with a sterile cover-slip and

viewed with a microscope (Niko Eclipse E100, CFI optical system, Japan).
2.8.10 In vivo antioxidant studies

To fully understand the likely role of antioxidant activity in combination to the observed
antidiabetic activity, the tea infusions were assayed for their in vivo antioxidant potentials in
the serum and tissues of the animals utilizing oxidative stress biomarkers namely, reduced
glutathione (GSH), thiobarbituric acid reactive substances (TBARS) levels, catalase,
superoxide dismutase (SOD), glutathione reductase (GR). Assays utilized for the determination

of in vivo antioxidant activity were described above.

To conduct the in vivo antioxidant assays, centrifuged homogenates of the excised tissues (liver,
kidney, heart, pancreas and brain) were initially prepared by homogenising 0.5 g of each organ
tissue sample in 4000 pL of homogenization buffer (50 mM sodium phosphate buffer with
triton X-100, pH 7.5) with an Ultra Turrax Tube Drive Workstation Homogenizer (IKA-Works,
Staufenim Breisgau, Germany). Soon after, the solution was transferred to a microtube and
centrifuged for 15 minutes at 15000 rpm in a Hettich Mikro 200 Microcentrifuge (Hettich Lab
Technology, Tuttlingen, Germany). The supernatant was then poured in another microtube and

kept at -20°C for subsequent analysis.
2.9 Statistical analysis

The data were presented as mean + standard deviation (SD), and the significance difference
established at p < 0.05 using a one-way analysis of variance (ANOVA) Tukey’s-HSD multiple
range post hoc test. Statistical analyses were conducted using IBM Statistical Package for the
Social Sciences (SPSS) for Windows, version 25.0 (IBM Corp, Armonk, NY, USA).
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CHAPTER 3
3.0 COMPARATIVE STUDY OF THE ANTIOXIDATIVE AND ANTIDIABETIC
ACTIVITIES IN VITRO
3.1 Phytochemical properties of black tea (Camellia sinensis) and rooibos tea
(Aspalathus linearis), and their modulatory effects on key hyperglycaemic processes and

oxidative stress
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3.1.1 Abstract

The comparative phytochemicals, antioxidative and antidiabetic activities of Camellia sinensis
(black tea) and Aspalathus linearis (rooibos tea) were studied in vitro and ex vivo. Concentrated
infusions of the teas showed significant free radical scavenging activities in vitro. They
significantly increased the glutathione level, superoxide dismutase and catalase activities in
oxidative hepatic injury, while concomitantly depleting malondialdehyde level. The teas
significantly inhibited intestinal glucose absorption and a-amylase activities, and elevated
muscle glucose uptake. LC-MS phytochemical profiling revealed the presence of
hydroxycaffeic acid, I-threonate, caffeine, vanillic acid, n-acetylvaline, and spinacetin 3-
glucoside in C. sinensis. While quinolinic acid, coumestrol, phloroglucinol, 8-
hydroxyquercetagetin, umbelliferone, and ajoene were identified in A. linearis. These results
portray the antioxidant and antidiabetic potencies of both teas, with A. linearis showing the

best activity. These teas may thus be used as functional foods in the management of the disease.

Keywords: Antioxidants; Antidiabetics; Black tea; Rooibos tea; and Type 2 diabetes
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3.1.2 Introduction

Diabetes mellitus (DM) is the most endemic of all metabolic disease, as it was reported to affect
over 425 million people in 2017 (IDF 2017). This depicts a 2.4% rise in prevalence from 415
million in 2015 (IDF 2015) and it has been predicted to rise by 48% to 629 million in 2045,
with an upsurge of 156% expected for Africa (IDF 2017).

Diabetes mellitus is characterized by increased blood glucose level (hyperglycaemia ) owing
to disorder in the metabolism of carbohydrate, protein and lipids (Erukainure et al. 2013),
which is caused by failure of the pancreatic -cell to secrete insulin, and/or failure of the cells
to use the secreted insulin (Erukainure et al. 2018). The former is referred to as type 1 diabetes
(T1D), while the latter is often referred to as type 2 diabetes (T2D) and the most prevalent of
all diabetes types as it is responsible for over 90% of morbidity and mortality due to DM (IDF
2016, IDF 2018). Hyperglycaemia leading to oxidative stress is the major trigger of T2D
pathogenesis, that leads to micro- and macro- vascular complications such as retinopathy and
neuropathy (Constantino et al. 2013, Tiwari et al. 2013, Chukwuma and Islam 2017,
Erukainure et al. 2017). Oxidative stress occurs in T2D as a result of increased generation of
reactive oxygen species (ROS) from increased glucose oxidation, which overwhelms the cell’s
endogenous antioxidative system (Maritim et al. 2003, Sanni et al. 2018). Increased activities
of carbohydrate hydrolyzing enzymes particularly a-glucosidase and a-amylase have also been
reported to contribute to hyperglycaemia owing to rapid breakdown of dietary carbohydrate

leading to postprandial rise in blood glucose level (Oyebode et al. 2018).

Camellia sinensis is a well-known medicinal plant commonly referred to as tea and has been
consumed as beverage from time immemorial. Its origin has been ascribed to Asia and it has
been described as the most globally consumed beverage second to water (Macfarlane and
Macfarlane 2004). Camellia sinensis is commercially available in most countries as black,
green and white teas. Several studies have reported its antidiabetic and antioxidant properties
(Dufresne and Farnworth 2001, Bhatt et al. 2010, Kumar and Rizvi 2015, Fu et al. 2017), which
has been attributed to its phytochemical constituents particularly the catechins and alkaloids
(Frei and Higdon 2003, Williamson et al. 2011, Han et al. 2016).

Aspalathus linearis is a medicinal plant native to South Africa, belonging to the Fabaceae
family and the Aspalathus genus. Its leaves are utilized in the production of the herbal tea,
rooibos or bush tea which is widely consumed globally (Joubert et al., 2008). Its medicinal

properties have been widely studied and has been reported for antidiabetic and antioxidant

57



activities (Marnewick et al. 2003, Joubert et al. 2008, Patel et al. 2016). These medicinal
properties have been attributed to its reported high ascorbic acid content as well as polyphenols
such as the flavones and dihydrochalcones particularly aspalathin and nothofagin (Iswaldi et
al. 2011, Lee and Bae 2015).

Camellia sinensis and Aspalathus linearis constitute the most common teas consumed in
Southern Africa, and often used singly or combined in the management of various ailments
including DM. However, there is a dearth in their comparative studies. This study thus aims at
comparing the phytochemical, antidiabetic and antioxidative properties of C. sinensis (black
tea) and A. linearis (rooibos tea) by investigating their ability to promote hypoglycaemic
processes Vis-a-vis muscle stimulation of glucose uptake, inhibiting intestinal glucose
absorption and activities of major carbohydrate digestive enzymes, as well as improving

antioxidant enzymes activities.
3.1.3 Materials and methods

Please refers to Chapter 2 for the detailed materials and methods for C. sinensis (black tea) and

A. linearis (rooibos tea).
3.1.4 Results

Both tea samples had moderate phenolic contents as shown in Figure 3.1.1. The phenolic

content of A. linearis was significantly (p < 0.05) higher than that of C. sinensis.

Both tea hot water extracts significantly (p < 0.05) scavenged DPPH, with A. linearis
displaying the best scavenging activity as shown in Figure 3.1.2A and Table 3.1.1. Both teas
showed a dose-dependent FRAP activity as shown in Figure 3.1.2B, with the highest activity

observed at the highest concentration (240 pg/mL) of both tea extracts.
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Figure 3.1.1: Total phenolic contents of C. sinensis and A. linearis. Data are presented as mean +

SD; n = 3. *®Values with different letters above the bars for a given concentration are significantly different from
each other (p < 0.05). ZSXZ: zhengshanxiaozhong (C. sinensis); RRBT: red rooibos tea (A. linearis).

Table 3.1.1: ICsp values of C. sinensis and A. linearis activities

Activities C. sinensis A. linearis Ascorbic acid Acarbose
(Hg/mL) (Hg/mL) (Hg/mL) (Hg/mL)

DPPH 0.03 0.01 0.05 -

FRAP >1000 >1000 >1000 -
a-amylase >1000 >1000 >1000 >1000
GSH 112.02 84.10 90.34 -

SOD >1000 87.27 797.56 -
Catalase 1.71 1.62 2.21 -

MDA 1.55 2.6 3.52 -
Glucose absorption  271.89 196.79 - -
Glucose uptake 6.82 11.51 - -

ICso, concentration to inhibit 50% activity; DPPH, 1,1-diphenyl-2-picrylhydrazyl; FRAP, ferric reducing
antioxidant power; GSH: reduced glutathione, SOD: superoxide dismutase enzyme, MDA: malondialdehyde.
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Figure 3.1.2: (A) DPPH scavenging activities and (B) Ferric reducing antioxidant power

(FRAP) activities of C. sinensis and 4. linearis. Data are presented as mean + SD. **Values with different

letter above the bars for a given concentration are significantly (p < 0.05) different from each other. ZSXZ:
zhengshanxiaozhong (C. sinensis); RRBT: red rooibos tea (4. linearis).

60



Both teas moderately inhibited the activities of a-amylase but were significantly (p < 0.05)
lower when compared to the standard drug, acarbose as depicted in Figure 3.1.3.

W ZXSZ wm RRBT m Acarbose

40
S 35
=
=8 30
=
£ 25
2
© 20
>
€ 15
®©
8 10
PSS
5
o

15 pg/mL 30 pg/mL 60 pg/mL 120 pg/mL 240 pg/mL

Figure 3.1.3: Inhibitory effect of C. sinensis and A. linearis on o-amylase activity. Data are

presented as mean + SD. **Values with different letter above the bars for a given concentration are significantly
(» < 0.05) different from each other. ZSXZ: Zhengshanxiaozhong (C. sinensis); RRBT: Red rooibos tea (4.

linearis).
Incubation of hepatic tissue homogenates with FeSO4 led to significant (p < 0.05) depletion of
GSH level, SOD and catalase activities, while significantly (p < 0.05) increasing MDA level
as depicted in Figures 3.1.4A — D. Incubation with the teas significantly (p < 0.05) increased
the GSH level, SOD and catalase activities, and concomitantly depleted MDA level. The ability
of both teas to increase the SOD activities were dose-dependent, with 4. /inearis showing the
best activity (Figure. 3.1.4B). Based on the IC50 values (Table 3.1.1), A. /inearis had the best
activities except for MDA depletion.

Incubation of isolated rat jejunum with the teas significantly (p < 0.05) mhibited intestinal
glucose absorption as depicted in Figure 3.1.5A, with C. sinensis showing a dose dependent

activity. The low IC50 value of 4. /inearis, indicates a better activity compared to C. sinensis.
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Figure 3.1.4: Effect of C. sinensis and A. linearis on (A) GSH level, (B) SOD activity, (C) catalase activity, and (D) MDA level in oxidative hepatic injury.
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Figure 3.1.5: Effects of C. sinensis and A. linearis on glucose absorption in isolated rat jejunum

(A) and glucose uptake (B) in isolated psoas muscle. **Values with different letters above the bars for

a given concentration are significantly different from each other (p < 0.05). *Significantly different from untreated
sample and *Significantly (p < 0.05) different from normal sample. ZSXZ: zhengshanxiaozhong (C. sinensis);
RRBT: red rooibos tea (4. linearis).

Incubation of isolated psoas muscle with the teas led to significant (p < 0.05) increase in muscle
glucose uptake as shown in Figure 3.1.5B. Both teas showed does-dependent activities, with

C. sinesnis having the best activity.
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Table 3.1.2: LC-MS identified compounds in (A) C. sinensis and (B) A. linearis.

Teas Compounds
C. hydroxycaffeic  I-threonate caffeine vanillic acid n- spinacetin
sinensis acid acetylvaline  3-glucoside
A. quinolinic acid coumestrol  phloroglucinol 8- umbelliferone ajoene
linearis hydroxyquercetagetin

LC-MS analysis led to the identification of hydroxycaffeic acid, I-threonate, caffeine, vanillic
acid, n-acetylvaline, and spinacetin 3-glucoside in C. sinensis, while quinolinic acid,
coumestrol, phloroglucinol, 8-hydroxyquercetagetin, umbelliferone, and ajoene were
identified in A. linearis as shown in Table 3.1.2.

3.1.5 Discussion

Tea drinking culture has been in practice from time immemorial, with Yunnan in western China
said to be the birthplace (Kumakura 2002). Aside C. sinensis, there have been in increase in
other types of tea notably herbal teas which also enjoy worldwide consumption (Joubert et al.
2008). Though often taken as recreational beverages and food, teas have been reported for their
medicinal properties (Siddiqui et al. 2004, Sharma et al. 2007). This study reports the ability
of C. sinensis and A. linearis teas to scavenge free radicals and to inhibit the activities of major

carbohydrate catabolic enzymes linked to T2D as well as their phytoconstituents.

The total phenolic contents of both teas were rather very low (Figure 3.1.1) which corroborates
previous studies by Anesini et al. (2008), Pal et al. (2012) and Bhebhe et al. (2015) which
reported low total phenolic content for C. sinensis and A. linearis. This however contradicts
previous reports that both teas were had rich contents of phenolics. Pereira et al. (2014) reported
high phenolic contents for black, green and white C. sinensis and correlated them with the
antioxidant properties of the studied teas. Damiani et al. (2019) also reported high phenolic
properties for A. linearis and also correlated the antioxidant activity of the tea to the phenolic
content. Although the present study reports low phenolic contents for both teas, they however
contribute to the antioxidant properties of the teas as depicted by their ability to scavenge DPPH
and reduce Fe®* (Figure 3.1.2).

The influence of oxidative stress in the pathogenesis of type 2 diabetes and its complications
due to hyperglycaemia induced increased production of free radicals are well documented
(King and Loeken 2004, Erukainure et al. 2012, Tiwari et al. 2013). These free radicals have

been shown to attack cellular proteins, DNAs, membrane lipids which may subsequently lead
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to cell death (Maritim et al. 2003). Increased lipid peroxidation owing to suppressed GSH level,
SOD and catalase activities is a major oxidative mechanism. The high DPPH scavenging and
FRAP activities (Figure 3.1.2) of the teas indicates their free radical and reducing power
properties. This corroborates previous reports on the potent antioxidant properties of C.
sinensis and A. linearis (Pereira et al. 2014, Damiani et al. 2019). This is further depicted by
the ability of both teas to elevate the levels of GSH, SOD and catalase activities, while
suppressing lipid peroxidation in oxidative hepatic injury (Figures 3.1.4A - D). These
potencies may be attributed to the LC-MS identified compounds of the teas (Figure 3.1.6),
particularly the phenolics which are well known antioxidants (Zhao et al. 2014, Heleno et al.
2015).

Inhibition of major carbohydrate digestive enzymes has been reported in several studies to be
effective in the treatment and management of T2D (Van et al. 2005, Van et al. 2006). The
inhibition of o — amylase by the teas C. sinensis and A. linearis (Figure 3.1.3) corroborates
previous studies (Muller et al. 2012, Ramirez et al. 2012, Gao et al. 2013, Mikami et al. 2015,
Vinholes and Vizzotto 2017) and further portrays their antidiabetic properties. These studies
attributed the enzyme inhibitory properties to the phytoconstituents of both teas (Muller et al.
2012, Wang et al. 2012, Gao et al. 2013, Dludla et al. 2017), thereby implying that the total
phenol content (Figure 3.1.1) and identified compounds (Figures 3.1.6A & B) may play a
synergetic role in regard to this activity.

Inhibition of and/or delayed intestinal glucose absorption can also lead to decreased
postprandial elevation of blood glucose level, thus can be employed in the treatment and
management of T2D (Chukwuma and Islam 2015). Studies have reported the ability of plant
extracts to suppress glucose absorption in the intestine mostly at the first quarter jejunal and
duodenal regions (Erukainure et al. 2018, Oyebode et al. 2018, Erukainure et al. 2019). The
inhibitory effects of the studied teas (Figure 3.1.5A) demonstrates their ability to delay the
intestinal absorption of dietary glucose, thus preventing postprandial elevation of blood glucose

level. This also corroborates with their ability to inhibit a-amylase activity (Figure 3.1.3).

The role of skeletal muscle in glucose and carbohydrate have been well documented (Sinacore
and Gulve 1993, Oyebode et al. 2018). This can be attributed to their richness in the glucose
transporter, GLUT-4 which facilitates the uptake of glucose (Satoh 2014, Oyebode et al. 2018).
Some commercial antidiabetic drugs such as metformin exhibit their antidiabetic activity by
triggering muscle glucose uptake (Natali and Ferrannini 2006). Thus, the ability of the studied
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teas to stimulate muscle glucose uptake (Figure 3.1.5B) further insinuates their antidiabetic
potentials. This may also portray an improved insulin sensitivity, as insulin resistance has been

implicated in the defects in muscle glucose uptake (Sinacore and Gulve 1993, Satoh 2014).

Phytochemicals have been reported for their antioxidant and antidiabetic activities (Alasalvar
and Bolling 2015, Chukwuma et al. 2019). The studied biological activities of C. sinensis and
A. linearis maybe attributed to the identified phytochemicals (Table 3.1.2), thus depicting a
synergistic effect. The presence of the phenolics, hydroxycaffeic acid, vanillic acid, and n-
acetylvaline as well as the phenolic glycoside, spinacetin 3-glucoside in C sinensis portrays a
strong antioxidant potency as phenolics are well known for their antioxidant and antidiabetic
properties (Erukainure et al. 2018, Chukwuma et al. 2019). The presence of caffeine may also
contribute to the antidiabetic activity of C. sinensis, as the hypoglycaemic activity of caffeine
has been reported in non-diabetics, pre-diabetics and diabetics (Lane 2011, Bhaktha et al. 2015,
Lee et al. 2016). Similarly, the presence of phloroglucinol, 8-hydroxyquercetagetin, and
umbelliferone in A. linearis may also contribute to its antioxidant and antidiabetic activities.
Phytoestrogen, coumestrol and ajoene have also been shown to possess antioxidant and
antidiabetic properties (Bhathena and Velasquez 2002, Hattori et al. 2005, Yuk et al. 2011),

and may also contribute to the biological activities of A. linearis.
3.1.6 Conclusion

These results depict the antioxidative and antidiabetic potencies of C. sinensis and A. linearis
as demonstrated by their ability to scavenge free radicals, suppress lipid peroxidation, inhibit
a-amylase activity and intestinal glucose absorption, and concomitant increase in antioxidant
enzymes activities and muscle glucose uptake. Thus, further affirming the utilization of these
teas for managing T2D and its complications, with A. linearis being the most potent. Hence,
they may be employed as functional foods in the management of the disease.

66



3.2 Antioxidative and antidiabetic activities of jasmine green tea (Camellia sinensis) and
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3.2.1 Abstract

Jasmine green tea (JGT), a type of green tea (Camellia sinensis), is one of the most consumed
teas in China, while green rooibos tea (Aspalathus linearis) (GRT) is endemic to South Africa.
Both teas gained popularity worldwide and have been confirmed as sources of dietary
antioxidants. There is, however, a shortage of studies on antioxidative, antiobesogenic and
antidiabetic activities of JGT and its comparison to GRT for the management of diabetes
mellitus (DM). In the present study, comparative studies on the phytochemicals content,
antioxidative, antiobesogenic and antidiabetic activities of the concentrated infusions of JGT
(Camellia sinensis) and GRT (Aspalathus linearis) were investigated in vitro and ex vivo. JGT
exhibited higher total polyphenolic content, better in vitro and ex vivo antioxidative activity
than GRT. The a-amylase and a-glucosidase inhibitory activities were higher for JGT, while
anti-lipase activity was higher in GRT. The intestinal glucose absorption level was significantly
lower, and muscle glucose uptake was significantly higher for JGT than GRT. LC-MS analysis
identified trifoliol, catechin, L-theanine, vanillic acid, epigallocatechin, and caffeine in JGT,
while vanillic acid, chrysoeriol, p-coumaric acid, dihydroferulic acid, luteolin and quercetin in
GRT. These results highlight the antioxidant and antidiabetic potencies of both teas, while JGT
exhibited better effects on type 2 diabetes (T2D) related parameters.

Keywords: Antioxidative; Antidiabetic; Jasmine green tea; Green rooibos tea; Type 2 diabetes
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3.2.2 Introduction

Diabetes mellitus (DM) is a metabolic disease of multiple aetiologies characterized by chronic
hyperglycaemia with disorders of fat, protein and carbohydrate metabolism, resulting from the
absolute or relative insufficient insulin secretion, insulin action, or both (WHO 1999, ADA
2014, IDF 2019). According to the International Diabetes Federation (IDF), about 9.3% of the
global population is affected by this disease. The prevalence of DM is increasing annually and
is predicted to reach over 700 million by 2045 (IDF 2019). In 2019, China had the largest
number of diabetics aged 20 - 79 years, ranking number one worldwide with an estimate of
116.4 million. While in South Africa, the number of diabetic adults (20 - 79 years) is about 4.6
million, which is the highest in the Africa region (IDF 2019).

There are two major categories of diabetes: type 1 diabetes and type 2 diabetes (T2D), with
T2D being the most prevalent accounting for over 90% of diabetic cases (WHO 2016, IDF
2019). T2D occurs due to a combination of insulin resistance and pancreatic [3-cell dysfunction,

which results in chronic hyperglycaemia (WHO 1999, DeFronzo 2004).

Hyperglycaemia and hyperlipidaemia have been implicated in the excessive generation of
reactive oxygen species (ROS) which overwhelms the endogenous antioxidant system, causing
oxidative stress (Mohamed et al. 2016, Xiao et al. 2020). Oxidative stress is a primary trigger
of T2D pathogenesis, that leads to micro and macro-vascular complications such as
nephropathy, neuropathy, retinopathy, and cardiomyopathy (Chawla et al. 2016, Rani et al.
2016).

Increased activities of carbohydrate and lipid digesting enzymes, such as a-glucosidase, a-
amylase, and pancreatic lipase, have been explained to contribute to hyperglycaemia and
hyperlipidaemia, due to the rapid breakdown of dietary carbohydrate and lipids resulting in an
increased level of postprandial blood glucose and fat (Erukainure et al. 2017, Xiao et al. 2020).
Therefore, the inhibitory activities on these enzymes have attracted a growing interest to detect

antidiabetic potentials of medicinal plants (Buchholz and Melzig 2016).

JGT is one of the most consumed teas in China. It is a type of green tea (Camellia sinensis),
which is flower-scented and different from general green tea (Gao et al. 2009). It is produced
through a specific step called “Ti-hua”, which is repeatedly mixing green tea (Camellia sinensis)
with fresh jasmine (Jasminum sambac) flowers. This step transfers the fragrant compounds
from the jasmine flower to the green tea, so that to form its unique aroma and health benefits

of both tea and jasmine flower (Kuroda et al. 2005, Chen et al. 2017). The medicinal properties
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of JGT that have been reported in several previous studies include anti-obesity, antioxidant and
antidiabetic activities (Tao et al. 2011, Yao and Gui-nian 2011, Huang and Yang 2016,
Huiying et al. 2016). These properties have been attributed by bioactive compounds of green
tea and jasmine flower, such as phenolics, flavonoids, vitamins, tannins, caffeine, and aroma
substances (Gao et al. 2009, Zayapor et al. 2019).

GRT (Aspalathus linearis), also known as unfermented rooibos tea, is consumed as a herbal
tea and gaining popularity worldwide (Muller et al. 2012). It is an unoxidized form of
traditional fermented rooibos tea made from a broom-like member of the Fabaceae family,
which is endemic to South Africa (Joubert et al. 2008). GRT and its bioactive compounds, such
as aspalathin, aspalinin, and nothofagin, have been reported in several studies correlating its
pharmaceutical applications to its antidiabetic, antioxidative, anti-cancer, and hypoglycaemic
properties (Kawano et al. 2009, Muller et al. 2012, Mazibuko et al. 2013, Kamakura et al. 2015).

The consumption of tea can offer a good source of dietary antioxidants. Both JGT and GRT
have been confirmed as sources of dietary antioxidants in human (Villafio et al. 2010, Alappat
et al. 2015, Kamakura et al. 2015, Huiying et al. 2016). There is, however, a shortage in their
comparative studies on the management of DM. Thus, this study aims to compare the
phytochemicals, antioxidative, antiobesogenic and antidiabetic properties of JGT and GRT by
investigating their ameliorative effects against Fe?*-induced hepatic oxidative injury, and
abilities to inhibit key enzymes linked to T2D, as well as the inhibition of intestinal glucose

absorption and the stimulation of glucose uptake.
3.2.3 Materials and methods

Please refer to Chapter 2 for the detailed materials and methods for green rooibos tea (Aspalathus

linearis) and jasmine green tea (Camellia sinensis)

3.2.4 Results

JGT displayed significantly (p < 0.05) higher phenolic content compared to GRT as presented
in Figure 3.2.1.
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Figure 3.2.1: Total phenolic contents of jasmine green tea (JGT) and green rooibos tea (GRT).

Data are presented as mean + SD; n = 3. **Values with different letters above the bars for a given tea are

significantly different from each other (p<0.05).
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Figure 3.2.2: Ferric reducing antioxidant power (FRAP) activities of jasmine green tea (JGT)

and green rooibos tea (GRT). Data are presented as mean + SD. **Values with different letters above the

bars for a given concentration are significantly different from each other (p < 0.05).
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Both teas exhibited a Fe** radical reducing power in a dose-dependent manner, and a significant
(p < 0.05) difference among them demonstrated in the highest concertation of 240 pg/mL, as
presented in Figure 3.2.2. Jasmine green tea (ICso = 469.35 ng/mL) exhibited better activity
than that of GRT (ICso=990.21 pg/mL) as depicted by its lower ICso value (Table 3.2.1).

Both teas moderately inhibited a-amylase activity in a dose-dependent pattern Figure 3.2.3A.
Both teas displayed significantly (p < 0.05) lower inhibitory activity when compared to the
standard drug acarbose. However, the inhibition of JGT on a-amylase activity was significantly
(p < 0.05) higher than GRT at the highest concentration (240 pg/mL).

Both teas inhibited o-glucosidase enzyme activity in a dose-dependent manner as presented in
Figure 3.2.3B. JGT exhibited a significantly (p < 0.05) higher inhibitory activity compared
with GRT as portrayed by its ICso value (Table 3.2.1). Furthermore, there was not significant
(p > 0.05) difference between the standard drug acarbose and JGT at the highest concentrations
of 120 and 240 pg/mL.

Both teas inhibited pancreatic lipase activity in a dose-dependent manner as presented in
Figure 3.2.3C. Both teas exhibited significantly (p < 0.05) lower activity than that of the
standard drug, orlistat, while no consistent significant difference was exhibited between the
studied teas. GRT (ICso = 0.52 pg/mL) exhibited a better anti-lipase activity than that of JGT
(ICs0 = 0.84 pg/mL) as portrayed by its lower ICso value (Table 3.2.1).

® JGT ™ GRT ™ Acarbose

40

% a-amylase inhibition
3 8

=
o

(A) 15 pg/mL 30 ug/mL 60 ug/mL 120 pg/mL 240 pug/mL

71



M JGT m GRT m Acarbose
120

100

0
(=]
(g]

% a-glucosidase inhibition
(]
o

b
40
20 i
a
a
0
15 pg/mL 30 ug/mL 60 pug/mL 120 pg/mL 240 pg/mL
B)
M JGT m GRT m Orlistat

120
c
.g

;§ 100
<
£

o 80
(%))
©
.g

- 60
Q
=
©

L a0
9
c
&

© 20

0

© 15 pg/mL 30 pg/mL 60 pg/mL 120 pg/mL 240 pg/mlL

Figure 3.2.3: (A) a-amylase inhibitory effect, (B) a-glucosidase inhibitory and (C) pancreatic
lipase inhibitory effect of jasmine green tea (JGT) and green rooibos tea (GRT). Data are presented

as mean =+ SD of triplicate determination. **Values with different letters above the bars for a given concentration

are significantly different from each other (p < 0.05).
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Table 3.2.1: 1Cs0, GAso and GUs values of jasmine green tea and green rooibos tea (Aspalathus

linearis) activities

Activities JGT GRT Ascorbic Acarbose  Orlistat

(ug/mL) (ug/mL) acid (ug/mL)  (ng/mL)
(Mg/mL)

DPPH 3.22+0.81 3.8+£1.06 0.51+0.72 - —

FRAP 469.35+0.79 990.21+0.85 132.75+0.72 - -

a-amylase >1000 £1.56 >1000+1.09 - >1000+0.92 —

a-glucosidase 35.93+245  303.31+2.11 - 0.12+1.26 -

Anti-lipase 0.84+0.92 0.52+0.18 - - 0.15+0.78

GSH 46.05+2.21  20.90+1.75  13.02+0.75 - -

SOD 1.72+2.11 2.38+3.21 0.38+2.43 - -

Catalase >1000+7.11 >1000+6.13 >1000+4.13 - -

MDA 53.48+0.28  157.21+0.38 49.84+0.91 - -

Glucose absorption 89.53+0.13  123.07+0.20 - - -

(GAs)

Glucose uptake (GUs)  28.04+1.18  43.31+1.08 - - -

ICso, concentration to inhibit 50% activity; GAso, concentration to inhibit 50% glucose absorption; GUsy,
concentration to stimulate 50% glucose uptake. JGT, jasmine green tea; GRT, green rooibos tea; DPPH, 1,1-
diphenyl-2-picrylhydrazyl; FRAP, ferric reducing antioxidant power; GSH, reduced glutathione; SOD,

superoxide dismutase; MDA, malondialdehyde.

Incubation of hepatic tissue homogenate with FeSO4 led to a significant (p < 0.05) depletion
of GSH level in the untreated group, as presented in Figure 3.2.4. Incubation with both tea
samples and ascorbic acid significantly (p < 0.05) restored the effect on GSH level, with GRT
(ICs0 = 20.90 pg/mL) exhibiting better activity in increasing reduced GSH level than that of
JGT (ICs0 = 46.05 pg/mL) as portrayed by its lower ICso value (Table 3.2.1).
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Figure 3.2.4: Effect of jasmine green tea (JGT) and green rooibos tea (GRT) on GSH level in
oxidative hepatic injury. Values = mean + SD; n = 3. **Values with different letters above the bars for a

given concentration are significantly different from each other (p < 0.05). *Significantly different from untreated
tissue and *Significantly different from normal tissue (p < 0.05). GSH, reduced glutathione; SOD, superoxide
dismutase; MDA, malondialdehyde.
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Figure 3.2.5: Effect of jasmine green tea (JGT) and green rooibos tea (GRT) on SOD activity
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in oxidative hepatic injury. Values = mean + SD; n = 3. **Values with different letters above the bars for a

given concentration are significantly different from each other (p < 0.05). *Significantly different from untreated
tissue and *Significantly different from normal sample (p < 0.05). GSH, reduced glutathione: SOD, superoxide
dismutase; MDA, malondialdehyde.
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The untreated hepatic oxidative injured tissue induced by FeSOgs displayed significantly
reduced SOD activity as presented in Figure 3.2.5. Both tea samples displayed significantly (p
< 0.05) increased SOD activity in a dose-independent manner, when JGT (ICso = 1.72 pg/mL)
exhibited better activity compared to GRT (ICso = 2.38 pg/mL) as portrayed by its lower ICso,
presented in Figure 3.2.5 and Table 3.2.1.

W JGT ™ GRT = Ascorbic acid

+

800
=
= b b b b b 4
g 600 b b B b A a
3 . a
£
=
= 400
=
o
Q
(4]
2
o 200
[o]
o
(3]
(&)

0
Normal Untreated 15 pg/mL 30 ug/mL 60 pg/mL 120 pug/mL 240 pg/mL
tissue tissue

Figure 3.2.6: Effect of jasmine green tea (JGT) and green rooibos tea (GRT) on catalase

activity in oxidative hepatic injury. Values = mean = SD; n = 3. **Values with different letters above the

bars for a given concentration are significantly different from each other (p < 0.05). *Significantly different from
untreated tissue and *Significantly different from normal tissue (p < 0.05). GSH, reduced glutathione; SOD,
superoxide dismutase; MDA, malondialdehyde.

There was a significant (p < 0.05) reduced catalase enzyme activity in hepatic oxidative injured
tissue induced by FeSO4 as presented in Figure 3.2.6. The treated groups displayed
significantly (p < 0.05) increased catalase activity when compared to the untreated groups in a
dose-dependent manner. JGT treated group displayed a significantly (p < 0.05) higher activity
when compared with GRT.

The incubation of hepatic tissue homogenate with FeSO4led to a significant (p < 0.05) increase
in the MDA level as presented in Figure 3.2.7. The MDA levels of treated groups displayed a
significant (p < 0.05) decrease compared to that of the untreated group in a dose-dependent
manner. The inhibitory potential of JGT on Fe**-induced lipid peroxidation displayed better
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activity than that of GRT, however, it was lower when compared to the standard drug ascorbic

acid as portrayed by their ICso values (Table 3.2.1).
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Figure 3.2.7: Effect of jasmine green tea (JGT) and green rooibos tea (GRT) on (D) MDA

level in oxidative hepatic injury. Values = mean + SD; n = 3. **Values with different letters above the bars
for a given concentration are significantly different from each other (p < 0.05). *Significantly different from
untreated tissue and *Significantly different from normal tissue (p < 0.05). GSH. reduced glutathione; SOD,
superoxide dismutase; MDA, malondialdehyde

The incubation of isolated rat small intestine with both studied teas significantly (p < 0.05)
mhibited glucose absorption in a dose-dependent manner as presented in Figure 3.2.8. The low

GAso of JGT indicates its better activity compared to GRT (Table 3.2.1).

The incubation of isolated rat psoas muscle with both studied teas significantly (» < 0.05)
increased muscle glucose uptake in a dose-dependent manner as presented in Figure 3.2.9.
Both teas exhibited significantly higher activity than that of metformin at the highest
concentration of 240 pg/mL. The low GUso of JGT indicates a better activity compared to GRT
(Table 3.2.1).
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Figure 3.2.8: Effects of jasmine green tea (JGT) and green rooibos tea (GRT) on glucose

absorption in isolated rat jejunum. Data are presented as mean + SD; n = 3. **Values with different letters

above the bars for a given concentration are significantly different from each other (p < 0.05). *Significantly
different from the treatment (p < 0.05).
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Figure 3.2.9: Effects of jasmine green tea (JGT) and green rooibos tea (GRT) on glucose

uptake in isolated psoas muscle. Data are presented as mean = SD; n = 3. **Values with different letters

above the bars for a given concentration are significantly different from each other (p < 0.05). *Significantly
different from treatment and *Significantly different from control (p < 0.05).
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Table 3.2.2: LC-MS identified compounds in (A) jasmine green tea (JGT) and (B) green
rooibos tea (GRT).

Teas Compounds
JGT trifoliol epigallocatechin  caffeine  catechin L-theanine vanillic acid
GRT vanillic acid  chrysoeriol luteolin p-coumaric acid  quercetin dihydroferulic acid

LC-MS analysis of JGT led to the identification of trifoliol, epigallocatechin, caffeine, catechin,
L-theanine, and vanillic acid, while vanillic acid, chrysoeriol, luteolin, p-coumaric acid,

quercetin, and dihydroferulic acid were identified in GRT, as presented in Table 3.2.2.
3.2.5 Discussion

Tea is the most ancient drink that was first discovered in China almost 5000 years ago, which
is the most worldwide popular beverage just next to water at present (Martin and Cooper 2011).
Besides consumed as beverages, tea and its extracts have been applied in many other products,
such as cereal, confectionery, dairy, edible oil, for shelf life, new flavour, or healthier benefits
purposes (Sharma et al. 2010). The health benefits of drinking tea have been related to the
regulation of lipid metabolism, anti-cancer, bacteriostatic and antioxidants activities (Yan et
al. 2020). This study reports the effects of various concentrations of JGT and GRT infusions
on free radicals scavenging and inhibition on principal carbohydrate and lipid catabolic

enzymes linked to T2D, as well as their phytochemicals.

Plants rich in phenols have been well documented in their ability to inhibit the effects of
oxidative stress associated diseases such as T2D (Ajuwon et al. 2018). The presence of phenols
in both tea hot water extracts (Figure 3.2.1) give credence to their potential ability in the
treatment and management of T2D. Some studies have reported the high phenolic content of
JGT and correlated it with the antioxidant properties of the tea (Huiying et al. 2016, Xiao et al.
2020). Bramati et al. (2003) also reported the high phenolic content for GRT compared to the
fermented rooibos tea and linked the antioxidant activity of the tea with the phenolic content.
In the present study, the high phenolic content of both teas is correlated by their antioxidant
properties in their ability to reduce Fe*" (Figures 3.2.2). Phenolic compounds are known to
have reducing power because of their electron donor capacity and can react with free radicals
to terminate radical chain reactions by converting free radicals to more stable products (LU et
al. 2010, Nimse and Pal 2015).

The implication of oxidative stress in the pathogenesis of T2D and its complications is well
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known (Folli et al. 2011). Oxidative stress results from the severe imbalance of free radicals
and antioxidants in the body, which can lead to membrane lipids peroxidation, denaturation of
cellular proteins and enzymes, DNA damage, even cell death (Bhattacharya 2015).
Antioxidants can reverse oxidative damage contributing to a lower risk of diabetes and its

complications (Matough et al. 2012).

Fe?*-induced oxidative stress in hepatic tissue, resulting in increased MDA level and decreased
activities of SOD, catalase and GSH level, has been documented in previous studies as a major
oxidative mechanism (Xiao et al. 2020). In this study, both teas elevated the enzyme activities
of SOD and catalase, and the level of GSH, while decreasing the MDA level in oxidative
hepatic injury (Figures 3.2.4 —3.2.7). This further indicates their antioxidative potential. These
potencies can be attributed to the LC-MS identified phytochemicals (Figure 3.2.10), such as
L-theanine, epigallocatechin, quercetin, which have been reported for their potent antioxidant
properties (Chan et al. 1999, Saeed et al. 2017, Morishita et al. 2019).

The inhibition of major carbohydrate enzymes activity has been reported in previous studies in
the treatment and management of T2D (lbrahim et al. 2016). These enzymes are involved in
the hydrolysis of dietary carbohydrates to glucose (Giustarini et al. 2009). Thus, the inhibition
of their activity can delay the process of carbohydrate digestion to decrease the glucose
concentration in the bloodstream. The inhibitory activities on a-glucosidase and a-amylase by
JGT and GRT (Figures 3.2.3A & B) therefore indicate an ability to reduce postprandial blood
glucose level. Thus, insinuating an antidiabetic potential which is consistent with previous
reports (Chukwuma and Islam 2015, Xiao et al. 2020).

Pancreatic lipase is the most active enzyme accountable for the breakdown of dietary fat in the
intestine. Various reports have confirmed that productive anti-lipase activity could minimize
fat accumulation in obese-T2D patients (Gulua et al. 2018). The inhibitory activity by the teas
(Figure 3.2.3C) thus indicates an anti-obesity effect and is consistent with earlier published
studies on the potent antiobesogenic properties of teas (Gulua et al. 2018). The inhibition of
carbohydrate and lipid digesting enzymes activity displayed in this study may attribute to the
synergetic effect of total phenolic content and phytochemicals of the studied teas (Figures
3.2.1 &3.2.10).

Dietary glucose and fatty acid resulting from the breakdown of carbohydrate and fat are rapidly
absorbed in the small intestine, leading to the elevation of blood glucose and fatty acid which
could be detrimental to diabetic patients (Musso et al. 2011, Russell et al. 2016). Thus, the
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inhibition and/or delaying these processes could be employed in the control and prevention of
diabetes. The inhibitory effects of the studied teas (Figure 3.2.8) demonstrate their ability to
slow down the dietary glucose absorbed by intestine, therefore preventing increase of
postprandial blood glucose level. This is also in accordance with their effects on a-glucosidase

activity inhibition (Figure 3.2.3B).

Antidiabetic drugs including metformin display their antidiabetic activity by improving muscle
glucose uptake (Martineau et al. 2010). This occurs by targeting glucose transporter GLUT4,
which promotes glucose uptake (Oyebode et al. 2018). The ability of the studied teas to
improve glucose uptake (Figure 3.2.9) is in line with previous studies on Camellia sinensis
and Aspalathus linearis (Muller et al. 2012, Yamashita et al. 2012, Ajuwon et al. 2018, Ueda-
Wakagi et al. 2019, Xiao et al. 2020). Therefore, this further insinuates their antidiabetic
potentials and potentials to modulate hyperglycaemia as well. This may also indicate improved
insulin sensitivity as insulin resistance plays an important role in impaired glucose uptake
(Chukwuma and Islam 2015).

The antioxidant and antidiabetic activities of phytochemicals have been well-documented
(Muller et al. 2012, Saeed et al. 2017). Both teas were subjected to LC-MS to identity the
possible bioactive phytochemicals. The presences of trifoliol, catechin, L-theanine, vanillic
acid, epigallocatechin, and caffeine in JGT (Table 3.2.2) have been reported for their
antioxidative, antidiabetic, antiaging, and anticancer activities (Cabrera et al. 2003, Hung et al.
2012, Alappat et al. 2015, Saeed et al. 2017). Moreover, Chan et al. (1999) pointed out that
epigallocatechin isolated from JGT exhibited hypolipidemic activity, which may also correlate
with its antioxidant and antidiabetic activity. Furthermore, caffeine has been reported to have
hypoglycaemic activity in people with/without diabetes (Bhaktha et al. 2015). Similarly, the
presences of vanillic acid, chrysoeriol, p-coumaric acid, dihydroferulic acid, luteolin, quercetin
in GRT (Table 3.2.2) have been recognized as possessing activities such as antioxidant,
antidiabetic, anti-inflammatory, antitumor, antimicrobial, and free radical scavenging activities
(Muller etal. 2012, Van et al. 2015). Among them, quercetin was reported as the major in vitro
active component found in rooibos tea, which may possess antiallergic, antioxidative,
antidiabetic activities (Persson et al. 2010, Morishita et al. 2019). Thereby, the identified
phytochemicals of JGT and GRT may play a synergetic role regarding their exhibited

biological activities in the present study.
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3.2.6 Conclusion

This study demonstrated the antioxidative, antiobesogenic and antidiabetic activities of jasmine
green tea and green rooibos tea through their ability to suppress Fe?*-induced lipid peroxidation,
inhibition of carbohydrate and lipid digesting enzyme activities, reducing intestinal glucose
absorption and muscle glucose uptake. These activities may be attributed to the synergistic
effect of phytochemical constituents. This further highlights their utilization in the management
of T2D and its complications, with jasmine green tea having better activities compared to green
rooibos tea. Hence, they could be applied as a functional beverage for the management of
diabetes. Further in vivo antioxidant and antidiabetic studies in diabetic rats’ models are
however needed to confirm the antidiabetic activity of jasmine green tea until we make final

recommendation.
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CHAPTER 4

4.0 THE ANTIOXIDANT AND ANTIDIABETIC ACTIVITIES OF RED
HONEYBUSH TEA IN VITRO AND IN VIVO

4.1 Background

Cyclopia genistoides belongs to Cyclopia species which is utilized for making herbal teas
(Joubert et al. 2011). It is a small fynbos shrub in the Fabaceae family which can grow to about
one metre with golden yellow stems, short needle-like leaves (Figure 4.1). C. genistoides is
found mostly on high mountain peaks, marshy areas, shale bands and wet southern slopes, flats
and sandy coastal areas in the Western Cape, from the Cederberg Mountains, southwards to
the Cape Peninsula and eastwards to Port Elizabeth (Joubert et al. 2008).

Figure 4.1: The appearance of the plant Cyclopia genistoides (Fabaceae) used in the thesis,

copied without permission from Agricultural Research Council (ARC) Stellenbosch. http://ww

w.africanplants.senckenberg.de/root/index.php?page_id=78&id=8881#.
4.1.1 Ethnomedical uses

Cyclopia genistoides was the earliest Cyclopia species consumed as a tea at the Cape, which
has a sweet, astringent taste. A decoction of C. genistoides was used as a restorative and as an

expectorant in chronic catarrh and pulmonary tuberculosis (Van Wyk and Gorelik 2017). An
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infusion of C. genistoides was valued as a stomachic which could aid weak digestion, increase
the appetite, without any serious stimulating effects to the heart (Watt and Breyerbrandwijk
1932, Van et al. 1997). It also stimulates milk production in breast-feeding women and treats
colic in babies (Rood 2008).

4.1.2 Biological uses

Honeybush tea originated making from C. genistoides, has proven health benefits, including
skin photo-protection and skin cell viability, antioxidant, antimutagenic, anticarcinogenic,
anticancer, antiobesity and antidiabetic properties (Joubert et al. 2008, Muller et al. 2011,
Petrova et al. 2011, Van Wyk 2011, Dudhia et al. 2013, Im et al. 2014, Im et al. 2016,
Magcwebeba et al. 2016, Schulze et al. 2016, Jack et al. 2017). Extracts of C. genistoides
enriched in xanthones and benzophenones, exhibit potentials to prevent postprandial
hyperglycaemia while reducing the effective dose of acarbose (Miller et al. 2020). Some
phytochemicals include glycosylated xanthones, mangiferin and isomangiferin, and
benzophenones (3-B-D-glucopyranosyliriflophenone, 13G, and 3-f-D-glucopyranosyl-4-O--
D-glucopyranosyli-riflophenone, IDG) found in C. genistoides have also been confirmed as

active a-glucosidase inhibitors in mammal (Beelders et al. 2014, Bosman et al. 2017).
4.1.3 Phytochemistry

C. genistoides contains glycosylated xanthones mangiferin and isomangiferin. Other phenolics
include 4-hydroxycinnamic acid, flavones (hesperitin, hesperidin, naringenin, eriodictyol,
isosakuranetin), benzophenones (3-B-D-glucopyranosylitiflophenone, 13G, and 3-B-D-
glucopyranosyl-4-O-B-D-glucopyranosyliriflophenone,  IDG),isoflavanones  (afrormosin,
formononetin, calycosin) and coumestans (medicago, flemichapparin) are present (Joubert et
al. 2014, Van Wyk and Wink 2018).
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4.2 Sequential extracts of red honeybush (Cyclopia genistoides) tea: chemical

characterization, antioxidant potentials and anti-hyperglycaemia activities
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4.2.1 Abstract

Red honeybush tea (RHT) is enjoyed widely in South Africa and around the world due to its
no caffeine and very low tannin content, as well as many health-giving attributes. There are
however no scientific reports for its sequential extraction by different solvents on antidiabetic
effects. In this study, the antioxidant, antidiabetic and antiobesogenic potentials of different
extracts (dichloromethane, ethyl acetate, ethanol, and aqueous) of the red honeybush (Cyclopia
genistoides) tea were investigated in vitro and ex vivo. The aqueous and ethyl acetate extracts
were the most potent in all in vitro analyses, except for anti-lipase activity. All extracts
increased catalase and SOD activities, and glutathione level in oxidative pancreatic injury. GC-
MS analysis revealed the presence of fatty acids (n-hexadecanoic acid, cis-6-octadecenoic acid,
4-hydroxybenzoic acid, shikimic acid), fatty acid ester (propanoic acid, 2-methylpropyl ester,
hexadecanoic acid methyl ester, 9,12-octadecadienoic acid, methyl ester, 9,12-octadecadienoic
acid (Z,2)-,2-hydroxy-1-(hydroxymethyl)ethyl ester, pentadecyl acrylate), phytols (n-
nonadecanol-1, tyrosol, phytol, 3-n-butylthiolane), sterols (sitosterol, vitamin E), saccharide
(3-O-methyl-D-glucose),  ketones  (4-(4-hydroxyphenyl)butan-2-one,  4-(4-hydroxy-3-
methoxyphenyl)-2-butanone), and triterpenes (stigmastan-3,5-diene). These results imply that

the sequential extracts of honeybush tea (particularly the aqueous and ethyl acetate extracts)
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may not only exhibit antioxidant potentials but also mediate anti-hyperglycaemia activities by
inhibiting lipid and carbohydrate digestion. These findings will promote its utilization as a

potential nutraceutical in the management of diabetes and its complications.
Keywords: Antioxidants; Honeybush tea; Sequential extraction; and Type 2 diabetes.
4.2.2 Introduction

Diabetes mellitus (DM) is a group of metabolic diseases whose hallmark characteristic is
chronic hyperglycaemia. It is caused by disorders of carbohydrate, protein and fat metabolism
resulting from defects in insulin secretion and/or action (WHO 1999, ADA 2014). Diabetes is
associated with long-term damage, dysfunction, and even failure of multiple organs in severe
circumstances. Currently, around 90% of all patients with diabetes worldwide are type 2
diabetes (T2D), or non-insulin-dependent diabetes mellitus (NIDDM).

T2D may result due to the inability of insulin responsive cells to utilize insulin or relatively
low insulin levels being secreted by the pancreatic B-cells of the islets of Langerhans. Due to
the mild nature of T2D especially in the early stages the first line management strategies do
not involve the injection of insulin (Chatterjee et al. 2017). Nowadays, the clinical management
of T2D mainly involves the use of oral pharmacological agents that stimulate the secretion of
insulin from pancreatic B-cell, increase sensitivity of insulin to effector cells and retard post-
prandial assimilation into the blood. These strategies are focused on achieving good glycaemic
control to ultimately reduce the risk of development or progression of diabetes complications
(Stein et al. 2013, Marin-Pefialver et al. 2016). Although oral antidiabetic drugs have exhibited
some success in the management of hyperglycaemia, their effects are not always sustained and
may be associated with undesirable side effects such as hypoglycaemic shock risk, weight gain
and other comorbidities (Khardori and Griffing 2011, Chaudhury et al. 2017). Therefore,
looking for therapeutic agent with reduced side effects will be of great significance in the
management and possible treatment of diabetes. Medicinal plants have been reported for their
uses in the management of diabetes. They are postulated to have superior benefits over
synthesized drugs as they are believed to have less potential undesirable side effects, more
affordable and readily available (Hung et al. 2012, He et al. 2019).

Honeybush tea, which is indigenous to South Africa and grows exclusively in the Cederberg
Mountains north of Citrusdal to the Cape Peninsula in the South and Port Elizabeth in the
Eastern Cape region (Joubert et al. 2009, Kokotkiewicz and Luczkiewicz 2009, Marnewick

2009). About 23-24 Cyclopia species have been discovered but only three species are
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commercially made into honeybush tea namely, Cyclopia intermedia, Cyclopia
subternata and Cyclopia genistoides (Joubert et al. 2009, Kokotkiewicz and Luczkiewicz 2009).
Honeybush tea is characterized by sweet honey-like aroma, which is made from the leaves,
stem, and flowers of the Cyclopia species (Kokotkiewicz and Luczkiewicz 2009). The effects
of honeybush tea on antimutagenic, antioxidant, cancer modulating, and cardiovascular has

been shown in vitro and in vivo studies (Marnewick et al. 2011, Pantsi et al. 2011).

The methanolic extracts of 22 Cyclopia species were screened by De Nysschen et al. (1996)
who reported that the xanthone, mangiferin, the flavanone, hesperidin, and isosakuranetin were
the major flavonoids common to all the species. Along with a more recent study by Joubert et
al. (2008) showed that mangiferin, isomangiferin, and hesperidin are also present in all
Cyclopia species. Although the phytochemicals of methanolic extracts of honeybush tea have
been reported, the antioxidative and antidiabetic potentials of different extracts of red

honeybush (Cyclopia genistoides) tea are still poorly documented.

Therefore, this study was designed not only to analyze phytochemical constituents of different
extracts of RHT through GC-MS analysis but also to investigate their effects on key enzymes
linked to T2D vis-a-vis a-glucosidase and lipase, as well as their mitigative effect on oxidative

pancreatic injury, ex vivo.
4.2.3 Materials and methods

Please refer to Chapter 2 for the detailed materials and methods for red honeybush (Cyclopia

genistoides) tea
4.2.4 Results

The aqueous and ethyl acetate extracts showed the highest total phenol content compared to
the ethanol and dichloromethane (DCM) extracts with significant difference as presented in
Figure 4.2.1.
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Figure 4.2.1: Total phenol content of different extracts of red honeybush (Cyclopia genistoides)

tea. Values represent mean + standard deviation (n = 3). 2 Different alphabets over the bars for a given extract

represent significance of difference (p < 0.05). DCM = dichloromethane, EX = extract.

All the RHT extracts showed a dose-dependent DPPH free radical scavenging activity, where
the aqueous showing the most potent activity (ICso = 0.12 pg/mL). The activity of aqueous,
ethyl acetate (ICsp = 0.72 pg/mL) and ethanol (ICsp = 1.90 pg/mL) extract were comparable to
the positive control, ascorbic acid (ICso = 1.93 pg/mL). The aqueous extract exhibited a
significantly higher (p < 0.05) activity than other extracts except at concentration of 240 pug/mL
(Figure 4.2.2).

The reducing power of the extracts are presented in Figure 4.2.3. All the extracts showed a
dose-dependent activity, where the aqueous extract was exhibiting the most potent activity
(ICs0 = 861.00 pg/mL), while other extracts 1Cso were over 1000 ug/ml. However, the reducing
power of all extracts were significantly higher (p < 0.05) than ascorbic acid standard with the
aqueous extract showing significantly higher (p < 0.05) activity than other extracts at
concentration of 120 and 240 pg/mL (Figure 4.2.3).

All the RHT extracts showed a dose-dependent nitric oxide radical scavenging activity and a
significantly (p < 0.05) higher activity against NO-radicals than quercetin, with the aqueous
extract showing the highest activity compared to other extracts except at the concentration of
240 ng/mL as depicted in Figure 4.2.4. The ethyl acetate extract showed the most efficient
activity, as depicted by its ICso value of 1.07 pg/mL compared to that of the positive control,
quercetin (116.65 ug/mL) (Tablel).
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Figure 4.2.2: DPPH of different extracts of red honeybush (Cyclopia genistoides) tea. Values

represent mean + standard deviation (n = 3). ¢ Different alphabets over the bars for a given concentration for

each extract represent significance of difference (p < 0.05). DCM = dichloromethane, EX = extract.
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Figure 4.2.3: Ferric reducing antioxidant power (FRAP) of different extracts of red honeybush

(Cyclopia genistoides) tea. Values represent mean + standard deviation (n = 3). ¢ Different alphabets over

the bars for a given concentration for each extract represent significance of difference (p < 0.05). DCM =
dichloromethane, EX = extract.
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Figure 4.2.4: Nitric oxide scavenging activity (NO) of different extracts of red honeybush
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Table 4.2.1: ICso values of different extracts of red honeybush (Cyclopia genistoides) tea

Activities Dichloromethane  Ethyl Acetate Ethanol Aqueous  Ascorbic Quercetin Acarbose  Orlistat

Extract (ug/mL)  Extract Extract  Extract  acid (ng/mL) (ng/mL)  (ng/mL)
(ng/mL) (ng/mLl)  (ng/mL)  (ng/mL)

DPPH 6.13 0.72 1.90 0.12 1.93 - - -

FRAP >1000 >1000 >1000 861 >1000 - - -

NO 24.64 1.14 8.01 1.07 - 116.65 - -

a-glucosidase  91.70 63.26 90.12 59.05 - - 0.12 -

Anti-lipase 9.01 6.29 4.84 5.86 - - - 0.15

GSH 552.85 105.95 132.71 87.32 3.9 - - -

SOD 5.83 3.85 4.74 1.28 2.96 - - -

Catalase >1000 >1000 >1000 >1000 >1000 - - -

LPO 12.67 10.36 1242 9.23 7.87 - - -

IC50, concentration to inhibit 50% activity. DPPH, 1.1-diphenyl-2-picrylhydrazyl: FRAP, ferric reducing
antioxidant power; NO, nitric oxide: GSH, reduced glutathione; SOD. superoxide dismutase; LPO, lipid

peroxidation.
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All the RHT extracts significantly (p < 0.05) inhibited the activities of a-glucosidase in a dose-
dependent manner, with the aqueous extract showing the highest activity except significantly
lower than acarbose standard (Figure 4.2.5). The pancreatic lipase inhibitory activity of all
extracts 1s shown in Figure 4.2.6. All extracts inhibited lipase activity in a dose-dependent
manner. However, the activities were significantly lower (p < 0.05) than orlistat standard

(Figure 4.2.6).
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Figure 4.2.5: Inhibitory effect of different extracts of red honeybush (Cyclopia genistoides)
tea on o-glucosidase activity. Data are presented as mean = SD. < Different alphabets over the bars for a

given concentration are significantly (»p < 0.05) different from each other. DCM = dichloromethane, EX = extract.

The induction of oxidative injury in the pancreatic tissue with FeSO4 caused significant (p <
0.05) decrease in the levels of reduced GSH as depicted in Figure 4.2.7. Treatment with the
aqueous and ethyl acetate extracts exhibited a significant increase in a dose-dependent effect,

where the aqueous extract showing a better activity and lower ICso value (Table 4.2.1).
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Figure 4.2.6: Inhibitory effect of different extracts of red honeybush (Cyclopia genistoides)

tea on pancreatic lipase activity. Data are presented as mean + SD. ** Different alphabets over the bars for

a given concentration are significantly (»p < 0.05) different from each other. DCM = Dichloromethane, EX =
extract.
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Figure 4.2.7: Effect of red honeybush (Cyclopia genistoides) tea on GSH level in oxidative

pancreatic injury. Values = mean = SD; n = 3. "Significantly different from untreated sample and *Significantly

(p < 0.05) different from normal sample. *®Different alphabets over the bars for a given concentration are

significantly (p < 0.05) different from each other. DCM = dichloromethane, EX = extract.
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Figure 4.2.8: Effect of red honeybush (Cyclopia genistoides) tea on SOD activity in oxidative

pancreatic injury. Values = mean = SD; n = 3. "Significantly different from untreated sample and *Significantly

(p < 0.05) different from normal sample. *“Different alphabets over the bars for a given concentration are

significantly (p < 0.05) different from each other. DCM = dichloromethane, EX = extract.
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Figure 4.2.9: Effect of red honeybush (Cyclopia genistoides) tea on catalase activity in

oxidative pancreatic injury. Values = mean + SD; n = 3. "Significantly different from untreated sample and

*Significantly (p < 0.05) different from normal sample. *¢ Different alphabets over the bars for a given
concentration are significantly (p < 0.05) different from each other. DCM = dichloromethane, EX = extract.

There was a significant (p < 0.05) reduction in the SOD activity on induction of oxidative

injury in the untreated pancreatic tissues. Treatment with the different extracts led to a dose-
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dependent restorative effect, with the aqueous extract exhibiting the highest activity compared

to other treatments (Figure 4.2.8) as depicted by its low ICso value in Table 4.2.1.

As shown in Figure 4.2.9 induction of oxidative stress in the untreated pancreatic tissues led
to decreased catalase activity. The activity of the honeybush tea extracts treated groups was

significantly (p < 0.05) reversed.

The inhibitory effect of the honeybush tea extracts on Fe**-induced lipid peroxidation in
isolated pancreatic tissue is presented in Figure 4.2.10. There was an elevated level of MDA
following the induction of oxidative injury. All extracts significantly reduced the MDA levels,
with the aqueous extract being the most potent but exhibited less activity compared to that of
ascorbic acid as depicted by their ICso values in Table 4.2.1.
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Figure 4.2.10: Effect of red honeybush (Cyclopia genistoides) tea on (D) MDA level in
oxidative pancreatic injury. Values = mean + SD; n = 3. "Significantly different from untreated sample and

*Significantly (p < 0.05) different from normal sample. *¢ Different alphabets over the bars for a given
concentration are significantly (p < 0.05) different from each other. DCM = dichloromethane, EX = extract.
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Figure 4.2.11: Chemical structures of compounds identified in the DCM, ethyl acetate, ethanol,

and aqueous extract of red honeybush tea (Cyclopia genistoides) by GC-MS.
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Table 4.2.2: Compounds identified in different extracts of red honeybush (Cyclopia
genistoides) tea by GC-MS

Compounds Molecular RT Molecular Relative

formula (min) mass abundance (%)

DCM extract
Propanoic acid, 2-methylpropyl

ester C7H1402  5.05 130 1.94
n-Hexadecanoic acid CiH3202  18.82 256 8.80
Hexadecanoic acid methyl ester CisH3z602  19.13 284 0.68
n-Nonadecanol-1 C1oHs00  20.02 284 0.49
cis-6-Octadecenoic acid Ci18H3402  20.54 282 10.10
4-(4-hydroxyphenyl)butan-2-one Ci1oH1202  14.32 164 0.33
4-(4-hydroxy-3-methoxyphenyl)-2-  C11H1403  15.46 194 0.73
butanone

Phytol Ca0H4O  20.25 296 0.48
Vitamin E (a-tocopherol) CaoHs5002  28.31 430 0.85
sitosterol Ca0Hs00  30.21 414 0.87
Ethyl acetate extract

n-Hexadecanoic acid CisH3202,  18.82 256 11.33
n-Nonadecanol-1 C19Hs0  19.15 284 1.89
9,12-Octadecadienoic acid, methyl 17.52
ester C19H3402  20.49 294
cis-6-Octadecenoic acid Ci18H3402  20.54 282 13.71
Pentadecyl acrylate Ci7H3202  21.93 268 1.09
tyrosol CsH1002  12.70 138 1.58
4-hydroxybenzoic acid C7HesO3 13.64 138 0.45
4-(4-hydroxyphenyl)butan-2-one C10H1202  14.33 164 0.37
4-(4-hydroxy-3-methoxyphenyl)-2- C11H1403  15.46 194 0.36
butanone

Phytol CaoH400O  20.25 296 0.46
stigmastan-3,5-diene CooHas 28.14 396 0.76
Vitamin E (a-tocopherol) CaoHs500,  28.32 430 0.64
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Ethanol extract

Shikimic acid C7H100s  17.02 174 1.21
3-O-Methyl-D-glucose C/HuOs  16.04 194 2.38
n-Hexadecanoic acid CisH3z202  18.81 256 12.12
6-Octadecenoic acid CisH3402  20.54 282 17.18
9,12-Octadecadienoic acid (Z,2)-,2- Cz1H3Os 25.11 354 1.19

hydroxy-1-(hydroxymethyl)ethyl
ester

Aqueous extract

3-n-Butylthiolane CgH16S 15.85 144 2.14
3-O-Methyl-D-glucose C/Hu1Os 15925 194 2.19
n-Hexadecanoic acid CiH3202  18.82 256 9.80
9,12-Octadecadienoic acid, methyl 22.76
ester CioH3402  20.51 294
cis-6-Octadecenoic acid C18H3402  20.55 282 13.94
9,12-Octadecadienoic acid (Z,2)-,2- C21Hzs0s4 25.11 354 3.40

hydroxy-1-(hydroxymethyl)ethyl

ester

The compounds presented in the table are those which matched similar compounds in the NIST library software.

The identification of some major bioactive compounds of different honeybush tea extracts were
carried out using GC-MS analysis. The retention time (RT), molecular formula, molecular mass
and relative abundance are shown in Table 4.2.2 and Figure 4.2.11. The structures of the
possible compounds presented in Figure 4.2.11, 19 phytochemicals were identified from the
different extracts, including seven major classes of compounds: fatty acid (n-hexadecanoic acid,
cis-6-Octadecenoic acid, 4-hydroxybenzoic acid, shikimic acid), fatty acid ester (propanoic
acid, 2-methylpropyl ester, hexadecanoic acid methyl ester, 9,12-octadecadienoic acid, methyl
ester, 9,12-octadecadienoic acid (Z,2)-,2-hydroxy-1-(hydroxymethyl)ethyl ester, pentadecyl
acrylate), phytols (n-nonadecanol-1, tyrosol, phytol, 3-n-butylthiolane), sterols (sitosterol,
vitamin E  (o-tocopherol)), saccharide (3-O-Methyl-D-glucose), ketones (4-(4-
hydroxyphenyl)butan-2-one, 4-(4-hydroxy-3-methoxyphenyl)-2-butanone), and triterpenes
(stigmastan-3,5-diene).
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4.2 .5 Discussion

The global prevalence of diabetes has reached a record high and continues to rise. This has
prompted the search for cost-effective novel antidiabetic agents. Traditional medicinal plants
which have been employed for therapeutic purposes since time immemorial have emerged as
readily available options providing templates for development of antidiabetic pharmacological
agents. The therapeutic nature of plants emanates from groups of secondary metabolites they
contain such as terpenoids, saponins, alkaloids and polyphenols. Polyphenols are well-known
for their beneficial health effects (Bazzano et al. 2002, Wang et al. 2008). They mainly act as
antioxidants due to the presence of hydroxyl substituents and aromatic ring structures (Kefalas
et al. 2003). The moderately high total phenol contents of the ethyl acetate and aqueous extracts
the tea (Figure 4.2.1), depicts the presence of phenolics in the tea, which insinuates its

beneficial health properties.

The ability of the different extracts of honeybush tea to scavenge free radicals was determined
using the DPPH method. This colorimetric assay is based on the colour change that occurs
when an unstable form of the DPPH (hydrazyl-purple) is converted to a more stable form
(hydrazine-yellow). This conversion is facilitated by the coupling of the lone pair of electrons
in this synthetic free radical to those from an antioxidant compound (Villafio et al. 2007). In
vitro DPPH analysis of the different solvent extracts (Figure 4.2.2 and Table 4.2.1) showed
dose dependent DPPH scavenging activity. The ethyl acetate and aqueous extracts exhibited
good DPPH radical scavenging activity with 1Cso values of 0.72 pg/mL and 0.12 pg/mL
respectively. These extracts marginally outperformed ascorbic acid (positive control) which
had an 1Cso value of 1.93 pg/mL.

Furthermore, the antioxidant capacity of the extracts in terms of their electron donating
potential was analysed by the ferric reducing antioxidant power assay (FRAP) (Benzie and
Strain 1996). In this assay, extracts that are capable of electron donation result in the formation
of a Prussian coloured ferric-ferrocyanide complex (Vijayalakshmi and Ruckmani 2016). The
deepness of the resulting blue solution is directly proportional to the electron donating ability
of the extract. The aqueous extract resulted in the best ferric ion reducing activity with an ICso
of 861 pg/mL while the rest had ICso values greater than 1000 pg/mL including ascorbic acid
(positive control) (Figure 4.2.3). Both the DPPH and FRAP are robust routine antioxidant
assays that are used to determine the hydrogen and electron donating capabilities of plant

derived extracts. Previous studies have shown a high level of correlation between the amount
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of total phenolic content and antioxidant activity (Oyebode et al. 2018, Xiao et al. 2020). A
similar trend was observed in the current study where the aqueous extract which had the highest
total phenolic content had the best activity in both the DPPH and FRAP assays. Phenolic
compounds are rich in delocalised electrons on their @ ring structure that can be readily donated
especially to unstable electron deficient radicals. The enhanced antioxidant activity of the
aqueous extract observed in this study was also previously reported in fermented C. genistoides
(Joubert et al. 2008). Exogenous antioxidants help supplement the endogenous antioxidant
capacity within the body thereby aid to prevent the harmful effects of oxidative stress.

Under conditions of oxidative stress, there is overproduction of nitric oxide (NO) which is an
important secondary messenger under homeostatic conditions. The excess nitric oxide (NO)
may subsequently interact with superoxide anion to form a much more powerful oxidant
peroxynitrite (ONOQ"), which is implicated in the induction [ cell apoptosis (Oyadomari et al.
2001, Pacher et al. 2007). Moieties that retard the production of excess nitric oxide may
therefore play a protective function in the afore mentioned P cell destruction. Interestingly, all
the extracts assayed in the current study showed remarkable NO production inhibition
capabilities (Figure 4.2.4 and Table 4.2.1), especially the ethyl acetate and aqueous extract
with ICsp values of 1.143 pg/mL and 1.067 pg/mL.

Ingested dietary complex carbohydrates are successively degraded into simpler forms by an
array of glyosidic bond cleaving enzymes. The a-glucosidase enzyme is one such enzyme that
is located on the intestinal cell membrane where it facilitates the final hydrolysis of
oligosaccharides, trisaccharides, and disaccharides to various mono-saccharides including
glucose. Absorption of these simple sugars is responsible for the post-prandial blood glucose
spikes observed after a carbohydrate rich meal. In the current study among all extracts assayed,
the aqueous extract of honeybush tea (Figure 4.2.5), showed the best a-glucosidase inhibitory
activity with an ICsp value of 59.05 pg/mL (Table 4.2.1). However, the extract did not surpass
the inhibitory activity of acarbose (positive control) which had an 1Csp value of 0.12 pg/mL.
The significant difference in inhibitory activity between the aqueous extract of honeybush tea
and acarbose may be attributed to the former being a crude mixture of compounds while the
latter is a pure compound. Identification and isolation of the active compound in the honeybush
tea may help enhance its activity. Compounds with a-glucosidase inhibitory activity have been
recognised as potent antidiabetic agents, because they can effectively retard the digestion of
complex carbohydrates and their subsequent absorption, thereby reducing the postprandial

blood glucose spikes (Hara and Honda 1990). Such activity has been shown in previous studies
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(Beelders et al. 2014). Thus, persuades us to suggest that the ethyl acetate and aqueous extracts
of honeybush tea can be exploited as potent candidates for isolation of a-glucosidase inhibitors

which might be effective as therapeutic agents against T2D.

The excessive intake of calories in the diet together with a sedentary lifestyle may cause obesity.
Obesity is the accumulation of body fat causing one to be overly overweight and is associated
with several negative health effects. Dietary triglycerides serve as a high-calorie energy source
for the body but are often not utilised and are therefore usually stored as fats in the adipose
tissue (Rial et al. 2016). Pancreatic lipase is an enzyme that catalyses the hydrolysis of
triglycerides in the gastrointestinal tract. Therefore, inhibiting pancreatic lipase activity can
prevent triglyceride absorption, thus contributes to the management of obesity and its related
diseases. In the current study it was shown that the ethanol extract of honeybush tea had the
highest pancreatic lipase inhibitory activity (Table 4.2.1), followed by the aqueous extract
with ICsp values of 4.84 pg/mL and 5.86 pg/mL respectively.

Oxidative stress occurs when the bodies antioxidant defence systems are overwhelmed by the
amount of reactive species being produced during normal tissue metabolism. Diabetes is known
to aggravate the extent to which oxidative stress occurs in tissues throughout the body.
However due to the low expression of antioxidant enzymes such as catalase and superoxide
dismutase in the pancreatic tissues, P cells are particularly prone to damage by oxidative stress
(Limén-Pacheco and Gonsebatt 2009). In the current study FeSO4 was employed as a pro-
oxidant as it is known to generate substantial amounts of oxidized free radicals through the
Haber-Weiss reaction (Rajpathak et al. 2009; Schulze and Hu 2005). This reaction was
employed to mimic conditions of elevated oxidative stress that is particularly observed in
diabetic patients. The incubation of the pancreatic tissue homogenate with FeSO4 in the current
study was shown to significantly decrease of GSH levels and SOD, catalase enzyme activities
while concomitantly the increasing of lipid peroxidation with respect to the untreated group
(Figures 4.2.7 — 4.2.10). This observation coincides with previous studies on the effects of
oxidative stress on antioxidant enzyme activity and lipid peroxidation (Erukainure et al. 2017,
Sanni et al. 2018).

Glutathione GSH is an important antioxidant in the body, it serves as a direct free-radical
scavenger, as a substrate for glutathione peroxidase activity, and as a cofactor for many
enzymes (Aslani and Ghobadi 2016). The increased level following treatments with the extracts
(Figure 4.2.7) therefore depicts an improved antioxidant activity.

99



Superoxide dismutase (SOD) is among the endogenous antioxidant enzymes. SOD consists of
active protein peptides with metal ion groups which can specifically catalyses the
disproportionation reaction of superoxides generated in the metabolism to hydrogen peroxide
(Mironczuk-Chodakowska et al. 2018). The products of this reaction are effectively
decomposed to water and oxygen in a reaction catalysed by catalase (Raza et al. 2017). The
marked increase in the activity of catalase and SOD enzymes after the treatment with different
concentrations (Figures 4.2.8 & 4.2.9) demonstrated the antioxidant activity of honeybush tea

solvent extracts.

Lipid peroxidation is a multistep chain of reactions which includes initiation, propagation and
termination in which oxidants attack the polyunsaturated fatty acids. Various secondary
products such as malondialdehyde (MDA) are formed in this reaction. Reaction of MDA and
thiobarbituric acid is routinely used to spectrophotometrically to determine lipid peroxidation
(Halliwell and Chirico 1993). In the current study, there is significant reduction of lipid
peroxidation after the treatment with different concentrations of honeybush tea, shows the
antioxidant potential of the aqueous and ethyl acetate extracts (Figure 4.2.10). As lipids are
the basic biomolecules on which membrane structure is built. They also perform other
functions such as chemical messengers and as prerequisites for the cholesterol and vitamin
formation. Therefore, extracts such as those from RHT that retard their destruction through
peroxidation have a therapeutic function in curbing the development of various degenerative
complications that result from extreme oxidative stress conditions. These may furthermore
assist the endogenous antioxidant enzymes that normally counter the harmful effects of reactive

oxygen species.

The sequential extraction method was used to obtain differentiated extracts of RHT. Solvents
were chosen based on their polarity gradient in order to extract the compounds soluble at
different polarity levels. GC-MS analysis of the extracts was done in order to identify the
presence of possible bioactive compounds that could be responsible for the observed
antioxidant and antidiabetic activities. 19 phytochemicals were identified from this plant
(Figure 4.2.11 and Table 4.2.2), which included seven major classes of compounds: fatty
acids, fatty acid esters, ketones, sterols, phytols, saccharide and triterpenes, many of them have
been reported to possess various medicinal properties including antioxidant an antidiabetic
activity (Orhan et al. 2012, Sosa et al. 2016, Islam et al. 2018). Hexadecanoic acid, ethyl ester

and vitamin E have been reported for their potent antioxidant activities (Garg and Bansal 2000,
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Kumar et al. 2010). While 4-(4-hydroxy-3-methoxyphenyl)-2-butanone, sitosterol and
shikimic acid have been reported for their antidiabetic activities (Gupta et al. 2011, Orhan et
al. 2012, Ahmad et al. 2015). These identified compounds may thus be responsible for the
studied antioxidative and antidiabetic activities of honeybush tea.

4.2.6 Conclusion

These results demonstrate the antioxidant and antidiabetic activities of the different extracts of
honeybush tea, especially the ethyl acetate and aqueous. Their antioxidative and antidiabetic
potentials are evident by free radical scavenging, lipid peroxidation elimination, decrease of a-
glucosidase and lipid digesting enzymes activities, as well as the increase of antioxidant
enzymes activities. These activities may be attributed to the total phenolic content and the

synergistic effect of the identified phytochemicals.
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4.3 The in vivo antioxidant and antidiabetic effect of red honeybush (Cyclopia
genistoides) tea hot water extract in fructose-streptozotocin induced type 2 diabetic

model of rats
Xin Xiao and Md. Shahidul Islam*

Department of Biochemistry, University of KwaZulu-Natal, Westville Campus,
Durban 4000, South Africa

*Corresponding author: islamd@ukzn.ac.za

4.3.1 Abstract

This study was conducted to investigate the in vivo antioxidant and antidiabetic activity of red
honeybush tea (RHT) (Cyclopia genistoides) concentrated hot water extract in type 2 diabetes
(T2D) model of rats. T2D was induced by starting with feeding 10% fructose solution ad
libitum for 2 weeks instead of drinking water, followed by a single intraperitoneal injection of
streptozotocin (40 mg/kg body weight (BW)). After the confirmation of T2D, a low or high
dose (150 and 300 mg/kg BW) of RHT in drinking water was orally administrated to two
groups of diabetic rats for 5 weeks (5 days/week) respectively. Metformin and glibenclamide
served as standard drugs. The normal toxicology group was orally treated with RHT (300
mg/kg BW), while normal rats were given water served as normal control. Five weeks of
treatment of RHT led to significant (p < 0.05) elevation in serum insulin, pancreatic p-cell
function, HDL-c levels with concomitant decrease in AST, ALT, ALP, urea, CK-MB,
fructosamine, total cholesterol, triglycerides, LDL-c, and insulin resistance in diabetic rats.
RHT also significantly (p < 0.05) decreased MDA levels and enhanced level of GSH, activity
of SOD, catalase, GR in most of organs (pancreas, liver, kidneys, and heart). Significantly (p
< 0.05) improved morphological changes in the islets and -cells were observed in rats treated
with RHT. The data of this study suggest that RHT demonstrated outstanding antioxidant and
antidiabetic effects in STZ-induced T2D model of rats.

Keywords: Red honeybush tea (Cyclopia genistoides), Antioxidant, Antidiabetic, STZ-
induced T2D rats.
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4.3.2 Introduction

Diabetes mellitus (DM) is a multifactorial chronic metabolic disorder rapidly increasing and
becoming a major health related global pandemic. According to the 9" edition of Diabetes
Atlas as published by International Diabetes Federation (IDF), the number of diabetics aged
20-79 years worldwide were around 463 million in 2019, which accounts for 9.3% of the
world’s population. And it is predicted to escalate to 578 million (10.2%) by 2030 and to 700
million (10.9%) by 2045 (IDF 2019). Moreover, DM and its complications killed
approximately 4.2 million people in 2019 and was the 7" leading cause of death in 2016 (WHO),
and the 4" leading cause of disability in 2017 in the world (WHO 2018). Globally, the
prevalence of DM varies across different regions, income, age and gender groups. African has
the lowest regional prevalence, but with the highest proportion of undiagnosed adult diabetes
compared to other IDF regions. South Africa has the highest number of diabetics aged 20-79
years, the highest DM mortality, and the largest percentage of DM-related health expenditure
in Africa in 2019 (IDF 2019).

DM has been primarily classified into type 1 diabetes mellitus and type 2 diabetes mellitus
(T2D) (WHO 2019). T2D is the most common form of DM which account for over 90% of
patients with diabetes. It is characterized by chronic hyperglycaemia and impaired lipids,
carbohydrates and proteins metabolism caused by abnormal insulin secretion or insulin
insensitivity (Chatterjee et al. 2017). Chronic hyperglycaemia leads to the accumulation of
reactive oxygen species (ROS) and impairment of endogenous antioxidant defence system,
which most likely trigger oxidative stress. Oxidative stress in turn combined with
hyperglycaemia increasing insulin resistance and aggravating B-cell dysfunction, exacerbating
T2D (Folli et al. 2011, Aouacheri et al. 2015). In addition, mounting evidence suggest that
oxidative stress plays a causal role in the pathogenesis of T2D micro- and macro- vascular
complications, that exist as comorbidities. The microvascular complications are principally
diabetic nephropathy, retinopathy, neuropathy, and lower extremity amputations. while the
macrovascular complications include cardiovascular diseases, myocardial infarction, stroke,
coronary artery disease and peripheral arterial disease (Susan van et al. 2010, Halim and Halim
2019). Furthermore, a multitude of risk factors contribute to the widespread of T2D. This
consists of unmodifiable risk factors including aging, genetics predispositions, race/ethnicity.
While relatively more actions can be done to regulate modifiable risk factors such as an

unhealthy diet change, sedentary lifestyle modification, body overweight control (Wu et al.
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2014, Rawshani et al. 2018). Thus, it is crucial to modulate hyperglycaemia and oxidative stress

to control or treat T2D and its complications.

Currently, most pharmaceutical drugs used in the treatment of T2D are usually expensive and
most unlikely available to lots people, particularly, those who lives in low- and middle-income
countries, and they often have unwanted side effects (Chaudhury et al. 2017, Bommer et al.
2018). Numerous evidence exhibits the multiple health effects such as antioxidant, antidiabetic,
anticancer and antimicrobial nature of antioxidants including polyphenols contained in many
nutraceuticals (Srinivasan 2005, Tapas et al. 2008, Chanda et al. 2019). Around 80% of the
emerging world prefer to employ nutraceuticals including tea, vegetables, fruits, and herbals in
the prevention, management and treatment of T2D, which might because of they are more
accessible to self-care, safer and widely available alternative compared to that of existing
pharmaceuticals (Ekor 2014, Windvogel 2019). This practise may involve the utilization of

indigenous South African plant species, including RHT.

Honeybush (Cyclopia spp.), member of the fynbos biome, is a bushy shrub endemic to Cape
Floristic Region, Western cape and Eastern Cape, South Africa (Windvogel 2019). Honeybush
tea is characterized by its sweet honey-like aroma, which is made from different parts of
Cyclopia species, especially their sweet-smelling flowers (Kokotkiewicz and Luczkiewicz
2009). The traditional fermented (brown-reddish) type of honeybush tea enjoys its commercial
success in the market, which is also known as red honeybush tea (Ajuwon et al. 2018).
Honeybush comprises 23-24 species, with 11 of them has been consumed as herbal tea, and six
has been demonstrated for their commercial use or medicinal properties (Van Wyk and Gorelik
2017). These are Cyclopia genistoides, Cyclopia intermedia, Cyclopia sessifloria, Cyclopia
maculata, Cyclopia subternata and Cyclopia longifolia (Joubert et al. 2011, Van Wyk 2011).
The antioxidant, antidiabetic, anticancer and health-promoting properties of Cyclopia species
have been well-documented, which mainly attributed to their phytochemicals such as
mangiferin, isomangiferin, hesperidin and isokuranetin (McKay and Blumberg 2007,
Marnewick 2009, Xing et al. 2014, Ajuwon et al. 2018, Windvogel 2019).

Cyclopia genistoides is the earliest Cyclopia species consumed as herb tea, and the only species
with documented traditional medicinal use (Watt and Breyer-Brandwijk 1962). A recent review
has mentioned C. genistoides used as in the form of decoction or expectorant in the treatment
of tuberculosis, chronic catarrh, and consumption (Van Wyk and Gorelik 2017). Aadditionally,
Beelders et al. (2014) reported the inhibition activity of C. genistoides isolated compounds on
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mammalian o-glucosidase, which further highlighted by works that demonstrated the
synergistic effects of C. genistoides with acarbose in the inhibition activity of mammalian
intestinal a-glucosidase in vitro (Miller et al. 2020). One earlier paper published by Hubbe and
Joubert (2000) exhibited the in vitro antioxidant of C. genistoides. Furthermore, Murakami et
al. (2018) reported the immunostimulatory activity of 40% Et-OH water extracts of C.
genistoides in primary murine splenocyte and lymphocyte cell cultures model. However, to
date, there is no in vivo antidiabetic study has been published on red honeybush (Cyclopia

genistoides) tea.

Therefore, the current study focuses on the hot water extract of RHT as it represents its normal
way of daily preparation as herbal tea, to evaluate its in vivo antioxidant activity and

antidiabetic effects in a fructose-fed streptozotocin (STZ)-induced T2D model of rats.
4.3.3 Materials and methods

Please refer to the Chapter 2 for details of the methods used for red honeybush (Cyclopia

genistoides) tea

4.3.4 Results

All the diabetic groups had significantly (p < 0.05) higher mean daily feed and water intake
than NC group and NRH group, with DBC group exhibiting the highest daily feed and water
intake as shown in Figure 4.3.1. DRHH group displayed slightly lower feed intake and higher
water intake when compared with DRHL group. Meanwhile, DBM group had significantly
lower feed and water intake than that of RHT-treated groups. No statistically significant (p >
0.05) difference was observed between RHT-treated groups and DBG group in feed intake,
when DBG group exhibited significantly (P < 0.05) lower water intake than DRHH group.

105



ENC mDBC WDRHL " DRHH EDBM mEDBG HNRH
300

250

200

150

100

50

Feed intake (g/rat/day) Water intake (mL/rat/day)

Figure 4.3.1: Feed and fluid intake in different animal groups. Data are presented as the mean + SD

of 5 or 7 animals. *¥Values with different letters over the bars for a given animal group represent significance of
difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DRHL: Diabetic red honeybush (Cyclopia
genistoides) tea low dose; DRHH: Diabetic red honeybush (Cyclopia genistoides) tea high dose; DBM: Diabetic
metformin; DBG: Diabetic glibenclamide;: NRH: Normal red honeybush (Cyclopia genistoides) tea high dose

(toxicological control).

The weekly body weight (BW) changes in all animal groups was presented in Figure 4.3.2. No
significant difference of initial BW (week 0) was seen in different groups; however, the BW
gains of diabetic groups were significantly (» < 0.05) lower than that of NC group and NRH
group after the STZ injection. As the remaining experimental period (week 2 to week 6)
proceeded, there were only slightly, but not significantly (p > 0.05) elevated BW showing in
RHT- and glibenclamide- treated groups compared with DBC group. DBM group exhibited a
significantly (p < 0.05) higher BW gain than DBC group. There was no significant (p > 0.05)
difference between DRHL and DRHH groups.
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Figure 4.3.2: Mean body weight in different animal groups. Data are presented as the mean = SD of

5 or 7 animals. *%Values with different letters over the bars for a given animal group represent significance of
difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DRHL: Diabetic red honeybush (Cyvclopia
genistoides) tea low dose; DRHH: Diabetic red honeybush (Cyclopia genistoides) tea high dose; DBM: Diabetic
metformin; DBG: Diabetic glibenclamide; NRH: Normal red honeybush (Cyvclopia genistoides) tea high dose

(toxicological control).

There were significantly (» < 0.05) higher blood glucose concentrations in all diabetic groups
when compared to normal groups upon induction of T2D as indicated in Figure 4.3.3. Besides,
all diabetic treatment groups displayed a reduction in the blood glucose levels compared to

DBC group, with a markedly lower blood glucose level showing during the last two weeks of

the intervention period.
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Figure 4.3.3: Weekly blood glucose concentrations of different animal groups. Data are presented

as the mean = SD of 5 or 7 animals. *“Values with different letters over the bars for a given animal group represent
significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DRHL: Diabetic red honeybush
(Cyclopia genistoides) tea low dose; DRHH: Diabetic red honeybush (Cyclopia genistoides) tea high dose; DBM:
Diabetic metformin; DBG: Diabetic glibenclamide; NRH: Normal red honeybush (Cyclopia genistoides) tea high

dose (toxicological control).

The results of OGTT and the corresponding area under curve (AUC) were presented in Figure
4.3.4. The glucose tolerance ability of normal groups (NC and NRH) was significantly (p <
0.05) better than that of all the diabetic groups. There was a significant (p < 0.05) evaluation
mn blood glucose level at 30 minutes for all groups after an oral administration of a dose of 2
g/kg BW glucose. Except for DBC group, the blood glucose level of all diabetic groups was
peaked at this time and started declining to the end of the OGTT test. All diabetic groups with
treatment exhibited significantly (p < 0.05) lower blood glucose levels than DBC group at 60,
90- and 120-minutes, except DBG at 120 minutes. The lowest levels of all animal groups were
recorded at 120 minutes. RHT- treated diabetic group displayed notably lower blood glucose
than that of other diabetic groups after the peak, with DRHH showing better result than DRHL.
The AUC of normal groups and other diabetic treated groups were significantly (p < 0.05)
lower than DBC, which again confirms their better glucose tolerance ability than DBC, with

DRHH exhibiting better result than DRHL.
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Figure 4.3.4: Oral glucose tolerance test (OGTT) with corresponding area under the curve

(AUC) of different animal groups during the whole intervention period. Data are presented as the

mean = SD of 5 or 7 animals. *%Values with different letters over the bars for a given animal group represent
significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DRHL: Diabetic red honeybush
(Cyclopia genistoides) tea low dose; DRHH: Diabetic red honeybush (Cyclopia genistoides) tea high dose; DBM:
Diabetic metformin; DBG: Diabetic glibenclamide; NRH: Normal red honeybush (Cyclopia genistoides) tea high

dose (toxicological control).

The histopathological analysis of pancreatic tissues harvested from all animal groups was
shown 1n Figure 4.3.5. Microscopic examination of the pancreas sections in NC (blue arrow)
displayed the normal morphological characteristics of pancreatic islets, which showed light
colour stained than the surrounding acini cells. The boundary between the endocrine and
exocrine glands of pancreatic islets was clear. The morphology of pancreatic islets was regular.
There were a number of and densely arranged islets in the islets of Langerhans with uniform
nucleus and rich cytoplasm. While in the DBC (red arrow) group, the induction of T2D led to
the destruction of pancreatic islets structure with some tissues severely lysed and nucleus
disappeared. The number of islet cells in the pancreatic islets decreased remarkably compared
to NC, with only few pancreatic -cells islets left in STZ-injected rats. However, this condition
was improved in RHT- and standard drugs treated diabetic groups, with DRHH (yellow arrow)
treatment exhibiting better protection and regeneration abilities of pancreatic islets than DRHL
(grey arrow) group. Whereas DBM (purple arrow) displayed better results than DBG (green

arrow) group.
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Figure 4.3.5: Histopathological examinations of the pancreas in different animal groups.

Magnification: 10X. NC: Normal control; DBC: Diabetic control; DRHL: Diabetic red honeybush (Cyclopia

genistoides) tea low dose; DRHH: Diabetic red honeybush (Cyclopia genistoides) tea high dose; DBM: Diabetic
metformin; DBG: Diabetic glibenclamide; NRH: Normal red honeybush (Cyclopia genistoides) tea high dose

(toxicological control).



The concentrations of total cholesterol and LDL-cholesterol in DBC group was significantly
(7 < 0.05) higher than that of the normal groups as presented in Figure 4.3.6. Likewise, all the
diabetic groups with treatment exhibited a significant (p < 0.05) lower levels of these
cholesterols, with significantly lower level was observed in DRHH group than that of DRHL
group. Furthermore, there was a concomitant significant reduction in HDL-cholesterol level in
DBC group when compared to normal groups, this however was significantly reversed in the
treatment groups, with DRHH group showing better result than DRHL group. The serum
triglycerides in DBC group was significantly (p < 0.05) higher than other groups, while all
diabetic treatment groups exhibited significantly (p < 0.05) higher levels than normal groups,
with DRHL showing the lowest level among the treated diabetic groups.
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Figure 4.3.6: Serum lipid profile of different animal groups. Data are presented as the mean + SD of
5 or 7 animals. *%Values with different letters over the bars for a given animal group represent significance of
difference (» < 0.05). NC: Normal control; DBC: Diabetic control; DRHL: Diabetic red honeybush (Cyclopia
genistoides) tea low dose;: DRHH: Diabetic red honeybush (Cyclopia genistoides) tea high dose;: DBM: Diabetic
metformin; DBG: Diabetic glibenclamide; NRH: Normal red honeybush (Cyclopia genistoides) tea high dose
(toxicological control). HDL: High density lipoprotein; LDL: Low density lipoprotein.

There was not significant (p > 0.05) difference in the liver weight of all groups as depicted in
Table 4.3.1. The relative liver weight in DBC group was significantly (p < 0.05) higher when
compared with the normal groups, while not statistically significant (p > 0.05) difference was
observed among the diabetic groups. Liver glycogen was showing the lowest level in DBC

group. However, this was significantly reversed in all other groups, with not significant
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difference between DRHH and DBM groups. DRHH was showing significantly (p < 0.05)
higher liver glycogen level than DRHL group.

Significant (p < 0.05) higher levels of the serum AST, ALT, ALP, urea, uric acid, creatinine
and CK-MB were displayed in DBC group when compared with normal groups, with the
exception of urea in NRH group as presented in Table 4.3.2. Animals in DBC presented a
significant (p < 0.05) higher level of serum AST, ALP, CK-MB in all diabetic groups, however
these levels were significantly (p < 0.05) reversed in all treated diabetic groups. Serum ALT
level of treated diabetic rats was significantly lower than that of DBC group, except DBG group.
The level of serum uric acid and creatinine in DBC group rats was significantly (p < 0.05)
higher than that of other diabetic groups except for DRHL group. DRHL showed better results
in parameters including ALT, ALP than that of DRHH group.

Table 4.3.1: Liver weight, relative liver weight and liver glycogen levels in the different animal
groups at the end of the intervention period

Parameter NC DBC DRHL DRHH DBM DBG NRH
Liver weights (g) 13.32+1.14 11.13+123 11.02+1.04 11.81+1.38 12.41+148 11.87+0.89  11.95:0.02
Rel. liver weights (%) 3.18£0.07°  4.03+0.59°  3.69+0.34®  3.97+0.68°  3.50+0.24®  4.070.27°  3.12+0.26°

Liver glycogen (mg/g tissue) ~ 6.26+0.23°  2.25+0.27*°  3.33+0.14°  542+0.83°  4.89+0.16°  3.66+0.67°  5.91+0.085%

Results are expressed as mean £ SD (n = 5 to 7 animals) **Different superscript letters along a row indicate the
significance of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05). NC: Normal control; DBC:
Diabetic control; DRHL: Diabetic red honeybush (Cyclopia genistoides) tea low dose; DRHH: Diabetic red
honeybush (Cyclopia genistoides) tea high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NRH:

Normal red honeybush (Cyclopia genistoides) tea high dose (toxicological control).
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Table 4.3.2: Serum biochemical parameters in different animal groups at the end of the

experimental period

Parameter NC DBC DRHL DRHH DBM DBG NRH

AST (U/L) 84.20+1.33%  156.20+14.96°  128.00+1.41¢ 105.00+4.24° 91.1745.19%® 96.60+15.93  89.00+3.61%
ALT (U/L) 84.20+2.17*  93.40+3.65° 66.67+8.91% 84.50+1.87° 85.50+2.26" 88.67+4.73*  85.20+6.14°
ALP (U/L) 72.40+2.30*° 364.60+15.98° 169.33+10.84° 209.00£10.62° 173.33+11.48" 351.00+6.32  75.40%7.77°

Urea (mg/dL) 56.00+£3.08*  77.80+2.05° 73.17+2.86% 70.33£3.33" 68.67+3.83" 69.20+4.49° 75.20£2.95%

UA (mg/dL) 2.60+0.55% 7.17+£3.89° 5.06+2.41% 2.87+1.38%® 3.21+1.12% 4.17+3.38% 1.72+0.50*
Creatinine

1.81+0.39% 3.37+0.90¢ 2.88+0.58 2.40+0.19% 2.19+0.32% 2.38+0.55% 1.95+0.02%
(mg/dL)
CK-MB (U/L) 4.,90+1.46° 44,742,994 21.53+2.33¢ 13.53+3.11° 7.20+£2.84* 11.62+1.19° 6.64+1.69°

Results are expressed as mean £ SD (h =5 or 7). NC: Normal control; DBC: Diabetic control; DRHL: Diabetic
red honeybush (Cyclopia genistoides) tea low dose; DRHH: Diabetic red honeybush (Cyclopia genistoides) tea
high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NRH: Normal red honeybush (Cyclopia
genistoides) tea high dose (toxicological control); AST: Aspartate transaminase; ALT: Alanine transaminase; ALP:
Alkaline phosphatase; UA: Uric acid; CK-MB: Creatinine Kinase-myocardial band.>¢Different superscript letters

along a row indicate the significance of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05).

The serum insulin and fructosamine concentrations, calculated HOMA-IR and HOMA-
scores are depicted in Table 4.3.3. There was a significantly (p < 0.05) lower level of serum
insulin in DBC group than that of normal groups, while a significantly reversed results were
exhibited in treated diabetic groups. Significantly (p < 0.05) higher HOMA-IR score was
observed in DBC when compared to other groups when it is significantly (p < 0.05) decreased
in RHT- treated diabetic groups with DRHL exhibiting better result than DRHH group.
Additionally, there was a significantly (p < 0.05) lower HOMA- score displayed in DBC
group compared with normal groups and diabetic groups treated with RHT exhibiting a
significantly (p < 0.05) better HOMA-f score than that of DBC group. For serum fructosamine,
significantly (p < 0.05) higher concentration was showed in DBC than that of normal groups,
this was significantly reduced in other diabetic treated groups, with DRHH having significantly

lower concentration than DRHL group.
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Table 4.3.3: Serum insulin and fructosamine concentrations as well as computed HOMA-IR

and HOMA-B scores in different animal groups at the end of the experimental period

NC DBC DRHL DRHH DBM DBG NRH
Serum
Insulin 24.56+0.29¢ 9.35+0.23° 10.1240.29°  12.72+0.13d 12.52+0.41¢ 10.88+0.44° 29.44+0.34f
(pmol/L)

Fructosamine
387.67+22.50° 1210.33%60.00¢ 829+28.28°  587.00+27.58° 574.67+58.45" 546.33+33.13° 336.67+47.38°

(umol/L)
HOMA-IR 0.80+0.01° 1.73+0.04° 1.15+0.03° 1.36+0.01¢ 1.02+0.03° 1.38+0.06¢ 1.01+0.01°
HOMA-B 39.58+0.46° 0.99+0.022 1.90+0.05° 2.57+0.03° 3.62+0.12¢ 1.78+0.07° 39.84+0.47°

Results are expressed as mean + SD (n = 5 or 7). *Different superscript letters along a row indicate the
significance of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05). NC: Normal control; DBC:
Diabetic control; DRHL: Diabetic red honeybush (Cyclopia genistoides) tea low dose; DRHH: Diabetic red
honeybush (Cyclopia genistoides) tea high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NRH:
Normal red honeybush (Cyclopia genistoides) tea high dose (toxicological control); HOMA-IR: Homeostatic
model assessment for IR (insulin resistance); HOMA-B: Homeostatic model assessment for § (B-cell function).

Significantly (p < 0.05) higher level of MDA was exhibited in the pancreas, liver, kidneys, and
heart of the animals as portrayed in DBC when compared to the normal groups as indicated in
Figure 4.3.7. The MDA level was significantly depleted in diabetic treated groups, this was
also replicated in the different studied organs, with DRHH exhibiting significantly (p < 0.05)
lower MDA level when compared with DRHL.
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Figure 4.3.7: Thiobarbituric acid reactive substances (MDA equivalent) in the pancreas, liver,

kidneys, and heart of all animal groups. Data are presented as the mean = SD of 5 or 7 animals. **Values

with different letters over the bars for a given animal group represent significance of difference (p < 0.05). NC:
Normal control; DBC: Diabetic control; DRHL: Diabetic Red honeybush (Cyclopia genistoides) tea low dose;
DRHH: Diabetic Red honeybush (Cyclopia genistoides) tea high dose; DBM: Diabetic metformin; DBG: Diabetic
glibenclamide; NRH: Normal Red honeybush (Cyclopia genistoides) tea high dose (toxicological control).

The GSH levels of organs in all animal groups were presented in Figure 4.3.8. Significantly
(p < 0.05) lower GSH levels were seen in pancreas, liver, and kidneys in DBC compared to
normal groups. GSH level of RHT- and standard drugs- treated groups compared to DBC group
was significantly increased in pancreas, liver, and kidneys, with DRHH significantly higher
than DRHL group in liver. While in the heart, there was no significant (p > 0.05) difference

among all groups.
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Figure 4.3.8: Reduced glutathione (GSH) levels in the pancreas, liver, kidneys, and heart of

all animal groups. Data are presented as the mean = SD of 5 or 7 animals. *%Values with different letters over

the bars for a given animal group represent significance of difference (p < 0.05). NC: Normal control; DBC:
Diabetic control; DRHL: Diabetic red honeybush (Cyclopia genistoides) tea low dose;: DRHH: Diabetic red
honeybush (Cyclopia genistoides) tea high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NRH:
Normal red honeybush (Cyclopia genistoides) tea high dose (toxicological control).

There was a significantly (p < 0.05) lower GR activity in organs of DBC than that of normal
groups as displayed in Figure 4.3.9. RHT- and standard drug- treated groups significantly
improved the GR activity in organs, with DRHH having higher GR activity than DRHL group
mn heart and pancreas. While in the liver and kidneys, DRHL improved the enzyme activity
significantly higher than DRHH group.

The SOD activities in pancreas, liver, kidneys, and heart of all animal groups were presented
in Figure 4.3.10. There was a significantly (p < 0.05) lower SOD activity in rats of DBC than
that of normal groups (NC and NRH). However, this was significantly reversed in the pancreas,
liver, kidneys, and heart of RHT- and standard drugs- treated group with the exception in the
heart of DRHL group. DRHL group displaying significantly (» < 0.05) higher SOD activity
than DRHH group in terms of liver, and not statistically significant (p > 0.05) difference in
pancreas and kidneys. While in heart, DRHH group exhibited significantly higher SOD activity
than DRHL group.
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Figure 4.3.9: Glutathione reductase (GR) activity in the pancreas, liver, kidneys, and heart of

all animal groups. Data are presented as the mean = SD of 5 or 7 animals. *4Values with different letters over

the bars for a given animal group represent significance of difference (p < 0.05). NC: Normal control; DBC:
Diabetic control; DRHL: Diabetic red honeybush (Cyclopia genistoides) tea low dose: DRHH: Diabetic red
honeybush (Cyclopia genistoides) tea high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NRH:
Normal red honeybush (Cyclopia genistoides) tea high dose (toxicological control).

mNC mDBC mDRHL DRHH mDBM mDBG mNRH

[y
N
o

100

0
o

»
o

SOD activity (pmol/min/mg protein)
N [=2]
o o

o

Pancreas Liver Kidneys Heart

Figure 4.3.10: SOD activity in the pancreas, liver, kidneys, and heart of all animal groups. Data
are presented as the mean = SD of 5 or 7 animals. *®Values with different letters over the bars for a given animal
group represent significance of difference (»p < 0.05). NC: Normal control; DBC: Diabetic control; DRHL:

Diabetic red honeybush (Cyclopia genistoides) tea low dose; DRHH: Diabetic red honeybush (Cyclopia
genistoides) tea high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide: NRH: Normal red
honeybush (Cyclopia genistoides) tea high dose (toxicological control).
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The activities of catalase in organs of all animal groups were displayed in Figure 4.3.11. The
catalase activity in the pancreas, liver, kidneys, and heart of DBC group was significantly (p <
0.05) lower than that of the normal groups. RHT-treated diabetic groups in liver, kidneys and
heart were displaying significantly higher catalase activity than DBC group, with DRHL group
showing better result than DRHH group. While in pancreas, DRHL group was showing higher
catalase activity than DRHH group, which is not statistically significant (p > 0.05) compared
with DBC group.
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Figure 4.3.11: Catalase activity in the pancreas, liver, kidneys, and heart of all animal groups.

Data are presented as the mean + SD of 5 or 7 animals. *%Values with different letters over the bars for a given
animal group represent significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DRHL:
Diabetic red honeybush (Cyclopia genistoides) tea low dose; DRHH: Diabetic red honeybush (Cyclopia
genistoides) tea high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide: NRH: Normal red
honeybush (Cyclopia genistoides) tea high dose (toxicological control).

4.3.5 Discussion

T2D is strongly associated with chronic hyperglycaemia and characterized by pancreatic -cell
dysfunction, and IR (Fonseca 2009). There are two major rodent models normally used in
diabetes research namely: spontaneously induced genetic and experimentally induced non-
genetic models (Wilson and Islam 2012). Non-genetic T2D rat model was employed in our
experiment and was induced by feeding with fructose-containing diet (10% fructose solution)
two weeks combined with a single intraperitoneal injection of streptozotocin (STZ; 40 mg/kg

BW). Fructose solution was used to induce insulin resistance, while STZ was employed to
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produce partial pancreatic B-cell destruction causing hyperglycaemia (Wilson and Islam 2012).
Several studies reported the success of this model to mimic the natural onset progression of
pathological changes in diabetics (Chukwuma et al. 2018, Erukainure et al. 2020). Male Wistar
rat was employed due to its non-wild tranquil behaviour, smaller in size, easy to handle, and

more sensitive than female to STZ-induced cytotoxicity (Furman 2015).

In the early clinical stage, typical diabetic symptoms and signs such as polyuria, polydipsia,
polyphagia, and body weight loss are related with hyperglycaemia (Islam 2011, Ibrahim et al.
2016). Polyuria (data not shown) is attributing to the excess of renal threshold for glucose
causing glucose excreting through the urine. Polydipsia results from hyperosmotic state due to
water excessive loss in urine. Furthermore, polyphagia developed due to the inadequate
utilization of glucose, causing the consumption of fat, muscle and tissue protein with a
concomitant body weight loss (Okon et al. 2012). In our experiment, the significant (p < 0.05)
increased water and feed intake, and significantly lower BW in DBC group compared to normal
groups confirmed the T2D induction (Figure 4.3.1 & 4.3.2). In the rats treated with RHT
although could not completely reverse these parameters, however the STZ-induced T2D
polydipsia, and polyphagia were significantly ameliorated. Additionally, during the whole
intervention period, better BW gain in the diabetic treated groups compared to the DBC group
suggesting the gradual recovery of rats from diabetic condition. The reduced BW in DBC group
may result from the inability of glucose utilization derived from feeds due to the ablated
pancreatic -cells and subsequent impaired insulin signalling. Thus, the elucidated parameters

revealed a potential therapeutic effect of RHT against common T2D symptoms.

Blood glucose homeostasis is accomplished by actions of glucagon and insulin released from
pancreas, which is essential for the evaluation and prevention of T2D as blood glucose is the
main indicator for diagnosing the onset and development of diabetes (Rdder et al. 2016). As
the main pathological characteristic of T2D, chronic hyperglycaemia attributes to the reduced
pancreatic B-cell mass and increased secretory demand of remaining B-cells, leading to 3-cell
dysfunction and IR, which may in turn induce -cell apoptosis aggravating -cell deficit (Meier
and Bonadonna 2013). This corresponds with the heightened weekly blood glucose level
(Figure 4.3.3), increased IR, depleted serum insulin level, and pancreatic -cell function in
DBC (Table 4.3.3). This also coincide with the reduction of B-cell cells as portrayed by the
pancreatic histological analysis (Figure 4.3.5). Surprisingly, the lower blood glucose (NFBG

and FBG) measured during the intervention period in the treatment (RHT and standard drug)
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groups as well as increased serum insulin level at the end of the experiment confirmed the
recovery of pancreatic 3-cell function (Table 4.3.3), as well as the regeneration of pancreatic
B-cells (Figure 4.3.5). These results support the anti-hyperglycemic as well antidiabetic
activity and therapeutic effect of RHT on controlling and treating diabetes. This concurs with
Chellan et al. (2014) who reported glucose metabolism improvement, pancreatic B-cells
protection and preservation effects of aqueous extract of unfermented cyclopia maculata pre-
treated in STZ-induced diabetic rats and as well supported by Wang et al. (2014) and Lauricella
et al. (2017) who showed mangiferin as one the major bioactive component of RHT in
improving glycemia and glucose tolerance, while increasing serum insulin levels and reducing

B-cell apoptosis in STZ-induced diabetic rats.

In addition, the significantly (p < 0.05) reduced level of fructosamine in RHT-treated rats
compared to DBC also implies an antidiabetic effect of RHT (Table 4.3.3), which may support
by report from Gondi and Rao (2015) who reported that mango exocarp extracts increases
insulin level and decreases fructosamine level in STZ-induced diabetic rats. Mangiferin is not
unique to honeybush, and presents in mangoes as well (Mangifera indica) (Augustyn et al.
2011). Fructosamine treated in some cases as a reliable biomarker of hyperglycaemia and
glycemic control due to it relates to average serum glycaemic level in early stage of diabetes
control (Cohen and Sacks 2012, Malmstrom et al. 2014).

Disorders of glucose and lipid metabolism, decreased insulin sensitivity and insulin signal
conduction disorders leads to the onset of IR, resulting in increased FBG in fructose-feeding
and STZ-induced T2D rats have been reported in several studies (Mohammed et al. 2016,
Erukainure et al. 2019). The monitoring of FBG and glucose tolerance plays an important role
in detection of IR in diabetes (Fonseca 2003, Algahtani et al. 2013). OGTT has been regularly
utilized to investigate the ability of blood glucose regulation in glucose load state and the
function of pancreatic B-cells in experimental animals, it is also one criterion for clinical
diagnosis of diabetes (Bartoli et al. 2011, Ibrahim and Islam 2014, Magnone et al. 2015). Under
normal circumstances, the blood glucose concentration of the body will return to the level of
FBG within two hours after giving glucose, while the glucose area under the curve (AUC) can
be an index of glucose excursion which shows the overall the blood glucose change in this
process (Sakaguchi et al. 2016). Although the blood glucose level of DBC group had a slight
drop at 90- and 120 min, it still fluctuated within a high level after an oral administration of
glucose, which indicated its worse and impaired glucose tolerance than that of normal groups

(NC and NRH) (Figure 4.3.4). This implied the occurrence of pancreatic -cell dysfunction
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and insulin insensitivity, which supported by the significantly increased HOMA-IR and
reduced HOMA-B scores in DBC group compared to normal groups (Table 4.3.3). However,
the significantly (p < 0.05) declined level of blood glucose in RHT-treated groups compared
to DBC group indicates the improved glucose tolerance of the treatment which further supports
its anti-T2D effects. This is evidenced by previous studies that reported the effects of aqueous
extract of Cyclopia subternata and Cyclopia maculata in improving glucose tolerance in STZ-
induced diabetic rats (Chellan et al. 2014, Schulze et al. 2016).

As one of the main target organs of insulin action, the liver is essential for maintaining normal
glucose homeostasis (Home and Pacini 2008). The synthesis of liver glycogen is an important
way to decrease blood glucose level in human (Konig et al. 2012). In our experiment, the
significantly (p < 0.05) depleted liver glycogen level observed in the rats of DBC (Table 4.3.1)
could possibly be due to IR upon the induction of T2D, leading to the increased glycogen
phosphorylation or reduced glycogen synthase activity (Islam 2011). While the significantly (p
< 0.05) elevated liver glycogen level in the RHT- treated rats compared with DBC (Table 4.3.1)
demonstrated the ability of RHT to improve hepatic glycogen synthesis. This collaborated with
the decreased the blood glucose level (Figure 4.3.3) and increased the glucose tolerance
(Figure 4.3.4) in RHT-treated diabetic rats further revealing its antidiabetic potentials which
may attribute to its improvement of insulin sensitivity. These results may explained by Jung et
al. (2004) who reported hesperidin, another major phenolic compound present in Cyclopia,
decreased the blood glucose level, increased concentration of liver glycogen, and hepatic

glucokinase activity.

Fructose-streptozotocin induced T2D rats with increased levels of serum TC, TG, LDL-c, and
decreased level of serum HDL-c has been reported in several previous studies (Islam 2011,
Moodley et al. 2015, Erukainure et al. 2019), which corresponds to the serum lipid profile of
DBC rats in our study (Figure 4.3.6). The detection of these blood lipids was used to assess
the fat metabolism of diabetics and is also a common index for clinical evaluation of the effects
in the prevention and treatment of diabetes (Kelley and Kelley 2007, VinodMahato et al. 2011).
The significantly (p < 0.05) decreased levels of serum TG, TC, LDL-c and significantly (p <
0.05) increased HDL-c level in the RHT-treated groups suggest the antidiabetic potentials of
RHT, which may through improving dyslipidemia and insulin sensitivity. This in conformance
with phytochemicals presented in Cyclopia by Xing et al. (2014) and Schulze, Beelders et al.
(2015) who reported the effects of mangiferin on TG content reduction and benzophenone

iriflophenone-3-C-B-D-glucoside on TG synthesis inhibition, respectively. One previous study
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by Wang et al. (2011) reported the flavanone hesperidin decreased serum TG in C57BL/KsJ-
db/db mice. In one previous paper by Jung et al. (2006) reported that hesperidin
improves hyper-cholesterolemia and fatty liver through inhibition of cholesterol synthesis and
absorption in high cholesterol diet fed Wistar rats.

The elevation of serum levels of ALT, AST, and ALP in STZ-reduced T2D rats has been
reported in several studies as a biomarker suggesting the occurrence of hepatic injury (Hamzah
et al. 2018, Oyebode et al. 2020), which are consistent with the significantly (p < 0.05) higher
level of these parameters showed in DBC than the normal groups (Table 4.3.2) in our study.
The significantly (p < 0.05) decreased levels of these enzymes in the RHT treated rats
compared to DBC demonstrated the hepatoprotective properties of RHT. This coincide with
the findings of Das et al. (2012) who reported that mangiferin plays a hepatoprotective role
in galactosamine exposed hepatotoxic rats through induction of antioxidant defence including

reducing activities of serum ALP, ALT and levels of TG, TC and lipid peroxidation.

Usually elevated serum urea and uric acid levels showed in T2D as a causal role in diabetic
kidney failure have been reported by some previous studies (Johnson et al. 2013, Ryu et al.
2013). As expected, RHT exhibited its renal-protective potentials in STZ-induced rats through
reducing the levels of above-mentioned biomarkers (Table 4.3.2). This accords with findings
of Saha et al. (2019) who reported the renal-protective effect of mangiferin administration to
tBHP induced renal injury mice on improving Kkidney dysfunction through ameliorate

parameters including serum urea and uric acid.

Increased levels of CK (creatine) and CK-MB (creatine kinase isoenzymes) signals increased
risk of heart injury have been reported before, due to their usage as biomarkers of T2D related
coronary heart disease (Wallimann et al. 2011, Nogueira et al. 2019). In comparison to
untreated diabetic rats, RHT demonstrated its cardiac-protective ability through reducing the
levels of creatine and CK-MB (Table 4.3.2), which is interestingly in agreement with its effects
on suppressing the levels of serum TG, TC, LDL-c and improving HDL-c level (Figure 4.3.6).
This may support by the cardiac protection of some bioactive compounds of honeybush tea
including mangiferin, iriflophenone-3-C-glucoside, hesperidin, hesperetin reported in several
studies (Prabhu et al. 2006, Sellamuthu et al. 2013, Arozal et al. 2015, Nufiez Selles et al. 2016,
Yinetal. 2017, Li et al. 2018).

The disorder of glucose and lipid metabolism leads to an imbalance between peroxidation and

antioxidant (Suryawanshi et al. 2006). Oxidative stress generated when endogenous
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antioxidant system overwhelming by the overdue produced free radicals (Birben et al. 2012).
The decreased level of GSH and increased level of MDA, as well as decreased activities of
antioxidant enzymes such as SOD, catalase and GR have been well-documented in STZ-
mediated oxidative stress (Erukainure et al. 2019, Mchunu et al. 2019, Sanni et al. 2019,
Oyebode et al. 2020). MDA is a biomarker of lipid peroxidation, GSH is responsible for
protecting cells against oxidative stress. While GR reduces GSSG to GSH to maintain the
content of GSH supporting the endogenous antioxidant defence system (Waggiallah and
Alzohairy 2011, Gawlik et al. 2016). Kandemir et al. (2018) reported that hesperidin exhibited
significantly (p < 0.05) decreasing MDA level and increasing level of GSH in STZ-induced
diabetic nephropathy. Moreover, Pal et al. (2014) reported orally administered mangiferin (40
mg/kg BW) reduced ROS production and the decreased activities of antioxidant enzymes
including catalase, SOD and GR in STZ-induced diabetic kidney. In our study, DBC exhibited
significantly (p < 0.05) higher MDA level and lower GSH level and GR activity than normal
groups (Figure 4.3.7 — 4.3.9). While the MDA level in the organs of diabetic rats was
significantly decreased after the treatment with RHT, GSH level was significantly increased
except no significant difference in heart and GR activity was significantly elevated in all

studied organs, which may be attributed to the phenolics of RHT.

SOD and catalase are antioxidant enzymes mutually against oxidative stress in first line defence
systems (Ighodaro and Akinloye 2018). Petrova et al. (2011) reported the fermented honeybush
(Cyclopia intermedia) extract significantly (p < 0.05) decreased the MDA level and depletion
of catalase and SOD activity in ultraviolet B (UVB)-induced skin damage SKH-1 mice, while
less effective effects displayed in its phenolics mangiferin and hesperidin. While the increased
catalase and SOD activities of fermented honeybush (Cyclopia intermedia) extract was further
supported by its treatment on UVB-induced HaCaT human keratinocytes (Im, Yeon et al. 2016).
In addition, Ku and Bae (2016) reported other flavonoids of Cyclopia subternata (scolymoside
and vicenin-2) increased expression of SOD and catalase in human umbilical vein endothelial
cellsand C57BL/6 mice. In our study, diabetic groups treated with RHT significantly (p < 0.05)
elevated SOD activity in all studied organs, while catalase activity in studied organs were
significantly improved compared to DBC group except high dose of RHT in pancreas. This
exhibited potent ability of RHT in enhancing the first line defence system in organs of STZ-
induced T2D rats (Figure 4.3.10 & 4.3.11). This may evidence by its phenolics and the plants
in the same family in different experimental models, which corroborates its in vivo antioxidant

potentials.
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4.3.6 Conclusion

All results taken together suggest that the in vivo antioxidant and antidiabetic property of the
administration of RHT hot water extract in drinking water exhibited antihyperglycemic,
antihyperlipidemic, antioxidant effects in STZ-induced T2D rats, therefore demonstrating its

potential in ameliorating T2D and some of its associated complications.
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CHAPTER 5

5.0 THE ANTIOXIDANT AND ANTIDIABETIC ACTIVITIES OF JASMINE GREEN
TEA IN VITRO AND IN VIVO

5.1 Background

Jasmine green tea (JGT) is a type of green tea (Camellia sinensis), which is flower-scented and
different from general green tea (Gao, Hu et al. 2009) (Figure 5.1). The production of JGT is
featured by a specific process namely “Ti-hua” (Gao et al. 2009, Shen et al. 2017). “Ti-hua” is
generally using green tea leaves as the base tea which is allowed to absorb the fragrance of the
jasmine flower (Jasminum sambac) by amalgamation with 90% bloomed fresh flower buds at
38 - 44°C. Then, the flowers are separated and discarded from the tea leaves. While this process
is repeated several times with new flower buds until sufficient fragrance has been absorbed by
the tea leaves. This process forms the unique feature of JGT which is not only for the
gastronomic role of the flower in flavouring the tea, but also for its synergistic effect with green
tea to heighten their antioxidant capacities (Kuroda et al. 2005, Chen et al. 2017, Zayapor et al.
2019). JGT is the most welcomed scented tea in many countries including China, Thailand,
and Japan (Kunhachan et al. 2012).

Figure 5.1: The appearance of commercial product of jasmine green tea (Camellia sinensis)

used in the thesis.
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5.1.1 Biological uses

The effects of JGT on antiobesity, antioxidative, and antidiabetic activities in animal models
have been reported in several studies (Tao et al. 2011, Yao and Gui-nian 2011, Huang and
Yang 2016, Huiying et al. 2016). JGT infusion at doses of 300 and 600 mg/kg displayed anti-
hyperglycaemic effects on streptozotocin (STZ)-induced hyperglycaemia in SD rats (Huang
and Yang 2016). While anti-obesity function, antioxidant activity of JGT has been reported in
vitro and in breast cancer cells (MDA-MB-231) (Okuda et al. 2001, Alappat et al. 2015). In
some other animal studies, JGT and its epicatechin isomers demonstrated
hypocholesterolaemia and anti-tumour effects (Han and Xu 1990, Yang and Koo 1997).
Hypolipidemic and free radical scavenging activities of this tea have also been found in some
other studies (Zhang et al. 1997, Chan et al. 1999).

5.1.2 Phytochemistry

JGT is abundant in natural polyphenol antioxidants such as epigallocatechin gallate (EGCG),
() epigallocatechin (EGC), (-) epicatechin gallate (ECG) and (-) epicatechin (EC) (Zhang et
al. 1997). It has beneficial bioactive compounds from both the green tea and jasmine flower
(Chen et al. 2017), including polyphenols, polysaccharides, vitamins, caffeine and aromatic
substances, which are highly admired by consumers for health benefits and sensory quality (Ito
et al. 2002, Gao et al. 2009, Zayapor et al. 2019).
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5.2 Chemical characterization of sequential extracts of jasmine green tea, their
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5.2.1 Abstract

The antioxidant and antidiabetic activities of jasmine green tea (JGT) extracts of varying

polarity solvents (dichloromethane (DCM), ethyl acetate, ethanol) were investigated in vitro

and ex vivo. The ethanol extract displayed the best antioxidative activity in the 2,2 -diphenyl-

1-picrylhydrazyl (DPPH) scavenging and ferric reducing antioxidant power (FRAP) assays.
The enzyme inhibitory effects of different extracts were examined on a-glucosidase and
pancreatic lipase activities. The ethanol extract exhibited the best inhibitory potential on a-
glucosidase activity, while the ethyl acetate extract exhibited the best inhibitory potential on
pancreatic lipase activity. Fresh hepatic tissue homogenates were incubated with FeSO4 to
induce oxidative injury and thereafter the extracts’ modulatory capabilities on oxidative stress
biomarkers were investigate ex vivo. Catalase activity, superoxide dismutase (SOD) activity,
and reduced glutathione (GSH) levels which had been reduced by oxidative injury were
significantly (p < 0.05) increased by JGT extracts (especially the ethanol extract). The JGT
extracts concomitantly resulted in significantly (p < 0.05) decreased levels of malondialdehyde
(MDA). All the extracts were subjected to gas chromatography-mass spectroscopy (GC-MS)
analysis to identify their possible bioactive compounds. Caffeine, styrene, n-hexadecanoic acid,
octadecanoic acid, tetradecanoic acid, 1-benzoyl-4,5-dihydro-4,4,5,5-tetramethyl-3-phenyl-
1h-pyrazole and 1,2-propanediol, 3-benzyloxy-1,2-diacetyl were identified. Results in this

study implied the possible antioxidative, antidiabetic, and antiobesogenic potentials of different
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extracts of JGT, particularly the ethanol extract. The results warrant further in vivo studies to
determine the modus operandi of JGT extracts on the bioactivities postulated in the current

study.

Keywords: Antioxidant, Sequential extraction, GC-MS, Jasmine green tea, Type 2 diabetes
5.2.2 Introduction

Diabetes mellitus (DM) is a metabolic disorder which is characterized by hyperglycaemia
resulting from the absolute or relative insulin secretion deficiency, action or both (Ozougwu et
al. 2013, Alam et al. 2014). According to the International Diabetes Federation (IDF), an
estimated 463 million people are living with diabetes worldwide. Furthermore, it is predicted
that over 700 million people will be affected by 2045 (IDF 2019). In China, there are about
116 million adults have diabetes, accounting for a quarter of the total number of people with
diabetes globally. On the other hand, the number of diabetics in South Africa is about 4.58
million, which is around 24% of the total number of diabetics in Africa (IDF 2019).

There are two major etiologies of diabetes: insulin-dependent diabetes mellitus (IDDM), also
known as type 1 diabetes, which is an autoimmune disease. It has an early onset in life the
incidence group is mostly children or adolescents (Chiang et al. 2014). The second etiology is
non-insulin-dependent diabetes mellitus (NIDDM), also known as type 2 diabetes (T2D). It is
usually observed later on in life and accounts for 90% of the incidence of diabetes (Ozougwu
et al. 2013). T2D may occur resulting from a combination of several factors including insulin
resistance and pancreatic B-cell dysfunction which eventually lead to chronic hyperglycaemia
(Erukainure et al. 2017). Hyperglycaemia is known to negatively changes the blood’s
biochemical milieu and leads to an increase in the generation of reactive species (RS) including
reactive oxygen species (ROS). Furthermore, chronic hyperglycaemia reduces the ability of
antioxidants in the endogenous defence system to mop up excess reactive species. This
imbalance is termed oxidative stress and is closely associated with the damage of various
functional cellular and biochemical elements including proteins, lipids, and DNA. Oxidative
stress leads to islet B-cell dysfunction and peripheral insulin resistance, thus aggravates the
progression of diabetes (Tangvarasittichai 2015). The impact of oxidative stress on the body
may be studied through several intrinsic biomarkers which includes the enzyme activities of
catalase, superoxide dismutase (SOD), and levels of reduced glutathione (GSH) and
malondialdehyde (MDA) (Xiong et al. 2011). When these endogenous antioxidant systems are

overwhelmed by reactive species, dietary exogenous antioxidants may be taken to bolster the
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bodies antioxidant capacity. Some Chinese teas has been found to be a healthy source of these
antioxidant compounds which can prevent and treat hyperglycaemia-induced oxidative stress

through scavenging reactive species (Yashin et al. 2011, Xiao et al. 2020).

Jasmine green tea is made by green tea (Camellia sinensis) scenting with fresh jasmine flowers
so that the tea leaves can absorb and integrate the floral fragrance of jasmine (Jasminum
sambac) flowers (Gao et al. 2009). This process forms the unique feature of jasmine tea which
is known as tea taste and jasmine fragrance. Thus, JGT has beneficial bioactive compounds
from both the green tea and jasmine flower (Chen et al. 2017). Among these beneficial
compounds are tea polyphenols, tea polysaccharides, vitamins, caffeine and aromatic
substances, which are highly sought after by consumers to satisfy their need for the health care
of tea and its sensory quality (Ito et al. 2002, Gao et al. 2009). Several studies have been
reported the effects of JGT on antiobesity, antioxidative, and antidiabetic activities in the
animal model (Tao et al. 2011, Yao and Gui-nian 2011, Huang and Yang 2016, Huiying et al.
2016). However, to the best of our knowledge, there is no scientific report on the antioxidant
and antidiabetic effects of the sequential extracts of JGT.

Therefore, this study aims to investigate the antioxidative potentials of the DCM, ethyl acetate,
and ethanol extracts of JGT on Fe*-induced hepatic oxidative injury. Furthermore, the
inhibitory activities of the extracts on key carbohydrate and lipid digesting enzymes linked to
T2D were determined. The phytochemical constituents of different extracts of JGT were

characterized as well.
5.2.3 Materials and methods

Please refer to Chapter 2 for the detailed materials and methods for jasmine green tea (Camellia

sinensis)

5.2.4 Results

The TPC of the ethanol extract of JGT was significantly (p < 0.05) higher than that of other

extracts as displayed in Figure 5.2.1.
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Figure 5.2.1: Total phenolic content of different extracts of jasmine green tea. Values represent

mean + standard deviation (n = 3). *“Different alphabets over the bars for a given extract represent significance

of difference (p < 0.05). DCM = dichloromethane, EX = extract.

The DPPH radical scavenging activity of the different extracts of JGT compared to ascorbic
acid are presented in Figure 5.2.2. All the extracts exhibited significant (p < 0.05) antioxidant
activity in a dose-dependent pattern, with the ethanol extract had the highest scavenging
activity (ICso = 0.11 pg/mL), followed by standard drug, ascorbic acid (ICso=0.72 pg/mL).

Figure 5.2.2: DPPH radical scavenging activities of different extracts of jasmine green tea.
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for each extract represent significance of difference (p < 0.05). DCM = dichloromethane, EX = extract.
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The ferric reducing antioxidant power (FRAP) of JGT different extracts were displayed in
Figure 5.2.3. All the test samples displayed significant (p < 0.05) antioxidant power in a dose-
dependent manner. The highest ferric reducing antioxidant power (FRAP) activity was
exhibited in the ethanol extract, which followed by the standard drugs ascorbic acid and trolox
as depicted by their ICsp values in Table 5.1.1.
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70

60
50
40
30

20

% Ferric reducing power

10

15 pg/mL 30 pug/mL 60 ug/mL 120 pg/mL 240 pg/mL

Figure 5.1.3: Ferric reducing antioxidant power (FRAP) activities of different extracts of

jasmine green tea. Values represent mean + standard deviation (n = 3). **Different alphabets over the bars for

a given concentration for each extract represent significance of difference (p < 0.05). DCM = dichloromethane,

EX = extract.

The effects of the different extracts of JGT on a-glucosidase inhibitory activity were depicted
in Figure 5.2.4. All test samples exhibited significantly (p < 0.05) inhibitory effects against o-
glucosidase activity in a dose-dependent manner, with the standard drug acarbose (ICso = 0.12

ng/mL) displayed the best activity followed by JGT ethanol extracts (ICso = 27.07 pg/mL).

The test samples exhibited relatively high pancreatic lipase inhibitory activity but not in a
remarkable dose-dependent manner (Figure 5.2.5). The standard drug orlistat had the highest
mhibitory activity followed by ethyl acetate extract as portrayed by its ICso value as depicted
in Table 5.1.1.
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Figure 5.2.4: Inhibitory effect of different extracts of jasmine green tea on o-glucosidase

activity. Data are presented as mean = SD. *“Values with different letter above the bars for a given concentration

are significantly (p < 0.05) different from each other. DCM = dichloromethane, EX = extract.
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Figure 5.2.5: Inhibitory effect of different extracts of jasmine green tea on pancreatic lipase

activity. Data are presented as mean + SD. *“Values with different letter above the bars for a given concentration

are significantly (p < 0.05) different from each other. DCM = dichloromethane, EX = extract.

The GSH levels of different JGT extracts in hepatic tissue were displayed in Figure 5.2.6A. A
significantly (p < 0.05) decreased GSH level was exhibited in the untreated hepatic tissue.
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Treatment with the standard drug ascorbic acid led to the highest GSH activity increase.
Whereas the ethanol extract treatment displayed a higher increase compared to that of the DCM
and ethyl acetate extracts. All the treatment with test samples increased GSH level in a dose-
dependent effect with increasing concentration. The SOD activities significantly (p < 0.05)
reduced in oxidative injuried hepatic tissue as presented in Figure 5.2.6B. A dose-dependent
effect on increasing SOD activity exhibited in all treatment with the standard drug ascorbic
acid displaying the highest activity followed by ethanol extract of JGT as portrayed by its ICso
values of 7.18 pg/mL and 8.67 pug/mL, respectively (Table 5.1.1).

The reduction of catalase activities exhibited in hepatic oxidative injured tissue was presented
in Figure 5.2.6C. Treatment with the extracts and standard drug were significantly reversing
the activity of catalase in tissues, with ascorbic acid displaying the best activity followed by
ethanol extract of JGT. The significant (p < 0.05) increase in malondialdehyde (MDA) levels
in FeSO4 induced oxidative injured hepatic tissue was presented in Figure 5.2.6D. Treatment
with the extracts and drug led to a significantly (p < 0.05) decreased of MDA levels in a dose-
dependent pattern, with ascorbic acid displaying the best activity followed by the ethanol
extract of JGT as portrayed by its 1Cso values of 95.94 pg/mL and 513.28 pg/mL, respectively
(Table 5.2.1).

Table 5.2.1: 1Cso values of different extracts of jasmine green tea activities

Activities Dichloromethane Ethyl Ethanol ~ Ascorbic  Acarbose  Trolox Orlistat

Extract (pg/mL) Acetate  Extract acid

/mL /mL /mL
Extract  (ug/mL)  (ug/mL) (g/mL) - (Hg/mL) (hg/mL)

(ng/mL)
DPPH 3.87 3.44 0.11 0.72
FRAP >1000 275.23 148.90 157.29 - 371.15
a-glucosidase 413.89 88.86 27.07 - 0.12
Anti-lipase 1.00 0.10 2.79 - - - 0.15
GSH >1000 438.93 166.12 43.52
SOD 70.30 27.27 8.67 7.18
Catalase >1000 >1000 >1000 >1000
LPO >1000 991.89 513.28 95.94

ICso, concentration to inhibit 50% activity. DPPH, 1,1-diphenyl-2-picrylhydrazyl; FRAP, ferric reducing

antioxidant power; GSH, reduced glutathione; SOD, superoxide dismutase; LPO, lipid peroxidation.
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The different extracts of JGT were subjected to GC-MS analysis to identify their possible
bioactive compounds. The retention times, molecular mass, molecular formula, relative
abundance, and the structures of identified phytochemicals are presented in Table 5.2.2 and
Figure 5.2.7. Phytochemicals were identified from the different extracts included caffeine,
styrene, n-hexadecanoic acid, octadecanoic acid, tetradecanoic acid, 1-benzoyl-4,5-dihydro-

4,4,5,5-tetramethyl-3-phenyl-1h-pyrazole, 1,2-propanediol, 3-benzyloxy-1,2-diacetyl.

Table 5.2.2: Compounds identified in DCM, ethyl acetate, ethanol extract of jasmine green tea

by GC-MS

Compounds Molecular RT Molecular Relative
formula (min)  mass abundance %

DCM extract
n-hexadecanoic acid C16H320: 31.68 256 25.13
octadecanoic acid Ci8H360: 3541 284 8.08
Ethyl acetate extract
n-hexadecanoic acid C16H320: 31.71 256 1.08
1-benzoyl-4,5-dihydro-4,4,5,5-
tetramethyl-3-phenyl-1h-pyrazole Ca0H22N20 32.21 306 2.05
1,2-propanediol, 3-benzyloxy-1,2- C14H1505 39.96 266 0.33
diacetyl
Ethanol extract
styrene CgHs 5.04 104 14.36
caffeine CsH1oN4O» 29.18 194 292
n-hexadecanoic acid Ci16H302 31.71 256 14.41
tetradecanoic acid C14H2602 3542 228 4.80

The compounds presented in the table are those which matched similar compounds in the NIST library software.
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Figure 5.2.7: Compounds identified in the different extracts of jasmine green tea by GC-MS.
5.2.5 Discussion

DM is a chronic multifaceted condition that progressively gets worse if proper management
strategies are not implemented. Hyperglycaemia and oxidative stress in diabetic patients work
in tandem and result in severe incapacitating morbidities associated with diabetes (Jackson et
al. 2012). The enhancement of the body's natural antioxidant defence system under oxidative
stress conditions plays an important role in the management of diabetes (Birben et al. 2012).
Various plant-derived secondary metabolites have been shown to have antioxidant capabilities
that can have therapeutic advantages to people. These compounds include polyphenols,
alkaloids, terpenoids, coumarins and saponins (Saxena et al. 2013, Chandrasekara and Shahidi
2018). In this study, the oxidative injury of hepatic tissue was induced ex vivo with FeSO4 and
treated with sequential extracts of JGT to investigate their antioxidant and antidiabetic

potentials.

Tea polyphenols is an encompassing term for polyphenols in tea such as flavanols,
anthocyanins, flavonoids, flavanols, and phenolic acids. Previous studies have reported that tea
polyphenols have various beneficial therapeutic effects such as having antioxidant, anti-tumor,
anti-cancer, antidiabetic, and antibacterial activities (Fu et al. 2017, Khan and Mukhtar 2019).
Ethanol, the most polar solvent in this study, had significantly higher amounts of total
polyphenolic content compared to dichloromethane and ethyl acetate. This strongly suggested
that JGT contained more polar total polyphenols as compared to the less polar polyphenols.
Furthermore, this high amount of polyphenol content may have strongly contributed to the
ethanol extract exhibiting superior DPPH free radical scavenging activity, which further

corresponding with the ethanol extract FRAP activities when compared with the DCM and
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ethyl acetate extracts of JGT (Figure 5.2.1 & 5.2.2, 5.2.3). Previous studies frequently
correlate relatively high total phenolic content with enhanced antioxidant activity including
free radical scavenging activities and electron-donating potential (Saeed et al. 2012, Xiao et al.
2020). Exogenous dietary antioxidants are highly recommended to aid the endogenous
antioxidant systems such as glutathione, SOD and catalase maintain a homeostatic oxidative

status.

Reduced glutathione (GSH) is a cellular non-enzymatic antioxidant substance primarily found
in the liver, which fights at the frontier in the body’s endogenous antioxidant defence system
(Tiwari et al. 2013, Mohamed et al. 2016). GSH is a tripeptide, y-L-glutamyl-L-
cysteinylglycine, the cysteine sulfhydryl (SH) group has a strong antioxidant capacity which
can interact with the selenium-dependent glutathione peroxidase (GSH-Px) inhibiting
oxidative stress by detoxifying foreign radicals, such as hydrogen peroxide, hydroxyl radicals,
and peroxynitrite (Tsai et al. 2012). It is a biomarker of oxidative stress at the cellular level as
illustrated by the decreased levels displayed in the untreated group (Figure 5.2.6A). Several
studies have reported that T2D patients have relatively reduced GSH levels which is often
linked to the perpetual hyperglycaemic induced oxidative stress (Tiwari et al. 2013). Similarly,
the reduced GSH levels displayed in the untreated hepatic tissue group resulted from intensified
impact of reactive oxygen species (ROS) formed due to incubation with FeSO4 (pro-oxidant).
Treatment of the hepatic tissue with the different JGT extracts, particularly the ethanolic extract,
resulted significantly increased the GSH levels to near normal levels, therefore, reveal the anti-

oxidative activity against Fe*-induced oxidative injury.

Superoxide dismutase (SOD) is an antioxidant enzyme that plays an important role in the
balance of the body's redox reaction. It can quickly catalyse the dismutation of superoxide (0O2-)
generated from the electron transfer of the mitochondrial respiratory chain to hydrogen
peroxide (H20.) and oxygen, reducing the body's oxidative stress and protect cells from
damage (Ighodaro and Akinloye 2018).

Catalase is one of the key enzymes in the endogenous antioxidant defence system, existing in
red blood cells and peroxides in certain tissues, with high concentration in the liver
(Krishnamurthy and Wadhwani 2012). It acts as the main regulator of H.O> metabolism,
decomposing the H20. to molecular oxygen and water and thus neutralizes it (Aguilar et al.
2016). As a result, to prevent the formation of more active hydroxyl radicals through the Fenton
reaction (Patlevic et al. 2016). The significantly decreased activity of SOD and catalase enzyme
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in the untreated hepatic tissue (Figure 5.2.6B & C) incubated with FeSO4 further reveal the
onset of oxidative injury which could be linked with the production of superoxide (O2-") and
hydroxyl (OH) radicals from iron overload (Davari et al. 2013). Increased activities in the
treated group with the different solvent extracts of JGT (especially ethanol extract) indicate

their anti-oxidative potential as well.

Iron plays a catalytic role in the onset of lipid peroxidation (Meli et al. 2013). H>O> not
neutralized by GSH and catalase interacts with Fe** to form hydroxyl through the Fenton
reaction, which attacks the unsaturated fatty acids in the membrane, thereby triggering lipid
peroxidation leading to the formation of the final product malondialdehyde (MDA) (Repetto et
al. 2012). MDA is cytotoxic and can cause cross-linking polymerization of biological
macromolecules such as proteins and nucleic acids and it is closely related to T2D and its
complications (Guéraud et al. 2010, Saddala et al. 2013). In this study, the hepatic tissue
incubated with FeSO4 led to a significant evaluation in the MDA level, claim the onset of lipid
peroxidation (Figure 5.2.6D), which also implied damage to the endogenous antioxidant
defence system. The significantly decreased MDA level in the treated group further exhibits
the antioxidative potential of the different solvent extracts (especially ethanol extract)
corresponding to the exhibited increased GSH level, SOD and catalase enzyme activity (Figure
5.2.6A - D).

The main function of a-glucosidase is to catalyse the degradation of polysaccharides and
oligosaccharides in the intestine into monosaccharides such as glucose. It plays a vital role in
postprandial hyperglycaemic spikes associated with T2D (Dong et al. 2012). Inhibition of a-
glucosidase activity retards the hydrolysis of carbohydrate into glucose thereby maybe used as
an effective mechanism for the control postprandial blood glucose level rises (Kumar et al.
2011). The different JGT extracts had dose-dependent inhibitory activities against o-
glucosidase with the ethanolic extract outperformed the dichloromethane and ethyl acetate
extracts. It however did not surpass the inhibitory effect of acarbose (positive control) although
it reached comparable extents particularly at the higher concentrations (Figure 5.2.4). Further
isolation and identification of the a-glucosidase inhibitory bioactive compounds from the
ethanolic extract of JGT may result in the development of antidiabetic therapeutic agents. This
approach of using enzyme inhibiting compounds to help manage diabetes is widespread and
may be applied for various kinds of enzymes within the gastro-intestinal tract.

Pancreatic lipase is an important enzyme found within the gastro-intestinal tract where it is

responsible for the hydrolysis of dietary fat, which would otherwise be not directly absorbed
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by the intestines (Guerra et al. 2012). Dietary fats must be hydrolysed by lipase into free fatty
acids and glycerin that can be absorbed by the body (Wang et al. 2013). The pancreatic lipase
inhibitor can inactivate lipase by forming a covalent bond with the active site serine of
pancreatic lipase, thereby controlling lipolysis (Lunagariya et al. 2014). Therefore, diabetes
induced by obesity resulting from a high-fat diet can be managed by inhibiting pancreatic lipase
activity (Martins et al. 2010, Lunagariya et al. 2014). The pancreatic lipases inhibitory activity
of the treatment (Figure 5.2.5) correlated further with the displayed a-glucosidase activity
(Figure 5.2.4) exhibiting the antidiabetic potential of different solvent extracts of JGT in the

control of T2D and its complications.

Different solvent system was used to extract JGT to get compounds with different polarity
levels. GC-MS analysis of the extracts was undertaken to find out the presence of possible
bioactive compounds that could be contributed to their antioxidant and antidiabetic activities.
Caffeine, styrene, n-hexadecanoic acid, octadecanoic acid, tetradecanoic acid, 1-benzoyl-4,5-
dihydro-4,4,5,5-tetramethyl-3-phenyl-1h-pyrazole, 1,2-propanediol, 3-benzyloxy-1,2-diacetyl
were identified (Figure 5.2.7 and Table 5.2.2). Among them, n-hexadecanoic acid,
tetradecanoic acid have the property of antioxidant, antimicrobial and other activities
(Bodoprost and Rosemeyer 2007, Kala et al. 2011). Octadecanoic acid has the property of anti-
inflammatory activity which was reported by the earlier researchers (Aparna et al. 2012).
Caffeine is believed to have antioxidative and antidiabetic activities (Yamauchi et al. 2010,
Jasiewicz et al. 2016). Thus, the exhibited antioxidative and antidiabetic activities of the
different extracts can therefore be due to the synergistic effect of the above-mentioned

phytochemicals.

5.2.6 Conclusions

These results indicate the antioxidant and antidiabetic activities of the different solvent extracts
of Jasmine green tea. The ethanol extract exhibited the most potent activity overall. It had
enhanced activity against free radicals and lipid peroxidation while concomitantly decreasing
the activities of carbohydrate and lipid digesting enzymes. Furthermore, the ethanol extract
exhibited hepatic oxidative injury protective effects as it augmented several antioxidant
enzymes activities. These activities can be attributed to their total phenolic contents and the
synergetic effect of the identified phytochemical compounds. However, further studies in vivo
conditions are required to affirm the antidiabetic effects of ethanol extract of jasmine green tea

along with molecular mechanisms before its usage for T2D management.
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5.3 The in vivo antioxidant and antidiabetic activity of jasmine green tea (Camellia

sinensis) extract in fructose-streptozotocin induced type 2 diabetic rats

Xin Xiao and Md. Shahidul Islam*
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Durban 4000, South Africa
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5.3.1 Abstract

The present study was carried out to evaluate the in vivo antidiabetic activity of concentrated
hot water extract of Jasmine green tea (JGT). Male Sprague Dawley (SD) rats were employed
to create a type 2 diabetes (T2D) model by feeding with fructose-containing diet (10% fructose
solution ad libitum) for two weeks, followed by an intraperitoneal injection of streptozotocin
(STZ) (40 mg/kg body weight (BW)). During the T2D intervention period, low and high dose
(150 and 300 mg/kg BW) of JGT hot water extract and standard drugs (metformin,
glibenclamide) in drinking water were orally administered to diabetic rats for five days per
week for a five-week intervention period. Several blood and tissue parameters closely related
to diabetes were analysed in the collected samples from rats. Hematoxylin-eosin staining was
employed to analyse pancreatic morphological changes. Diabetic groups treated with JGT,
particularly the high dose, exhibited impressive results in most parameters such as in
ameliorating blood glucose level, oral glucose tolerance ability, improving serum insulin
resistance, pancreatic B-cell function and recovering the morphological damages of the
pancreatic tissue. JGT also increased liver glycogen and prevented oxidative stress mediated
damages of organs when compared with untreated diabetic animals. Results from the present
study indicate that JGT has promising antidiabetic activity and could be useful in the alleviation
of T2D associated complications and it therefore can be exploited for the development of anti-
T2D therapies.

Keywords: Type 2 diabetes, Rats, Jasmine green tea, Oxidative stress, Histopathology, Liver

glycogen.

140



5.3.2 Introduction

Diabetes mellitus (DM) is one of the most global challenging health problems of the 21st
century. The prevalence of DM is on the rise alarmingly, which has increased from 239 million
in 2000 to approximately 463 million in 2019, and it is predicted to rise to 700 million by 2045
(IDF 2019). Meanwhile, T2D, the most prevalent type of DM, attributes to over 90% of all
recorded diabetic cases. T2D is a complex and heterogeneous disease characterized by
impaired pancreatic B-cell function and insulin resistance (Arredondo et al. 2018). Chronic
hyperglycaemia resulted from insulin resistance has been implicated with the development of
T2D due to it closely linked with the generation of free radicals (Erukainure et al. 2019). The
increased production of these free radicals would overwhelm the defences of body’s
endogenous enzymatic and non-enzymatic antioxidant system resulting the onset of oxidative
stress. Oxidative stress plays a major role in the pathogenesis and progression of many T2D
complications affecting the small and large blood vessels and various organs (Oyebode et al.
2020). These complications (such as micro- and macrovascular complications) are common to
diabetics including nephropathy, neuropathy, retinopathy, heart failure, myocardial infraction
and stroke (Moodley et al. 2015). It is therefore essential to control blood glucose levels and
oxidative stress for the treatment and management of T2D and its associated complications.
Currently, T2D is predominantly managed with antidiabetic/pharmaceutical oral
hypoglycaemic agents such as sulfonylureas, biguanides, a-glucosidase inhibitors,
thiazolidinediones, glucagon-like peptide (GLP-1 analogues and DPP-4 inhibitors. However,
the utilization of these drugs accompany with some unwanted side effects such as weight gain

or loss, nausea, diarrhoea, increased risk of heart and liver failure (Choudhury et al. 2018).

In recent years, the exploitation of antidiabetic medications from tea (Camellia sinensis) and
its extracts is increasingly receiving attention due to its perceived minimal side-effects (Fu et
al. 2017). Besides daily consumed as the most drunk beverage in many parts of the world after
water (Chang 2015), tea is used as one medicinal plant to modulate the risk of DM since time
immemorial, due to its diverse biological actions such as anti-hyperglycaemic, antioxidant,
hypolipidemic, anti-inflammatory, anti-cholesterol functions and antidiabetic activities
(Alkhatib et al. 2017, Fu et al. 2017). These effects are attributed to the presence of its
predominant phytochemicals including catechins, caffeine, amino acid, theaflavins and
thearubigins (Chakravorty et al. 2019). Amongst such teas is JGT.

JGT is a scented tea, which uses green tea (Camellia sinensis) as a base tea for reprocessing

(Shen et al. 2017). The Chinese often amalgamate fresh jasmine flower (Jasminum sambac)
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with the base tea during the scenting processes to impart pleasant character. This is not only
for the gastronomic role of the flower in flavouring the tea, but also for its synergistic effect
with green tea to heighten their antioxidant capacities (Zayapor et al. 2019). JGT is the most
welcomed scented tea in many countries including but not limited to China, Thailand, and
Japan (Kunhachan et al. 2012). It is abundant in natural polyphenol antioxidants such as
epigallocatechin gallate (EGCG), (-) epigallocatechin (EGC), (-) epicatechin gallate (ECG) and
(-) epicatechin (EC). One recent study reported the anti-hyperglycaemic effects of jasmine tea
at dose of 300 and 600 mg/kg BW in streptozotocin (STZ)-induced hyperglycaemic SD rats
(Huang and Yang 2016). Some studies reported that jasmine tea exhibits its anti-obesity
function, antioxidant activity in vitro and anticancer activity in breast cancer cells (MDA-MB-
231) line (Okuda et al. 2001, Alappat et al. 2015). Some old studies demonstrated the
hypocholesterolemia and anti-tumor effects of jasmine tea in some animal studies (Han and Xu
1990, Yang and Koo 1997). Additionally, two more old studies reported the consumption of
JGT epicatechin isomers exhibited hypolipidemic in high fat and cholesterol fed male Syrian
golden hamsters and free radical scavenging activity in male Sprague-Dawley rats (Zhang et
al. 1997, Chan et al. 1999). However, the in vivo antioxidant and antidiabetic activity of JGT

concentrated hot water extract have not been investigated.

This study investigated the in vivo antioxidant and antidiabetic effect of JGT aqueous extract
in a fructose-fed streptozotocin (STZ)-induced T2D rat model.

5.3.3 Materials and methods

Please refer to the chapter 2 for details of the methods used for jasmine green tea (Camellia

sinensis)
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5.3.4 Results

DBC, JGT- and standard drugs- treated diabetic groups had significantly (p < 0.05) higher
mean daily feed and water intake than NC and NJG groups, when DBC group exhibiting the
highest feed and water intake among them as shown in Figure 5.3.1. DJGH group displayed
significantly lower feed and water intake than that of DJGL and DBC groups. Meantime, DJGH
had significantly lower feed intake compared to DBM group, but no statistically significant

difference compared to DBG in terms of water intake.
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Figure 5.3.1: Feed and fluid intake in different animal groups during the intervention period.

Data are presented as the mean = SD of 5 or 7 animals. **Values with different letters over the bars for a given
animal group represent significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DJGL:
Diabetic jasmine green tea (Camellia sinensis) low dose; DIGH: Diabetic jasmine green tea (Camellia sinensis)
high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea (Camellia

sinensis) high dose (toxicological control).

The weekly mean BW changes in different animal groups were presented in Figure 5.3.2. No
significant difference of initial BW (week 0) was seen in the different animal groups; however,
the BW gains of diabetic groups were significantly lower when compared to NC and NJG
groups after the STZ injection. As the remaining experimental period (week 2 to week 6)
proceeded, significant (p < 0.05) higher BW gains were displayed in all treatment groups
compared to DBC group except for DBG, which exhibited a relatively higher BW increase than
DBC. This was also replicated between DJGH and DJGL groups.
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Figure 5.3.2: Mean body weight in different animal groups during the experimental period.

Data are presented as the mean + SD of 5 or 7 animals. **Values with different letters near the lines for a given
week represent significance of difference (» < 0.05). NC: Normal control; DBC: Diabetic control; DJGL: Diabetic
jasmine green tea (Camellia sinensis) low dose: DJGH: Diabetic jasmine green tea (Camellia sinensis) high dose:
DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea (Camellia sinensis)

high dose (toxicological control)

The weight and relative weight of pancreas in all animal groups were displayed in Figure 5.3.3.
A significantly lower pancreatic weight was seen in DBC group compared to normal groups.
However, these were slightly reversed in JGT-and standard drug-treated groups, with DJIGH

having the best result among the treatment groups.
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Figure 5.3.3: Weight and relative weight (relative to body weight) of pancreas in different

animal groups. Data are presented as the mean + SD of 5 or 7 animals. **Values with different letters over the

bars or near the line for a given animal group represent significance of difference (p < 0.05). NC: Normal control;

DBC: Diabetic control; DJGL: Diabetic jasmine green tea (Camellia sinensis) low dose; DIGH: Diabetic jasmine

green tea (Camellia sinensis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal

jasmine green tea (Camellia sinensis) high dose (toxicological control)

Significantly (p < 0.05) higher blood glucose concentrations were observed in all diabetic

groups compared to normal groups upon induction of T2D as indicated in Figure 5.3.4. Besides,

all diabetic treatment groups displayed a reduction in the blood glucose levels when compared

with DBC group, with DJGH showed a comparatively lower blood glucose level than that of

DIJGL group throughout the intervention period.
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Figure 5.3.4: Weekly blood glucose concentrations of different animal groups during the

intervention period. Data are presented as the mean + SD of 5 or 7 animals. *“Values with different letters

near the lines for a given week represent significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic
control; DJGL: Diabetic jasmine green tea (Camellia sinensis) low dose; DJGH: Diabetic jasmine green tea
(Camellia sinensis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine

green tea (Camellia sinensis) high dose (toxicological control)

The glucose tolerance ability of normal groups was significantly (p < 0.05) higher than that of
diabetic groups as presented in Figure 5.3.5. A significant (p < 0.05) elevation in blood glucose
level at 30 minutes after an oral administration of a dose of 2 g/kg BW glucose was seen in all
groups. Except for DBC, the blood glucose level of all diabetic rats’ groups was peaked at 30
minutes and started declining till the end of the OGTT test period. Treated diabetic groups
exhibited significantly (p < 0.05) lower blood glucose levels than that of DBC from 60 to 120
minutes. The diabetic DJGH group showed better glucose tolerance ability when compared
with all other diabetic groups. The AUC of normal groups and other diabetic treated groups
were significantly (p < 0.05) than that of DBC group, which again confirms their better glucose
tolerance ability than DBC, with DJGH exhibiting better result than DJGL.
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Figure 5.3.5: Oral glucose tolerance test (OGTT) with corresponding area under the curve

(AUC) of different animal groups during the whole intervention period. Data are presented as the

mean = SD of 5 or 7 animals. *®Values with different letters near the lines for a given time represent significance
of difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DJGL: Diabetic jasmine green tea (Camellia
sinensis) low dose; DJGH: Diabetic jasmine green tea (Camellia sinensis) high dose; DBM: Diabetic metformin;
DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea (Camellia sinensis) high dose (toxicological

control).

The histopathological analysis of pancreatic tissues of all animal groups were shown in Figure
5.3.6. Microscopic examination of rats in NC (blue arrow) and NJG groups (black arrow)
displayed regular pancreatic morphological characteristics with normal exocrine pancreatic
acinar architecture and endocrine pancreatic islets when compared to diabetic groups. The islets
of Langerhans in DBC (red arrow) rats had a distinctly collapsed structure, lysed tissues and a
drastically reduced number of islet cells when compared with other groups. Whereas treatment
of diabetic rats with JGT and standard drugs potentially improved this irregularity of pancreatic
islets morphology in DBC, which included enhancing the regeneration of islets cells,
recovering lysed tissues and nucleus, and restoring pancreatic islets structure with a relatively
clear boundary. This improvement in DJGH (yellow arrow) exhibited better than that of DJGL
(grey arrow). This was also repeated between in DBM (purple arrow) and DBG (green arrow)

group.
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Figure 5.3.6: Histopathological examinations of the pancreas in different animal groups at the

end of the experimental period. Magnification: 10x. NC: Normal control; DBC: Diabetic control; DJGL.:
Diabetic jasmine green tea (Camellia sinensis) low dose; DJGH: Diabetic jasmine green tea (Camellia sinensis) high
dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea (Camellia sinensis)

high dose (toxicological control).



The concentrations of fasting serum lipids of all animal groups were presented in Figure 5.3.7.
The total cholesterol and LDL-cholesterol concentrations in DBC group was significantly (p <
0.05) higher than the normal groups (NC and NJG). Likewise, all the diabetic groups with
treatment exhibited a significant (p < 0.05) reduction of these cholesterols levels, with not
significant difference among DJGL, DJGH and DBM groups. Furthermore, there was a
concomitant significant decrease in HDL-cholesterol level in DBC when compared with
normal groups, this however was significantly revered in the treatment groups. The serum
triglycerides in DBC were significantly (p < 0.05) higher compared to other groups after
induction of T2D, while all diabetic treatment groups showed significant higher levels than
normal groups, with DJGL group lower than standard drug groups but higher than DJGH group.
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Figure 5.3.7: Serum lipid profile of different animal groups. Data are presented as the mean + SD of

5 or 7 animals. *Values with different letters over the bars for a given parameter represents significance of
difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DJGL: Diabetic jasmine green tea (Camellia
sinensis) low dose; DJGH: Diabetic jasmine green tea (Camellia sinensis) high dose; DBM: Diabetic metformin;
DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea (Camellia sinensis) high dose (toxicological

control); HDL: High density lipoprotein; LDL: Low density lipoprotein.

The liver weight in DBC was significantly (p < 0.05) higher than the normal groups, while not
statistically significant differences showed compared to other animal groups as displayed in
Table 5.3.1. Nevertheless, the relative liver weight in DBC group was significantly (p < 0.05)
higher than that of the NC, NJG and DJGH groups. Liver glycogen was showing the lowest

level in DBC group. However, this was significantly reversed in all other groups, with not
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significant difference between JGT- and DBM-treated groups, whereas the normal groups were

showing higher liver glycogen level than diabetic groups.

Table 5.3.1: Liver weight, relative liver weight and liver glycogen level in the different animal

groups at the end of the intervention period

Parameter NC DBC DJGL DJGH DBM DBG NJG

Liver weights (g) 13.32+¢1.14%  11.13+1.23%  11.66+0.43* 10.48+0.26° 12.41+1.48>¢  11.87+0.89%  13.67+0.65
Rel. liver weights (%)  3.18+0.07° 4.03+0.59  3.54+0.13% 3.30£0.11°  3.59+0.24*  4,07+0.27° 3.3240.28°

Liver glycogen (mg/g
i ) 6.26+0.23¢ 2.25+0.27% 4.52+0.28¢ 5.11+0.30° 4.89+0.16° 3.66+0.67° 5.99+0.10¢
issue

Results are expressed as mean + SD (n = 5 or 7), *Different superscript letters along a row indicate significance
of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05). NC: Normal control; DBC: Diabetic control;
DJGL: Diabetic jasmine green tea (Camellia sinensis) low dose; DJGH: Diabetic jasmine green tea (Camellia
sinensis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea

(Camellia sinensis) high dose (toxicological control).

Table 5.3.2: Serum biochemical parameters in different animal groups at the end of the

experimental period

Parameter NC DBC DIGL DIGH DBM DBG NIG
AST (UIL) 84.20+1333° 156.20+14.96° 00.83+5.42  108.67+8.36° OL17+5.19%  96.60+1593%  86.4040.07°
ALT (UIL) 84.20£2.17°  03.40+365° 8833175  86.33+344® 85504226  88.67+4.73°  87.40+167%
ALP (UIL) 7240£2.30°  364.60+15.98° 196.67+12.03° 164.50+1041° 17333:1148" 351.00:6.32¢  72.0045.15°
Urea(mg/dl)  56.0043.08°  77.80+2.05¢  7050+356°  60.17+371° 68674383  69.20+449°  57.20+1.92%
UA (mg/dL) 2.60+0.55° 7.17+3.89° 4.20+1.15° 3.81+1.48° 3.21+1.12¢ 4.17+3.38° 2.93+1.13°
Creatine (mg/dL) 181:0.30%  337+0.00°  248+0.56°  237+0.34®  210+0.32%  238:055°  171+0.39°
CK-MB(UIL)  7.0+146°  4474:290°  24524345¢ 20074363  7.20:284°  11.62119°  9.83+0.68%

Results are expressed as mean + SD (n = 5 or 7). *9Different superscript letters along a row indicate significance
of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05). NC: Normal control; DBC: Diabetic control;
DJGL: Diabetic jasmine green tea (Camellia sinensis) low dose; DJGH: Diabetic jasmine green tea (Camellia
sinensis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea
(Camellia sinensis) high dose (toxicological control); AST: Aspartate transaminase; ALT: Alanine transaminase;
ALP: Alkaline phosphatase; UA: Uric acid; CK-MB: Creatinine Kinase-myocardial band. #*Different superscript

letters along a row indicate the significance of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05).
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As shown in Table 5.3.2, significant (p < 0.05) increase in the serum levels of AST, ALT,
ALP, urea, uric acid and CK-MB were displayed on induction of T2D. The DBC presented the
highest level in all related parameters. However, significantly (p < 0.05) reversed levels of
these parameters were exhibited in all diabetic treatment groups, with DJGH group displaying
the most reduced levels in ALP and urea. While there was no significant difference among the
treatment groups in the levels of AST and ALT. Treatment with JGT reduced the elevated
creatine and CK-MB levels significantly, with DJGH having lower levels than DJGL.

All groups exhibited significantly (p < 0.05) higher level of serum insulin than DBC group
except for DJGL group showing not statistically significant (p > 0.05) difference as presented
in Table 5.3.3. The HOMA-IR score in DBC was significantly higher than that of other groups
and the groups treated with JGT were able to decrease it significantly, with not statistically
significant (p > 0.05) difference between the DJGL and DJGH groups. In addition, the HOMA-
B score in DBC was significantly lower than that of normal groups, while diabetic groups
treated with JGT displayed a significant (p < 0.05) increase in comparison to DBC. A
significant (p < 0.05) higher serum fructosamine concentration was seen in DBC when
compared with normal groups, this was however significantly improved in JGT- and standard

drugs- treated diabetic groups.

Table 5.3.3. Serum insulin and fructosamine concentrations as well as computed HOMA-IR

and HOMA-B scores in different animal groups at the end of the experimental period

NC DBC DJGL DJGH DBM DBG NJG
Serum
Insulin 24.56+0.29¢ 9.35+0.232 9.85+0.192 11.25+0.33° 12.52+0.41° 10.88+0.44° 24.27+1.16°
(pmol/L)

Fructosamine
387.67+22.50% 1210.33+60.00¢ 813.33+47.50° 587.00+62.00P 574.67+58.45° 546.33+33.132 400.67+0.53?

(umol/L)
HOMA-IR 0.80+0.012 1.73+0.04¢ 0.88+0.22° 0.90+0.03° 1.02+0.03° 1.38+0.06¢ 0.76+0.042
HOMA-p 39.58+0.46¢ 0.99+0.022 2.50+0.05 3.34+0.10° 3.62+0.12¢ 1.78+0.07% 43.93+2.10¢

Results are expressed as mean + SD (n =5 or 7). NC: Normal control; DBC: Diabetic control; DJGL: Diabetic
jasmine green tea (Camellia sinensis) low dose; DJGH: Diabetic jasmine green tea (Camellia sinensis) high dose;
DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea (Camellia sinensis)
high dose (toxicological control); HOMA-IR: Homeostatic model assessment for IR (insulin resistance); HOMA-
B: Homeostatic model assessment for § (B-cell function). <Different superscript letters along a row indicate the

significance of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05).
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Significantly (p < 0.05) higher level of MDA was seen in the pancreas, liver, kidneys, and heart
of the animals as portrayed in DBC group on induction of T2D when compared with the normal
groups (NC and NJG) as indicated in Figure 5.3.8. The MDA level was significantly depleted
in diabetic treated groups, this was also replicated in the different studied organs, with DJIGH
exhibiting significant lower MDA level than DJGL in heart, but not statistically different in

pancreas, liver and kidneys.
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Figure 5.3.8: Thiobarbituric acid reactive substances (MDA equivalent) in the pancreas, liver,

kidneys and heart of all animal groups at the end of the experimental period. Data are presented as

the mean + SD of 5 or 7 animals. *fValues with different letters over the bars for a given sample represent
significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DJGL: Diabetic jasmine green
tea (Camellia sinensis) low dose; DJGH: Diabetic jasmine green tea (Camellia sinensis) high dose; DBM: Diabetic
metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea (Camellia sinensis) high dose
(toxicological control).

The SOD activities in the studied organs of all animal groups were presented in Figure 5.3.9.
There was a significantly lower SOD activity in organs of DBC group compared with normal
groups. However, this was significantly reversed in the pancreas, liver, heart of JGT- and
standard drug- treated groups, with DJGH displaying significantly (» < 0.05) higher activity
than DJGL. While in the kidneys, JGT high dose exhibited significantly lower activity than the
low dose with only relatively higher activity than DBC group.
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Figure 5.3.9: SOD activity in the pancreas, liver, kidneys and heart of all animal groups at the
end of the experimental period. Data are presented as the mean + SD of 5 or 7 animals. **Values with

different letters over the bars for a given organ represent significance of difference (p < 0.05). NC: Normal control;
DBC: Diabetic control; DJGL: Diabetic jasmine green tea (Camellia sinensis) low dose; DIGH: Diabetic jasmine
green tea (Camellia sinensis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal

jasmine green tea (Camellia sinensis) high dose (toxicological control).
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Figure 5.3.10: Catalase activity in the pancreas, liver, kidneys and heart of all animal groups.
Data are presented as the mean + SD of 5 or 7 animals. *%Values with different letters over the bars for a given
organ represent significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control;: DJGL: Diabetic
jasmine green tea (Camellia sinensis) low dose; DJGH: Diabetic jasmine green tea (Camellia sinensis) high dose:
DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine green tea (Camellia sinensis)
high dose (toxicological control).
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The activities of catalase in organs of all animal groups were presented in Figure 5.3.10. The
catalase activity in the liver, kidneys, and heart of DBC group was significantly (p < 0.05)
lower than the normal groups and JGT-treated diabetic groups. In the pancreas, relatively
higher catalase activity was shown in the NJG when compared to DBC group, however,
significantly higher catalase activity was exhibited in the JGT-treated diabetic groups than
DBC. DJGH was having significantly higher catalase activity than DJGL only in the heart.

The GSH levels of organs in all animal groups were shown in Figure 5.3.11. Significantly (p
< 0.05) lower GSH level was seen in pancreas, liver, and kidneys in DBC group when
compared with normal groups, this was replicated in heart of NC compared to DBC. GSH level
of JGT- and standard drug treated groups was significantly increased in pancreas, liver, and
kidneys when compared to DBC group, with DJGH significantly higher than DJGL in pancreas
and kidneys. While in the heart, the increase of GSH level was not statistically (p > 0.05)

different among all the diabetic animal groups.
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Figure 5.3.11: Reduced glutathione (GSH) levels in the pancreas, liver, kidneys and heart of

all animal groups. Data are presented as the mean = SD of 5 or 7 animals. *fValues with different letters over

the bars for a given organ represent significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic
control; DJGL: Diabetic jasmine green tea (Camellia sinensis) low dose; DJGH: Diabetic jasmine green tea
(Camellia sinensis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NJG: Normal jasmine

green tea (Camellia sinensis) high dose (toxicological control).

The activity of GR in the organs of DBC group was significantly (p < 0.05) lower than normal
groups as depicted in Figure 5.3.12. JGT- and standard drug- treated groups significantly
improved the GR activity of pancreas, liver, and heart, with DJGH having significantly higher
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GR activity than DJGL. While in the kidneys, oral administration of treatments to diabetic
treated groups significantly improved the enzyme activity when compared with DBC group,
except DJGH, which exhibited not statistically (p > 0.05) different when compared with DBC

group.

BENC mDBC mDJGL " DIGH mDBM mDBG EHNIG
140

120
100
80
60
40

20

Glutathione reductase activity
(umol/min/mg protein)

Pancreas Liver Kidneys Heart
Figure 5.3.12: Glutathione reductase (GR) activity in the pancreas, liver, kidneys and heart of

all animal groups at the end of. The experimental period. Data are presented as the mean + SD of 5 or

7 animals. *Values with different letters over the bars for a given organ represent significance of difference (p <
0.05). NC: Normal control; DBC: Diabetic control; DJGL: Diabetic jasmine green tea (Camellia sinensis) low
dose; DJGH: Diabetic jasmine green tea (Camellia sinensis) high dose; DBM: Diabetic metformin; DBG: Diabetic

glibenclamide; NJG: Normal jasmine green tea (Camellia sinensis) high dose (toxicological control).

5.3.5 Discussion

Experimental T2D rat models mainly include simple high-fat diet-induced pathogenic rats and
chemical drugs combined with high-calorie diet-induced pathogenic rats. Giving experimental
rats a excessive high-sugar and high-fat diet can gradually increase the blood glucose of the
rats and subsequently generate T2D symptoms such as impaired glucose tolerance and IR
(Lozano et al. 2016). This model is similar in pathogenesis to human T2D. However, a small
doses mjection of STZ to destroy partial pancreatic -cells and combining with a high-calorie
and high-sugar diet to induce insulin resistance can shorten the T2D induction period and the
clinical symptoms occurrence are more consistent with T2D (Zafar et al. 2009, Islam and

Wilson 2012).
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In this study, a 10% fructose diet was supplied for 2 weeks followed by a low dose
streptozotocin (STZ) injection to induced T2D rat model to mimic the pathogenies of T2D in
humans. Two major pathophysiology of T2D are insulin resistance and partial pancreatic -
cell dysfunction. Insulin resistance was created by feeding 10% fructose solution for two weeks
(Wilson and Islam 2012).

Fatal symptom as ketoacid or non-ketoacidosis are caused by uncontrolled diabetes, while more
common symptoms and signs of DM include polydipsia, polyphagia and concomitant loss of
body weight (Islam 2011, lbrahim et al. 2016). In our study, the significantly increased water
and feed intake in diabetic groups indicated the T2D induction (Figure 5.3.1), the groups with
JGT treatment though could not entirely reverse the STZ-induced T2D polydipsia, and
polyphagia. Their effects ameliorated these parameters significantly better than the untreated
diabetic group. Furthermore, the BW loss occurred in the diabetic groups also confirmed the
T2D induction, which may attribute to the loss of muscle and tissue protein caused by increased
protein glycation due to persistent hyperglycaemia (Eleazu et al. 2013). While the significantly
better BW gain was displayed in the JGT treatment groups during most the intervention period
revealed the gradual recovery of rats from diabetic condition (Figure 5.3.2). This may indicate
a therapeutic effect of JGT against major symptoms of T2D, which may possibly result from
the high phytochemicals of JGT. On the other hand, metformin and glibenclamide also could
not completely reverse these parameters but metformin was better than JGT on polydipsia and
body weight loss, while glibenclamide was better than JGT low dose and comparable to JGT

high dose on polyphagia.

Chronic hyperglycaemia is the main pathological characteristic of T2D. It leads to defects in
insulin secretion from pancreatic B-cells, increases B-cell apoptosis and decreases p-cell
proliferation, which intensifies insulin resistance (IR) and glucose metabolism disorder
(Nowotny et al. 2015). This corresponds with the elevated weekly blood glucose level (Figure
5.3.3), decreased serum insulin level, increased IR, reduced pancreatic 3-cell function (Table
5.3.3) and pancreatic weight (Figure 5.3.3) in the DBC group. This also consistent with the
depletion of B-cell cells as depicted by the pancreatic histological analysis (Figure 5.3.6).
Blood glucose is the main indicator for the diagnosing of the onset and development of diabetes
and its homeostatic maintenance ability is a very important parameter to evaluate the
therapeutic effects of diabetic treatments (Alberti and Zimmet 1998, Szablewski 2011). The

lower NFBG (week 1 to week 4) and FBG (at the last week) measured during the intervention
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period in the treatment (JGT and standard drug) groups, especially in the high dose JGT treated
rats, exhibits an anti-hyperglycaemic activity (Figure 5.3.4). This is in accordance with several
reports on different types of tea (Islam 2011, Tang et al. 2013, Mostafa 2014).

The increased level of of serum insulin, ameliorated function of pancreatic B-cell depicted by
HOMA-f score (Table 5.3.3), and the regeneration of pancreatic B-cells (Figure 5.3.6)
together further portrays the anti-hyperglycaemic effect of JGT in the treatment and
management of diabetes. Apart from pancreatic B-cell dysfunction, the insensitivity of cells
and peripheral tissues such as liver, fat and skeletal muscles to insulin leads to the reduction of
glucose uptake and utilization capabilities, resulting in increased blood glucose levels, which
manifests as impaired glucose tolerance in T2D (Abdul-Ghani et al. 2006, Gastaldelli 2011,
Kubota et al. 2011). OGTT is often used to assess the glucose tolerance level at diabetic
condition (Etuk 2010, Erukainure et al. 2019, Sanni et al. 2019). The impaired glucose
intolerance of DBC group further demonstrates the pancreatic B-cell dysfunction and insulin
insensitivity of the untreated T2D rats. Moreover, the improved glucose tolerance in the JGT
treated rats (DJGL and DJGH) furthermore support the anti-T2D effects of JGT (Figure 5.3.5).
This corresponds with reported results of black tea extract and green tea extract in drinking
water on glucose intolerance alleviation and anti-hyperglycaemic activity in T2D mouse model
(Tang et al. 2013). However, the liver is the main organ responsible for insulin sensitivity,
glucose and lipid metabolism. It reduces blood glucose concentration by promoting glycogen
synthesis, glucose utilization and inhibiting gluconeogenesis in response to insulin action
(Petersen et al. 2017).

The depletion of liver glycogen level shown in the DBC group (Table 5.3.1) could possibly be
due to the increased glycogen phosphorylation or reduced glycogen synthase activity which
are pathological features of STZ-induced T2D (Islam 2011). The significantly higher liver
glycogen level in the JGT-treated diabetic group than that of the DBC group (Table 5.3.1)
demonstrated the consumption of JGT to decrease the blood glucose level (Figure 5.3.4) and
increase the glucose tolerance (Figure 5.3.5). This further revealed the antidiabetic activity of

JGT attributing to its improvement of insulin sensitivity and hepatic glycogen synthesis.

Disordered lipid metabolism accompanied with impaired insulin secretion, is the primary
pathophysiological changes in T2D, which leads to hyperglycaemia and IR (Savage et al. 2007,
Vijayaraghavan 2010). Hyperlipidaemia is characterized by elevated levels of triglyceride
and/or total cholesterol, increased LDL-cholesterol level, and decreased HDL-cholesterol level,
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which is the major risk factor of T2D associated cardiovascular disease and atherosclerosis
(Cannon 2008, Mooradian 2009). This meets with the serum lipid profile of DBC group
(Figure 5.3.7). The significantly (p < 0.05) reduced levels of TG, TC, LDL-c and concomitant
increased HDL-c level in the JGT-treated diabetic groups imply the anti-dyslipidemic and
cardiac-protective potentials of JGT. This corresponds with previous studies on green tea
extract and its polyphenols in alleviating the lipid metabolism disorders (Widowati et al. 2014,
Ding et al. 2017). CK-MB (creatine kinase isoenzymes) mainly exists in cardiomyocytes and
used a biomarker for coronary heart disease. The increased levels of CK (creatine) and CK-
MB signals myocardial injury, such as acute myocardial infarction (Robinson and Christenson
1999, Patel 2014). However, the significantly (p < 0.05) reduced creatine and CK-MB levels
in the groups of JGT treated rats compared to DBC group (Table 5.3.2) insinuates the cardiac-
protective ability of JGT. This further corresponds with its anti-dyslipidemia potentials

presenting cardiac-protective ability in T2D.

Serum levels of ALT, AST and ALP in DBC group were significantly (p < 0.05) higher than
the normal groups (Table 5.3.2). These enzymes penetrate into blood stream may be due to
hepatic inflammation, cholestasis, necrosis or cancer, thus their pathological increased serum
levels used as biomarkers implying the onset of hepatic tissue injury (Erukainure et al. 2015,
McGill 2016). Significantly decreased levels of these enzymes in the JGT treatment groups
(Table 5.3.2) when compared to DBC group exhibits the hepatoprotective properties of JGT,
which is in agreement with previous reports of Abolfathi et al. (2012) who reported the
significantly decreased levels of these enzymes in green tea extract treated STZ-induced

diabetic rats.

Serum urea and uric acid in DBC group were significantly (p < 0.05) higher than the normal
groups (Table 5.3.2), they have causal relationship with the occurrence of diabetic nephropathy
and been used as biomarkers of kidney failure (Hovind et al. 2011). However, their
significantly decreased levels of these parameters in the JGT-treated groups compared to DBC
group indicates renal-protective potentials of JGT, which is in line with previous reports on
green and black aqueous extracts which were showing renal protective effects thorough

lowering serum uric acid in hyperuricemic mice (Zhu et al. 2017).

Long-term hyperglycaemia has been closely related to diabetic micro- and macro-
complications which associates with multiple cascades of reaction such as polyol pathway,
hexosamine pathway, advanced glycation end product and activation of protein kinase C (King
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and Loeken 2004, Giacco and Brownlee 2010). Fructosamine is a high-molecular ketoamine
formed during the non-enzymatic saccharification of protein and glucose in plasma. The
concentration of fructosamine is positively correlated with average serum glycaemic level and
remains relatively stable. It has been therefore in some cases used as a glycaemic biomarker to
assess early stage of diabetes control (Malmstrom et al. 2014, Sanni et al. 2019). Significantly
(p < 0.05) higher level of fructosamine in rats of DBC compared to normal groups corresponds
with its significantly higher blood glucose level than normal groups demonstrating the onset of
diabetic complications and glycation cascade reaction (Table 5.3.3). However, the
significantly reduced level of fructosamine in JGT-treated rats, indicates a recession of

glycation cascade, which further support antidiabetic effect of JGT.

Likewise, long-term hyperglycaemia also increases the glycosylation reaction, which
accelerate the production of oxygen free radicals and its accumulative effect causing lipid
peroxidation (LPO) (Chenni et al. 2007). The progressively elevated lipid peroxidation (LPO)
level disturbs the assembly of the membrane increasing vascular permeability, resulting in
plasma proteins depositing on the basement membrane through endothelial cells, leading to the
occurrence of vascular disease (Catala 2009, Negre-Salvayre et al. 2010). MDA is one of the
most important products of membrane lipid peroxidation which reflect the severity of lipid
peroxidation and oxidative stress, and its generation can aggravate membrane damage
(Suryawanshi et al. 2006, Gueraud et al. 2010). The significantly elevated MDA levels in DBC
group than that of normal groups suggests an onset of lipid peroxidation on induction of T2D
(Figure 5.3.8). While the significantly reduced MDA levels in JGT-treated groups compared
to DBC group indicates anti-peroxidative potential of JGT.

Significantly lower SOD and catalase activity in DBC group than that of normal groups (NC
and NJG) were depicted in Figure 5.3.9 & 5.3.10, which is similar to the findings of several
recent studies of untreated STZ-induced T2D rats (Chukwuma and Islam 2017, Oyebode et al.
2020). SOD and catalase are two important endogenous antioxidant enzymes impeding harmful
effect of free radicals. SOD specifically catalyses the disproportionation of superoxide anions
to generate oxygen and hydrogen peroxide (H202). While catalase promotes the decomposition
of the produced toxic hydrogen peroxide into harmless molecular oxygen and water (Ighodaro
and Akinloye 2018). The significantly reversed activities of these enzymes in JGT-treated
groups compared to DBC group as well as lower MDA level further indicates a potent in vivo
antioxidant property of JGT (Figure 5.3.8 —5.3.10).
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As one of the most prominent non-enzymatic antioxidants, GSH can eliminate free-radical
mediated damage, protect the sulfhydryl groups in molecules such as proteins and enzymes
from being oxidized by harmful oxidants (Kabel 2014, Nurdiana et al. 2017). While GR is the
major flavozyme maintaining the content of GSH in cells and organs, which plays an important
role in preventing the oxidative decomposition of hemoglobin, maintaining the activity and
reducibility of sulfhydryl proteins and the integrity of cells (Waggiallah and Alzohairy 2011,
Gawlik et al. 2016). The significantly (p < 0.05) higher level of GSH and GR in JGT-treated
rats than DBC group (Figure 5.3.11 & 5.3.12) again demonstrates the therapeutic effects of

JGT in diminishing the in vivo antioxidative status of STZ-induced T2D.

5.3.6 Conclusion

In summary, the results of the present study demonstrate that the administration of aqueous
jasmine green tea extract in drinking water exhibited anti-hyperglycaemic, anti-
hyperlipidaemic, in vivo antioxidant activities, while ameliorated insulin resistance and
improved pancreatic B-cell function, pancreatic morphology while exacerbating hepatic
glycogen synthesis in STZ-induced T2D rats, thus suggesting its therapeutic potential and
protective benefits against diabetes and its associated complications.
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CHAPTER 6

THE ANTIOXIDANT AND ANTIDIABETIC ACTIVITIES OF GREEN ROOIBOS
TEA IN VITRO AND INVIVO

6.1 Background

Aspalathus linearis 1s a leguminous shrub in the Fabaceae family and the Aspalathus genus
with bright green needle-shaped leaves and small yellow flowers (Ajuwon et al. 2018) (Figure
6.1). A. linearis 1s endemic to a restricted region called Cederberg, Western Cape province,
South Africa (Erickson 2003, Krafczyk and Glomb 2008). The delicate stems and leaves of 4.
linearis are utilized to make herbal tea, rooibos or bush tea which is widely consumed globally
(Muller et al. 2012). There are two forms of rooibos tea namely: fermented/traditional/red
rooibos tea and unfermented/unoxidized/Green rooibos tea (Joubert et al. 2008).

Figure 6.1: The pictures of whole plant, flower of Aspalathus linearis (Fabaceae), copied
without permission from Wikipedia, as well as the commercial fermented and unfermented

product of rooibos tea that used in this study.
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6.1.1 Ethnomedical uses

Aspalathus linearis is a medicinal plant native to South Africa (Joubert et al. 2008). Green
rooibos tea (GRT) was first introduced to food, cosmetic, and functional beverage markets due
to its higher phenolics levels than fermented rooibos tea (Joubert and de Beer 2011), which
contribute to its exploration of pharmaceutical applications (Joubert and Schultz 2012) such as
antidiabetic agents, medicament in the treatment of neurological and psychiatric disorders of
the central nervous system, and topical application in preventing skin cancer (Joubert et al.
2008, Larsen et al. 2008, Frank and Dimpfel 2010).

6.1.2 Biological activities

Several studies corresponding to the pharmaceutical applications of GRT claimed its
antidiabetic, anti-inflammatory, cardio-protective effects, and anti-mutagenic effects in vitro,
ex vivo, in vivo and a few human studies (Snijman et al. 2007, Marnewick et al. 2011, Pantsi et
al. 2011, Joubert et al. 2012, Muller et al. 2012, Mazibuko et al. 2013, Ajuwon et al. 2014,
Kamakura et al. 2015, Xiao et al. 2020).

6.1.3 Phytochemistry

There are two distinctive flavonoids in A. linearis namely aspalathin, aspalainin (Shimamura
et al. 2006, Iswaldi et al. 2011, Lee and Bae 2015) and some other different bioactive
compounds such as nothofagin, luteolin, rutin, orientin, iso-orientin, vitexin and iso-vitexin
(Krafczyk and Glomb 2008, Joubert et al. 2009, Marnewick 2009).
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6.2 Chemical characterization of sequential extracts of green rooibos (Aspalathus

linearis) tea, their antioxidative and antihyperglycemic potentials

1Xin Xiao, 1*Ochuko L. Erukainure, *Nontokozo Zimbili Msomi, 2Neil A. Koorbanally, *Md.
Shahidul Islam*

!Department of Biochemistry, University of KwaZulu-Natal, Westville Campus,
Durban 4000, South Africa

Department of Pharmacology, University of the Free State, Bloemfontein 9300,
South Africa

3School of Chemistry and Physics, University of KwaZulu-Natal, Westville Campus,
Durban 4000, South Africa
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6.2.1 Abstract

This study characterized the phytochemicals of green rooibos tea (GRT) extracts of sequential
extraction using increasing polarity solvents (dichloromethane, ethyl acetate, ethanol) and
investigated their potential antioxidative and antihyperglycemic activities. The antioxidant
activity of the extracts was determined in vitro by using 1,1-diphenyl-2-picrylhydrazyl (DPPH)
and ferric reducing antioxidant power (FRAP). The antihyperglycemic potentials of the
extracts were determined by examining inhibitory effects on a-glucosidase and a-amylase
enzymes. Furthermore, the extracts were subjected to gas chromatography-mass spectrometry
(GC-MS) analysis to identify their possible bioactive components. GRT ethanol extract showed
the highest level of total phenolics content and antioxidant capacity. This extract exhibited
pronounced a-glucosidase and moderate a-amylase inhibitory activities compared to
dichloromethane and ethyl acetate extracts. GC-MS analysis revealed the presence of n-
hexadecenoic acid, octadecanoic acid, 1',4',2,6,6-pentamethyl-Spiro-1-(cyclohex-2-ene)-2'-(5'-
oxabicyclo [2.1.0] pentane) and styrene. These results indicate the antihyperglycemic and

antioxidative effects of the ethanol extract of GRT.

Keywords: Sequential extraction, Green rooibos tea, Antioxidant, Anti-hyperglycaemic, Type
2 diabetes
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6.2.2 Introduction

Diabetes mellitus (DM) is a chronic disease with high morbidity, mortality, and medical costs,
which affects the citizens of both developed and developing countries (Zimmet et al. 2016). It
is one of the greatest threats to humans due to its micro- and macro-vascular complications
such as nephropathy, neuropathy, retinopathy, cardiomyopathy, and even death (Chawla et al.
2016). According to the International Diabetes Federation (IDF), approximately 151 million
people had diabetes in 2000, which increased to 463 million in 2019, with a projected increase
to 700 million by 2045 (IDF 2019).

DM is a metabolic disorder caused by impaired insulin secretion from pancreatic B-cells or
insulin resistance or both, which is characterized by chronic hyperglycaemia (ADA 2014).
Unlike type 1 diabetes, type 2 diabetes (T2D) attributes to over 90% of the incidence of diabetes
(IDF 2019). The persistent chronic hyperglycaemia of T2D causes damage to many cells and
organs, leading to tissue metabolism disorders and even organs pathological changes in the
body, resulting in the occurrence of diabetic complications (Campos 2012, Alam et al. 2014).
Therefore, controlling hyperglycaemia is a major challenge to manage diabetes and its

complications (Stolar 2010).

The management of hyperglycaemia as well as T2D relies currently mainly on oral
hypoglycaemic drugs such as a-glucosidase inhibitors, sulfonylureas and biguanides (Inzucchil
et al. 2012). These synthetic drugs have however numerous side effects and are prone to drug
resistance besides high cost (Stein et al. 2013). Therefore, the search of new alternative
therapies is becoming increasingly in demand, particularly from medicinal plants. Medicinal
plants have been reported to be rich in bioactive phenolics with advantages of cheaper options,
wider accessibility, multi-channel and multi-target actions, and reduced dissatisfactory
symptoms and consequences in the possible treatment and management of various diseases
including T2D (Ranilla et al. 2010, Arumugam et al. 2013).

GRT (Aspalathus linearis), also known as unfermented rooibos tea, an unoxidized form of
traditional fermented rooibos tea. It is a broom-like member of the Fabaceae family, which is
endemic to a restricted region called Cederberg, Western Cape province, South Africa
(Erickson 2003, Krafczyk and Glomb 2008). GRT was first produced to achieve higher
antioxidant levels than fermented rooibos tea to satisfy the demand of food, cosmetic, and
functional beverage markets (Joubert and de Beer 2011). The higher levels of flavonoids that
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have antioxidant properties combined with its caffeine-free status further aid its opportunities

in exploration of pharmaceutical applications (Joubert and Schultz 2012).

GRT aqueous-based extracts or its bioactive compounds (aspalathin, aspalainin, and
nothofagin) have been applied as antidiabetic agents, medicament in the treatment of
neurological and psychiatric disorders of the central nervous system, and topical application in
preventing skin cancer (Joubert et al. 2008, Larsen et al. 2008, Frank and Dimpfel 2010).
Several more studies corresponding to the pharmaceutical applications of GRT claimed its
antidiabetic, anti-inflammatory, and cardio-protective effects (Muller et al. 2012, Mazibuko et
al. 2013, Kamakura et al. 2015). Although there are numerous reports mentioning the use of
GRT, no direct scientific evidence exists demonstrating the hypoglycaemic and antioxidative
effects of sequential extracts of Green rooibos used as a therapeutic strategy in the

management of T2D.

Hence, the present study aimed to examine the antioxidative and anti-hyperglycaemic
properties of different solvent extracts of GRT. Their phytochemicals were analyzed via GC-
MS. Their antioxidant activities were tested using free radicals scavenging assays; and their
inhibitory effects on the activities of enzymes linked to T2D, such as a-glucosidase and o-

amylase were determined.
6.2.3 Materials and methods

Please refer to Chapter 2 for the detailed materials and methods for green rooibos tea (Aspalathus

linearis).

6.2.4 Results

The total phenolic content of the extracts is portrayed in Figure 6.2.1. The ethanol extract of
GRT displayed significantly (p < 0.05) higher phenol content when compared to the DCM and

ethyl acetate extracts.
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Figure 6.2.1: Total phenolic content of different extracts of green rooibos (Aspalathus linearis)

tea. Values represent mean + standard deviation (n = 3). ¢ Different alphabets over the bars for a given extract

represent significance of difference (p < 0.05). EX = extract, DCM = Dichloromethane.

The DPPH free radical scavenging activities of different GRT extracts were displayed in
Figure 6.2.2. All the extracts displayed scavenging capability at a dose-dependent manner,
with the ethanol extract exhibiting the best activity compared to that of other extracts as

portrayed by its lowest I1Cso value of 0.36 pg/mL as seen in Table 6.2.1.

Table 6.2.1: 1Csg values of green rooibos tea (Aspalathus linearis) activities

Activities Dichloromethane Ethyl Ethanol Ascorbic  Acarbose Trolox

extract (ug/mL)  acetate extract acid
(ng/mL)  (ug/mL)
extract (Mg/mL) (Mg/mL)

(Hg/mL)
DPPH 0.67 3.06 0.36 0.02 - -
FRAP >1000 566.90 193.66 131.98 - 256.65
a-amylase >1000 >1000 >1000 - >1000 -
a-glucosidase  329.31 961.79 49.15 - 0.12 -

ICs, concentration to inhibit 50% activity, DPPH, 1,1-diphenyl-2-picrylhydrazyl; NO, nitric oxide; FRAP,

ferric reducing antioxidant power.
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Figure 6.2.2: DPPH of different extracts of green rooibos (4spalathus linearis) tea. Values
represent mean + standard deviation (n = 3). 9 Different alphabets over the bars for a given concentration for

each extract represent significance of difference (p < 0.05). DCM = dichloromethane, EX = extract.

The reducing power of different GRT extracts were displayed in Figure 6.2.3. All GRT extracts
displayed FRAP activity in a dose-dependent manner with significant (p < 0.05) differences.
The ethanol extract (ICso= 193.66 ng/mL) exhibited the best activity compared to that of other
extracts and one of the standard drugs trolox (ICso = 256.65 png/mL) as portrayed by ICso values

as seen in Table 6.2.1.
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Figure 6.2.3: Ferric reducing antioxidant power (FRAP) activities of different extracts of green

rooibos (4Aspalathus linearis) tea. Values represent mean + standard deviation (n = 3). *< Different alphabets
over the bars for a given concentration for each extract represent significance of difference (p < 0.05). EX =

extract, DCM = Dichloromethane.

All the GRT extracts significantly (» < 0.05) inhibited the activity of a-amylase in a dose-
dependent manner, with the ethanol extract displaying a better activity compared to that of
other extracts as presented in Figure 6.2.4. The o-glucosidase inhibitory activity of different
extracts of GRT i1s portrayed in Figure 6.2.5. All GRT extracts significantly (p < 0.05)
inhibited o-glucosidase activity in a dose-dependent pattern, with the ethanol extract exhibiting
the highest activity except significantly lower than that of standard drug acarbose (Figure 6.2.5)
as depicted by their ICso values (Table 6.2.1).
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Figure 6.2.4: Inhibitory effect of different extracts of green rooibos (Aspalathus linearis) tea

on o-amylase. Data are presented as mean + SD. **Values with different letter above the bars for a given

concentration are significantly (p < 0.05) different from each other. DCM = dichloromethane, EX = extract.
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Figure 6.2.5: Inhibitory effect of different extracts of green rooibos (Aspalathus linearis) tea

on o-glucosidase. Data are presented as mean = SD. **Values with different letter above the bars for a given

concentration are significantly (p < 0.05) different from each other. EX = extract, DCM = Dichloromethane.

Possible bioactive compounds in the different extracts of GRT by GC-MS report. The GC-MS
analysis revealed the presence of n-hexadecenoic acid, octadecanoic acid, 1'4'2,6,6-

pentamethyl-Spiro-1-(cyclohex-2-ene)-2'-(5'-oxabicyclo [2.1.0] pentane), styrene. Above
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these compounds shown in Figure 6.2.6 & 6.2.7 and Table 6.2.2 were identified based on the

retention time, molecular mass, molecular formula, mass spectral data, as well as by using the

database of National Institute Standard and Technology (NIST).

Table 6.2.2: Compounds identified in dichloromethane, ethyl acetate, ethanol extract of green

rooibos tea (Aspalathus linearis) tea by GC-MS

Compounds Molecular RT Molecular Relative
formula (min) mass abundance (%)

Dichloromethane extract

n-hexadecanoic acid CisH320; 31.68 256 24.45

octadecanoic acid C18H3602 35.41 284 9.24

Ethyl Acetate extract

1'4'2,6,6-pentamethyl-Spiro-1- C14H20 26.46 206 1.45

(cyclohex-2-ene)-2'-(5'-

oxabicyclo[2.1.0]pentane)

Ethanol extract

styrene CsHs 5.05 104 16.78

n-hexadecanoic acid C16H320: 31.70 256 13.99

The compounds presented in the table are those which matched similar compounds in the NIST library software.
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Figure 6.2.6: Compounds identified in the different extracts of green rooibos tea (Aspalathus
linearis) by GC-MS.
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Figure 6.2.7: GC-MS chromatograms of green rooibos tea (4dspalathus linearis) tea extracts:
A) DCM, B), Ethyl acetate, and C) Ethanol.
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6.2.5 Discussion

Under diabetic condition, continued hyperglycaemia is a life-threatening risk factor (Wu et al.
2014). The stimulation of persistent hyperglycaemia may cause a decrease in insulin secretion
and an increase in insulin resistance, resulting in glucose toxicity, causing p-cell dysfunction
(Gupta et al. 2012). Meanwhile, oxidative stress in T2D corresponds to the hyperglycaemia-
induced overproduction of reactive oxygen species (ROS) which leads to an imbalance of the
endogenous antioxidant system (Aouacheri et al. 2015). There are strong indications that
oxidative stress may be a key event in the progression of diabetic complications (Aouacheri et
al. 2015). The antioxidant and antidiabetic properties of GRT aqueous extracts are well
documented (Muller et al. 2012, Kamakura et al. 2015). In this study, the different GRT extracts
obtained via sequential extraction were investigated for their antioxidative capacities through
free radical scavenging abilities; and their anti-hyperglycaemic potentials through inhibitory

effects on enzymes linked to carbohydrate digestion.

Bioactive substances such as polyphenols are widely distributed plant-derived dietary
constituents, commonly known as natural antioxidants, have been implicated as the active
components in herbal and traditional medicines (Chen et al. 2011). In this study, the ethanol
extract of GRT showed the highest total phenolic content compared to other extracts (Figure
6.2.1). This indicates that GRT contains more polar total polyphenols than that of less polar
polyphenols. The presence of phenolic ingredients possessing antioxidant activities of
aqueous-based GRT as dihydrochalcones, flavonoids, phenolic acids have been well-
documented (Krafczyk and Glomb 2008, de Beer et al. 2017). Furthermore, this may imply the

antioxidant potentials of different extracts of GRT.

The biological effects of phenolics such as anti-inflammatory, anti-microbial, anti-HIV, and
other pharmacological properties have been reported in various studies (Ghasemzadeh and
Ghasemzadeh 2011, Kabera et al. 2014). The antioxidant activity of polyphenols may modulate
the oxidative stress-induced glucose metabolic disorders from the headstream through free
radical scavenging (Almajano et al. 2008). Whereas, the capacity of compound to scavenge
free radicals is linked with its electron transfer ability (Sunmonu and Afolayan 2012). In this
study, the free radical scavenging and ferric reducing abilities of different GRT extracts were
determined in vitro. Several previous studies have claimed the free radical scavenging capacity
as reflected by the total polyphenol content which corresponding to the results found in the
present study (Joubert and de Beer 2012, Oyebode et al. 2018).The ethanol extract displayed
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the best capacity in scavenging activity against DPPH radicals and ferric-reducing antioxidant
power (FRAP) than that of other extracts (Figure 6.2.2 & 6.2.3). Thus, met with the highest
total phenolic content of the ethanol extract indicating its best antioxidant potency.

In the body, carbohydrates can only be absorbed into the small intestine by digestion into
glucose and fructose (Jang et al. 2018). a-amylase and a-glucosidase are the two most critical
enzymes for carbohydrate hydrolysis (Lordan et al. 2013). As a glycoside hydrolase, a-amylase
is mainly secreted by the pancreas and salivary glands and is transported to the digestive tract.
In the small intestine, a-amylase can degrade long-chain carbohydrates into glucose severing
as the main metabolic fuels for the body (Luo et al. 2012, Varga 2012). While, a-glucosidase
is located on the small intestinal mucosal cells and can hydrolyze the alpha-1,4 glycosidic
bonds of disaccharides and starch to release glucose (Adeva-Andany et al. 2016, Lin et al.
2016). The inhibition of a-amylase and a-glucosidase activity plays an important role in
regulating postprandial blood glucose levels by delaying the release rate of glucose (Tundis et
al. 2010). It is one of the therapeutic approaches for type 2 diabetic patients through impeding
digestion and absorption of carbohydrates (Chaudhury et al. 2017). Thus, the inhibitory
activities of GRT extracts (especially ethanol extract) on a-amylase and a-glucosidase indicates
antidiabetic potential as displayed by their anti-hyperglycemic efficacies (Figure 6.2.4 & 6.2.5,
Table 6.2.1).

Different types of compounds were extracted from different types of sequential extracts of
GRT due to different polarity of the solvents. GC-MS analysis of all the GRT extracts was
undertaken to find out the presence of possible bioactive compounds that could be contributed
to their antioxidant and anti-hyperglycemic activities. Octadecanoic acid, n-hexadecanoic acid,
1'4',2,6,6-pentamethyl-Spiro-1-(cyclohex-2-ene)-2'-(5'-oxabicyclo [2.1.0] pentane), and
styrene were identified (Figure 6.2.6 and Table 6.2.2). Among them, n-hexadecanoic acid has
antioxidant, antimicrobial and other activities (Kala et al. 2011). Octadecanoic acid was
reported to possess anti-inflammatory activity (Lalitharani et al. 2009). However, there were
no scientific papers describing the bioactivities of 1',4',2,6,6-pentamethyl-Spiro-1-(cyclohex-
2-ene)-2'-(5'-oxabicyclo [2.1.0] pentane). Thus, isolation of this compound maybe necessary

conducted to further understand its antioxidative and antidiabetic activities.
6.2.6 Conclusion

These results imply the antioxidant and anti-hyperglycaemic potentials of green rooibos tea

sequential extracts (dichloromethane, ethyl acetate, ethanol). In particular, the ethanol-based
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extract exhibited the overall most potent activity. It approved by free radical scavenging
capacities, inhibitory effects on the key digestive enzymes a-glucosidase and a-amylase related
to type 2 diabetes. Thus, the ethanol green rooibos tea extract could be used as an alternate
plant source for the management of T2D. It should be noted that ex vivo and in vivo studies
should also be conducted to confirm the reported in vitro results translate into activities that

might support its therapeutic applications.
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6.3 The in vivo antioxidant and ameliorative ability of green rooibos (Aspalathus

linearis) tea hot water extract in fructose-streptozotocin induced type 2 diabetic rats
Xin Xiao and Md. Shahidul Islam*

Department of Biochemistry, University of KwaZulu-Natal, Westville Campus,
Durban 4000, South Africa

*Corresponding author: islamd@ukzn.ac.za

6.3.1 Abstract

The present study is designed to examine the in vivo antioxidant and antidiabetic ability of
green rooibos (Aspalathus linearis) tea concentrated hot water-infusion extract (GRT) in type
2 diabetes (T2D) model of rats. T2D was created in male Sprague Dawley (SD) rats through
feeding 10% fructose solution ad libitum for 2 weeks followed by a single intraperitoneal
injection of 40 mg/kg body weight (BW) streptozotocin. After the confirmation of T2D,
diabetic rats in treatment groups were orally treated with low or high dose (150 and 300 mg/kg
BW) of GRT in drinking water for 5 weeks (5 days/week). Metformin and glibenclamide were
served as standard drugs. After 5 weeks intervention period, animals of untreated diabetic
group (DBC) in comparison to normal animal groups demonstrated significantly (p < 0.05)
higher blood glucose, serum lipids (TG, TC, and LDL-c), AST, ALT, ALP, urea, uric acid,
creatinine, CK-MB, fructosamine, HOMA-IR score, MDA levels of organs (pancreas, liver,
kidneys, and heart) and lower glucose tolerance ability, HDL-c, liver glycogen, serum insulin,
HOMA-j score, SOD, catalase, GSH, GR in harvested organs. Histopathological examination
of pancreas from different animal groups exhibited corresponding morphological changes in
the islets and B-cells. While most of these elucidated parameters were notably reversed in a
dose-dependent manner in GRT-treated diabetic groups. Results from this study indicate that
Green rooibos tea (GRT) displayed promising antioxidant and antidiabetic ability in

ameliorating and treating T2D and its associated complications.

Keywords: Green rooibos tea, Antioxidant, Antidiabetic, STZ, Type 2 diabetes rats.
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6.3.2 Introduction

Diabetes mellitus (DM) is recognized as one of the most common global public health concerns
in the 21% century, causing substantial morbidity, mortality, and long-term complications.
According to the International Diabetes Federation (IDF), the prevalence of DM is increasing
at an alarming rate. It has risen from 239 million in 2000 to approximately 463 million in 2019,
and the figure is predicted to reach near 700 million people by 2045 (IDF 2019).

DM can be broadly divided into insulin-dependent and non-insulin-dependent diabetes, the
former one refers to type 1 diabetes mellitus (T1D) which is characterized by the inability of
insulin secretion due to the autoimmune-mediated destruction of pancreatic B cells. The later
one is type 2 diabetes mellitus (T2D) which affects more than 90% of diabetes and is mainly
characterized by chronic hyperglycaemia and insufficient compensation for peripheral insulin
resistance. Furthermore, the impaired insulin secretion and/or insulin resistance will further
cause the abnormalities in three major nutrients’ metabolism, namely carbohydrate, lipid and
protein (Savage et al. 2007, Ormazabal et al. 2018). Some evident risk factors are helping the
spread of T2D such as obesity, aging, urbanization, physical inactivity and genetic

predisposition (DeFronzo et al. 2015).

Under the diabetic state, the blood glucose concentrations levels remaining high due to the
impairment of insulin-stimulated glucose uptake by fat and muscle, leading to an increase of
glucose uptake by insulin-independent tissues (Nonogaki 2000, Zisman et al. 2000). The
increased glucose flux will cause the overproduction of oxidant through several interacting
pathways leading to the imbalance of the body’s endogenous antioxidant defence system (RG
2005, Matough et al. 2012). Therefore, hyperglycaemia leads to the subsequent augmentation
of reactive oxygen species (ROS) which has a causal role in the formation of oxidative stress.
The generation of oxidative stress works as the key mediator in insulin resistance, impaired
glucose tolerance as well as diabetes (Rains and Jain 2011). Hyperglycaemia-induced oxidative
stress is also responsible for endothelial dysfunction, chronic inflammation, apoptosis and
nitric oxide release, and all factors are interrelated in the pathophysiology of diabetic micro-
and macro-vascular complications (Vanessa Fiorentino et al. 2013), such as nephropathy,
neuropathy, retinopathy, heart failure, myocardial infraction and stroke (Moodley et al. 2015).
Therefore, it is vital to control hyperglycaemia and oxidative stress to combat T2D and its

associated complications.
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Currently, there are different strategies for the treatment of T2D, which are essentially based
on the control of hyperglycaemia (Corrales et al. 2020). It has been many years to use
antidiabetic/pharmaceutical oral hypoglycaemic agents as the primary therapeutic for the treate
of T2D (Wu et al. 2020). However, such drugs including metformin, glucagon-like peptide
(GLP-1 analogues), sulfonylureas and a-glucosidase inhibitors have various short- and/or long-
term side effects, such as weight gain or loss, hypoglycemia, nausea, fluid retention, diarrhoea,
heart and liver failure (Choudhury et al. 2018). In addition, approximately 80% of T2D patients
live in low- and middle-income countries where adequate medical services are not available,
which is another non-negligible factor limiting the use of such drugs (IDF 2019, Godman et al.
2020). Besides, weight control, dietary modifications, lifestyle and behavior norms changes are
also reported exhibiting positive effects in the management of T2D (ADA 2019). Still, the
compliance and acceptability of most patients weaken their efficacies (Beccuti et al. 2017). The
visible dramatic rise in the global incidence of T2D implies the drawbacks of above-mentioned

treatment strategies (Asrafuzzaman et al. 2017).

Therefore, it is necessary to develop alternative antidiabetic therapies and therapeutic strategies
favoring diabetic patients with fewer side effects, higher accessibility and affordability to
improve the present situation and prolong their lives. Medicinal plants or herbs are well-known
sources of phytochemicals and natural antioxidants (Saxena et al. 2013, Tungmunnithum et al.
2018). It has been widely accepted that their bioactive compounds possessing ameliorative
properties against oxidative stress-related chronic diseases with efficacy and safety (Martins et
al. 2016, Sarrafchi et al. 2016). Thus, the pharmaceutical application of such medicinal
plants/herbs to achieve multiple envisaged beneficial effect against T2D could be an attractive
option. Among them is GRT.

GRT is an unfermented form of rooibos herbal (non-Camellia sinensis) teas, which is
indigenous and exclusively located in the Cederberg mountainous regions in South Africa. It
is made from delicate stems and leaves of a leguminous shrub with bright green needle-shaped
leaves and small yellow flowers called Aspalathus linearis (Ajuwon et al. 2018). GRT is
reported to exhibit better antioxidant ability than the fermented (oxidized; traditional) rooibos
tea due to its non-fermentation process reserving higher levels of polyphenols and flavonoid
(Marnewick 2009). The potential clinical use of GRT contributes to its commercial success
around the world, which attributes to its diverse flavonoids including two distinctive flavonoids
(aspalathin, aspalainin) (Shimamura et al. 2006) and other different bioactive compounds such

as nothofagin, luteolin, rutin, orientin, iso-orientin, vitexin and iso-vitexin, (Krafczyk and
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Glomb 2008, Joubert et al. 2009). While some of them has been reported to exhibit
cardioprotective (Pantsi et al. 2011), anti-inflammatory (Ajuwon et al. 2014), antioxidant
(Joubert et al. 2012, Xiao et al. 2020) and anti-mutagenic (Snijman et al. 2007) effects in vitro,
ex vivo, in vivo and a few human studies (Marnewick et al. 2011). However, the activity and
mechanistic properties of concentrated GRT hot water extract in a fructose-fed streptozotocin

(STZ)-induced T2D model have so far not been investigated.

Therefore, the current study was carried out to examine the in vivo antioxidant and antidiabetic
effect of concentrated GRT hot water extract in a fructose-fed streptozotocin (STZ)-induced
T2D model of rats.

6.3.3 Materials and methods

Please refer to the chapter 2 for details of the methods used for green rooibos tea (Aspalathus

linearis).

6.3.4 Results

All the diabetic groups had significant (p < 0.05) higher mean daily feed and water intake than
NC and NGR groups, when DBC group exhibited the highest daily feed and water intake as
shown in Figure 6.3.1. DGRH group displayed slightly lower feed intake and water intake than
that of DGRL group (Fig. 6.3.1). Meanwhile, DBM had significantly lower feed and water
intake than GRT-treated groups and DBG group. No statistically significant (p > 0.05)

difference was observed between GRT-treated groups in daily feed and water intake.
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Figure 6.3.1: Mean feed and water intake in different animal groups during the experimental

period. Data are presented as the mean + SD of 5 or 7 animals. *4Values with different letters over the bars for
a given parameter represent significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control;
DGRL: Diabetic green rooibos tea (4dspalathus linearis) low dose; DGRH: Diabetic green rooibos tea (4spalathus
linearis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NGR: Normal green rooibos tea
(4spalathus linearis) high dose (toxicological control).

The weekly mean BW changes in all animal groups were shown in Figure 6.3.2. No significant
difference of initial BW (week 0) was seen in different groups; however, the BW gains of
diabetic groups were significantly (p < 0.05) lower than that of NC and NGR groups after the
STZ mjection. As the remaining experimental period (week 2 to week 6) proceeded, there were
higher, but not significantly (p > 0.05) elevated BW was observed in the GRT- and
glibenclamide- treated groups compared to DBC group. DBM exhibited a significantly (p <
0.05) higher BW gain than DBC group all through the intervention period. There was no
significant (p > 0.05) difference between DGRL and DGRH groups.

The weight and relative weight of pancreas in all animal groups were displayed in Figure 6.3.3.
A significantly lower weight was seen in DBC group when compared to normal groups.
However, these were slightly reversed in GRT- and standard drug-treated groups, with DGRH
group showing better pancreatic weight than that of DGRL group.
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Figure 6.3.2: Mean body weight in different animal groups. Data are presented as the mean = SD of
5 or 7 animals. *%Values with different letters near the lines for a given week represent significance of difference
(» < 0.05). NC: Normal control; DBC: Diabetic control; DGRL: Diabetic green rooibos tea (4dspalathus linearis)
low dose: DGRH: Diabetic green rooibos tea (4spalathus linearis) high dose; DBM: Diabetic metformin; DBG:

Diabetic glibenclamide; NGR: Normal green rooibos tea (4dspalathus linearis) high dose (toxicological control).
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Figure 6.3.3: Weight and relative weight of pancreas in different animal groups. Data are
presented as the mean + SD of 5 or 7 animals. *%Values with different letters over the bars or near the line for a
given animal group represent significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control;
DGRL: Diabetic green rooibos tea (4spalathus linearis) low dose; DGRH: Diabetic green rooibos tea (4spalathus
linearis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide: NGR: Normal green rooibos tea

(dspalathus linearis) high dose (toxicological control).
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There were significantly (p < 0.05) higher blood glucose concentrations were observed in all
diabetic groups when compared to normal groups upon induction of T2D as indicated in Figure
6.3.4. When all diabetic treatment groups displayed a reduction in the blood glucose levels
compared to DBC group, the DGRH group showing lower blood glucose level than DGRL

group.
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Figure 6.3.4: Weekly blood glucose concentrations of different animal groups. Data are presented

as the mean + SD of 5 or 7 animals. *%Values with different letters near the lines for a given week represent
significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DGRL: Diabetic green rooibos
tea (Aspalathus linearis) low dose; DGRH: Diabetic green rooibos tea (4spalathus linearis) high dose; DBM:
Diabetic metformin; DBG: Diabetic glibenclamide; NGR: Normal green rooibos tea (4spalathus linearis) high

dose (toxicological control).

Significantly (p < 0.05) better glucose tolerance ability of the rats was seen in normal groups
than that of the diabetic groups as depicted in Figure 6.3.5. There was a significant (p < 0.05)
elevation of blood glucose level at 30 minutes for all groups after an oral administration of a
dose of 2 g/lkg BW glucose. Except for DBC, the blood glucose level of all diabetic groups was
peaked at 30 minutes and started declining till the end of the OGTT test. All diabetic groups
with treatment exhibited significantly (p < 0.05) lower blood glucose levels than DBC group
at 60, 90- and 120-min, except DBG group at 120 minutes. The lowest blood glucose levels of
all animal groups were recorded at 120 min. DGRH group displayed lower blood glucose than
that of DGRL group during the entire period of the test. The AUC of normal groups and other
diabetic treated groups were significantly (p < 0.05) lower than that of DBC, which again

confirms their better glucose tolerance ability than DBC.
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Figure 6.3.5: Oral glucose tolerance test (OGTT) with corresponding area under the curve

(AUC) of different animal groups during the whole intervention period. Data are presented as the
mean = SD of 5 or 7 animals. *®Values with different letters near the lines for a given time represent significance
of difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DGRL: Diabetic green rooibos tea
(Aspalathus linearis) low dose; DGRH: Diabetic green rooibos tea (Aspalathus linearis) high dose; DBM: Diabetic
metformin; DBG: Diabetic glibenclamide; NGR: Normal green rooibos tea (Aspalathus linearis) high dose

(toxicological control).

The histopathological analysis of pancreatic tissues harvested from all animal groups were
shown in Figure 6.3.6. The parenchyma of rats in NC (blue arrow) displayed oval or circular
cluster of cells in the lobules abundant in eosinophilic cytoplasm, which are pale staining
compared to adjacent acini, with clear boundary between the endocrine and exocrine glands of
pancreatic islets. When compared to NC and NGR (black arrow) groups, microscopic
examination of the pancreas sections in DBC (red arrow) displayed a severe damage of
pancreatic islets with collapsed structure, degeneration of endocrine cells and lysed tissues,
mmplying a necrosis of pancreatic B-cells. While in the DGRL (grey arrow) and DGRHH
(yellow arrow) treated groups, the number of islet cells in the pancreatic islets increased notably
compared to DBC, appearing nearly as intact as the normal cells. However, this condition was
also ameliorated metformin and glibenclamide treated diabetic groups, with DBM (purple

arrow) showing a more promising regeneration of pancreatic islets than DBG (green arrow)

group.
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Figure 6.3.6. Histopathological examinations of the pancreatic tissue from different animal

groups at the end of the experimental period. Magnification: 10x. NC: Normal control; DBC:
Diabetic control; DGRL: Diabetic green rooibos tea (4spalathus linearis) low dose; DGRH: Diabetic green
rooibos tea (4Aspalathus linearis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NGR:

Normal green rooibos tea (4spalathus linearis) high dose (toxicological control).



The data of the concentrations of fasting serum lipids at the end of the experimental period are
presented in Figure 6.3.7. The concentrations of total cholesterol and LDL-cholesterol in DBC
group was significantly (p < 0.05) higher than the normal groups. Likewise, all the diabetic
groups with treatment exhibited a significant (»p < 0.05) decrease in the levels of these
cholesterols, with comparable lower level in DGRH group than that of DGRL group.
Furthermore, there was a concomitant significant reduction in HDL-cholesterol level in DBC
group when compared to the normal groups, this however was significantly reversed in the
treatment groups, with DGRH group showing better result than DGRL group. The serum
triglycerides in DBC group were significantly (p < 0.05) higher than that of other groups, while
all diabetic treatment groups exhibited significantly (p < 0.05) higher levels when compared
to normal groups, with DGRH group showing the lowest level among the treated diabetic

groups.
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Figure 6.3.7: Serum lipid profile of different animal groups at the end of the experimental

period. Data are presented as the mean + SD of 5 or 7 animals. *4Values with different letters over the bars for
a given parameter represent significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control;
DGRL: Diabetic green rooibos tea (4spalathus linearis) low dose; DGRH: Diabetic green rooibos tea (4spalathus
linearis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NGR: Normal green rooibos tea
(dspalathus linearis) high dose (toxicological control); HDL: High density lipoprotein; LDL: Low density

lipoprotein.
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Table 6.3.1: The effects of different doses of GRT on liver weight, relative liver weight and

liver glycogen levels in the different animal groups at the end of the intervention period

Parameter NC DBC DGRL DGRH DBM DBG NGR
Liver weights (g) 13.32+1.14°  11.13+1.23* 10.96+0.19° 12.57+0.38 12.41+1.48® 11.87+0.89%  11.95+0.20%
Rel. liver weights (%) 3.18+0.07¢ 4,03+0.59°  3.79+0.17° 3.95+0.25° 3.59+0.24% 4,07+0.27° 3.25+0.18°

Liver glycogen (mg/g
tissue) 6.26+0.23¢ 2.25+0.27% 5.64+1.02°¢  5,95+0.85% 4.89+0.16° 3.66+0.67° 6.11+0.18¢

Data are expressed as mean + SD (n =5 or 7), **Different superscript letters along a row indicate the significance
of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05). NC: Normal control; DBC: Diabetic control;
DGRL: Diabetic green rooibos tea (Aspalathus linearis) low dose; DGRH: Diabetic green rooibos tea (Aspalathus
linearis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NGR: Normal green rooibos tea

(Aspalathus linearis) high dose (toxicological control).

Table 6.3.2: Serum biochemical parameters in different animal groups at the end of the

experimental period

Parameter  NC DBC DGRL DGRH DBM DBG NGR

AST (U/L) 84.20+1.33°  156.20+14.96°  111.00+5.44%  105.00+2.85%  91.17+5.19® 96.60+15.93"  90.506.72%®

ALT
(UIL)

84.20+2.17*  93.40+3.65° 90.00+7.24" 84.00+1.59* 85.50+2.26% 88.67+4.73% 87.00£0.74%

ALP (U/L) 72.40+2.30° 364.60+15.98°  132.00+7.35°  86.00+6.63° 173.33£11.48°  351.00+6.32¢ 81.00+1.87%

Urea
(maldL) 56.00+3.08%  77.80+2.05¢ 74.00+5.76% 67.00+0.89° 68.67+3.83" 69.20+4.49° 73.00+6.96°%
mg
UA
2.60+0.55% 7.17+3.89¢ 5.11+0.27% 4.85+0.64% 3.21+1.12%¢ 4.17+3.38%° 2.29+0.34°
(mag/dL)
Creatinine
1.81+0.39% 3.37+0.90° 2.60+0.98° 2.36+0.57% 2.19+0.32% 2.38+0.55% 2.01+0.26®
(mag/dL)
CK-MB
i) 4.90+1.46° 44.74+2.99¢ 17.90+0.47°¢ 16.70+0.68° 7.20+2.84% 11.62+1.19° 6.60+1.75°

Results are expressed as mean + SD (n = 5 or 7). **Different superscript letters along a row indicate the
significance of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05). NC: Normal control; DBC:
Diabetic control; DGRL: Diabetic green rooibos tea (Aspalathus linearis) low dose; DGRH: Diabetic green
rooibos tea (Aspalathus linearis) tea high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NGR:
Normal green rooibos tea (Aspalathus linearis) tea high dose (toxicological control); AST: Aspartate transaminase;
ALT: Alanine transaminase; ALP: Alkaline phosphatase; UA: Uric acid; CK-MB: Creatinine Kinase-myocardial
band.

DBC showed significant (p < 0.05) lower liver weight than that of NC group, but no significant
(p > 0.05) difference with other groups as depicted in Table 6.3.1. DBC showed significant (p

186



< 0.05) lower liver weight than that of NC group, but no significant (p > 0.05) difference with
other groups. The relative liver weight in DBC group was significantly (p < 0.05) higher than
the normal groups (NC and NGR), while not statistically significant (p > 0.05) difference was
observed among the diabetic groups. DBC group showed the lowest liver glycogen level
compared to other groups, this was however significantly (p < 0.05) reversed by GRT

treatments, with DGRH group showing slightly higher liver glycogen than DGRL group.

Significantly (p < 0.05) higher level of the serum AST, ALT, ALP, urea, uric acid, creatinine,
and CK-MB in were seen in DBC group when compared to the normal groups (Table 6.3.2).
A significantly (p < 0.05) higher level of serum AST, ALP, creatinine, and CK-MB in all
diabetic groups, however these levels were significantly (p < 0.05) reversed in GRT- and
standard drugs- treated diabetic groups compared to DBC group. The levels of serum ALT,
uric acid, and urea in the DBC group were not significantly different compared to DGRL group.
DGRH showed significantly lower level of serum ALT, ALP, urea than that of DGRL and
DBC groups. There were no significant (p > 0.05) difference between DGRH and DGRL
groups in terms of the levels of serum AST, creatinine, and CK-MB.

Table 6.3.3: Serum insulin and fructosamine concentrations as well as computed HOMA-IR

and HOMA-B scores in different animal groups at the end of the experimental period

NC DBC DGRL DGRH DBM DBG NGR
Serum
Insulin 24.56+0.29¢ 9.35+0.23° 9.52+0.56% 10.42+0.23° 12.52+0.41° 10.88+0.44° 29.29+0.24¢
(pmol/L)

Fructosamine
387.67+22.50°  1210.33+60.00° 1133.33+91.56° 1042.33+143.27° 574.67+58.45° 546.33+33.13° 394.67+13.31°

(umol/L)
HOMA-IR 0.80+0.01* 1.73+£0.04° 1.12+0.07° 0.77+0.02* 1.02+0.03° 1.38+0.06¢ 0.90+0.01°
HOMA-B 39.58+0.46¢ 0.99+0.02* 1.72+0.10° 3.42+0.07° 3.62+0.12° 1.78+0.07° 54.43+0.45°

Results are expressed as mean + SD (n = 5 or 7). *®Different superscript letters along a row indicate the
significance of difference (Tukey’s-HSD multiple range post hoc test, p < 0.05). NC: Normal control; DBC:
Diabetic control; DGRL: Diabetic green rooibos tea (Aspalathus linearis) low dose; DGRH: Diabetic green
rooibos tea (Aspalathus linearis) tea high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NGR:
Normal green rooibos tea (Aspalathus linearis) tea high dose (toxicological control); HOMA-IR: Homeostatic

model assessment for IR (insulin resistance); HOMA-: Homeostatic model assessment for B (B-cell function).

The level of serum insulin in DBC group exhibited significantly (p < 0.05) lower than other
groups, however without statistically significant (p > 0.05) difference compared to DGRL
group as presented in Table 6.3.3. There was significantly higher HOMA-IR score in DBC
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group than that of other groups and the groups treated with GRT could reduce it significantly
(p < 0.05), with DGRH exhibiting the best result. In addition, DBC group displayed
significantly (p < 0.05) lower HOMA-J score than that of normal groups, while diabetic groups
treated with GRT displayed a significant (p < 0.05) increase compared to DBC group. As for
serum fructosamine, significantly higher concentration was displayed in DBC group than that
of normal groups. While there were not statistically significant (p > 0.05) different between
GRT-treated and untreated diabetic groups.

There was a significantly (p < 0.05) higher level of MDA in the pancreas, liver, kidneys, and
heart of the animals after the induction of T2D as portrayed in DBC group when compared
with the normal groups (NC and NGR) as indicated in Figure 6.3.8. The MDA level was
significantly depleted in diabetic treated groups, which was also replicated in the different
studied organs, with DGRH group exhibiting significantly (p < 0.05) lower MDA level than
DGRL group.
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Figure 6.3.8: Thiobarbituric acid reactive substances (MDA equivalent) in the pancreas, liver,

kidneys, and heart of all animal groups at the end of the experimental period. Data are presented
as the mean + SD of 5 or 7 animals. *%Values with different letters over the bars for a given organ represent
significance of difference (p < 0.05). NC: Normal control; DBC: Diabetic control; DGRL: Diabetic green rooibos
tea (dspalathus linearis) low dose; DGRH: Diabetic green rooibos tea (4dspalathus linearis) high dose; DBM:
Diabetic metformin; DBG: Diabetic glibenclamide; NGR: Normal green rooibos tea (4spalathus linearis) high

dose (toxicological control).
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Figure 6.3.9: Reduced glutathione (GSH) levels in the pancreas, liver, kidneys and heart of all

animal groups at the end of the experimental period. Data are presented as the mean = SD of 5 or 7

animals. *%Values with different letters over the bars for a given organ represent significance of difference (p <
0.05). NC: Normal control; DBC: Diabetic control; DGRL: Diabetic green rooibos tea (4spalathus linearis) low
dose; DGRH: Diabetic green rooibos tea (4dspalathus linearis) high dose; DBM: Diabetic metformin; DBG:
Diabetic glibenclamide; NGR: Normal green rooibos tea (4dspalathus linearis) high dose (toxicological control).
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Figure 6.3.10: Glutathione reductase (GR) activity in the pancreas, liver, kidneys and heart of

all animal groups at the end of the experimental period. Data are presented as the mean + SD of 5 or 7
animals. *%Values with different letters over the bars for a given organ represent significance of difference (p <
0.05). NC: Normal control; DBC: Diabetic control; DGRL: Diabetic green rooibos tea (4spalathus linearis) low
dose; DGRH: Diabetic green rooibos tea (4spalathus linearis) high dose; DBM: Diabetic metformin; DBG:
Diabetic glibenclamide; NGR: Normal green rooibos tea (4spalathus linearis) high dose (toxicological control).
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The GSH levels of organs in all animal groups were shown in Figure 6.3.9. Significantly (p <
0.05) lower GSH level was displayed in pancreas, liver, and kidneys in DBC group than that
of normal groups. GSH level of GRT- and standard drugs- treated diabetic groups compared to
DBC group was significantly increased in pancreas, liver, and kidneys, with DGRH group
showing better result than DGRL group in kidneys and better results in DGRL group than
DGRH group in pancreas and liver. While in the heart, there was no significant (p > 0.05)
difference displayed among all diabetic groups.

The activity of GR in organs of DBC was significantly (p < 0.05) lower than normal groups as
depicted in Figure 6.3.10. GRT- and standard drug- treated diabetic groups significantly
improved the GR activity in organs, with DGRH group having significantly (p < 0.05) higher
GR activity than DGRL group in liver and pancreas. While in the kidneys and heart,
significantly (p < 0.05) higher GR enzyme activity was observed in the DGRL group than
DGRH group.
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Figure 6.3.11: SOD activity in the pancreas, liver, kidneys, and heart of all animal groups at
the end of the experimental period. Data are presented as the mean + SD of 5 or 7 animals. **Values with

different letters over the bars for a given organ represent significance of difference (p < 0.05). NC: Normal control;
DBC: Diabetic control; DGRL: Diabetic green rooibos tea (4spalathus linearis) low dose; DGRH: Diabetic green
rooibos tea (4spalathus linearis) high dose; DBM: Diabetic metformin; DBG: Diabetic glibenclamide; NGR:

Normal green rooibos tea (4dspalathus linearis) high dose (toxicological control).
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The SOD activities in pancreas, liver, kidneys, and heart of all animal groups were presented
in Figure 6.3.11. There was a significantly (p < 0.05) lower SOD activity was observed in the
organs of DBC group when compared with normal groups. However, this was significantly
reversed in the pancreas, liver, kidneys, and heart of GRT- and standard drugs- treated groups
with the exception in the kidneys of DGRL group. DGRH group displaying significantly (p <
0.05) higher SOD activity in the kidneys, while significantly (p < 0.05) lower SOD activity in
the liver and heart, when compared to that of DGRL group.

The activities of catalase in organs of all animal groups are presented in Figure 6.3.12. The
catalase activity in the pancreas, liver, kidneys, and heart of DBC group was significantly (p <
0.05) lower than that of the normal groups (NC and NGR). The liver and heart of GRT-treated
diabetic groups displaying significantly higher catalase activity than DBC group, with DGRH
group showing better result than DGRL group, and better results in DGRH than DGRL group
were also seen in pancreas and kidneys. There was not statistically significant (p > 0.05)

difference between DGRL and DBC groups in terms of pancreas and kidneys.
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Figure 6.3.12: Catalase activity in the pancreas, liver, kidneys and heart of all animal groups

at the end of the experimental period. Data are presented as the mean = SD of 5 or 7 animals. **Values
with different letters over the bars for a given animal group represent significance of difference (p < 0.05). NC:
Normal control; DBC: Diabetic control: DGRL: Diabetic green rooibos tea (4spalathus linearis) low dose; DGRH:
Diabetic green rooibos tea (4Aspalathus linearis) high dose; DBM: Diabetic metformin; DBG: Diabetic
glibenclamide; NGR: Normal green rooibos tea (4spalathus linearis) high dose (toxicological control).
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6.3.5 Discussion

Consistently, rooibos tea has become more than a herbal tea, as a rich source of unique
antioxidants being explored for their potential use as nutraceuticals, in particular for the
prevention, treatment and management of T2D and its associated complications (Marnewick
et al. 2011, Muller et al. 2018). Increasing in vivo experimental evidence supports the
antidiabetic effects of GRT in diabetic animal models including STZ-induced diabetic Wistar
rats, T2D diabetic ob/ob, KK-AY mice, and high-fat-fed diabetic Vervet monkeys (Muller et al.
2012, Son et al. 2013, Kamakura et al. 2015, Orlando et al. 2017). In the current study, model
rats of T2D were created by feed 10% fructose solution combining STZ to imitate the
pathogenies of human T2D. Normal rats induced IR were gave a 10% fructose solution ad
libitum for first two weeks. Partial pancreatic f-cell dysfunction was developed employing an
intraperitoneal injection of STZ (40 mg/kg BW) after two weeks feeding of 10% fructose
solution (Wilson and Islam 2012).

The result of significantly (p < 0.05) higher water and feed intake and body weight loss in DBC
group compared to normal rats indicated the successful induction of T2D, which was in
consistent with major common symptoms of STZ-induced T2D including polydipsia,
polyphagia and body weight loss (Islam 2011, Ibrahim et al. 2016). Najafian (2016) reported
that the oral administration of aspalathin exhibited a weight loss control and food and water
intake reduction in STZ-induced diabetic rats. There are similar findings was found by Sezik
et al. (2005) who reported BW loss prevention after the consumption of another phytochemical
of rooibos tea, isoorientin, (15 and 30 mg/kg BW) for 30 days in STZ-induced diabetic rats.
Although significantly improved water and feed intake and relatively ameliorated BW loss in
DGRL and DGRH groups (Figure 6.3.1) compared to DBC group, the treatment could not
reverse the STZ-induced T2D condition to normal, which may be due to a short intervention
period. It still revealed a potent antidiabetic effect of GRT against the major symptoms of T2D
when polyphenols from GRT might be responsible for these effects.

Persistent hyperglycaemia was displayed in DBC group compared to NC group after the
injection of STZ, which further confirmed the successful induction of T2D (Figure 6.3.4).
Meanwhile, significantly higher HOMA-IR score in DBC group compared to NC group (Table
6.3.3) demonstrated the onset of IR and significantly lower HOMA-f score (Table 6.3.3) in
DBC compared to NC indicated the induction partial pancreatic B-cell dysfunction, which are
the primary pathogenesis of T2D (Bergman et al. 2002). However, the NFBG and FBG in
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DGRL and DGRH groups suggested a dose-dependent effect of GRT in reducing blood glucose
level (Figure 6.3.4), when significant (p < 0.05) reducing effects were observed particularly
during week 4 and week 5. The potential blood glucose improvement ability was further
supported by the OGTT result (Figure 6.3.5), high blood glucose concentrations during the
whole test indicated the impaired glucose tolerance in DBC group, while the significantly lower
blood glucose in DGRL and DGRH groups after 30 min exhibiting the ability of GRT in
improving glucose intolerance in a dose-dependent manner. These are in line with Muller et al.
(2012) who reported that an aspalathin-enriched unfermented rooibos extract (25 mg/kg BW,
30 mg/kg BW) modulated glucose metabolism via reducing blood glucose and increasing
glucose tolerance in STZ-induced diabetic Wistar rats. This is also evident by Mikami et al.
(2015) who reported an overload carbohydrate induced non-diabetic rat model displaying GRT

effect of counteracting the elevation of blood glucose.

Moreover, Son et al. (2013) and Kamakura et al. (2015) reported a glucose tolerance improving
activity in type 2 diabetic ob/ob and KK-AY mice model, respectively, which further
highlighted the antidiabetic potential of GRT extract and its novel flavonoid aspalathin.
Additionally, one recent study by Orlando et al. (2017) reported that the supplementation of
aspalathin-enriched GRT extract to demonstrate its antidiabetic potential through glucose
tolerance improvement in high-fat-fed diabetic VVervet monkeys. Two old papers reported that
another phenolic present in rooibos tea, isoorientin, displayed its antidiabetic effects in STZ-
induced diabetic rats through improving hyperglycaemia (Andrade-Cetto and Wiedenfeld 2001,
Sezik et al. 2005). This could be attributed to the potent effects of GRT and its phenolics on
inhibiting the activities of carbohydrate digesting key enzymes linked to T2D, as well as
suppressing intestinal glucose absorption as reported previously (Ademiluyi and Oboh 2013,
Kachidza 2014, Mikami et al. 2015, Xiao et al. 2020). Furthermore, the management of
hyperglycaemia of GRT further correspond with its effects on alleviating major common T2D
symptoms exhibits its pharmaceutical interest, as anti-hyperglycaemia is one of the main
effects of current synthetic oral hypoglycaemic agents (Hung et al. 2012).

Chronic uncontrolled hyperglycaemia leads to insulin secretion defects in pancreatic -cells,
with subsequent increasing [-cell apoptosis and decreasing B-cell proliferation and p-cell
number and function has been well-documented (Bonner-Weir and O'Brien 2008, Vetere et al.
2014, Nowotny et al. 2015). This manifested as the reduced serum insulin level, impaired

pancreatic B-cell function and decreased pancreatic weight (Figure 6.3.3 and Table 6.3.3) in
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the DBC group. Nevertheless, the consumption of GRT heightened serum insulin levels,
improved IR and pancreatic B-cell function and restored the pancreatic morphology in diabetic
groups (Table 6.3.3 and Figure 6.3.6). In one of our previous papers, the concentrated hot
water GRT demonstrated in vitro antioxidant activity in addition to other studies working on
aqueous extracts of unfermented and fermented rooibos tea or their bioactive compounds
(Joubert et al. 2005, Almajano et al. 2008, Li et al. 2009, Mathijs et al. 2014, Xiao et al. 2020).
This indicates that GRT may protect pancreatic islets from morphology through the antioxidant
properties since oxidative stress plays a major causal role in the T2D pancreatic 3-cell damage
(Montane et al. 2014). Furthermore, serum fructosamine is accepted as a useful tools in order
to understand the level of hyperglycaemia for a considerable period of time, the significantly
higher concentration of fructosamine in DBC group compared to normal groups (Table 6.3.3)
suggested an increase of protein glycosylation, which mainly contributes to the generation of
advanced glycation end products in the diabetic state (Mittman et al. 2010). However, there
was no significant (p > 0.05) alterations of the serum fructosamine level in GRT-treated groups
which seems to be in line with some published data (Vural et al. 2001, Baydas et al. 2002,
Ulicna et al. 2006). This suggested that free radicals not necessarily the only causative reason
for the development of STZ-induced T2D (Szkudelski 2001).

Mazibuko-Mbeje et al. (2019) reported that aspalathin-enriched GRT extract has strong
potential to ameliorate hepatic insulin resistance through improving insulin sensitivity in
palmitate-exposed C3A liver cells and obese insulin-resistant rats. The liver is the main organ
responsible for insulin sensitivity; it reduces blood glucose concentration via suppressing
gluconeogenesis and promoting glycogen synthesis in response to insulin action (Petersen et
al. 2017). The significantly (p < 0.05) reduced liver glycogen level shown in the DBC rats
(Table 6.3.1) has been reported in STZ-induced T2D (Oyebode et al. 2020). However, this
effect was significantly reversed to near normal in the DGRL and DGRH groups and was even
better than DBG and DBM groups (Table 6.3.1). This may indicate that GRT modulates
glycogen biosynthesis by improving hepatic insulin sensitivity through reducing glycogen
phosphorylation or increasing glycogen synthase activity (Islam 2011). This hepatic glycogen
synthesis and storage activity may also contribute to the consumption of GRT, lowering the
blood glucose level (Figure 6.3.4) in comparison to DBC group, thus further revealed its
antidiabetic activity. This was also supported by its antihyperlipidemic effects (Figure 6.3.5).

It is believed that dyslipidaemia in T2D has been implicated with IR, which may stimulate

lipolysis from the fat depots and eventually elevating the serum levels of TG and TC (De Silva

194



and Frayling 2010, Vijayaraghavan 2010). In one earlier study, treatment of aspalathin-
enriched GRT extract (90 mg/kg) to high-fat-fed diabetic Vervet monkeys for 28 days
displayed antihyperlipidemic activity by improving total cholesterol due to reducing the level
of LDL-c (Orlando et al. 2017). In another study, consumption of aqueous rooibos tea extract
(10 g/L) for 14 weeks to hyperlipidaemic mice exhibited potent activity in reducing serum
levels of TC, TG and fatty acid concentrations (Beltran-Debon et al. 2011) which in consistent
with partial hypocholesterolaemia effect in similar models (Ziaee et al. 2009). However, in our
study, the significantly improved serum lipid profile in DGRL and DGRH groups compared to
the DBC groups exerted antihyperlipidemic effects of GRT with reducing levels of TG, TC,
LDL-c and increasing HDL-c level, which could be attributed to the reduction of IR in GRT
treated animals (Figure 6.3.7).

Ayeleso, Oguntibeju et al. (2015) reported the hepato-protective ability of fermented rooibos
tea extract (20 g/L) consumed by intramuscular injected STZ-induced diabetes for 49 days
exhibiting significantly (p < 0.05) lower serum ALT, AST, and ALP when compared to
diabetic control animals. Additionally, Ulicna et al. (2006) reported that the oral administration
of rooibos tea (5 mg/kg) for eight weeks and oral administration of alkaline rooibos tea extract
(300 mg/kg BW) for eight weeks only slightly decreased the concentration of plasma urea and
activity of AST, ALP, ALT, but significantly (p < 0.05) decreased the concentration of
creatinine. This was partially in agreement with our study. Treated groups of low dose and high
dose (150 mg/kg and 300 mg/kg) of concentrated hot water of GRT exhibited notable
reductions of serum AST, ALT, ALP, urea, uric acid, creatinine, and CK-MB compared to the
untreated diabetic group (Table 6.3.2), when the effects of DGRH group was significantly (p
< 0.05) better than DGRL group, particularly in improving serum ALT, ALP and urea near to
normal. This result demonstrated the cardiac-protective, hepato-protective, and renal-

protective properties of GRT.

The antioxidant activity of rooibos tea in models of STZ-induced diabetes has been reported in
several previous studies (Ulicna et al. 2006, Ayeleso et al. 2014, Dludla et al. 2017). Ulicna et
al. (2006) reported aqueous and alkaline extracts of fermented rooibos tea (2.5% ad libitum) in
STZ-induced diabetic Wistar rats when significantly decreased MDA level was observed in the
liver, kidney, lens, and plasma. MDA is a biomarker of severity of membrane lipid peroxidation
and oxidative stress (Gueraud et al. 2010). The improved lipid peroxidation state in different

organs showed in GRT-treated diabetic groups indicates the anti-peroxidative potential of GRT
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through significantly decreasing MDA levels compared to DBC, particularly in a high dose
group of GRT (Figure 6.3.8).

GSH is a prominent non-enzymatic antioxidant (Nurdiana et al. 2017), while GR activity
attributes to GSH content, protein activity and integrity of cells and organs (Gawlik et al. 2016).
The significantly (p < 0.05) higher level of GSH in pancreas, liver and kidneys (Figure 6.3.9)
and GR activity in organs of DGRL and DGRH groups when compared to DBC group (Figure
6.3.10) again portrays the in vivo antioxidant property of GRT in STZ-induced T2D. This is
backed up by the consumption of six cups of fermented rooibos tea per day in adults human
volunteers with risk of cardiovascular disease, exhibiting increased antioxidant status and
decreased oxidative stress through decreasing lipid peroxidation and increasing GSH level and
GSH/GSSG ratio (Marnewick et al. 2011).

Waisundara and Hoon (2015) reported that different concentrations of rooibos tea exhibiting
its stimulation of the catalase and SOD enzyme activities in a dose-dependent manner in an in
vitro diabetes model. SOD and catalase are important endogenous antioxidant enzymes
scavenging free radicals. The former one specifically catalyses superoxide anions to oxygen
and hydrogen peroxide (H202), while the latter one converts H>O> into oxygen and water
(Ighodaro and Akinloye 2018). The significantly reverted activities of these enzymes in most
of the organs of animals in DGRL and DGRH groups compared to the animals in DBC group
(Figure 6.3.11 & 6.3.12), further collaborate the decreased MDA level (Figure 6.3.8)
supporting the in vivo antioxidant effects of GRT. Therefore, these data indicated the
antidiabetic effect of concentrated hot water GRT in organs of high fat-fed STZ- induced T2D
rats were mediated by increasing in the activity of SOD, catalase, GR, and the level of GSH,

meanwhile decreasing the level of MDA.

6.3.6 Conclusion

In conclusion, oral administration of green rooibos tea concentrated hot water extract (150 and
300 mg/kg BW) have demonstrated in vivo antioxidant and antidiabetic activity through
improving the major symptoms of T2D, reducing hyperglycaemia, alleviating glucose
tolerance ability, improving insulin resistance, ameliorating pancreatic 3-cell histology and (-
cell functions and hyperlipidaemia, improving some biomarkers of T2D associated
complications, suppressing organs oxidative stress in a fructose-fed STZ-induced T2D model
of rats. Hence, green rooibos tea can be used not only as antidiabetic drink but also as an

antidiabetic food supplements in diabetic food and food products.
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CHAPTER 7
7.0 GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS
7.1 General discussion

In the 21st century, diabetes mellitus (DM) is one of the global epidemics with one of the
highest prevalence, which has shown a worldwide rapid growth trend with a prevalence of 9.3%
(approximately 463 million) in 2019 and estimated prevalence around 10.9% (over 700 million)
in 2045 (WHO 2016, IDF 2019). Among them, the prevalence of diabetes in China has reached
10.9% (about 116 million), which is accounting for around 25% of the total number of global
diabetics. On the other hand, the prevalence of diabetes in South Africa reaches 12.8% (about
4.58 million), which is around 24% of the total number of diabetics in Africa. Therefore, China
is the focus of global diabetes, while South Africa is the focus in Africa. There are a lot of
synthetic drugs that are currently employed to control and treat DM, but with undesired side
effects and less accessible to diabetics in developing countries. Tea is the most worldwide
common beverage just after water that can be categorized into traditional tea or herbal tea,
which are made from Camellia sinensis and non-Camellia sinensis teas or tisanes, respectively.
In China, Camellia sinensis has more than 5000 years of cultivation and application history
since time immemorial, with mounting evidence of beneficial to diabetics. While in South
Africa, the antidiabetic effect and various health-promoting functions of rooibos (Aspalathus
linearis) and honeybush (Cyclopia species) tea on DM make them increasingly popular
worldwide (Van Wyk and Gericke 2000, Van Wyk 2008).

Five teas were selected based on their daily consumption and literature review in the treatment
of DM and its associated complications. These teas are jasmine green tea (Camellia sinensis),
zhengshanxiaozhogn black tea (Camellia sinensis), red honeybush tea (Cyclopia genistoides),
red and green rooibos tea (Aspalathus linearis). Sequential extraction and concentrated hot-
water infusion extracts of these teas were assessed in this study to support further explorations
of these teas in the pharmaceutical industry either in their crude form or standard formulations.
Their antioxidant, antidiabetic properties, mechanisms of actions, and possible bioactive
phytochemicals responsible for these activities were investigated through in vitro, ex vivo and
in vivo tests. Moreover, their antioxidant and antidiabetic activities were compared to give

guidance to those tea drinkers.

In vitro and ex vivo comparative studies on phytochemicals, antioxidative and antidiabetic

activities were conducted between Camellia sinensis (ZSXZ black tea) and Aspalathus linearis
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(red rooibos tea) (Section 3.1). The total phenol content of these two teas concentrated
infusions was determined with red rooibos tea exhibited significantly higher content than black
tea. Concentrated infusions of the teas demonstrated antioxidant potentials via displaying
significant free radical scavenging activities in vitro. Their antioxidant activities in FeSOa-
induced oxidative hepatic tissue was further demonstrated by their abilities of significantly
increasing the reduced glutathione level, enzyme activities of superoxide dismutase and
catalase, while concomitantly depleting the level of malondialdehyde. Moreover, the teas also
significantly inhibited intestinal glucose absorption in the isolated rat jejunum and a-amylase
activities, and elevated glucose uptake in the isolated psoas muscle. The LC-MS phytochemical
profiling revealed the presence of hydroxycaffeic acid, I-threonate, caffeine, vanillic acid, n-
acetylvaline, and spinacetin 3-glucoside in C. sinensis. While quinolinic acid, coumestrol,
phloroglucinol, 8-hydroxyquercetagetin, umbelliferone, and ajoene in A. linearis. Based on the
results from this study, these teas may thus be employed as functional foods in the management
of the disease, with A. linearis (rooibos tea) showing better activity than C. sinensis (ZSXZ
black tea).

Comparative studies on antioxidative, antiobesogenic and antidiabetic activities of
concentrated infusions of C. sinensis (jasmine green tea) and A. linearis (green rooibos tea)
were examined in vitro and ex vivo in this study (Section 3.2). C. sinensis exhibited higher total
polyphenolic content, better in vitro and ex vivo antioxidant ability than A. linearis. C. sinensis
also showed better a-amylase and a-glucosidase inhibitory activities. While for anti-lipase
activity, A. linearis was higher than C. sinensis. The glucose absorption in the small intestine
was significantly lower, and glucose uptake in the peripheral tissues was significantly higher
in C. sinensis than A. linearis. The LC-MS analysis revealed the presence of trifoliol, catechin,
L-theanine, vanillic acid, epigallocatechin, and caffeine in C. sinensis, while vanillic acid,
chrysoeriol, p-coumaric acid, dihydroferulic acid, luteolin and quercetin in A. linearis. These

results highlighted their usage in antidiabetic actions.

Red honeybush tea (Cyclopia genistoides) was sequentially extracted with different solvents
(dichloromethane, ethyl acetate, ethanol, and aqueous) following increasing polarity index on
scientific purposes to assess their antioxidant, antidiabetic and antiobesogenic potentials in
vitro and ex vivo. The aqueous and ethyl acetate extracts were the most potent in free radical
scavenging and a-glucosidase enzymes activity. The antioxidant activity of all extracts was

further affirmed by the ability to increase CAT and SOD activities, glutathione level and lipid
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peroxidation elimination in Fe**-induced oxidative pancreatic tissue (Section 4.2). Their GC-
MS analysis revealed the presence of n-hexadecanoic acid, cis-6-octadecenoic acid, 4-
hydroxybenzoic acid, shikimic acid, propanoic acid, 2-methylpropy! ester, hexadecanoic acid
methy!l ester, 9,12-octadecadienoic acid, methyl ester, 9,12-octadecadienoic acid (Z,Z2)-,2-
hydroxy-1-(hydroxymethyl)ethyl ester, pentadecyl acrylate, n-nonadecanol-1, tyrosol, phytol,
3-n-butylthiolane, sitosterol, vitamin E, 3-O-methyl-D-glucose, 4-(4-hydroxyphenyl)butan-2-
one, 4-(4-hydroxy-3-methoxyphenyl)-2-butanone, and stigmastan-3,5-diene. A low dose of
150 and a high dose of 300 mg/kg body weight of concentrated hot-water infusion extract of
Cyclopia genistoides in drinking water was subjected to in vivo analysis in type 2 diabetes
model of rats (Section 4.3). After 5 weeks intervention, the improved condition in
streptozotocin-induced diabetic rats of the treatments exhibiting the antihyperglycemic,
antihyperlipidemic, antioxidant effects of Cyclopia genistoides, therefore contributing to its
outstanding potential as a nutraceutical in ameliorating type 2 diabetes and some of its

associated complications.

For jasmine green tea (Camellia sinensis), varying polarity solvents (dichloromethane, ethyl
acetate, ethanol) were utilized to yield its sequential extracts, which were then subjected to
assess their antioxidant and antidiabetic activities in vitro and ex vivo models (Section 5.2).
Among them, the ethanol extract displayed the best antioxidant activity in vitro and the best
inhibitory potential on a-glucosidase activity. At the same time, the ethyl acetate extract
exhibited the best inhibitory potential on pancreatic lipase activity. Their antioxidant activity
was further elucidated in oxidative hepatic tissue through promoting catalase activity,
superoxide dismutase activity, and reduced glutathione levels with concomitantly decreasing
levels of malondialdehyde. All the extracts were subjected to gas chromatography-mass
spectroscopy (GC-MS) analysis for possible bioactive compounds identification. Caffeine,
styrene, n-hexadecanoic acid, octadecanoic acid, tetradecanoic acid, 1-benzoyl-4,5-dihydro-
4,4 5,5-tetramethyl-3-phenyl-1h-pyrazole and 1,2-propanediol, 3-benzyloxy-1,2-diacetyl were
revealed. Concentrated hot-water infusion extract of Jasmine green tea in drinking water were
orally administered to diabetic rats five days per week for five weeks (Section 5.3). Diabetic
treatment groups exhibited impressive results in a dose-dependent manner in most parameters
such as ameliorating blood glucose level, increasing oral glucose tolerance ability, improving
serum insulin resistance and pancreatic B-cell function, and prevented oxidative stress-
mediated damages of organs compared to the untreated diabetic animals. In general, Jasmine

green tea could play a positive role in exploiting antidiabetic alternative therapies.
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The dichloromethane, ethyl acetate, ethanol crude extracts of green rooibos tea (Aspalathus
linearis) was investigated for their potential antioxidant and antihyperglycemic activities
(Section 6.2). In vitro assays including 1,1-diphenyl-2-picrylhydrazyl (DPPH) and ferric
reducing antioxidant power (FRAP) were utilized to determine the antioxidant activity of all
the extracts. The ethanol extract showed the highest level of total phenolics content and
antioxidant capacity. While the antihyperglycemic potentials of the extracts were determined
by examining inhibitory effects on a-glucosidase and a-amylase enzymes, with the ethanol
extract exhibiting pronounced enzyme inhibitory activities compared to dichloromethane and
ethyl acetate extracts. Furthermore, gas chromatography-mass spectrometry (GC-MS) analysis
of all the extracts revealed the presence of n-hexadecanoic acid, octadecanoic acid, 1',4',2,6,6-
pentamethyl-spiro-1-(cyclohex-2-ene)-2'-(5'-oxabicyclo  [2.1.0] pentane) and styrene.
However, there were no reports about the bioactivities of 1',4',2,6,6-pentamethyl-spiro-1-
(cyclohex-2-ene)-2'-(5'-oxabicyclo [2.1.0] pentane), further work is needed to be done to
confirm its antioxidant or antidiabetic ability. These results suggest an antihyperglycemic and
antioxidative effect of green rooibos tea, particularly its ethanol extract. In addition, the
antioxidant and antidiabetic ability of green rooibos tea concentrated hot water-infusion extract
was examined in a type 2 diabetes animal model (Section 6.3). Oral administration of the low
and high dose of green rooibos tea treatment demonstrated antioxidant and antidiabetic activity
through reducing hyperglycaemia, alleviating glucose tolerance ability, improving insulin
resistance, ameliorating pancreatic B-cell histology and B-cell functions and hyperlipidaemia,
suppressing diabetes-induced oxidative stress. Results from this study indicate that green
rooibos tea displayed promising antioxidant and antidiabetic ability in ameliorating and

treating T2D and its associated complications.
7.2 General conclusion

Five teas investigated in this study rendering promising antioxidant and antidiabetic activity in
vitro and ex vivo models. Besides, three of them namely: jasmine green tea (Camellia sinensis),
red honeybush tea (Cyclopia genistoides), green rooibos tea (Aspalathus linearis) exhibiting
outstanding antidiabetic activity in fructose-fed streptozotocin-induced T2D model of rats
employed in the current study (Table 7.1). According to the scoring table, high dose of jasmine
green tea showing the best activity followed by the high dose of red honeybush tea, low dose
of jasmine green tea, high dose of green rooibos tea, low dose of red honeybush tea, when
lowest activity was observed for the low dose green rooibos tea. Based on these results, jasmine

green tea and red honey bush tea extracts of concentrated hot water have been found the most
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effective teas from Chinese and South African origin, respectively. However, further studies

are warranted in human subjects in order to confirm the results of this study.

Table 7.1: Scoring value of jasmine green tea, green rooibos tea, and red honeybush tea for

different diabetes-related parameters during the intervention period

Diabetes-related parameters Score value for effects of treatment groups compared to
DBC
Category Assay or DRHL DRHH DJGL DJGH DGRL DGRH
measurement
Calorie and Food intake +1 + +1 +2 +1 +1
weight gain
Mean body Weight +0 +0 +1 +1 0 +1
at week 6
Net effect score 1 1 2 3 1 2
Glycaemic NFBG at week 4 +1 +1 +1 +2 +1 +1
and insulin
profile FBG at week 5 +1 +1 +1 +1 +1 +2
AUC of OGTT +2 +2 +1 +2 +1 +1
Serum insulin +1 +3 +3 +3 0 +1
Net effect score 5 7 6 8 3 5
Serum lipid Total cholesterol +1 +2 +2 +2 +1 +2
profile
Triglyceride +2 +2 +2 +3 +1 +2
HDL-cholesterol +2 +4 +1 +2 +1 +1
LDL-cholesterol +1 +2 +1 +1 +1 +1
Net effect score 6 10 6 8 4 6
Total net 12 18 14 19 8 13

effect score

Values 0 to 3 means either no significant difference (0) or first to third level (1 to 3) of
significant difference (p < 0.05) of treatment groups compared to the diabetic control groups.
Positive (+) score values mean that the effect of treatments was potentially beneficial (+)

relative to diabetic untreated group (DBC). DBC: Diabetic control; DRHL: Diabetic red honeybush
(Cyclopia genistoides) tea low dose; DRHH: Diabetic red honeybush (Cyclopia genistoides) tea high dose; DJGL.:
Diabetic jasmine green tea (Camellia sinensis) low dose; DJGH: Diabetic jasmine green tea (Camellia sinensis)
high dose; DGRL.: Diabetic green rooibos (Aspalathus linearis) tea low dose; DGRH: Diabetic green rooibos tea

(Aspalathus linearis) high dose.
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7.3 Recommendation

The data of these study suggest that while all teas from both Chinese and South Africa origins
have potential antioxidative and antidiabetic effects, jasmine green tea from Chinese origin and
red honeybush tea from South African origin have been found to be most effective at their high
dosages. It is also better to mention that no adverse effects were observed in animal models
with the high dosages of these teas in our study so these teas can be used as potential
antidiabetic food supplements. However, detailed studies are recommended to carry out on
metabolomics, molecular and gene expression studies of the key proteins related to type 2
diabetes to understand the mechanisms behind the actions of these teas fully. Human diabetic
subjects could be applied to confirm the antidiabetic activity of these teas. The identified
phytochemicals can also be isolated and subject to further studies regarding developing novel

antidiabetic drugs.

202



REFERENCES

Abdul-Ghani, M. A., D. Tripathy and R. A. DeFronzo (2006). "Contributions of 3-cell dysfunction and
insulin resistance to the pathogenesis of impaired glucose tolerance and impaired fasting glucose."
Diabetes Care 29(5): 1130-1139.

Abolfathi, A. A., D. Mohajeri, A. Rezaie and M. Nazeri (2012). "Protective effects of green tea extract
against hepatic tissue injury in streptozotocin-induced diabetic rats." Evidence-Based
Complementary and Alternative Medicine 2012: 1-10.

ADA (2014). "Diagnosis and classification of diabetes mellitus.” Diabetes Care 37(Supplement 1): S81-
S90.

Adefegha, S. and G. Oboh (2011). "Enhancement of total phenolics and antioxidant properties of some
tropical green leafy vegetables by steam cooking." Journal of Food Processing and Preservation
35(5): 615-622.

Ademiluyi, A. O. and G. Oboh (2013). "Soybean phenolic-rich extracts inhibit key-enzymes linked to
type 2 diabetes (a-amylase and a-glucosidase) and hypertension (angiotensin | converting enzyme)
in vitro." Experimental and Toxicologic Pathology 65(3): 305-3009.

Adeva-Andany, M. M., M. Gonzalez-Lucéan, C. Donapetry-Garcia, C. Fernandez-Fernandez and E.
Ameneiros-Rodriguez (2016). "Glycogen metabolism in humans.” BBA Clinical 5: 85-100.

Aebi, H. (1984). [13] Catalase in vitro. Methods in Enzymology 105: 121-126.

Aguilar-Bryan, L., C. G. Nichols, S. W. Wechsler, J. t. Clement, A. r. Boyd, G. Gonzalez, H. Herrera-
Sosa, K. Nguy, J. Bryan and D. A. Nelson (1995). "Cloning of the beta cell high-affinity
sulfonylurea receptor: a regulator of insulin secretion." Science 268(5209): 423-426.

Aguilar, T. A. F., B. C. H. Navarro and J. A. M. Perez (2016). "Endogenous antioxidants: a review of
their role in oxidative stress." A master regulator of oxidative stress-the transcription factor nrf2.
DOI:10.5772/65715.

Ahmad, B., M. U. Rehman, I. Amin, A. Arif, S. Rasool, S. A. Bhat, |. Afzal, |. Hussain and S. Bilal
(2015). "A review on pharmacological properties of zingerone (4-(4-Hydroxy-3-methoxyphenyl)-
2-butanone).” The Scientific World Journal 2015: 1-6.

Ajith, A. T. and P. Vinodkumar (2016). "Advanced glycation end products: association with the
pathogenesis of diseases and the current therapeutic advances." Current Clinical Pharmacology
11(2): 118-127.

Ajuwon, O. R., A. O. Ayeleso and G. A. Adefolaju (2018). "The potential of South African herbal
Tisanes, Rooibos and Honeybush in the management of type 2 diabetes mellitus." Molecules 23(12):
3207.

Ajuwon, O. R., O. O. Oguntibeju and J. L. Marnewick (2014). "Amelioration of lipopolysaccharide-
induced liver injury by aqueous rooibos (Aspalathus linearis) extract via inhibition of pro-

inflammatory cytokines and oxidative stress.” BMC Complementary and Alternative Medicine

203



14(1): 1-12.

Ak, T. and 1. Giilgin (2008). "Antioxidant and radical scavenging properties of curcumin." Chemico-
Biological Interactions 174(1): 27-37.

Alam, U., O. Asghar, S. Azmi and R. A. Malik (2014). General aspects of diabetes mellitus. Handbook
of Clinical Neurology 126: 211-222.

Alappat, B., J. A. Sarna, C. Truong, K. Kleinrichert and P. Brehm (2015). "Anticancer and antioxidant
properties of flavored green tea extracts." Journal of Agriculture of Life Sciences 2: 15-24.

Alasalvar, C. and B. W. Bolling (2015). "Review of nut phytochemicals, fat-soluble bioactives,
antioxidant components and health effects.” British Journal of Nutrition 113(S2): S68-S78.

Alberti, K. G. M. M. and P. Z. Zimmet (1998). "Definition, diagnosis and classification of diabetes
mellitus and its complications. Part 1: diagnosis and classification of diabetes mellitus. Provisional
report of a WHO consultation." Diabetic Medicine 15(7): 539-553.

Alkhatib, A., C. Tsang, A. Tiss, T. Bahorun, H. Arefanian, R. Barake, A. Khadir and J. Tuomilehto
(2017). "Functional foods and lifestyle approaches for diabetes prevention and management."
Nutrients 9(12): 1310-1328.

Almajano, M. P., R. Carbo, J. A. L. Jiménez and M. H. Gordon (2008). "Antioxidant and antimicrobial
activities of tea infusions.” Food Chemistry 108(1): 55-63.

Almind, K., C. Bjgrbaek, H. Vestergaard, T. Hansen, S. Echwald and O. Pedersen (1993). "Aminoacid
polymorphisms of insulin receptor substrate-1 in non-insulin-dependent diabetes mellitus." The
Lancet 342(8875): 828-832.

Algahtani, N., W. A. G. Khan, M. H. Alhumaidi and Y. A. A. R. Ahmed (2013). "Use of glycated
hemoglobin in the diagnosis of diabetes mellitus and pre-diabetes and role of fasting plasma glucose,
oral glucose tolerance test." International Journal of Preventive Medicine 4(9): 1025-1029.

Altuntas, 1., I. Kilinc, H. Orhan, R. Demirel, H. Koylu and N. Delibas (2004). "The effects of diazinon
on lipid peroxidation and antioxidant enzymes in erythrocytes in vitro." Human & Experimental
Toxicology 23(1): 9-13.

Anderson, R. A. and M. M. Polansky (2002). "Tea enhances insulin activity." Journal of Agricultural
and Food Chemistry 50(24): 7182-7186.

Andrade-Cetto, A. and H. Wiedenfeld (2001). "Hypoglycaemic effect of Cecropia obtusifolia on
streptozotocin diabetic rats.” Journal of Ethnopharmacology 78(2-3): 145-149.

Anesini, C., G. E. Ferraro and R. Filip (2008). "Total polyphenol content and antioxidant capacity of
commercially available tea (Camellia sinensis) in Argentina." Journal of Agricultural and Food
Chemistry 56(19): 9225-9229.

Anthanont, P., P. Ramos, M. D. Jensen and K. C. Hames (2017). "Family history of type 2 diabetes,
abdominal adipocyte size and markers of the metabolic syndrome." International Journal of Obesity
41(11): 1621-1626.

Aouacheri, O., S. Saka, M. Krim, A. Messaadia and I. Maidi (2015). "The investigation of the oxidative

204



stress-related parameters in type 2 diabetes mellitus.” Canadian Journal of Diabetes 39(1): 44-49.

Aparna, V., K. V. Dileep, P. K. Mandal, P. Karthe, C. Sadasivan and M. Haridas (2012). "Anti-
inflammatory property of n-hexadecanoic acid: structural evidence and kinetic assessment."
Chemical Biology & Drug Design 80(3): 434-439.

Arora, M. K. and U. K. Singh (2013). "Molecular mechanisms in the pathogenesis of diabetic
nephropathy: an update.” Vascular Pharmacology 58(4): 259-271.

Arozal, W., F. D. Suyatna, V. Juniantito, D. S. Rosdiana, S. Amurugam, R. Aulia, E. Monayo and R.
Siswandi (2015). "The effects of mangiferin (Mangifera indica L) in doxorubicin-induced
cardiotoxicity in rats." Drug Research 65(11): 574-580.

Arumugam, G., P. Manjula and N. Paari (2013). "A review: Anti diabetic medicinal plants used for
diabetes mellitus." Jounarl of Acute Disease 2(3): 196-200.

Aslani, B. A. and S. Ghobadi (2016). "Studies on oxidants and antioxidants with a brief glance at their
relevance to the immune system." Life Sciences 146: 163-173.

Asrafuzzaman, M., Y. Cao, R. Afroz, D. Kamato, S. Gray and P. J. Little (2017). "Animal models for
assessing the impact of natural products on the aetiology and metabolic pathophysiology of Type 2
diabetes." Biomedicine & Pharmacotherapy 89: 1242-1251.

American Diabetes Association, A. D. (2019). "Lifestyle management: standards of medical care in
diabetes—2019." Diabetes Care 42(Supplement 1): S46-S60.

Atkinson, M. A., G. S. Eisenbarth and A. W. Michels (2014). "Type 1 diabetes." The Lancet 383(9911):
69-82.

Augustyn, W., S. Combrinck and B. Botha (2011). "Comparison of mangiferin in mango leaf and
honeybush infusions.” Planta Medica 77(12): PF81.

Ayeleso, A., N. Brooks and O. Oguntibeju (2014). "Modulation of antioxidant status in streptozotocin-
induced diabetic male Wistar rats following intake of red palm oil and/or rooibos." Asian Pacific
Journal of Tropical Medicine 7(7): 536-544.

Ayeleso, A. 0., O. O. Oguntibeju and N. L. Brooks (2015). "Impact of co-administration of red palm
oil (Elaeis guineensis Arecaceae) and rooibos (Aspalathus linearis Fabaceae) on glycaemic
parameters, liver function and key glycolytic enzymes in diabetic rats." Tropical Journal of
Pharmaceutical Research 14(9): 1613-1619.

Bach, J.-F. and L. Chatenoud (2011). A historical view from thirty eventful years of immunotherapy in
autoimmune diabetes. Seminars in Immunology 23(3): 174-181.

Bailey, C. J. (1992). "Biguanides and NIDDM." Diabetes Care 15(6): 755-772.

Bailey, C. J. and R. C. Turner (1996). "Metformin." New England Journal of Medicine 334(9): 574-
579.

Baldeweg, S., A. Golay, A. Natali, B. Balkau, S. P. Del and S. Coppack (2000). "Insulin resistance,
lipid and fatty acid concentrations in 867 healthy Europeans. European Group for the Study of
Insulin Resistance (EGIR)." European Journal of Clinical Investigation 30(1): 45-52.

205



Bartoli, E., G. Fra and G. C. Schianca (2011). "The oral glucose tolerance test (OGTT) revisited."
European Journal of Internal Medicine 22(1): 8-12.

Baydas, G., H. Canatan and A. Turkoglu (2002). "Comparative analysis of the protective effects of
melatonin and vitamin E on streptozocin-induced diabetes mellitus." Journal of Pineal Research
32(4): 225-230.

Bazzano, L. A., J. He, L. G. Ogden, C. M. Loria, S. Vupputuri, L. Myers and P. K. Whelton (2002).
"Fruit and vegetable intake and risk of cardiovascular disease in US adults: the first National Health
and Nutrition Examination Survey Epidemiologic Follow-up Study." The American Journal of
Clinical Nutrition 76(1): 93-99.

Beccuti, G., C. Monagheddu, A. Evangelista, G. Ciccone, F. Broglio, L. Soldati and S. Bo (2017).
"Timing of food intake: Sounding the alarm about metabolic impairments? A systematic review."
Pharmacological Research 125: 132-141.

Beelders, T., D. J. Brand, D. de Beer, C. J. Malherbe, S. E. Mazibuko, C. J. Muller and E. Joubert
(2014). "Benzophenone C-and O-glucosides from Cyclopia genistoides (honeybush) inhibit
mammalian a-glucosidase.”" Journal of Natural Products 77(12): 2694-2699.

Beltran-Debdn, R., A. Rull, F. Rodriguez-Sanabria, I. Iswaldi, M. Herranz-L6pez, G. Aragones, J.
Camps, C. Alonso-Villaverde, J. Menéndez and V. Micol (2011). "Continuous administration of
polyphenols from aqueous rooibos (Aspalathus linearis) extract ameliorates dietary-induced
metabolic disturbances in hyperlipidemic mice." Phytomedicine 18(5): 414-424.

Benzie, I. F. and J. J. Strain (1996). "The ferric reducing ability of plasma (FRAP) as a measure of
“antioxidant power”: the FRAP assay." Analytical Biochemistry 239(1): 70-76.

Bergamini, C. M., S. Gambetti, A. Dondi and C. Cervellati (2004). "Oxygen, reactive oxygen species
and tissue damage." Current Pharmaceutical Design 10(14): 1611-1626.

Bergman, R., D. Finegood and S. Kahn (2002). "The evolution of B-cell dysfunction and insulin
resistance in type 2 diabetes." European Journal of Clinical Investigation 32: 35-45.

Bhaktha, G., B. S. Nayak, S. Mayya and M. Shantaram (2015). "Relationship of caffeine with
adiponectin and blood sugar levels in subjects with and without diabetes." Journal of Clinical and
Diagnostic Research 9(1): BC01-BC03.

Bhaktha, G., B. S. Nayak, S. Mayya and M. Shantaram (2015). "Relationship of caffeine with
adiponectin and blood sugar levels in subjects with and without diabetes.” Journal of Clinical and
Diagnostic Research 9(1): BC01-BC03.

Bhathena, S. J. and M. T. Velasquez (2002). "Beneficial role of dietary phytoestrogens in obesity and
diabetes." The American Journal of Clinical Nutrition 76(6): 1191-1201.

Bhatt, P. R., K. B. Pandya and N. R. Sheth (2010). "Camellia sinensis (L): the medicinal beverage: a
review." International Journal of Pharmaceutical Sciences Review and Research 3(2): 3-6.

Bhattacharya, S. (2015). "Reactive oxygen species and cellular defense system." Free Radicals in
Human Health and Disease 17-29.DOI: 10.1007/978-81-322-2035-0_2.

206



Bhebhe, M., B. Chipurura and M. Muchuweti (2015). "Determination and comparison of phenolic
compound content and antioxidant activity of selected local Zimbabwean herbal teas with exotic
Aspalathus linearis." South African Journal of Botany 100: 213-218.

Bi, W., C. He, Y. Ma, J. Shen, L. H. Zhang, Y. Peng and P. Xiao (2016). "Investigation of free amino
acid, total phenolics, antioxidant activity and purine alkaloids to assess the health properties of non-
Camellia tea." Acta Pharmaceutica Sinica B 6(2): 170-181.

Birben, E., U. M. Sahiner, C. Sackesen, S. Erzurum and O. Kalayci (2012). "Oxidative stress and
antioxidant defense." World Allergy Organization Journal 5(1): 9-19.

Bodoprost, J. and H. Rosemeyer (2007). "Analysis of phenacylester derivatives of fatty acids from
human skin surface sebum by reversed-phase HPLC: chromatographic mobility as a function of
physico-chemical properties." International Journal of Molecular Sciences 8(11): 1111-1124.

Bommer, C., V. Sagalova, E. Heesemann, J. Manne-Goehler, R. Atun, T. Béarnighausen, J. Davies and
S. Vollmer (2018). "Global economic burden of diabetes in adults: projections from 2015 to 2030."
Diabetes Care 41(5): 963-970.

Bonner-Weir, S. and T. D. O'Brien (2008). "Islets in type 2 diabetes: in honor of Dr. Robert C. Turner."
Diabetes 57(11): 2899-2904.

Bosman, S. C., D. de Beer, T. Beelders, E. L. Willenburg, C. J. Malherbe, B. Walczak and E. Joubert
(2017). "Simultaneous optimisation of extraction of xanthone and benzophenone a-glucosidase
inhibitors from Cyclopia genistoides and identification of superior genotypes for propagation.”
Journal of Functional Foods 33: 21-31.

Boulton, A. J., R. A. Malik, J. C. Arezzo and J. M. Sosenko (2004). "Diabetic somatic neuropathies.”
Diabetes Care 27(6): 1458-1486.

Bowie, J. (1830). "Sketches of the botany of South Africa." South African Quarterly Journal 1: 27-36.

Bramati, L., F. Aquilano and P. Pietta (2003). "Unfermented rooibos tea: quantitative characterization
of flavonoids by HPLC— UV and determination of the total antioxidant activity." Journal of
Agricultural and Food Chemistry 51(25): 7472-7474.

Bramati, L., M. Minoggio, C. Gardana, P. Simonetti, P. Mauri and P. Pietta (2002). "Quantitative
characterization of flavonoid compounds in rooibos tea (Aspalathus linearis) by LC— UV/DAD."
Journal of Agricultural and Food Chemistry 50(20): 5513-5519.

Brehm, A., G. Pfeiler, G. Pacini, H. Vierhapper and M. Roden (2004). "Relationship between serum
lipoprotein ratios and insulin resistance in obesity." Clinical Chemistry 50(12): 2316-2322.

Bressler, R.and D. G. Johnson (1997). "Pharmacological Regulation of Blood Glucose Levels in Non—
Insulin-Department Diabetes Mellitus." Archives of Internal Medicine 157(8): 836-848.

Briaud, I., J. S. Harmon, C. L. Kelpe, V. B. G. Segu and V. Poitout (2001). "Lipotoxicity of the
pancreatic B-cell is associated with glucose-dependent esterification of fatty acids into neutral
lipids." Diabetes 50(2): 315-321.

Brown, A. E. and M. Walker (2016). "Genetics of insulin resistance and the metabolic syndrome."

207



Current Cardiology Reports 18(8): 75-83.

Brownlee, M. (2001). "Biochemistry and molecular cell biology of diabetic complications.” Nature
414(6865): 813-820.

Brownlee, M. (2005). "The pathobiology of diabetic complications: a unifying mechanism." Diabetes
54(6): 1615-1625.

Buchholz, T. and M. F. Melzig (2016). "Medicinal plants traditionally used for treatment of obesity and
diabetes mellitus—screening for pancreatic lipase and a-Amylase inhibition." Phytotherapy Research
30(2): 260-266.

Buckstein, R., K. Imrie, D. Spaner, A. Potichnyj, J. B. Robinson, S. Nanji, N. Pennel, M. Reis, P.
Pinkerton and |. Dubé (1999). "Stem cell function and engraftment is not affected by" in vivo
purging" with rituximab for autologous stem cell treatment for patients with low-grade non-
Hodgkin's lymphoma. " Seminars in Oncology 26(5 Suppl 14):115-12.

Cabrera, C., R. Giménez and M. C. Ldpez (2003). "Determination of tea components with antioxidant
activity." Journal of Agricultural and Food Chemistry 51(15): 4427-4435.

Cadenas, E. (1989). "Biochemistry of oxygen toxicity." Annual Review of Biochemistry 58(1): 79-110.

Cai, D., M. Yuan, D. F. Frantz, P. A. Melendez, L. Hansen, J. Lee and S. E. Shoelson (2005). "Local
and systemic insulin resistance resulting from hepatic activation of IKK-B and NF-kB." Nature
Medicine 11(2): 183-190.

Campos, C. (2012). "Chronic hyperglycaemia and glucose toxicity: pathology and clinical sequelae.”
Postgraduate Medicine 124(6): 90-97.

Cannon, C. P. (2008). "Mixed dyslipidemia, metabolic syndrome, diabetes mellitus, and cardiovascular
disease: clinical implications.” The American Journal of Cardiology 102(12): 5L-9L.

Catala, A. (2009). "Lipid peroxidation of membrane phospholipids generates hydroxy-alkenals and
oxidized phospholipids active in physiological and/or pathological conditions." Chemistry and
Physics of Lipids 157(1): 1-11.

Chakravorty, S., S. Bhattacharya, D. Bhattacharya, S. Sarkar and R. Gachhui (2019). "Kombucha: a
promising functional beverage prepared from tea." Non-Alcoholic Beverages (6)285-327.

Chan, P. T., W. P. Fong, Y. L. Cheung, Y. Huang, W. K. K. Ho and Z.-Y. Chen (1999). "Jasmine green
tea epicatechins are hypolipidemic in hamsters (Mesocricetus auratus) fed a high fat diet." The
Journal of Nutrition 129(6): 1094-1101.

Chanda, S., R. K. Tiwari, A. Kumar and K. Singh (2019). "Nutraceuticals inspiring the current therapy
for lifestyle diseases.” Advances in Pharmacological and Pharmaceutical Sciences (2019) : 1-5.
Chandrasekara, A. and F. Shahidi (2018). "Herbal beverages: Bioactive compounds and their role in
disease risk reduction-A review." Journal of Traditional and Complementary Medicine 8(4): 451-

458.

Chang, A. S., C. K. Hathaway, O. Smithies and M. Kakoki (2015). "Transforming growth factor-p1 and

diabetic nephropathy.” American Journal of Physiology-Renal Physiology 310(8): F689-F696.

208



Chang, K. (2015). "World tea production and trade Current and future development.” Food and
Agriculture Organization Of The United Nations, Rome.

Charfen, M. A. and M. Fernandez-Frackelton (2005). "Diabetic ketoacidosis." Emergency Medicine
Clinics of North America 23(3): 609-628.

Chatterjee, S., K. Khunti and M. J. Davies (2017). "Type 2 diabetes.” The Lancet 389(10085): 2239-
2251,

Chaudhury, A., C. Duvoor, R. Dendi, V. Sena, S. Kraleti, A. Chada, R. Ravilla, A. Marco, N. S.
Shekhawat and M. T. Montales (2017). "Clinical review of antidiabetic drugs: Implications for type
2 diabetes mellitus management." Frontiers in Endocrinology 8: 6-18.

Chawla, A., R. Chawla and S. Jaggi (2016). "Microvasular and macrovascular complications in diabetes
mellitus: distinct or continuum?" Indian Journal of Endocrinology and Metabolism 20(4): 546-551.

Chellan, N., E. Joubert, H. Strijdom, C. Roux, J. Louw and C. J. Muller (2014). "Aqueous extract of
unfermented honeybush (Cyclopia maculata) attenuates STZ-induced diabetes and B-cell
cytotoxicity." Planta Medica 80(08/09): 622-629.

Chen, M., Y. Zhu, B. Liu, Z. Chen, J. Zheng, M. Guan, H. Shi, Y. Wang and W. Yang (2017). "Changes
in the volatiles, chemical components, and antioxidant activities of Chinese jasmine tea during the
scenting processes." International Journal of Food Properties 20(3): 681-693.

Chen, Y.-F., H.-Y. Roan, C.-K. Lii, Y.-C. Huang and T.-S. Wang (2011). "Relationship between
antioxidant and antiglycation ability of saponins, polyphenols, and polysaccharides in Chinese
herbal medicines used to treat diabetes.” Journal of Medicinal Plants Research 5(11): 2322-2331.

Chenni, A., D. A. Yahia, F. Boukortt, J. Prost, M. Lacaille-Dubois and M. Bouchenak (2007). "Effect
of aqueous extract of Ajuga iva supplementation on plasma lipid profile and tissue antioxidant status
in rats fed a high-cholesterol diet." Journal of Ethnopharmacology 109(2): 207-213.

Chiang, J. L., M. S. Kirkman, L. M. Laffel and A. L. Peters (2014). "Type 1 diabetes through the life
span: a position statement of the American Diabetes Association." Diabetes Care 37(7): 2034-2054.

Chiefari, E., B. Arcidiacono, D. Foti and A. Brunetti (2017). "Gestational diabetes mellitus: an updated
overview." Journal of Endocrinological Investigation 40(9): 899-909.

Choudhury, H., M. Pandey, C. K. Hua, C. S. Mun, J. K. Jing, L. Kong, L. Y. Ern, N. A. Ashraf, S. W.
Kitand T. S. Yee (2018). "An update on natural compounds in the remedy of diabetes mellitus: A
systematic review." Journal of Traditional and Complementary Medicine 8(3): 361-376.

Chowdhury, P. and M. Soulshy (2002). "Lipid peroxidation in rat brain is increased by simulated
weightlessness and decreased by a soy-protein diet.” Annals of Clinical & Laboratory Science 32(2):
188-192.

Chukwuma, C. I.and M. S. Islam (2015). "Effects of xylitol on carbohydrate digesting enzymes activity,
intestinal glucose absorption and muscle glucose uptake: a multi-mode study." Food & Function
6(3): 955-962.

Chukwuma, C. I. and M. S. Islam (2017). "Xylitol improves anti-oxidative defense system in serum,

209



liver, heart, kidney and pancreas of normal and type 2 diabetes model of rats." Acta Poloniae
Pharmaceutica 74(3): 817-826.

Chukwuma, C. I., M. G. Matsabisa, M. A. Ibrahim, O. L. Erukainure, M. H. Chabalala and M. S. Islam
(2019). "Medicinal plants with concomitant anti-diabetic and anti-hypertensive effects as potential
sources of dual acting therapies against diabetes and hypertension: A review." Journal of
Ethnopharmacology 235: 329-360.

Chukwuma, C. 1., R. Mopuri, S. Nagiah, A. A. Chuturgoon and M. S. Islam (2018). "Erythritol reduces
small intestinal glucose absorption, increases muscle glucose uptake, improves glucose metabolic
enzymes activities and increases expression of Glut-4 and IRS-1 in type 2 diabetic rats." European
Journal of Nutrition 57(7): 2431-2444.

Cohen, M. P., H. Klepser and E. Cua (1986). "Effect of diabetes and Sorbinil treatment on phospholipid
metabolism in rat glomeruli." Biochimica et Biophysica Acta (BBA)-Lipids and Lipid Metabolism
876(2): 226-232.

Cohen, R. M. and D. B. Sacks (2012). Comparing multiple measures of glycemia: how to transition
from biomarker to diagnostic test?, Oxford University Press 58(12): 1615-1617.

Collins, Q. F., H.-Y. Liu, J. Pi, Z. Liu, M. J. Quon and W. Cao (2007). "Epigallocatechin-3-gallate
(EGCG), a green tea polyphenol, suppresses hepatic gluconeogenesis through 5’-AMP-activated
protein kinase." Journal of Biological Chemistry 282(41): 30143-30149.

Constantino, M. I, L. Molyneaux, F. Limacher-Gisler, A. Al-Saeed, C. Luo, T. Wu, S. M. Twigg, D.
K. Yue and J. Wong (2013). "Long-term complications and mortality in young-onset diabetes."
Diabetes Care 36(12): 3863-38609.

Corrales, P. P., V. B. Castafieda and F. Ampudia-Blasco (2020). "Update on postprandial
hyperglycaemia : The pathophysiology, prevalence, consequences and implications of treating
diabetes.”" Revista Clinica Espafiola (English Edition) 220(1): 57-68.

Csorba, T. R., A. W. Lyon and M. D. Hollenberg (2010). "Autoimmunity and the pathogenesis of type
1 diabetes." Critical Reviews in Clinical Laboratory Sciences 47(2): 51-71.

Dalla Man, C., G. Bock, P. D. Giesler, D. B. Serra, M. L. Saylan, J. E. Foley, M. Camilleri, G. Toffolo,
C. Cobelli and R. A. Rizza (2009). "Dipeptidyl peptidase-4 inhibition by vildagliptin and the effect
on insulin secretion and action in response to meal ingestion in type 2 diabetes." Diabetes Care
32(1): 14-18.

Damiani, E., P. Carloni, G. Rocchetti, B. Senizza, L. Tiano, E. Joubert, D. de Beer and L. Lucini (2019).
"Impact of cold versus hot brewing on the phenolic profile and antioxidant capacity of rooibos
(Aspalathus linearis) herbal tea." Antioxidants 8(10): 499.

Das, J., J. Ghosh, A. Roy and P. C. Sil (2012). "Mangiferin exerts hepatoprotective activity against D-
galactosamine induced acute toxicity and oxidative/nitrosative stress via Nrf2—NF«kB pathways."
Toxicology and Applied Pharmacology 260(1): 35-47.

Davari, S., S. A. Talaei and H. Alaei (2013). "Probiotics treatment improves diabetes-induced

210



impairment of synaptic activity and cognitive function: behavioral and electrophysiological proofs
for microbiome—gut—brain axis." Neuroscience 240: 287-296.

Davidson, M. B. (1979). "The effect of aging on carbohydrate metabolism: a review of the English
literature and a practical approach to the diagnosis of diabetes mellitus in the elderly.” Metabolism
28(6): 688-705.

de Beer, D., N. Miller and E. Joubert (2017). "Production of dihydrochalcone-rich green rooibos
(Aspalathus linearis) extract taking into account seasonal and batch-to-batch variation in phenolic
composition of plant material." South African Journal of Botany 110: 138-143.

De Gregorio, C., D. Contador, M. Campero, M. Ezquer and F. Ezquer (2018). "Characterization of
diabetic neuropathy progression in a mouse model of type 2 diabetes mellitus." Biology open 7(9):
bio036830.

De Nysschen, A. M., B.-E. Van Wyk, F. R. Van Heerden and A. L. Schutte (1996). "The major phenolic
compounds in the leaves of Cyclopia species (honeybush tea)." Biochemical Systematics and
Ecology 24(3): 243-246.

De Silva, N. M. G. and T. M. Frayling (2010). "Novel biological insights emerging from genetic studies
of type 2 diabetes and related metabolic traits.” Current Opinion in Lipidology 21(1): 44-50.

Deacon, C. F. (2004). "Therapeutic strategies based on glucagon-like peptide 1." Diabetes 53(9): 2181-
2189.

Deacon, C. F. (2018). "A review of dipeptidyl peptidase-4 inhibitors. Hot topics from randomized
controlled trials." Diabetes, Obesity and Metabolism 20: 34-46.

Defronzo, R. A. (2004). "Dysfunctional fat cells, lipotoxicity and type 2 diabetes." International Journal
of Clinical Practice 58: 9-21.

DeFronzo, R. A. (2004). "Pathogenesis of type 2 diabetes mellitus." Medical Clinics 88(4): 787-835.

DeFronzo, R. A., E. Ferrannini, L. Groop, R. R. Henry, W. H. Herman, J. J. Holst, F. B. Hu, C. R. Kahn,
I. Raz and G. I. Shulman (2015). "Type 2 diabetes mellitus." Nature Reviews Disease Primers 1(1):
1-22.

DeFronzo, R. A. and D. Tripathy (2009). "Skeletal muscle insulin resistance is the primary defect in
type 2 diabetes." Diabetes Care 32(suppl 2): S157-S163.

Demiot, C., M. Tartas, B. Fromy, P. Abraham, J. L. Saumet and D. Sigaudo-Roussel (2006). "Aldose
reductase pathway inhibition improved vascular and C-fiber functions, allowing for pressure-
induced vasodilation restoration during severe diabetic neuropathy.” Diabetes 55(5): 1478-1483.

Derosa, G. and P. Maffioli (2012). "a-Glucosidase inhibitors and their use in clinical practice." Archives
of Medical Science 8(5): 899-906.

Devi, G. S., M. H. Prasad, I. Saraswathi, D. Raghu, D. Rao and P. Reddy (2000). "Free radicals
antioxidant enzymes and lipid peroxidation in different types of leukemias.” Clinica Chimica Acta
293(1-2): 53-62.

Dewanjee, S., S. Das, A. K. Das, N. Bhattacharjee, A. Dihingia, T. K. Dua, J. Kalita and P. Manna

211



(2018). "Molecular mechanism of diabetic neuropathy and its pharmacotherapeutic targets.”
European Journal of Pharmacology 833: 472-523.

Diamant, M. and R. J. Heine (2003). "Thiazolidinediones in type 2 diabetes mellitus." Drugs 63(13):
1373-1406.

Diamantopoulos, E., E. Andreadis, M. Kakou and C. Vassilopoulos (2002). "Association of the HLA
antigens with early atheromatosis in subjects with type 2 diabetes mellitus." International Angiology
21(4): 379-383.

Ding, S., J. Jiang, P. Yu, G. Zhang, G. Zhang and X. Liu (2017). "Green tea polyphenol treatment
attenuates atherosclerosis in high-fat diet-fed apolipoprotein E-knockout mice via alleviating
dyslipidemia and up-regulating autophagy." PloS one 12(8): e0181666.

Dludla, P. V., E. Joubert, C. J. Muller, J. Louw and R. Johnson (2017). "Hyperglycaemia -induced
oxidative stress and heart disease-cardioprotective effects of rooibos flavonoids and phenylpyruvic
acid-2-O-B-D-glucoside.” Nutrition & Metabolism 14(1): 45-63.

Dludla, P. V., C. J. Muller, E. Joubert, J. Louw, M. F. Essop, K. B. Gabuza, S. Ghoor, B. Huisamen and
R. Johnson (2017). "Aspalathin protects the heart against hyperglycaemia -induced oxidative
damage by up-regulating Nrf2 expression.” Molecules 22(1): 129.

Donath, M. (2013). "Targeting inflammation in the treatment of type 2 diabetes." Diabetes, Obesity and
Metabolism 15(s3): 193-196.

Donath, M. Y., J. A. Ehses, K. Maedler, D. M. Schumann, H. Ellingsgaard, E. Eppler and M. Reinecke
(2005). "Mechanisms of p-cell death in type 2 diabetes.” Diabetes 54(suppl 2): S108-S113.

Donath, M. Y., D. M. Schumann, M. Faulenbach, H. Ellingsgaard, A. Perren and J. A. Ehses (2008).
"Islet inflammation in type 2 diabetes: from metabolic stress to therapy." Diabetes Care
31(Supplement 2): S161-S164.

Donath, M. Y. and S. E. Shoelson (2011). "Type 2 diabetes as an inflammatory disease." Nature
Reviews Immunology 11(2): 98-107.

Dong, H.-Q., M. Li, F. Zhu, F.-L. Liu and J.-B. Huang (2012). "Inhibitory potential of trilobatin from
Lithocarpus polystachyus Rehd against a-glucosidase and a-amylase linked to type 2 diabetes.”
Food Chemistry 130(2): 261-266.

Du, L.-L., Q.-Y. Fu, L.-P. Xiang, X.-Q. Zheng, J.-L. Lu, J.-H. Ye, Q.-S. Li, C. A. Polito and Y.-R.
Liang (2016). "Tea polysaccharides and their bioactivities." Molecules 21(11): 1449.

Dudhia, Z., J. Louw, C. Muller, E. Joubert, D. de Beer, C. Kinnear and C. Pheiffer (2013). "Cyclopia
maculata and Cyclopia subternata (honeybush tea) inhibits adipogenesis in 3T3-L1 pre-adipocytes.”
Phytomedicine 20(5): 401-408.

Dufresne, C. J. and E. R. Farnworth (2001). "A review of latest research findings on the health
promotion properties of tea.” The Journal of Nutritional Biochemistry 12(7): 404-421.

Dunlop, M. (2000). "Aldose reductase and the role of the polyol pathway in diabetic nephropathy."
Kidney International 58: S3-S12.

212



Eastman, R. and F. Vinicor (1997). "The Expert Committee on the Diagnosis and Classification of
Diabetes Mellitus. Report of the expert committee on the diagnosis and classification of diabetes
mellitus." Diabetes Care 20: 1183-1197.

Eizirik, D. L., M. L. Colli and F. Ortis (2009). "The role of inflammation in insulitis and -cell loss in
type 1 diabetes.” Nature Reviews Endocrinology 5(4): 219.

Ekberg, K., B. R. Landau, A. Wajngot, V. Chandramouli, S. Efendic, H. Brunengraber and J. Wahren
(1999). "Contributions by kidney and liver to glucose production in the postabsorptive state and
after 60 h of fasting." Diabetes 48(2): 292-298.

Ekor, M. (2014). "The growing use of herbal medicines: issues relating to adverse reactions and
challenges in monitoring safety." Frontiers in Pharmacology 4: 177.

Eleazu, C., M. Iroaganachi, P. Okafor, I. Ijeh and K. Eleazu (2013). "Ameliorative potentials of ginger
(Z. officinale Roscoe) on relative organ weights in streptozotocin induced diabetic rats."
International Journal of Biomedical Science 9(2): 82-90.

Ellman, G. L. (1959). "Tissue sulfhydryl groups." Archives of Biochemistry and Biophysics 82(1): 70-
77.

English, P. and G. Williams (2004). "Hyperglycaemic crises and lactic acidosis in diabetes mellitus."
Postgraduate Medical Journal 80(943): 253-261.

Enioutina, E. Y., E. R. Salis, K. M. Job, M. I. Gubarev, L. V. Krepkova and C. M. Sherwin (2017).
"Herbal Medicines: challenges in the modern world. Part 5. status and current directions of
complementary and alternative herbal medicine worldwide." Expert Review of Clinical
Pharmacology 10(3): 327-338.

Enzi, G., M. Gasparo, P. R. Biondetti, D. Fiore, M. Semisa and F. Zurlo (1986). "Subcutaneous and
visceral fat distribution according to sex, age, and overweight, evaluated by computed tomography."
The American Journal of Clinical Nutrition 44(6): 739-746.

Erickson, L. (2003). "Rooibos tea: research into antioxidant and antimutagenic properties.” HerbalGram
59: 34-45.

Erlwanger, K. and K. lbrahim (2017). "Aspalathin a unique phytochemical from the South African
rooibos plant (Aspalathus linearis): A mini Review." Journal of African Association of
Physiological Sciences 5(1): 1-6.

Erukainure, L. O., O. Sanni and M. S. Islam (2018). "Clerodendrum volubile: Phenolics and
Applications to Health." Polyphenols: Mechanisms of Action in Human Health and Disease 53-68.

Erukainure, O. L., C. I. Chukwuma, O. Sanni, M. G. Matsabisa and M. S. Islam (2019). "Histochemistry,
phenolic content, antioxidant, and anti-diabetic activities of Vernonia amygdalina leaf extract."
Journal of Food Biochemistry 43(2): e12737.

Erukainure, O. L., O. A. Ebuehi, F. O. Adeboyejo, E. N. Okafor, A. Muhammad and G. N. Elemo
(2013). "Fiber-enriched biscuit enhances insulin secretion, modulates f-cell function, improves

insulin sensitivity, and attenuates hyperlipidaemia in diabetic rats." PharmaNutrition 1(2): 58-64.

213



Erukainure, O. L., O. A. Ebuehi, F. O. Adeboyejo, O. O. Oladunmoye, M. Aliyu, O. C. Obode, T.
Olasehinde and G. N. Elemo (2015). "Short-term feeding of fibre-enriched biscuits: protective effect
against hepatotoxicity in diabetic rats." Biochemistry Research International 2015: 1-6.

Erukainure, O. L., R. Hafizur, N. Kabir, I. Choudhary, O. Atolani, P. Banerjee, R. Preissner, C. I.
Chukwuma, A. Muhammad and E. Amonsou (2018). "Suppressive Effects of Clerodendrum
volubile P Beauv.[Labiatae] Methanolic Extract and Its Fractions on Type 2 Diabetes and Its
Complications." Frontiers in Pharmacology 9: 8.

Erukainure, O. L., R. M. Hafizur, M. I. Choudhary, A. Adhikari, A. M. Mesaik, O. Atolani, P. Banerijee,
R. Preissner, A. Muhammad and M. S. Islam (2017). "Anti-diabetic effect of the ethyl acetate
fraction of Clerodendrum volubile: protocatechuic acid suppresses phagocytic oxidative burst and
modulates inflammatory cytokines." Biomedicine & Pharmacotherapy 86: 307-315.

Erukainure, O. L., O. M. ljomone, O. A. Oyebode, C. I. Chukwuma, M. Aschner and M. S. Islam (2019).
"Hyperglycaemia -induced oxidative brain injury: Therapeutic effects of Cola nitida infusion
against redox imbalance, cerebellar neuronal insults, and upregulated Nrf2 expression in type 2
diabetic rats." Food and Chemical Toxicology 127: 206-217.

Erukainure, O. L., R. Mopuri, C. I. Chukwuma, N. A. Koorbanally and M. S. Islam (2018). "Phaseolus
lunatus (lima beans) abates Fe2+-induced hepatic redox imbalance; inhibits intestinal glucose
absorption and major carbohydrate catabolic enzymes; and modulates muscle glucose uptake."
Journal of Food Biochemistry 42(6): e12655.

Erukainure, O. L., R. Mopuri, O. A. Oyebode, N. A. Koorbanally and M. S. Islam (2017). "Dacryodes
edulis enhances antioxidant activities, suppresses DNA fragmentation in oxidative pancreatic and
hepatic injuries; and inhibits carbohydrate digestive enzymes linked to type 2 diabetes."
Biomedicine & Pharmacotherapy 96: 37-47.

Erukainure, O. L., O. Okafor, O. V. Oke, O. Daramola, A. Ozumba, O. Oluwole, O. C. Obode and G.
N. Elemo (2012). "Protective potentials of blends of selected fruit extracts used for diabetes
management against lipid peroxidation in hepatic cells and free radicals in vitro." International
Journal of Traditional and Natural Medicines 1(1): 41-53.

Erukainure, O. L., O. A. Oyebode, O. M. ljomone, C. I. Chukwuma, N. A. Koorbanally and M. S. Islam
(2019). "Raffia palm (Raphia hookeri G. Mann & H. Wendl) wine modulates glucose homeostasis
by enhancing insulin secretion and inhibiting redox imbalance in a rat model of diabetes induced by
high fructose diet and streptozotocin.” Journal of Ethnopharmacology 237: 159-170.

Erukainure, O. L., V. F. Salau, V. Bharuth, N. A. Koorbanally and M. S. Islam (2020). "Hyperglycaemia
alters lipid metabolism and ultrastructural morphology of cerebellum in brains of diabetic rats:
Therapeutic potential of raffia palm (Raphia hookeri G. Mann & H. Wendl) wine." Neurochemistry
International 140: 104849.

Erukainure, O. L., O. Sanni, O. M. ljomone, C. U. lbeji, C. I. Chukwuma and M. S. Islam (2019). "The
antidiabetic properties of the hot water extract of Kola nut (Cola nitida (Vent.) Schott & Endl.) in

214



type 2 diabetic rats.” Journal of Ethnopharmacology 242: 112033.

Etuk, E. (2010). "Animals models for studying diabetes mellitus." Agriculture Biolology Journal of
North America 1(2): 130-134.

Eugster, A., G. Kraus, V. Lidzba, D. Miiller, M. Jolink, A.-G. Ziegler and E. Bonifacio (2019).
"Cytoplasmic ends of tetraspanin 7 harbour epitopes recognised by autoantibodies in type 1
diabetes." Diabetologia 62(5): 805-810.

Faselis, C., A. Katsimardou, K. Imprialos, P. Deligkaris, M. Kallistratos and K. Dimitriadis (2020).
"Microvascular complications of type 2 diabetes mellitus." Current Vascular Pharmacology 18(2):
117-124.

Feldman, E. L., B. C. Callaghan, R. Pop-Busui, D. W. Zochodne, D. E. Wright, D. L. Bennett, V. Bril,
J. W. Russell and V. Viswanathan (2019). "Diabetic neuropathy." Nature Reviews Disease Primers
5(1): 41.

Ferreira, D., B. I. Kamara, E. V. Brandt and E. Joubert (1998). "Phenolic compounds from Cyclopia
intermedia (honeybush tea). 1." Journal of Agricultural and Food Chemistry 46(9): 3406-3410.

Finaud, J., G. Lac and E. Filaire (2006). "Oxidative stress.”" Sports medicine 36(4): 327-358.

Finkel, T. (2011). "Signal transduction by reactive oxygen species." Journal of Cell Biology 194(1): 7-
15.

Finkel, T. and N. J. Holbrook (2000). "Oxidants, oxidative stress and the biology of ageing." Nature
408(6809): 239-247.

Flaxman, S. R., R. R. Bourne, S. Resnikoff, P. Ackland, T. Braithwaite, M. V. Cicinelli, A. Das, J. B.
Jonas, J. Keeffe and J. H. Kempen (2017). "Global causes of blindness and distance vision
impairment 1990-2020: a systematic review and meta-analysis." The Lancet Global Health 5(12):
e1221-e1234.

Folli, F., D. Corradi, P. Fanti, A. Davalli, A. Paez, A. Giaccari, C. Perego and G. Muscogiuri (2011).
"The role of oxidative stress in the pathogenesis of type 2 diabetes mellitus micro-and
macrovascular complications: avenues for a mechanistic-based therapeutic approach.” Current
Diabetes Reviews 7(5): 313-324.

Fong, D. S., L. Aiello, T. W. Gardner, G. L. King, G. Blankenship, J. D. Cavallerano, F. L. Ferris and
R. Klein (2004). "Retinopathy in diabetes." Diabetes Care 27(suppl 1): s84-s87.

Fonseca, V. (2003). "Clinical significance of targeting postprandial and fasting hyperglycaemia in
managing type 2 diabetes mellitus.” Current Medical Research and Opinion 19(7): 635-631.

Fonseca, V. A. (2009). "Defining and characterizing the progression of type 2 diabetes.” Diabetes Care
32(suppl 2): S151-S156.

Fowler, M. J. (2011). "Microvascular and macrovascular complications of diabetes." Clinical Diabetes
29(3): 116-122.

Francisco, N. M. (2010). "Modulation of postprandial oxidative stress by rooibos (Aspalathus linearis)

in  normolipidaemic  individuals." Cape Peninsula  University of  Technology.

215



http://hdl.handle.net/20.50 0.11838/1469.

Frank, B. and W. Dimpfel (2010). "Aspalathin-like dihydrochalcone, extracts from unfermented
rooibos and process for preparation”, Google Patents.
https://patents.google.com/patent/US201002224 23A1/en.

Frei, B.and J. V. Higdon (2003). "Antioxidant activity of tea polyphenols in vivo: evidence from animal
studies." The Journal of Nutrition 133(10): 3275S-3284S.

Fu, Q.-Y., Q.-S. Li, X.-M. Lin, R.-Y. Qiao, R. Yang, X.-M. Li, Z.-B. Dong, L.-P. Xiang, X.-Q. Zheng
and J.-L. Lu (2017). "Antidiabetic effects of tea." Molecules 22(5): 849-868.

Furman, B. L. (2015). "Streptozotocin-induced diabetic models in mice and rats." Current Protocols in
Pharmacology 70(1): 5.47. 41-45.47. 20.

Gao, J., P. Xu, Y. Wang, Y. Wang and D. Hochstetter (2013). "Combined effects of green tea extracts,
green tea polyphenols or epigallocatechin gallate with acarbose on inhibition against a-amylase and
a-glucosidase in vitro." Molecules 18(9): 11614-11623.

Gao, Y., N. Hu, X. Han, C. Giffen, T. Ding, A. M. Goldstein and P. R. Taylor (2009). "Jasmine tea
consumption and upper gastrointestinal cancer in China." Cancer Causes & Control 20(10): 1997-
2007.

Garg, A., S. Garg, L. Zaneveld and A. Singla (2001). "Chemistry and pharmacology of the citrus
bioflavonoid hesperidin." Phytotherapy Research 15(8): 655-669.

Garg, M. C. and D. D. Bansal (2000). "Protective antioxidant effect of vitamins C and E in
streptozotocin induced diabetic rats.” Indian Journal of Experimental Biology 38(02): 101-104.
Gastaldelli, A. (2011). "Role of beta-cell dysfunction, ectopic fat accumulation and insulin resistance
in the pathogenesis of type 2 diabetes mellitus.”" Diabetes Research and Clinical Practice 93: S60-

S65.

Gavin lll, J. R, K. Alberti, M. B. Davidson and R. A. DeFronzo (1997). "Report of the expert committee
on the diagnosis and classification of diabetes mellitus." Diabetes Care 20(7): 1183.

Gawlik, K., J. W. Naskalski, D. Fedak, D. Pawlica-Gosiewska, U. Grudzief, P. Dumnicka, M. T.
Matecki and B. Solnica (2016). "Markers of antioxidant defense in patients with type 2 diabetes."
Oxidative medicine and cellular longevity 2016: 1-6.

Geraldes, P. and G. L. King (2010). "Activation of protein kinase C isoforms and its impact on diabetic
complications.”" Circulation research 106(8): 1319-1331.

Gerschman, R. (1954). "Oxygen poisoning and x-irradiation: a mechanism in common." Glutathione :
288-291.

Gerschman, R., D. L. Gilbert, S. W. Nye and W. O. Fenn (1954). "Influence of x-irradiation on oxygen
poisoning in mice." Proceedings of the Society for Experimental Biology and Medicine 86(1): 27-
29.

Gesta, S., Y.-H. Tseng and C. R. Kahn (2007). "Developmental origin of fat: tracking obesity to its
source.” Cell 131(2): 242-256.

216



Ghasemzadeh, A. and N. Ghasemzadeh (2011). "Flavonoids and phenolic acids: Role and biochemical
activity in plants and human." Journal of Medicinal Plants Research 5(31): 6697-6703.

Gheith, O., N. Farouk, N. Nampoory, M. A. Halim and T. Al-Otaibi (2016). "Diabetic kidney disease:
world wide difference of prevalence and risk factors.” Journal of Nephropharmacology 5(1): 49-56.

Giacco, F. and M. Brownlee (2010). "Oxidative stress and diabetic complications.” Circulation
Research 107(9): 1058-1070.

Gisselbrecht, C. (2002). "In vivo purging and relapse prevention following ASCT." Bone Marrow
Transplantation 29(1): S5-S9.

Giustarini, D., . Dalle-Donne, D. Tsikas and R. Rossi (2009). "Oxidative stress and human diseases:
origin, link, measurement, mechanisms, and biomarkers." Critical Reviews in Clinical Laboratory
Sciences 46(5-6): 241-281.

Glade, M. J. (2003). "BELLE Newsletter 2002; 10 (2):-The role of reactive oxygen species in Health
and Disease Northeast Regional Environmental Public Health CenterUniversity of Massachusetts,
Ambherst." Nutrition 4(19): 401-403.

Gleason, C. E., M. Gonzalez, J. S. Harmon and R. P. Robertson (2000). "Determinants of glucose
toxicity and its reversibility in the pancreatic islet B-cell line, HIT-T15." American Journal of
Physiology-Endocrinology And Metabolism 279(5): E997-E1002.

Godman, B., H. McCabe, T. D Leong, D. Mueller, A. P. Martin, I. Hoxha, J. C. Mwita, G. M. Rwegerera,
A. Massele and J. d. O. Costa (2020). "Fixed dose drug combinations—are they
pharmacoeconomically sound? Findings and implications especially for lower-and middle-income
countries." Expert Review of Pharmacoeconomics & Outcomes Research 20(1): 1-26.

Gold-Smith, F., A. Fernandez and K. Bishop (2016). "Mangiferin and cancer: Mechanisms of action."
Nutrients 8(7): 396-421.

Gondi, M. and U. P. Rao (2015). "Ethanol extract of mango (Mangifera indica L.) peel inhibits a-
amylase and a-glucosidase activities, and ameliorates diabetes related biochemical parameters in
streptozotocin (STZ)-induced diabetic rats." Journal of Food Science and Technology 52(12): 7883-
7893.

Gordon, J., L. Beresford-Hulme, H. Bennett, A. Tank, C. Edmonds and P. McEwan (2020).
"Relationship between hypoglycaemia, body mass index and quality of life among patients with
type 1 diabetes: Observations from the DEPICT clinical trial programme." Diabetes, Obesity and
Metabolism 857-865. DOI: 10.1111/dom.1972.

Gueraud, F., M. Atalay, N. Bresgen, A. Cipak, P. M. Eckl, L. Huc, I. Jouanin, W. Siems and K. Uchida
(2010). "Chemistry and biochemistry of lipid peroxidation products.” Free Radical Research 44(10):
1098-1124.

Guerra, A., L. Etienne-Mesmin, V. Livrelli, S. Denis, S. Blanquet-Diot and M. Alric (2012). "Relevance
and challenges in modeling human gastric and small intestinal digestion." Trends in Biotechnology
30(11): 591-600.

217



Guha, S., S. Ghosal and U. Chattopadhyay (1996). "Antitumor, immunomodulatory and anti-HIV effect
of mangiferin, a naturally occurring glucosylxanthone." Chemotherapy 42(6): 443-451.

Gulua, L., L. Nikolaishvili, M. Jgenti, T. Turmanidze and G. Dzneladze (2018). "Polyphenol content,
anti-lipase and antioxidant activity of teas made in Georgia." Annals of Agrarian Science 16(3):
357-361.

Gunasekaran, U. and M. Gannon (2011). "Type 2 diabetes and the aging pancreatic beta cell." Aging
(Albany NY) 3(6): 565-575.

Guo, S. (2014). "Insulin signaling, resistance, and the metabolic syndrome: insights from mouse models
to disease mechanisms." The Journal of Endocrinology 220(2): T1-T23.

Gupta, D., C. B Krueger and G. Lastra (2012). "Over-nutrition, obesity and insulin resistance in the
development of B-cell dysfunction.” Current Diabetes Reviews 8(2): 76-83.

Gupta, R., A. K. Sharma, M. Dobhal, M. Sharma and R. Gupta (2011). "Antidiabetic and antioxidant
potential of B-sitosterol in streptozotocin-induced experimental hyperglycaemia ." Journal of
Diabetes 3(1): 29-37.

Hadwan, M. H. and H. N. Abed (2016). "Data supporting the spectrophotometric method for the
estimation of catalase activity." Data in Brief 6: 194-199.

Halim, M. and A. Halim (2019). "The effects of inflammation, aging and oxidative stress on the
pathogenesis of diabetes mellitus (type 2 diabetes)." Diabetes & Metabolic Syndrome: Clinical
Research & Reviews 13(2): 1165-1172.

Halliwell, B. (1996). "Antioxidants in human health and disease.” Annual Review of Nutrition 16(1):
33-50.

Halliwell, B. (2006). "Oxidative stress and neurodegeneration: where are we now?" Journal of
Neurochemistry 97(6): 1634-1658.

Halliwell, B. and S. Chirico (1993). "Lipid peroxidation: its mechanism, measurement, and
significance." The American Journal of Clinical Nutrition 57(5): 715S-725S.

Halliwell, B. and J. M. Gutteridge (2015). Free radicals in biology and medicine, Oxford University
Press, USA ISBN: 978-0-19-871747.

Hamzah, R., A. Lawal, F. Madaki and O. Erukainure (2018). "Methanolic extract of Celosia argentea
var. crista leaves modulates glucose homeostasis and abates oxidative hepatic injury in diabetic
rats." Comparative Clinical Pathology 27(4): 1065-1071.

Han, C. and Y. Xu (1990). "The effect of Chinese tea on occurrence of esophageal tumor induced by
N-nitrosomethylbenzylamine in rats.” Biomedical and Environmental Sciences: BES 3(1): 35-42.

Han, H., X. Bai, N. Zhang, D. Zhao, K. Wei, C. Zhang and M. Li (2016). "Activities constituents from
yaowang tea (Potentilla glabra Lodd.)." Food Science and Technology Research 22(3): 371-376.

Han, K. L., J. S. Choi, J. Y. Leg, J. Song, M. K. Joe, M. H. Jung and J.-K. Hwang (2008). "Therapeutic
potential of peroxisome proliferators—activated receptor-a/y dual agonist with alleviation of

endoplasmic reticulum stress for the treatment of diabetes." Diabetes 57(3): 737-745.

218



Han, Z., M. C. Achilonu, P. S. Kendrekar, E. Joubert, D. Ferreira, S. L. Bonnet and J. H. van der
Westhuizen (2014). "Concise and scalable synthesis of aspalathin, a powerful plasma sugar-
lowering natural product.” Journal of Natural Products 77(3): 583-588.

Hang, Y. and R. Stein (2011). "MafA and MafB activity in pancreatic § cells." Trends in Endocrinology
& Metabolism 22(9): 364-373.

Hara, Y. and M. Honda (1990). "The inhibition of a-amylase by tea polyphenols." Agricultural and
Biological Chemistry 54(8): 1939-1945.

Harbowy, M. E., D. A. Balentine, A. P. Davies and Y. Cai (1997). "Tea chemistry." Critical Reviews
in Plant Sciences 16(5): 415-480.

Harmon, J. S., R. Stein and R. P. Robertson (2005). "Oxidative stress-mediated, post-translational loss
of MafA protein as a contributing mechanism to loss of insulin gene expression in glucotoxic beta
cells." Journal of Biological Chemistry 280(12): 11107-11113.

Harraan, D. (1955). "Aging: a theory based on free radical and radiation chemistry." https://escholarship.
org/content/qt3w86c¢c4g7/qt3w86c4q7.

Hassan, Z., M. F. Yam, M. Ahmad and A. P. M. Yusof (2010). "Antidiabetic properties and mechanism
of action of Gynura procumbens water extract in streptozotocin-induced diabetic rats."” Molecules
15(12): 9008-9023.

Hattori, A., N. Yamada, T. Nishikawa, H. FUKUDA and T. FUJINO (2005). "Antidiabetic effects of
Ajoene in genetically diabetic KK-Ay Mice." Journal of Nutritional Science and Vitaminology
51(5): 382-384.

Heleno, S. A., A. Martins, M. J. R. Queiroz and I. C. Ferreira (2015). "Bioactivity of phenolic acids:
Metabolites versus parent compounds: A review." Food Chemistry 173: 501-513.

Hennekens, C. H. and J. M. Gaziano (1993). "Antioxidants and heart disease: epidemiology and clinical
evidence." Clinical Cardiology 16(S1): 10-15.

Hirai, F. E., J. M. Tielsch, B. E. Klein and R. Klein (2011). "Ten-year change in vision-related quality
of life in type 1 diabetes: Wisconsin epidemiologic study of diabetic retinopathy." Ophthalmology
118(2): 353-358.

Home, P. D. and G. Pacini (2008). "Hepatic dysfunction and insulin insensitivity in type 2 diabetes
mellitus: a critical target for insulin-sensitizing agents." Diabetes, Obesity and Metabolism 10(9):
699-718.

Horanni, R. and U. H. Engelhardt (2013). "Determination of amino acids in white, green, black, oolong,
pu-erh teas and tea products.” Journal of Food Composition and Analysis 31(1): 94-100.

Hovind, P., P. Rossing, R. J. Johnson and H.-H. Parving (2011). "Serum uric acid as a new player in
the development of diabetic nephropathy.” Journal of Renal Nutrition 21(1): 124-127.

Howson, J., S. Krause, H. Stevens, D. Smyth, J. Wenzlau, E. Bonifacio, J. Hutton, A. Ziegler, J. Todd
and P. Achenbach (2012). "Genetic association of zinc transporter 8 (ZnT8) autoantibodies in type
1 diabetes cases." Diabetologia 55(7): 1978-1984.

219



Huang, D., M. Refaat, K. Mohammedi, A. Jayyousi, J. Al Suwaidi and C. Abi Khalil (2017).
"Macrovascular complications in patients with diabetes and prediabetes."” BioMed Research
international 2017: 1-9.

Huang, E. S., N. Laiteerapong, J. Y. Liu, P. M. John, H. H. Moffet and A. J. Karter (2014). "Rates of
complications and mortality in older patients with diabetes mellitus: the diabetes and aging study."
JAMA internal medicine 174(2): 251-258.

Huang, E. S., Q. Zhang, N. Gandra, M. H. Chin and D. O. Meltzer (2008). "The effect of comorbid
iliness and functional status on the expected benefits of intensive glucose control in older patients
with type 2 diabetes: a decision analysis." Annals of Internal Medicine 149(1): 11-19.

Huang, F., X. Zheng, X. Ma, R. Jiang, W. Zhou, S. Zhou, Y. Zhang, S. Lei, S. Wang and J. Kuang
(2019). "Theabrownin from Pu-erh tea attenuates hypercholesterolemia via modulation of gut
microbiota and bile acid metabolism." Nature Communications 10(1): 1-17.

Huang, J. and J. Yang (2016). "Study on the hypoglycaemic effect of Jasmine tea." Journal of Fujian
Agriculture and Forestry University (Natural Science Edition)(1): 5-14.

Hubbe, M. and E. Joubert (2000). "In vitro superoxide anion radical scavenging ability of honeybush
tea (Cyclopia)." Royal Society of Chemistry 255: 242-244,

Huiying, J., M. Yuxian, H. Jianfeng, A. Pindi and Y. Jiangfan (2016). "The research status of Jasmine
tea health care efficacy and related health care products.” Journal of Shanxi Agricultural University
(Natural Science Edition)(8): 16-27.

Hung, H.-Y., K. Qian, S. L. Morris-Natschke, C.-S. Hsu and K.-H. Lee (2012). "Recent discovery of
plant-derived anti-diabetic natural products.” Natural product reports 29(5): 580-606.

IDF (2016). "International Diabetes Federation: Diabetes Atlas.” Brussels: International Diabetes
Federation. Available: http://www.diabetesatlas.org [Accessed 21 April 2021].

IDF (2017). International Diabetes Federation Altas." Brussels, Belgium, 8th Edition.

IDF (2019). "International Diabetes Federation. IDF Diabetes Atlas. 9th ed." Brussels, Belgium:
International Diabetes Federation; 2019. p. http://www.diabetesatlas.org/.

Ibrahim, M. A., J. D. Habila, N. A. Koorbanally and M. S. Islam (2016). "Butanol fraction of Parkia
biglobosa (Jacq.) G. Don leaves enhance pancreatic B-cell functions, stimulates insulin secretion
and ameliorates other type 2 diabetes-associated complications in rats." Journal of
Ethnopharmacology 183: 103-111.

Ibrahim, M. A.and M. S. Islam (2014). " Anti-diabetic effects of the acetone fraction of Senna singueana
stem bark in a type 2 diabetes rat model.” Journal of Ethnopharmacology 153(2): 392-399.

Ibrahim, M. A., N. A. Koorbanally and M. S. Islam (2016). "Anti-oxidative, a-glucosidase and a-
amylase inhibitory activity of Vitex doniana: Possible exploitation in the management of type 2
diabetes." Acta Poloniae Pharmaceutica—Drug Research 73(5): 1235-1247.

Ide, A., E. Kawasaki, N. Abiru, F. Sun, M. Kobayashi, T. Fukushima, R. Takahashi, H. Kuwahara, A.
Kita and K. Oshima (2004). "Association between IL-18 gene promoter polymorphisms and CTLA-

220



4 gene 49A/G polymorphism in Japanese patients with type 1 diabetes.”" Journal of Autoimmunity
22(1): 73-78.

Idris, I., S. Gray and R. Donnelly (2001). "Protein kinase C activation: isozyme-specific effects on
metabolism and cardiovascular complications in diabetes.” Diabetologia 44(6): 659-673.

Ighodaro, O. and O. Akinloye (2018). "First line defence antioxidants-superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPX): Their fundamental role in the entire antioxidant
defence grid." Alexandria journal of medicine 54(4): 287-293.

Im, A.-R., J. H. Song, M. Y. Lee, S. H. Yeon, K. A. Um and S. Chae (2014). "Anti-wrinkle effects of
fermented and non-fermented Cyclopia intermedia in hairless mice." BMC Complementary and
Alternative Medicine 14(1): 424-430.

Im, A-R., S. H. Yeon, J. S. Lee, K. A. Um, Y.-J. Ahn and S. Chae (2016). "Protective effect of
fermented Cyclopia intermedia against UVB-induced damage in HaCaT human keratinocytes."
BMC Complementary and Alternative Medicine 16(1): 1-10.

Imamura, M., M. Horikoshi and S. Maeda (2019). "Genome-Wide Association Study for Type 2
Diabetes." Genome-Wide Association Studies 49-86. DOI: 10.1007/978-981-13-8177-5 4.

Imlay, J. A. (2008). "Cellular defenses against superoxide and hydrogen peroxide." Annual Review of
Biochemistry 77: 755-776.

Imlay, J. A. and I. Fridovich (1991). "Assay of metabolic superoxide production in Escherichia coli.”
Journal of Biological Chemistry 266(11): 6957-6965.

Ingelfinger, J. R. and C. J. Rosen (2019). "Clinical Credence—SGLT?2 Inhibitors, Diabetes, and Chronic
Kidney Disease.” The New England Journal of Medcine 380(24): 2371-2373.

Inoue, M., E. F. Sato, M. Nishikawa, A.-M. Park, Y. Kira, I. Imada and K. Utsumi (2003).
"Mitochondrial generation of reactive oxygen species and its role in aerobic life." Current Medicinal
Chemistry 10(23): 2495-2505.

Inzucchi, S. E., R. M. Bergenstal, J. B. Buse, M. Diamant, E. Ferrannini, M. Nauck, A. L. Peters, A.
Tsapas, R. Wender and D. R. Matthews (2012). "Management of hyperglycaemia in type 2 diabetes:
a patient-centered approach: position statement of the American Diabetes Association (ADA) and
the European Association for the Study of Diabetes (EASD)." Diabetes Spectrum 25(3): 154-171.

Islam, M. S. (2011). "Effects of the aqueous extract of white tea (Camellia sinensis) in a streptozotocin-
induced diabetes model of rats.” Phytomedicine 19(1): 25-31.

Islam, M. S. and H. Choi (2007). "Green tea, anti-diabetic or diabetogenic: A dose response study."
Biofactors 29(1): 45-53.

Islam, M. S. and R. D. Wilson (2012). "Experimentally induced rodent models of type 2 diabetes."”
Animal Models in Diabetes Research 933: 161-174.

Islam, M. T., E. S. Ali, S. J. Uddin, S. Shaw, M. A. Islam, M. I. Ahmed, M. C. Shill, U. K. Karmakar,
N. S. Yarlaand I. N. Khan (2018). "Phytol: A review of biomedical activities." Food and Chemical
Toxicology 121: 82-94.

221



Iswaldi, I., D. Arréez-Roman, I. Rodriguez-Medina, R. Beltrdn-Debdn, J. Joven, A. Segura-Carretero
and A. Fernandez-Gutiérrez (2011). "Identification of phenolic compounds in aqueous and ethanolic
rooibos extracts (Aspalathus linearis) by HPLC-ESI-MS (TOF/IT)." Analytical and Bioanalytical
Chemistry 400(10): 3643-3654.

Ito, Y., A. Sugimoto, T. Kakuda and K. Kubota (2002). "ldentification of potent odorants in Chinese
jasmine green tea scented with flowers of Jasminum sambac." Journal of Agricultural and Food
Chemistry 50(17): 4878-4884.

Jack, B., C. Malherbe, B. Huisamen, K. Gabuza, S. Mazibuko-Mbeje, A. Schulze, E. Joubert, C. Muller,
J. Louw and C. Pheiffer (2017). "A polyphenol-enriched fraction of Cyclopia intermedia decreases
lipid content in 3T3-L1 adipocytes and reduces body weight gain of obese db/db mice." South
African Journal of Botany 110: 216-229.

Jackson, R. S., R. L. Amdur, J. C. White and R. A. Macsata (2012). "Hyperglycaemia is associated
with increased risk of morbidity and mortality after colectomy for cancer." Journal of the American
College of Surgeons 214(1): 68-80.

Jang, C., S. Hui, W. Lu, A. J. Cowan, R. J. Morscher, G. Lee, W. Liu, G. J. Tesz, M. J. Birnbaum and
J. D. Rabinowitz (2018). "The small intestine converts dietary fructose into glucose and organic
acids." Cell Metabolism 27(2): 351-361. €353.

Jasiewicz, B., A. Sierakowska, N. Wandyszewska, B. Warzajtis, U. Rychlewska, R. Wawrzyniak and
L. Mrowczynska (2016). "Antioxidant properties of thio-caffeine derivatives: Identification of the
newly synthesized 8-[(pyrrolidin-1-ylcarbonothioyl) sulfanyl] caffeine as antioxidant and highly
potent cytoprotective agent." Bioorganic & Medicinal Chemistry Letters 26(16): 3994-3998.

Jellinger, P. S. (2007). "Metabolic consequences of hyperglycaemia and insulin resistance.” Clinical
Cornerstone 8: S30-S42.

Jin, W. and M.-E. Patti (2009). "Genetic determinants and molecular pathways in the pathogenesis of
Type 2 diabetes." Clinical Science 116(2): 99-111.

Johnson, R. J., T. Nakagawa, D. Jalal, L. G. Sanchez-Lozada, D.-H. Kang and E. Ritz (2013). "Uric
acid and chronic kidney disease: which is chasing which?" Nephrology Dialysis Transplantation
28(9): 2221-2228.

Joubert, E. (1996). "HPLC quantification of the dihydrochalcones, aspalathin and nothofagin in rooibos
tea (Aspalathus linearis) as affected by processing.” Food Chemistry 55(4): 403-411.

Joubert, E., T. Beelders, D. de Beer, C. J. Malherbe, A. J. de Villiers and G. O. Sigge (2012). "Variation
in phenolic content and antioxidant activity of fermented rooibos herbal tea infusions: Role of
production season and quality grade.”" Journal of Agricultural and Food Chemistry 60(36): 9171-
9179.

Joubert, E. and D. de Beer (2011). "Rooibos (Aspalathus linearis) beyond the farm gate: From herbal
tea to potential phytopharmaceutical." South African Journal of Botany 77(4): 869-886.

Joubert, E. and D. de Beer (2012). "Phenolic content and antioxidant activity of rooibos food ingredient

222



extracts." Journal of Food Composition and Analysis 27(1): 45-51.

Joubert, E., D. de Beer, I. Hernandez and S. Munné-Bosch (2014). "Accummulation of mangiferin,
isomangiferin, iriflophenone-3-C-p-glucoside and hesperidin in honeybush leaves (Cyclopia
genistoides Vent.) in response to harvest time, harvest interval and seed source.” Industrial Crops
and Products 56: 74-82.

Joubert, E., W. Gelderblom, A. Louw and D. de Beer (2008). "South African herbal teas: Aspalathus
linearis, Cyclopia spp. and Athrixia phylicoides—A review." Journal of Ethnopharmacology 119(3):
376-412.

Joubert, E., W. C. Gelderblom and D. De Beer (2009). "Phenolic contribution of South African herbal
teas to a healthy diet." Natural Product Communications 4(5): 1934578X0900400507.

Joubert, E., M. Joubert, C. Bester, D. De Beer and J. H. De Lange (2011). "Honeybush (Cyclopia spp.):
From local cottage industry to global markets—The catalytic and supporting role of research."
South African Journal of Botany 77(4): 887-907.

Joubert, E., M. Manley and M. Botha (2008). "Evaluation of spectrophotometric methods for screening
of green rooibos (Aspalathus linearis) and green honeybush (Cyclopia genistoides) extracts for high
levels of Bio-active compounds." Phytochemical Analysis: An International Journal of Plant
Chemical and Biochemical Techniques 19(2): 169-178.

Joubert, E., E. S. Richards, J. D. V. d. Merwe, D. De Beer, M. Manley and W. c. Gelderblom (2008).
"Effect of species variation and processing on phenolic composition and in vitro antioxidant activity
of aqueous extracts of Cyclopia spp.(honeybush tea)." Journal of Agricultural and Food Chemistry
56(3): 954-963.

Joubert, E. and H. Schultz (2012). "Production and quality aspects of rooibos tea and related products.
A review." Journal of Applied Botany and Food Quality 80(2): 138-144.

Joubert, E., P. Winterton, T. J. Britz and W. C. Gelderblom (2005). "Antioxidant and pro-oxidant
activities of aqueous extracts and crude polyphenolic fractions of rooibos (Aspalathus linearis)."
Journal of agricultural and food chemistry 53(26): 10260-10267.

Juneja, L. R., D.-C. Chu, T. Okubo, Y. Nagato and H. Yokogoshi (1999). "L-theanine—a unique amino
acid of green tea and its relaxation effect in humans.” Trends in Food Science & Technology 10(6-
7): 199-204.

Jung, K. H., H. S. Choi, D. H. Kim, M. Y. Han, U. J. Chang, S.-V. Yim, B. C. Song, C.-H. Kim and S.
A. Kang (2008). "Epigallocatechin gallate stimulates glucose uptake through the
phosphatidylinositol 3-kinase-mediated pathway in L6 rat skeletal muscle cells." Journal of
Medicinal Food 11(3): 429-434.

Jung, U. J., M.-K. Lee, K.-S. Jeong and M.-S. Choi (2004). "The hypoglycaemic effects of hesperidin
and naringin are partly mediated by hepatic glucose-regulating enzymes in C57BL/KsJ-db/db
mice." The Journal of Nutrition 134(10): 2499-2503.

Jung, U. J., M.-K. Lee, Y. B. Park, M. A. Kang and M.-S. Choi (2006). "Effect of citrus flavonoids on

223



lipid metabolism and glucose-regulating enzyme mRNA levels in type-2 diabetic mice." The
International Journal of Biochemistry & Cell Biology 38(7): 1134-1145.

Kabel, A. M. (2014). "Free radicals and antioxidants: role of enzymes and nutrition." World Journal of
Nutrition and Health 2(3): 35-38.

Kabera, J. N., E. Semana, A. R. Mussa and X. He (2014). "Plant secondary metabolites: biosynthesis,
classification, function and pharmacological properties.” Journal of Pharmacy and Pharmacology 2:
377-392.

Kachidza, J. M. (2014). "A comparative study of the invitro anti-obesity activity of phytocompounds
present in Laagar green rooibos, Tanganda healthi green and slimmers green tea sold in Harare
metropolitan” Bindura University of Science Education. http://hdl.handle.net/123456789/3561.

Kahn, S. E., R. L. Prigeon, R. S. Schwartz, W. Y. Fujimoto, R. H. Knopp, J. D. Brunzell and D. Porte
Jr (2001). "Obesity, body fat distribution, insulin sensitivity and islet 3-cell function as explanations
for metabolic diversity." The Journal of Nutrition 131(2): 354S-360S.

Kakkar, P., B. Das and P. Viswanathan (1984). "A modified spectrophotometric assay of superoxide
dismutase.” Indian Journal of Biochemistry and Biophysics 21(2): 130-132.

Kala, S. M. J., T. Balasubramanian, P. T. Soris and V. Mohan (2011). "GC-MS determination of
bioactive components of Eugenia singampattiana Bedd." International Journal of ChemTech
Research 3(3): 1534-1537.

Kalra, S., S. Bahendeka, R. Sahay, S. Ghosh, F. Md, A. Orabi, K. Ramaiya, S. Al Shammari, D. Shrestha
and K. Shaikh (2018). "Consensus recommendations on sulfonylurea and sulfonylurea
combinations in the management of Type 2 diabetes mellitus—International Task Force." Indian
Journal of Endocrinology and Metabolism 22(1): 132.

Kamakura, R., M. J. Son, D. de Beer, E. Joubert, Y. Miura and K. Yagasaki (2015). "Antidiabetic effect
of green rooibos (Aspalathus linearis) extract in cultured cells and type 2 diabetic model KK-A 'y
mice." Cytotechnology 67(4): 699-710.

Kamara, B. I., E. V. Brandt, D. Ferreira and E. Joubert (2003). "Polyphenols from honeybush tea
(Cyclopia intermedia)." Journal of Agricultural and Food Chemistry 51(13): 3874-3879.

Kandemir, F. M., M. Ozkaraca, S. Kugukler, C. Caglayan and B. Hanedan (2018). "Preventive effects
of hesperidin on diabetic nephropathy induced by streptozotocin via modulating TGF-1 and
oxidative DNA damage." Toxin Reviews 37(4): 287-293.

Kao, K.-T. and M. A. Sabin (2016). "Type 2 diabetes mellitus in children and adolescents.” Australian
Family Physician 45(6): 401-406.

Katsarou, A., S. Gudbjoérnsdottir, A. Rawshani, D. Dabelea, E. Bonifacio, B. J. Anderson, L. M.
Jacobsen, D. A. Schatz and A. Lernmark (2017). "Type 1 diabetes mellitus." Nature Reviews
Disease Primers 3: 1-18.

Kawano, A., H. Nakamura, S.-i. Hata, M. Minakawa, Y. Miura and K. Yagasaki (2009).

"Hypoglycaemic effect of aspalathin, a rooibos tea component from Aspalathus linearis, in type 2

224



diabetic model db/db mice." Phytomedicine 16(5): 437-443.

Kazuno, S., M. Yanagida, N. Shindo and K. Murayama (2005). "Mass spectrometric identification and
guantification of glycosyl flavonoids, including dihydrochalcones with neutral loss scan mode."
Analytical Biochemistry 347(2): 182-192.

Keenan, H. A., T. Costacou, J. K. Sun, A. Doria, J. Cavellerano, J. Coney, T. J. Orchard, L. P. Aiello
and G. L. King (2007). "Clinical factors associated with resistance to microvascular complications
in diabetic patients of extreme disease duration: the 50-year medalist study." Diabetes Care 30(8):
1995-1997.

Kefalas, P., S. Kallithraka, I. Parejo and D. P. Makris (2003). "Note: a comparative study on the in vitro
antiradical activity and hydroxyl free radical scavenging activity in aged red wines." Food Science
and Technology International 9(6): 383-387.

Kelley, G. and K. Kelley (2007). "Effects of aerobic exercise on lipids and lipoproteins in adults with
type 2 diabetes: a meta-analysis of randomized-controlled trials." Public Health 121(9): 643-655.

Khan, N. and H. Mukhtar (2007). "Tea polyphenols for health promotion." Life Sciences 81(7): 519-
533.

Khan, N. and H. Mukhtar (2019). "Tea polyphenols in promotion of human health." Nutrients 11(1):
39-55.

Kim, C., D. K. Berger and S. Chamany (2007). "Recurrence of gestational diabetes mellitus: a
systematic review." Diabetes care 30(5): 1314-1319.

Kim,Y.S., Y. M. Lee, H. Kim, J. Kim, D. S. Jang, J. H. Kim and J. S. Kim (2010). "Anti-obesity effect
of Morus bombycis root extract: anti-lipase activity and lipolytic effect.” Journal of
Ethnopharmacology 130(3): 621-624.

King, G. L. and M. R. Loeken (2004). "Hyperglycaemia -induced oxidative stress in diabetic
complications." Histochemistry and Cell Biology 122(4): 333-338.

Kitamura, T., J. Nakae, Y. Kitamura, Y. Kido, W. H. Biggs, C. V. Wright, M. F. White, K. C. Arden
and D. Accili (2002). "The forkhead transcription factor Foxol links insulin signaling to Pdx1
regulation of pancreatic B cell growth." The Journal of Clinical Investigation 110(12): 1839-1847.

Knowler, W. C., E. Barrett-Connor, S. E. Fowler, R. F. Hamman, J. M. Lachin, E. A. Walker and D.
M. Nathan (2002). "Reduction in the incidence of type 2 diabetes with lifestyle intervention or
metformin."” The New England Journal of Medicine 346(6): 393-403.

Kobayashi, Y., M. Suzuki, H. Satsu, S. Arai, Y. Hara, K. Suzuki, Y. Miyamoto and M. Shimizu (2000).
"Green tea polyphenols inhibit the sodium-dependent glucose transporter of intestinal epithelial
cells by a competitive mechanism." Journal of Agricultural and Food Chemistry 48(11): 5618-5623.

Koch, W., W. Kukula-Koch and K. Gtowniak (2017). "Catechin composition and antioxidant activity
of black teas in relation to brewing time." Journal of AOAC International 100(6): 1694-1699.

Koeppen, B. and D. Roux (1965). "C-Glycosylflavonoids. The chemistry of orientin and iso-orientin."
Biochemical Journal 97(2): 444-448.

225



Koeppen, B. and D. Roux (1966). "C-glycosylflavonoids. The chemistry of aspalathin.” Biochemical
Journal 99(3): 604-609.

Kokotkiewicz, A. and M. Luczkiewicz (2009). "Honeybush (Cyclopia sp.)—a rich source of compounds
with high antimutagenic properties.” Fitoterapia 80(1): 3-11.

Konig, M., S. Bulik and H.-G. Holzhdtter (2012). "Quantifying the contribution of the liver to glucose
homeostasis: a detailed kinetic model of human hepatic glucose metabolism." PLoS Comput Biol
8(6): €1002577.

Krafczyk, N. and M. A. Glomb (2008). "Characterization of phenolic compounds in rooibos tea."
Journal of Agricultural and Food Chemistry 56(9): 3368-3376.

Kreisberg, R. A. (1984). "Pathogenesis and management of lactic acidosis." Annual Review of
Medicine 35(1): 181-193.

Kreuz, S., E. Joubert, K.-H. Waldmann and W. Ternes (2008). "Aspalathin, a flavonoid in Aspalathus
linearis (rooibos), is absorbed by pig intestine as a C-glycoside." Nutrition Research 28(10): 690-
701.

Krishnamurthy, P. and A. Wadhwani (2012). "Antioxidant enzymes and human health." Antioxidant
Enzyme 1: 3-18.

Krook, A., J. Digby, S. O'Rahilly, J. R. Zierath and H. Wallberg-Henriksson (1998). "Uncoupling
protein 3 is reduced in skeletal muscle of NIDDM patients." Diabetes 47(9): 1528-1531.

Ku, S.-K. and J.-S. Bae (2016). "Vicenin-2 and scolymoside inhibit high-glucose-induced vascular
inflammation in vitro and in vivo." Canadian Journal of Physiology and Pharmacology 94(3): 287-
295.

Ku, S.-K., S. Kwak, Y. Kim and J.-S. Bae (2015). "Aspalathin and nothofagin from rooibos (Aspalathus
linearis) inhibits high glucose-induced inflammation in vitro and in vivo." Inflammation 38(1): 445-
455,

Ku, S.-K., W. Lee, M. Kang and J.-S. Bae (2015). "Antithrombotic activities of aspalathin and
nothofagin via inhibiting platelet aggregation and Flla/FXa." Archives of pharmacal research 38(6):
1080-1089.

Kubota, T., N. Kubota, H. Kumagai, S. Yamaguchi, H. Kozono, T. Takahashi, M. Inoue, S. Itoh, 1.
Takamoto and T. Sasako (2011). "Impaired insulin signaling in endothelial cells reduces insulin-
induced glucose uptake by skeletal muscle.” Cell Metabolism 13(3): 294-307.

Kumakura, I. (2002). "Tea Drinking Culture in the World." Foods Food Ingredients J. Japan (204): 204
- 209.

Kumar, D. and S. I. Rizvi (2015). "Black tea extract improves anti-oxidant profile in experimental
diabetic rats." Archives of Physiology and Biochemistry 121(3): 109-115.

Kumar, P. P., S. Kumaravel and C. Lalitha (2010). "Screening of antioxidant activity, total phenolics
and GC-MS study of Vitex negundo." African Journal of Biochemistry Research 4(7): 191-195.

Kumar, S., S. Narwal, V. Kumar and O. Prakash (2011). "a-glucosidase inhibitors from plants: A natural

226



approach to treat diabetes." Pharmacognosy Reviews 5(9): 19.

Kunhachan, P., C. Banchonglikitkul, T. Kajsongkram, A. Khayungarnnawee and W. Leelamanit (2012).
"Chemical composition, toxicity and vasodilatation effect of the flowers extract of Jasminum
sambac (L.) Ait.“G. Duke of Tuscany”." Evidence-Based Complementary and Alternative Medicine
2012: 1-7.

Kurian, G. A., S. Suryanarayanan, A. Raman and J. Padikkala (2010). "Antioxidant effects of ethyl
acetate extract of Desmodium gangeticum root on myocardial ischemia reperfusion injury in rat
hearts." Chinese medicine 5(1): 3-10.

Kuroda, K., N. Inoue, Y. Ito, K. Kubota, A. Sugimoto, T. Kakuda and T. Fushiki (2005). "Sedative
effects of the jasmine tea odor and (R)-(—)-linalool, one of its major odor components, on autonomic
nerve activity and mood states." European Journal of Applied Physiology 95(2-3): 107-114.

Kwak, S. H. and K. S. Park (2016). "Recent progress in genetic and epigenetic research on type 2
diabetes." Experimental & Molecular Medicine 48(3): e220-e220.

Lakhtakia, R. (2013). "The history of diabetes mellitus." Sultan Qaboos University Medical Journal
13(3): 368-370.

Lalitharani, S., V. Mohan, G. Regini and C. Kalidass (2009). "GC-MS analysis of ethanolic extract of
Pothos scandens leaf.” Journal of Herbal Medicine and Toxicology 3: 159-160.

Lambeth, J. D. (2004). "NOX enzymes and the biology of reactive oxygen." Nature Reviews
Immunology 4(3): 181-189.

Lane, J. D. (2011). "Caffeine, glucose metabolism, and type 2 diabetes.” Journal of Caffeine Research
1(1): 23-28.

Lauricella, M., S. Emanuele, G. Calvaruso, M. Giuliano and A. D’Anneo (2017). "Multifaceted health
benefits of Mangifera indica L.(Mango): the inestimable value of orchards recently planted in
Sicilian rural areas." Nutrients 9(5): 525-539.

Lee, J.-H., M.-K. Oh, J.-T. Lim, H.-G. Kim and W.-J. Lee (2016). "Effect of coffee consumption on the
progression of type 2 diabetes mellitus among prediabetic individuals." Korean Journal of Family
Medicine 37(1): 7-13.

Lee, W. and J.-S. Bae (2015). "Anti-inflammatory Effects of Aspalathin and Nothofagin from Rooibos
(Aspalathus linearis." Inflammation 38(4): 1502-1516.

Lee, Y., H. Hirose, M. Ohneda, J. Johnson, J. D. Mcgarry and R. H. Unger (1994). "Beta-cell
lipotoxicity in the pathogenesis of non-insulin-dependent diabetes mellitus of obese rats:
impairment in adipocyte-beta-cell relationships.” Proceedings of the National Academy of Sciences
91(23): 10878-10882.

Leon, B. M. and T. M. Maddox (2015). "Diabetes and cardiovascular disease: Epidemiology, biological
mechanisms, treatment recommendations and future research.” World Journal of Diabetes 6(13):
1246-1258.

Lesser, M. P. (2006). "Oxidative stress in marine environments: biochemistry and physiological

227



ecology." Annual Reviews of Physiology 68: 253-278.

Levine, J. A, L. M. Lanningham-Foster, S. K. McCrady, A. C. Krizan, L. R. Olson, P. H. Kane, M. D.
Jensen and M. M. Clark (2005). "Interindividual variation in posture allocation: possible role in
human obesity." Science 307(5709): 584-586.

Li, H., F. Song, J. Xing, R. Tsao, Z. Liu and S. Liu (2009). "Screening and structural characterization
of a-glucosidase inhibitors from hawthorn leaf flavonoids extract by ultrafiltration LC-DAD-MS n
and SORI-CID FTICR MS." Journal of the American Society for Mass Spectrometry 20(8): 1496-
1503.

Li, H. and Q. Wang (2004). "Evaluation of free hydroxyl radical scavenging activities of some Chinese
herbs by capillary zone electrophoresis with amperometric detection." Analytical and Bioanalytical
Chemistry 378(7): 1801-1805.

Li, X., X. Hu, J. Wang, W. Xu, C. Yi, R. Ma and H. Jiang (2018). "Inhibition of autophagy via activation
of PIBK/Akt/mTOR pathway contributes to the protection of hesperidin against myocardial
ischemia/reperfusion injury." International Journal of Molecular Medicine 42(4): 1917-1924.

Liang, C., K. DeCourcy and M. R. Prater (2010). "High—saturated-fat diet induces gestational diabetes
and placental vasculopathy in C57BL/6 mice." Metabolism 59(7): 943-950.

Liang, Y., W. Ma, J. Lu and Y. Wu (2001). "Comparison of chemical compositions of llex latifolia
Thumb and Camellia sinensis L." Food Chemistry 75(3): 339-343.

Light, M., S. Sparg, G. Stafford and J. VVan Staden (2005). "Riding the wave: South Africa's contribution
to ethnopharmacological research over the last 25 years." Journal of Ethnopharmacology 100(1-2):
127-130.

Limon-Pacheco, J. and M. E. Gonsebatt (2009). "The role of antioxidants and antioxidant-related
enzymes in protective responses to environmentally induced oxidative stress.” Mutation
Research/Genetic Toxicology and Environmental Mutagenesis 674(1-2): 137-147.

Lin, A. H.-M., B.-H. Lee and W.-J. Chang (2016). "Small intestine mucosal a-glucosidase: A missing
feature of in vitro starch digestibility." Food Hydrocolloids 53: 163-171.

Lindschau, C., P. Quass, J. Menne, F. Giiler, A. Fiebeler, M. Leitges, F. C. Luft and H. Haller (2003).
"Glucose-induced TGF-B1 and TGF-B receptor-1 expression in vascular smooth muscle cells is
mediated by protein kinase C-a." Hypertension 42(3): 335-341.

Liou, G.-Y. and P. Storz (2010). "Reactive oxygen species in cancer.” Free radical research 44(5): 479-
496.

Lipscombe, L., G. Booth, S. Butalia, K. Dasgupta, D. T. Eurich, R. Goldenberg, N. Khan, L. MacCallum,
B. R. Shah and S. Simpson (2018). "Pharmacologic glycemic management of type 2 diabetes in
adults." Canadian Journal of Diabetes 42: S88-S103.

Lipska, K. J., H. Krumholz, T. Soones and S. J. Lee (2016). "Polypharmacy in the aging patient: a
review of glycemic control in older adults with type 2 diabetes." Jama 315(10): 1034-1045.

Listenberger, L. L., X. Han, S. E. Lewis, S. Cases, R. V. Farese, D. S. Ory and J. E. Schaffer (2003).

228



"Triglyceride accumulation protects against fatty acid-induced lipotoxicity." Proceedings of the
National Academy of Sciences 100(6): 3077-3082.

Liu, W., H. Wang and F. Meng (2015). "In silico modeling of aspalathin and nothofagin against
SGLT2." Journal of Theoretical and Computational Chemistry 14(08): 1550056.

Lo, S., J. Russell and A. Taylor (1970). "Determination of glycogen in small tissue samples." Journal
of Applied Physiology 28(2): 234-236.

Lopaczynski, W. and S. H. Zeisel (2001). "Antioxidants, programmed cell death, and cancer." Nutrition
Research 21(1-2): 295-307.

Lordan, S., T. J. Smyth, A. Soler-Vila, C. Stanton and R. P. Ross (2013). "The a-amylase and o-
glucosidase inhibitory effects of Irish seaweed extracts." Food Chemistry 141(3): 2170-2176.

Lorenzati, B., C. Zucco, S. Miglietta, F. Lamberti and G. Bruno (2010). "Oral hypoglycaemic drugs:
pathophysiological basis of their mechanism of actionoral hypoglycaemic drugs:
pathophysiological basis of their mechanism of action." Pharmaceuticals 3(9): 3005-3020.

Lozano, I., R. Van der Werf, W. Bietiger, E. Seyfritz, C. Peronet, M. Pinget, N. Jeandidier, E. Maillard,
E. Marchioni and S. Sigrist (2016). "High-fructose and high-fat diet-induced disorders in rats:
impact on diabetes risk, hepatic and vascular complications.” Nutrition & Metabolism 13(1): 15.

L4, J. M., P. H. Lin, Q. Yao and C. Chen (2010). "Chemical and molecular mechanisms of antioxidants:
experimental approaches and model systems.” Journal of Cellular and Molecular Medicine 14(4):
840-860.

Luca, V., S. Ana-Maria, A. Trifan, A. Miron and A. C. Aprotosoaie (2016). "Catechins profile, caffeine
content and antioxidant activity of camellia sinensis teas commercialized in romania.”" The Medical-
Surgical Journal 120(2): 457-463.

Lunagariya, N. A., N. K. Patel, S. C. Jagtap and K. K. Bhutani (2014). "Inhibitors of pancreatic lipase:
state of the art and clinical perspectives." EXCLI Journal 13: 897.

Luo, K., Q. Yang, X.-m. Li, G.-. Yang, Y. Liu, D.-b. Wang, W. Zheng and G.-m. Zeng (2012).
"Hydrolysis kinetics in anaerobic digestion of waste activated sludge enhanced by a-amylase.”
Biochemical Engineering Journal 62: 17-21.

Luo, X., J. Wu, S. Jing and L.-J. Yan (2016). "Hyperglycemic stress and carbon stress in diabetic
glucotoxicity." Aging and Disease 7(1): 90.

Lv, H.-p., Y. Zhang, J. Shi and Z. Lin (2017). "Phytochemical profiles and antioxidant activities of
Chinese dark teas obtained by different processing technologies.” Food Research International 100:
486-493.

Magcwebeba, T. U., S. Riedel, S. Swanevelder, P. Swart, D. De Beer, E. Joubert and W. C. Andreas
Gelderblom (2016). "The potential role of polyphenols in the modulation of skin cell viability by
Aspalathus linearis and Cyclopia spp. herbal tea extracts in vitro." Journal of Pharmacy and
Pharmacology 68(11): 1440-1453.

Magee, M. F. and B. A. Bhatt (2001). "Management of decompensated diabetes: diabetic ketoacidosis

229



and hyperglycemic hyperosmolar syndrome." Critical Care Clinics 17(1): 75-106.

Magnone, M., P. Ameri, A. Salis, G. Andraghetti, L. Emionite, G. Murialdo, A. De Flora and E. Zocchi
(2015). "Microgram amounts of abscisic acid in fruit extracts improve glucose tolerance and reduce
insulinemia in rats and in humans.” The FASEB Journal 29(12): 4783-4793.

Malekmohammad, K., R. D. Sewell and M. Rafieian-Kopaei (2019). "Antioxidants and Atherosclerosis:
Mechanistic Aspects.” Biomolecules 9(8): 301-320.

Malmstrom, H., G. Walldius, V. Grill, 1. Jungner, S. Gudbjérnsdottir and N. Hammar (2014).
"Fructosamine is a useful indicator of hyperglycaemia and glucose control in clinical and
epidemiological studies—cross-sectional and longitudinal experience from the AMORIS cohort."
PLoS One 9(10): e111463.

Mamati, G. E., Y. Liang and J. Lu (2006). "Expression of basic genes involved in tea polyphenol
synthesis in relation to accumulation of catechins and total tea polyphenols."” Journal of the Science
of Food and Agriculture 86(3): 459-464.

Marchetti, P., R. Lupi, S. Del Guerra, M. Bugliani, L. Marselli and U. Boggi (2010). "The p-cell in
human type 2 diabetes." The Islets of Langerhans 501-514.

Marin-Pefalver, J. J., . Martin-Timén, C. Sevillano-Collantes and F. J. del Cafizo-Gémez (2016).
"Update on the treatment of type 2 diabetes mellitus.” World Journal of Diabetes 7(17): 354.

Maritim, A., R. Sanders and J. Watkins, I1l (2003). "Diabetes, oxidative stress, and antioxidants: a
review." Journal of Biochemical and Molecular Toxicology 17(1): 24-38.

Marnewick, J. L. (2009). "Rooibos and honeybush: recent advances in chemistry, biological activity
and pharmacognosy" ACS Publications.DOI: 10.1021/bk-2009-1021.ch016.

Marnewick, J. L., E. Joubert, P. Swart, F. van der Westhuizen and W. C. Gelderblom (2003).
"Modulation of hepatic drug metabolizing enzymes and oxidative status by rooibos (Aspalathus
linearis) and honeybush (Cyclopia intermedia), green and black (Camellia sinensis) teas in rats."
Journal of Agricultural and Food Chemistry 51(27): 8113-8119.

Marnewick, J. L., F. Rautenbach, 1. Venter, H. Neethling, D. M. Blackhurst, P. Wolmarans and M.
Macharia (2011). "Effects of rooibos (Aspalathus linearis) on oxidative stress and biochemical
parameters in adults at risk for cardiovascular disease." Journal of Ethnopharmacology 133(1): 46-
52.

Marshall, J. A., S. Hoag, S. Shetterly and R. F. Hamman (1994). "Dietary fat predicts conversion from
impaired glucose tolerance to NIDDM: the San Luis Valley Diabetes Study." Diabetes Care 17(1):
50-56.

Marshall, S., V. Bacote and R. Traxinger (1991). "Discovery of a metabolic pathway mediating glucose-
induced desensitization of the glucose transport system. Role of hexosamine biosynthesis in the
induction of insulin resistance." Journal of Biological Chemistry 266(8): 4706-4712.

Martin, L. C. and R. Cooper (2011). "From herbs to Medicines: a world history of tea—from legend to
healthy obsession." Alternative and Complementary Therapies 17(3): 162-168.

230



Martineau, L. C., D. C. Adeyiwola-Spoor, D. Vallerand, A. Afshar, J. T. Arnason and P. S. Haddad
(2010). "Enhancement of muscle cell glucose uptake by medicinal plant species of Canada's native
populations is mediated by a common, metformin-like mechanism." Journal of Ethnopharmacology
127(2): 396-406.

Martins, F., T. M. Noso, V. B. Porto, A. Curiel, A. Gambero, D. H. Bastos, M. L. Ribeiro and P. d. O.
Carvalho (2010). "Maté tea inhibits in vitro pancreatic lipase activity and has hypolipidemic effect
on high-fat diet-induced obese mice." Obesity 18(1): 42-47.

Martins, N., L. Barros and I. C. Ferreira (2016). "In vivo antioxidant activity of phenolic compounds:
Facts and gaps." Trends in Food Science & Technology 48: 1-12.

Matés, J. M., C. Pérez-Gémez and 1. N. De Castro (1999). "Antioxidant enzymes and human diseases."
Clinical Biochemistry 32(8): 595-603.

Mathijs, 1., D. A. Da Cunha, E. Himpe, L. Ladriere, N. Chellan, C. R. Roux, E. Joubert, C. Muller, M.
Cnop and J. Louw (2014). "Phenylpropenoic acid glucoside augments pancreatic beta cell mass in
high-fat diet-fed mice and protects beta cells from ER stress-induced apoptosis." Molecular
Nutrition & Food research 58(10): 1980-1990.

Matkowski, A., P. Kus, E. Goralska and D. Wozniak (2013). "Mangiferin—a bioactive xanthonoid, not
only from mango and not just antioxidant." Mini Reviews in Medicinal Chemistry 13(3): 439-455.

Matough, F. A., S. B. Budin, Z. A. Hamid, N. Alwahaibi and J. Mohamed (2012). "The role of oxidative
stress and antioxidants in diabetic complications." Sultan Qaboos University Medical Journal 12(1):
5-18.

Matsumoto, N., F. Ishigaki, A. Ishigaki, H. Iwashina and Y. Hara (1993). "Reduction of blood glucose
levels by tea catechin.” Bioscience, Biotechnology, and Biochemistry 57(4): 525-527.

Mayfield, J. A. (1998). "Diagnosis and classification of diabetes mellitus: new criteria." American
family physician 58(6): 1355-1362.

Mayor Oxilia, R. (2010). "Oxidative stress and antioxidant defense system." Revista del Instituto de
Medicina Tropical 5(2): 23-29.

Mazibuko-Mbeje, S. E., P. V. Dludla, C. Roux, R. Johnson, S. Ghoor, E. Joubert, J. Louw, A. R. Opoku
and C. J. Muller (2019). "Aspalathin-enriched green rooibos extract reduces hepatic insulin
resistance by modulating PISK/AKT and AMPK pathways." International Journal of Molecular
Sciences 20(3): 633.

Mazibuko, S., C. Muller, E. Joubert, D. De Beer, R. Johnson, A. Opoku and J. Louw (2013).
"Amelioration of palmitate-induced insulin resistance in C2C12 muscle cells by rooibos
(Aspalathus linearis)." Phytomedicine 20(10): 813-819.

McCord, J. M. and I. Fridovich (1969). "Superoxide dismutase an enzymic function for erythrocuprein
(hemocuprein).” Journal of Biological chemistry 244(22): 6049-6055.

McCord, J. M. and I. Fridovich (1969). "The utility of superoxide dismutase in studying free radical

reactions I. radicals generated by the interaction of sulfite, dimethyl sulfoxide, and oxygen." Journal

231



of Biological Chemistry 244(22): 6056-6063.

McCord, J. M., B. B. Keele and I. Fridovich (1971). "An enzyme-based theory of obligate anaerobiosis:
the physiological function of superoxide dismutase.” Proceedings of the National Academy of
Sciences 68(5): 1024-1027.

McDonald, S., P. D. Prenzler, M. Antolovich and K. Robards (2001). "Phenolic content and antioxidant
activity of olive extracts." Food Chemistry 73(1): 73-84.

McGill, M. R. (2016). "The past and present of serum aminotransferases and the future of liver injury
biomarkers." EXCLI journal 15: 817.

McGuire, D. K. and S. E. Inzucchi (2008). "New drugs for the treatment of diabetes mellitus: part I:
Thiazolidinediones and their evolving cardiovascular implications." Circulation 117(3): 440-449.

Mchunu, N., C. I. Chukwuma, M. A. lbrahim, O. A. Oyebode, S. N. Dlamini and M. S. Islam (2019).
"Commercially available non-nutritive sweeteners modulate the antioxidant status of type 2 diabetic
rats." Journal of Food Biochemistry 43(3): e12775.

McKay, D. L. and J. B. Blumberg (2007). "A review of the bioactivity of South African herbal teas:
rooibos (Aspalathus linearis) and honeybush (Cyclopia intermedia).” Phytotherapy Research: An
International Journal Devoted to Pharmacological and Toxicological Evaluation of Natural Product
Derivatives 21(1): 1-16.

Meier, J. J. and R. C. Bonadonna (2013). "Role of reduced B-cell mass versus impaired p-cell function
in the pathogenesis of type 2 diabetes.” Diabetes Care 36(Supplement 2): S113-S119.

Meli, R., G. M. Raso, C. Irace, R. Simeoli, A. Di Pascale, O. Paciello, T. B. Pagano, A. Calignano, A.
Colonna and R. Santamaria (2013). "High fat diet induces liver steatosis and early dysregulation of
iron metabolism in rats." PLoS One 8(6): 1-11.

Mikami, N., J. Tsujimura, A. Sato, A. Narasada, M. Shigeta, M. Kato, S. Hata and E. Hitomi (2015).
"Green rooibos extract from Aspalathus linearis, and its component, aspalathin, suppress elevation
of blood glucose levels in mice and inhibit a-amylase and a-glucosidase activities in vitro." Food
Science and Technology Research 21(2): 231-240.

Miller, N., C. J. Malherbe and E. Joubert (2020). "In vitro a-glucosidase inhibition by honeybush
(Cyclopia genistoides) food ingredient extract—potential for dose reduction of acarbose through
synergism." Food & Function 11(7): 6476-6486.

Mironczuk-Chodakowska, 1., A. M. Witkowska and M. E. Zujko (2018). "Endogenous non-enzymatic
antioxidants in the human body." Advances in Medical Sciences 63(1): 68-78.

Misra, H. P. and I. Fridovich (1977). "Superoxide dismutase:“positive” spectrophotometric assays."
Analytical Biochemistry 79(1-2): 553-560.

Mittler, R. (2017). "ROS are good.” Trends in Plant Science 22(1): 11-19.

Mittman, N., B. Desiraju, I. Fazil, H. Kapupara, J. Chattopadhyay, C. M. Jani and M. M. Avram (2010).
"Serum fructosamine versus glycosylated hemoglobin as an index of glycemic control,

hospitalization, and infection in diabetic hemodialysis patients.” Kidney International 78: S41-S45.

232



Mohamed, J., A. N. Nafizah, A. Zariyantey and S. B. Budin (2016). "Mechanisms of diabetes-induced
liver damage: the role of oxidative stress and inflammation.” Sultan Qaboos University Medical
Journal 16(2): e132.

Mohammed, A., N. A. Koorbanally and M. S. Islam (2016). "Anti-diabetic effect of Xylopia aethiopica
(Dunal) A. Rich.(Annonaceae) fruit acetone fraction in a type 2 diabetes model of rats.” Journal of
Ethnopharmacology 180: 131-139.

Monnier, V. M., D. R. Sell and S. Genuth (2005). "Glycation products as markers and predictors of the
progression of diabetic complications." Annals of the New York Academy of Sciences 1043(1):
567-581.

Montane, J., L. Cadavez and A. Novials (2014). "Stress and the inflammatory process: a major cause
of pancreatic cell death in type 2 diabetes." Diabetes, Metabolic Syndrome and Obesity: Targets
and Therapy 7: 25.

Moodley, K., K. Joseph, Y. Naidoo, S. Islam and I. Mackraj (2015). "Antioxidant, antidiabetic and
hypolipidemic effects of Tulbaghia violacea Harv.(wild garlic) rhizome methanolic extract in a
diabetic rat model." BMC Complementary and Alternative Medicine 15(1): 408-421.

Mooradian, A. D. (2009). "Dyslipidemia in type 2 diabetes mellitus."” Nature Reviews Endocrinology
5(3): 150-159.

Morishita, Y., K. Ikeda, H. Matsuno, H. Ito and A. Tai (2019). "Identification of degranulation
inhibitors from rooibos (Aspalathus linearis) tea in rat basophilic leukaemia cells." Natural Product
Research 33(10): 1472-1476.

Morre, D. M., G. Lenaz and D. J. Morre (2000). "Surface oxidase and oxidative stress propagation in
aging." Journal of Experimental Biology 203(10): 1513-1521.

Mostafa, U. E.-S. (2014). "Effect of Green Tea and Green Tea Rich with Catechin on Blood Glucose
Levels, Serum Lipid Profile and Liver and Kidney Functions in Diabetic Rats." Jordan Journal of
Biological Sciences 7(1): 7-12.

Muller, C., E. Joubert, D. De Beer, M. Sanderson, C. Malherbe, S. Fey and J. Louw (2012). "Acute
assessment of an aspalathin-enriched green rooibos (Aspalathus linearis) extract with
hypoglycaemic potential." Phytomedicine 20(1): 32-39.

Muller, C. J., E. Joubert, K. Gabuza, D. De Beer, S. J. Fey and J. Louw (2011). "Assessment of the
antidiabetic potential of an aqueous extract of honeybush (Cyclopia intermedia) in streptozotocin
and obese insulin resistant Wistar rats.” Phytochemicals—Bioactivities and Impact on Health. Rijeka:
In Tech: 313-332.

Muller, C. J., E. Joubert, C. Pheiffer, S. Ghoor, M. Sanderson, N. Chellan, S. J. Fey and J. Louw (2013).
"Z-2-(B-d-glucopyranosyloxy)-3-phenylpropenoic acid, an a-hydroxy acid from rooibos (A
spalathus linearis) with hypoglycaemic activity." Molecular Nutrition & Food Research 57(12):
2216-2222.

Muller, C. J., C. J. Malherbe, N. Chellan, K. Yagasaki, Y. Miura and E. Joubert (2018). "Potential of

233



rooibos, its major C-glucosyl flavonoids, and Z-2-(B-D-glucopyranosyloxy)-3-phenylpropenoic
acid in prevention of metabolic syndrome.” Critical Reviews in Food Science and Nutrition 58(2):
227-246.

Mungall, A. J., S. Palmer, S. Sims, C. Edwards, J. Ashurst, L. Wilming, M. Jones, R. Horton, S. Hunt
and C. Scott (2003). "The DNA sequence and analysis of human chromosome 6." Nature 425(6960):
805-811.

Muoio, D. M. and C. B. Newgard (2008). "Molecular and metabolic mechanisms of insulin resistance
and B-cell failure in type 2 diabetes.”" Nature Reviews Molecular Cell Biology 9(3): 193-205.

Murakami, S., Y. Miura, M. Hattori, H. Matsuda, C. J. Malherbe, C. J. Muller, E. Joubert and T. Yoshida
(2018). "Cyclopia extracts enhance Thl-, Th2-, and Th17-type T cell responses and induce Foxp3+
cells in murine cell culture." Planta Medica 84(05): 311-319.

Murea, M., L. Ma and B. I. Freedman (2012). "Genetic and environmental factors associated with type
2 diabetes and diabetic vascular complications.”" The Review of Diabetic Studies 9(1): 6-22.

Muruganandan, S., J. Lal and P. Gupta (2005). "Immunotherapeutic effects of mangiferin mediated by
the inhibition of oxidative stress to activated lymphocytes, neutrophils and macrophages.”
Toxicology 215(1-2): 57-68.

Musso, G., R. Gambino and M. Cassader (2011). "Interactions between gut microbiota and host
metabolism predisposing to obesity and diabetes.” Annual Review of Medicine 62: 361-380.

Najafian, M. (2016). "The effect of aspalathin on levels of sugar and lipids in streptozotocin-induced
diabetic and normal rats."Zahedan Journal of Research in Medicical Sciences 18(11): 1-2.

Natali, A. and E. Ferrannini (2006). "Effects of metformin and thiazolidinediones on suppression of
hepatic glucose production and stimulation of glucose uptake in type 2 diabetes: a systematic
review." Diabetologia 49(3): 434-441.

Nathan, C. and A. Cunningham-Bussel (2013). "Beyond oxidative stress: an immunologist's guide to
reactive oxygen species.”" Nature Reviews Immunology 13(5): 349-361.

Nathan, C. and A. Ding (2010). "SnapShot: reactive oxygen intermediates (ROI)." Cell 140(6): 951-
951. €952.

Nathan, D. M., D. E. Singer, J. E. Godine and L. C. Perlmuter (1986). "Non-insulin-dependent diabetes
in older patients: complications and risk factors." The American Journal of Medicine 81(5): 837-
842.

Negre-Salvayre, A., N. Auge, V. Ayala, H. Basaga, J. Boada, R. Brenke, S. Chapple, G. Cohen, J. Feher
and T. Grune (2010). "Pathological aspects of lipid peroxidation.” Free Radical Research 44(10):
1125-1171.

National Diabetes Data Group (1979). "Classification and diagnosis of diabetes mellitus and other
categories of glucose intolerance.” Diabetes 28(12): 1039-1057.

National Diabetes Data Group (1995). "Diabetes in America" National Institutes of Health, National

Institute of Diabetes and Digestive and Kidney Diseases, NIH Publication N0.95-148.

234



Newton, A. C. (2003). "Regulation of the ABC kinases by phosphorylation: protein kinase C as a
paradigm." Biochemical Journal 370(2): 361-371.

Nimse, S. B. and D. Pal (2015). "Free radicals, natural antioxidants, and their reaction mechanisms."
Royal Society of Chemistry 5(35): 27986-28006.

Nishikawa, T., D. Edelstein, X. L. Du, S.-i. Yamagishi, T. Matsumura, Y. Kaneda, M. A. Yorek, D.
Beebe, P. J. Oates and H.-P. Hammes (2000). "Normalizing mitochondrial superoxide production
blocks three pathways of hyperglycaemic damage." Nature 404(6779): 787-790.

Nishiumi, S., H. Bessyo, M. Kubo, Y. Aoki, A. Tanaka, K.-i. Yoshida and H. Ashida (2010). "Green
and black tea suppress hyperglycaemia and insulin resistance by retaining the expression of glucose
transporter 4 in muscle of high-fat diet-fed C57BL/6J mice." Journal of Agricultural and Food
Chemistry 58(24): 12916-12923.

Nishizuka, Y. (1992). "Intracellular signaling by hydrolysis of phospholipids and activation of protein
kinase C." Science 258(5082): 607-614.

Nogueira, A. A., C. M. Strunz, J. Y. Takada and A. P. Mansur (2019). "Biochemical markers of muscle
damage and high serum concentration of creatine kinase in patients on statin therapy." Biomarkers
in medicine 13(8): 619-626.

Nonogaki, K. (2000). "New insights into sympathetic regulation of glucose and fat metabolism."
Diabetologia 43(5): 533-549.

Nowotny, K., T. Jung, A. H6hn, D. Weber and T. Grune (2015). "Advanced glycation end products and
oxidative stress in type 2 diabetes mellitus." Biomolecules 5(1): 194-222.

Nufez Selles, A. J., M. Daglia and L. Rastrelli (2016). "The potential role of mangiferin in cancer
treatment through its immunomodulatory, anti-angiogenic, apoptopic, and gene regulatory effects."
Biofactors 42(5): 475-491.

Nurdiana, S., Y. M. Goh, H. Ahmad, S. M. Dom, N. S. a. Azmi, N. S. N. M. Zin and M. Ebrahimi
(2017). "Changes in pancreatic histology, insulin secretion and oxidative status in diabetic rats
following treatment with Ficus deltoidea and vitexin." BMC Complementary and Alternative
Medicine 17(1): 290-307.

Oboh, G., A. J. Akinyemi and A. O. Ademiluyi (2012). "Antioxidant and inhibitory effect of red ginger
(Zingiber officinale var. Rubra) and white ginger (Zingiber officinale Roscoe) on Fe2+ induced
lipid peroxidation in rat brain in vitro." Experimental and Toxicologic Pathology 64(1-2): 31-36.

Oh, J., S.-H. Jo, J. S. Kim, K.-S. Ha, J.-Y. Lee, H.-Y. Choi, S.-Y. Yu, Y.-I. Kwon and Y .-C. Kim (2015).
"Selected tea and tea pomace extracts inhibit intestinal a-glucosidase activity in vitro and
postprandial hyperglycaemia in vivo." International Journal of Molecular Sciences 16(4): 8811-
8825.

Okon, U., D. Owo, N. Udokang, J. Udobang and C. Ekpenyong (2012). "Oral administration of aqueous
leaf extract of Ocimum gratissimum ameliorates polyphagia, polydipsia and weight loss in

streptozotocin-induced diabetic rats." American Journal of Medicine and Medical Sciences 2(3):

235



45-49,

Okuda, H., L. Han, Y. Kimura, M. Saito and T. Murata (2001). "Anti-Obesity Action of Herb Tea.(Part
1). Effects or various herb teas on noradrenaline-induced lipolysis in rat fat cells and pancreatic
lipase activity." Japanese Journal of Constitutional Medicine 63(1/2): 60-65.

Orhan, N., M. Aslan, M. Pekcan, D. D. Orhan, E. Bedir and F. Ergun (2012). "ldentification of
hypoglycaemic compounds from berries of Juniperus oxycedrus subsp. oxycedrus through
bioactivity guided isolation technique." Journal of Ethnopharmacology 139(1): 110-118.

Orlando, P., N. Chellan, C. J. Muller, J. Louw, C. C. Chapman, E. Joubert and L. Tiano (2017). "Green
rooibos extract improves plasma lipid profile and oxidative status in diabetic non-human primates."
Free Radical Biology and Medicine 108: S97.

Ormazabal, V., S. Nair, O. Elfeky, C. Aguayo, C. Salomon and F. A. Zufiiga (2018). "Association
between insulin resistance and the development of cardiovascular disease." Cardiovascular
Diabetology 17(1): 122-136.

Oscar, N., G. Ngoung, S. Desire, S. Brice and N. Barthelemy (2018). "Phytochemistry and antioxidant
activities of the methanolic leaf extract of clerodendrum splendens, Lamiaceae." Biochemistry and
Modern Applications 2(1): 1-9.

Osicka, T. M., Y. Yu, S. Panagiotopoulos, S. P. Clavant, Z. Kiriazis, R. N. Pike, L. M. Pratt, L. M.
Russo, B. E. Kemp and W. D. Comper (2000). "Prevention of albuminuria by aminoguanidine or
ramipril in streptozotocin-induced diabetic rats is associated with the normalization of glomerular
protein kinase C." Diabetes 49(1): 87-93.

Oyadomari, S., K. Takeda, M. Takiguchi, T. Gotoh, M. Matsumoto, |. Wada, S. Akira, E. Araki and M.
Mori (2001). "Nitric oxide-induced apoptosis in pancreatic 3 cells is mediated by the endoplasmic
reticulum stress pathway." Proceedings of the National Academy of Sciences 98(19): 10845-10850.

Oyaizu, M. (1986). "Studies on products of browning reaction." The Japanese Journal of Nutrition and
Dietetics 44(6): 307-315.

Oyebode, O. A., O. L. Erukainure, C. I. Chukwuma, C. U. lbeji, N. A. Koorbanally and S. Islam (2018).
"Boerhaavia diffusa inhibits key enzymes linked to type 2 diabetes in vitro and in silico; and
modulates abdominal glucose absorption and muscle glucose uptake ex vivo." Biomedicine &
Pharmacotherapy 106: 1116-1125.

Oyebode, O. A., O. L. Erukainure, O. Sanni and M. S. Islam (2020). "Crassocephalum rubens (Juss. Ex
Jacg.) S. Moore improves pancreatic histology, insulin secretion, liver and kidney functions and
ameliorates oxidative stress in fructose-streptozotocin induced type 2 diabetic rats." Drug and
Chemical Toxicology: 1-10.

Ozougwu, J., K. Obimba, C. Belonwu and C. Unakalamba (2013). "The pathogenesis and
pathophysiology of type 1 and type 2 diabetes mellitus." Journal of Physiology and Pathophysiology
4 (4): 46-57.

Pacher, P., J. S. Beckman and L. Liaudet (2007). "Nitric oxide and peroxynitrite in health and disease."

236



Physiological Reviews 87(1): 315-424.

Pal, P. B., K. Sinha and P. C. Sil (2014). "Mangiferin attenuates diabetic nephropathy by inhibiting
oxidative stress mediated signaling cascade, TNFa related and mitochondrial dependent apoptotic
pathways in streptozotocin-induced diabetic rats.” PloS One 9(9): e107220.

Pal, S., D. Ghosh, C. Saha, A. K. Chakrabarti, S. C. Datta and S. K. Dey (2012). "Total polyphenol
content, antioxidant activity and lipid peroxidation inhibition efficacy of branded tea (Camellia
sinensis) available in India." International Journal of Thermal Sciences 8: 13-20.

Palomer, X., J. Pizarro-Delgado, E. Barroso and M. Vazquez-Carrera (2018). "Palmitic and oleic acid:
the yin and yang of fatty acids in type 2 diabetes mellitus." Trends in Endocrinology & Metabolism
29(3): 178-190.

Pantsi, W., J. L. Marnewick, A. J. Esterhuyse, F. Rautenbach and J. Van Rooyen (2011). "Rooibos
(Aspalathus linearis) offers cardiac protection against ischaemia/reperfusion in the isolated perfused
rat heart." Phytomedicine 18(14): 1220-1228.

Papatheodorou, K., N. Papanas, M. Banach, D. Papazoglou and M. Edmonds (2016). "Complications
of Diabetes" Journal of Diabetes Research 2016: 1-3.

Pardo, V., A. Gonzalez-Rodriguez, J. Muntané, S. C. Kozma and A. M. Valverde (2015). "Role of
hepatocyte S6K1 in palmitic acid-induced endoplasmic reticulum stress, lipotoxicity, insulin
resistance and in oleic acid-induced protection.” Food and Chemical Toxicology 80: 298-3009.

Park, H.-R., D. Hwang, H.-J. Suh, K.-W. Yu, T. Y. Kim and K.-S. Shin (2017). "Antitumor and
antimetastatic activities of rhamnogalacturonan-I1-type polysaccharide isolated from mature leaves
of green tea via activation of macrophages and natural killer cells." International Journal of
Biological Macromolecules 99: 179-186.

Pasquel, F. J. and G. E. Umpierrez (2014). "Hyperosmolar hyperglycemic state: a historic review of the
clinical presentation, diagnosis, and treatment." Diabetes Care 37(11): 3124-3131.

Patel, O., C. Muller, E. Joubert, J. Louw, B. Rosenkranz and C. Awortwe (2016). "Inhibitory
interactions of Aspalathus linearis (Rooibos) extracts and compounds, aspalathin and z-2-(B-D-
glucopyranosyloxy)-3-phenylpropenoic acid, on cytochromes metabolizing hypoglycaemic and
hypolipidemic drugs." Molecules 21(11): 1515.

Patel, P. M. (2014). "The evaluation of cardiac markers in diabetic and non diabetic patients with
myocardial infarction.” International Journal of Medical and Advance Research 52: 1-3.

Patlevi¢, P., J. Vaskova, P. Svorc Jr, L. Vasko and P. Svorc (2016). "Reactive oxygen species and
antioxidant defense in human gastrointestinal diseases.” Integrative Medicine Research 5(4): 250-
258.

Patti, M.-E., A. Virkamaki, E. J. Landaker, C. R. Kahn and H. Yki-Jarvinen (1999). "Activation of the
hexosamine pathway by glucosamine in vivo induces insulin resistance of early postreceptor insulin
signaling events in skeletal muscle.” Diabetes 48(8): 1562-1571.

Pellerin, L. (2010). "Food for thought: the importance of glucose and other energy substrates for

237



sustaining brain function under varying levels of activity." Diabetes & Metabolism 36: S59-S63.

Pereira, V., F. Knor, J. Vellosa and F. Beltrame (2014). "Determination of phenolic compounds and
antioxidant activity of green, black and white teas of Camellia sinensis (L.) Kuntze, Theaceae."
Revista Brasileira de Plantas Medicinais 16(3): 490-498.

Perry, R.J., V. T. Samuel, K. F. Petersen and G. I. Shulman (2014). "The role of hepatic lipids in hepatic
insulin resistance and type 2 diabetes." Nature 510(7503): 84-91.

Persson, F. and P. Rossing (2018). "Diagnosis of diabetic kidney disease: state of the art and future
perspective." Kidney International Supplements 8(1): 2-7.

Persson, I. A., K. Persson, S. Hagg and R. G. Andersson (2010). "Effects of green tea, black tea and
Rooibos tea on angiotensin-converting enzyme and nitric oxide in healthy volunteers." Public
Health Nutrition 13(5): 730-737.

Pertynska-Marczewska, M. and Z. Merhi (2015). "Relationship of advanced glycation end products
with cardiovascular disease in menopausal women." Reproductive Sciences 22(7): 774-782.

Petersen, K. F. and G. I. Shulman (2002). "Pathogenesis of skeletal muscle insulin resistance in type 2
diabetes mellitus." The American Journal of Cardiology 90(5): 11-18.

Petersen, M. C. and G. I. Shulman (2018). "Mechanisms of insulin action and insulin resistance."
Physiological Reviews 98(4): 2133-2223.

Petersen, M. C., D. F. Vatner and G. I. Shulman (2017). "Regulation of hepatic glucose metabolism in
health and disease." Nature Reviews Endocrinology 13(10): 572-587.

Petrie, J. R., T. J. Guzik and R. M. Touyz (2018). "Diabetes, hypertension, and cardiovascular disease:
clinical insights and vascular mechanisms." Canadian Journal of Cardiology 34(5): 575-584.

Petrova, A., L. M. Davids, F. Rautenbach and J. L. Marnewick (2011). "Photoprotection by honeybush
extracts, hesperidin and mangiferin against UVB-induced skin damage in SKH-1 mice." Journal of
Photochemistry and Photobiology 103(2): 126-139.

Petry, C. J. (2010). "Gestational diabetes: risk factors and recent advances in its genetics and treatment."
British Journal of Nutrition 104(6): 775-787.

Pheiffer, C., Z. Dudhia, J. Louw, C. Muller and E. Joubert (2013). "Cyclopia maculata (honeybush tea)
stimulates lipolysis in 3T3-L1 adipocytes." Phytomedicine 20(13): 1168-1171.

Pirot, P., A. K. Cardozo and D. L. Eizirik (2008). "Mediators and mechanisms of pancreatic beta-cell
death in type 1 diabetes.” Arquivos Brasileiros de Endocrinologia & Metabologia 52(2): 156-165.

Poitout, V., J. Amyot, M. Semache, B. Zarrouki, D. Hagman and G. Fontés (2010). "Glucolipotoxicity
of the pancreatic beta cell." Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of
Lipids 1801(3): 289-298.

Poli, G., G. Leonarduzzi, F. Biasi and E. Chiarpotto (2004). "Oxidative stress and cell signalling."
Current Medicinal Chemistry 11(9): 1163-1182.

Poljsak, B. and R. Dahmane (2012). "Free radicals and extrinsic skin aging." Dermatology Research
and Practice 2012: 1-4.

238



Prabhu, S., M. Jainu, K. Sabitha and C. S. Devi (2006). "Role of mangiferin on biochemical alterations
and antioxidant status in isoproterenol-induced myocardial infarction in rats." Journal of
Ethnopharmacology 107(1): 126-133.

Pugliese, A. (2016). "Insulitis in the pathogenesis of type 1 diabetes.” Pediatric diabetes 17: 31-36.

Punthakee, Z., R. Goldenberg and P. Katz (2018). "Definition, classification and diagnosis of diabetes,
prediabetes and metabolic syndrome." Canadian Journal of Diabetes 42: S10-S15.

Punyasiri, P., I. Abeysinghe, V. Kumar, D. Treutter, D. Duy, C. Gosch, S. Martens, G. Forkmann and
T. Fischer (2004). "Flavonoid biosynthesis in the tea plant Camellia sinensis: properties of enzymes
of the prominent epicatechin and catechin pathways." Archives of Biochemistry and Biophysics
431(1): 22-30.

Rabinovitch, A. and W. L. Suarez-Pinzon (1998). "Cytokines and their roles in pancreatic islet B-cell
destruction and insulin-dependent diabetes mellitus." Biochemical Pharmacology 55(8): 1139-1149.

Rahman, I., A. Kode and S. K. Biswas (2006). "Assay for quantitative determination of glutathione and
glutathione disulfide levels using enzymatic recycling method." Nature Protocols 1(6): 3159.

Rahman, K. (2007). "Studies on free radicals, antioxidants, and co-factors." Clinical interventions in
aging 2(2): 219-236.

Rains, J. L. and S. K. Jain (2011). "Oxidative stress, insulin signaling, and diabetes." Free Radical
Biology and Medicine 50(5): 567-575.

Ramirez, G., M. Zavala, J. Pérez and A. Zamilpa (2012). "In vitro screening of medicinal plants used
in Mexico as antidiabetics with glucosidase and lipase inhibitory activities." Evidence-Based
Complementary and Alternative Medicine 2012: 1-6.

Rani, V., G. Deep, R. K. Singh, K. Palle and U. C. Yadav (2016). "Oxidative stress and metabolic
disorders: Pathogenesis and therapeutic strategies.” Life Sciences 148: 183-193.

Ranilla, L. G., Y.-I. Kwon, E. Apostolidis and K. Shetty (2010). "Phenolic compounds, antioxidant
activity and in vitro inhibitory potential against key enzymes relevant for hyperglycaemia and
hypertension of commonly used medicinal plants, herbs and spices in Latin America." Bioresource
Technology 101(12): 4676-4689.

Raum, J. C., K. Gerrish, 1. Artner, E. Henderson, M. Guo, L. Sussel, J. C. Schisler, C. B. Newgard and
R. Stein (2006). "FoxA2, Nkx2. 2, and PDX-1 regulate islet B-cell-specific mafA expression
through conserved sequences located between base pairs— 8118 and— 7750 upstream from the
transcription start site.” Molecular and Cellular Biology 26(15): 5735-5743.

Rawshani, A., A. Rawshani, S. Franzén, N. Sattar, B. Eliasson, A.-M. Svensson, B. Zethelius, M.
Miftaraj, D. K. McGuire and A. Rosengren (2018). "Risk factors, mortality, and cardiovascular
outcomes in patients with type 2 diabetes.” New England Journal of Medicine.379: 633-644.

Raza, M. H., S. Siraj, A. Arshad, U. Waheed, F. Aldakheel, S. Alduraywish and M. Arshad (2017).
"ROS-modulated therapeutic approaches in cancer treatment." Journal of Cancer Research and
Clinical oncology 143(9): 1789-1809.

239



Reddy, P. Y., N. V. Giridharan and G. B. Reddy (2012). "Activation of sorbitol pathway in metabolic
syndrome and increased susceptibility to cataract in Wistar-Obese rats." Molecular Vision 18: 495-
503.

Ren, D., Y. Hu, Y. Luo and X. Yang (2015). "Selenium-containing polysaccharides from Ziyang green
tea ameliorate high-fructose diet induced insulin resistance and hepatic oxidative stress in mice."
Food & Function 6(10): 3342-3350.

Repetto, M., J. Semprine and A. Boveris (2012). "Lipid peroxidation: chemical mechanism, biological
implications and analytical determination" InTech. 1-30.DOI: 10.5772/2929

Reusch, J. E. and J. E. Manson (2017). "Management of type 2 diabetes in 2017: getting to goal." Jama
317(10): 1015-1016.

RG, A. (2005). "The physiological and biochemical effects of diabetes on the balance between oxidative
stress and antioxidant defense system." Medical Journal Of Islamic Academy of Sciences 15(1): 31-
42.

Rial, S. A., A. D. Karelis, K.-F. Bergeron and C. Mounier (2016). "Gut microbiota and metabolic health:
the potential beneficial effects of a medium chain triglyceride diet in obese individuals." Nutrients
8(5): 281.

Riley, P. (1994). "Free radicals in biology: oxidative stress and the effects of ionizing radiation."
International Journal of Radiation Biology 65(1): 27-33.

Robertson, R. P., J. Harmon, P. O. Tran, Y. Tanaka and H. Takahashi (2003). "Glucose toxicity in p-
cells: type 2 diabetes, good radicals gone bad, and the glutathione connection." Diabetes 52(3): 581-
587.

Robinson, D. J. and R. H. Christenson (1999). "Creatine kinase and its CK-MB isoenzyme: the
conventional marker for the diagnosis of acute myocardial infarction.” The Journal of Emergency
Medicine 17(1): 95-104.

Roden, M., K. Petersen and G. Shulman (2017). "Insulin resistance in type 2 diabetes." Textbook of
diabetes, Fifth Edition 174-186.

Roder, P. V., B. Wu, Y. Liu and W. Han (2016). "Pancreatic regulation of glucose homeostasis."
Experimental & molecular medicine 48(3): €219-e219.

Rossing, P. (2006). "Diabetic nephropathy: worldwide epidemic and effects of current treatment on
natural history." Current Diabetes Reports 6(6): 479-483.

Rung, J., S. Cauchi, A. Albrechtsen, L. Shen, G. Rocheleau, C. Cavalcanti-Proenca, F. Bacot, B. Balkau,
A. Belisle and K. Borch-Johnsen (2009). "Genetic variant near IRS1 is associated with type 2
diabetes, insulin resistance and hyperinsulinemia.” Nature Genetics 41(10): 1110-1115.

Russell, A. P., M. K. Hesselink, S. K. Lo and P. Schrauwen (2005). "Regulation of metabolic
transcriptional co-activators and transcription factors with acute exercise." The FASEB journal
19(8): 986-988.

Russell, W. R., A. Baka, I. Bjorck, N. Delzenne, D. Gao, H. R. Griffiths, E. Hadjilucas, K. Juvonen, S.

240



Lahtinen and M. Lansink (2016). "Impact of diet composition on blood glucose regulation.” Critical
Reviews in Food Science and Nutrition 56(4): 541-590.

Ruta, L., D. Magliano, R. Lemesurier, H. Taylor, P. Zimmet and J. Shaw (2013). "Prevalence of diabetic
retinopathy in Type 2 diabetes in developing and developed countries.” Diabetic Medicine 30(4):
387-398.

Ryu, E.-S., M. J. Kim, H.-S. Shin, Y.-H. Jang, H. S. Choi, I. Jo, R. J. Johnson and D.-H. Kang (2013).
"Uric acid-induced phenotypic transition of renal tubular cells as a novel mechanism of chronic
kidney disease." American Journal of Physiology-Renal Physiology 304(5): F471-F480.

Saddala, R. R., L. Thopireddy, N. Ganapathi and S. R. Kesireddy (2013). "Regulation of cardiac
oxidative stress and lipid peroxidation in streptozotocin-induced diabetic rats treated with aqueous
extract of Pimpinella tirupatiensis tuberous root." Experimental and Toxicologic Pathology 65(1-2):
15-19.

Saeed, M., M. Naveed, M. Arif, M. U. Kakar, R. Manzoor, M. E. Abd El-Hack, M. Alagawany, R.
Tiwari, R. Khandia and A. Munjal (2017). "Green tea (Camellia sinensis) and I-theanine: Medicinal
values and beneficial applications in humans—A comprehensive review." Biomedicine &
Pharmacotherapy 95: 1260-1275.

Saeed, M., M. Naveed, M. Arif, M. U. Kakar, R. Manzoor, M. E. A. ElI-Hack, M. Alagawany, R. Tiwari,
R. Khandia and A. Munjal (2017). "Green tea (Camellia sinensis) and I-theanine: Medicinal values
and beneficial applications in humans—A comprehensive review." Biomedicine &
Pharmacotherapy 95: 1260-1275.

Saeed, N., M. R. Khan and M. Shabbir (2012). "Antioxidant activity, total phenolic and total flavonoid
contents of whole plant extracts Torilis leptophylla L." BMC Complementary and Alternative
Medicine 12(1): 221-233.

Saha, S., S. Mahalanobish, S. Dutta and P. C. Sil (2019). "Mangiferin ameliorates collateral neuropathy
in t BHP induced apoptotic nephropathy by inflammation mediated kidney to brain crosstalk." Food
& Function 10(9): 5981-5999.

Sakaguchi, K., K. Takeda, M. Maeda, W. Ogawa, T. Sato, S. Okada, Y. Ohnishi, H. Nakajima and A.
Kashiwagi (2016). "Glucose area under the curve during oral glucose tolerance test as an index of
glucose intolerance." Diabetology International 7(1): 53-58.

Sanchez, G. M., L. Re, A. Giuliani, A. Nunez-Selles, G. P. Davison and O. Leon-Fernandez (2000).
"Protective effects of Mangifera indica L. extract, mangiferin and selected antioxidants against
TPA-induced biomolecules oxidation and peritoneal macrophage activation in mice."
Pharmacological Research 42(6): 565-573.

Sanni, O., O. L. Erukainure, O. Oyebode and M. S. Islam (2019). "Anti-hyperglycemic and ameliorative
effect of concentrated hot water-infusion of Phragmanthera incana leaves on type 2 diabetes and
indices of complications in diabetic rats." Journal of Diabetes & Metabolic Disorders 18(2): 495-
503.

241



Sanni, O., O. L. Erukainure, O. A. Oyebode, N. A. Koorbanally and M. S. Islam (2018). "Concentrated
hot water-infusion of phragmanthera incana improves muscle glucose uptake, inhibits carbohydrate
digesting enzymes and abates Fe2+-induced oxidative stress in hepatic tissues.” Biomedicine &
Pharmacotherapy 108: 417-423.

Santos, C. M., M. Freitas and E. Fernandes (2018). "A comprehensive review on xanthone derivatives
as a-glucosidase inhibitors." European Journal of Medicinal Chemistry 157: 1460-1479.

Sarrafchi, A., M. Bahmani, H. Shirzad and M. Rafieian-Kopaei (2016). "Oxidative stress and
Parkinson’s disease: new hopes in treatment with herbal antioxidants." Current Pharmaceutical
Design 22(2): 238-246.

Satoh, T. (2014). "Molecular mechanisms for the regulation of insulin-stimulated glucose uptake by
small guanosine triphosphatases in skeletal muscle and adipocytes." International Journal of
Molecular Sciences 15(10): 18677-18692.

Satoh, T., H. Fujisawa, A. Nakamura, N. Takahashi and K. Watanabe (2016). "Inhibitory effects of
eight green tea catechins on cytochrome P450 1A2, 2C9, 2D6, and 3A4 activities." Journal of
Pharmacy & Pharmaceutical Sciences 19(2): 188-197.

Savage, D. B., K. F. Petersen and G. I. Shulman (2007). "Disordered lipid metabolism and the
pathogenesis of insulin resistance." Physiological Reviews 87(2): 507-520.

Saxena, M., J. Saxena, R. Nema, D. Singh and A. Gupta (2013). "Phytochemistry of medicinal plants.”
Journal of Pharmacognosy and Phytochemistry 1(6): 168-183.

Schulze, A. E., T. Beelders, I. S. Koch, L. M. Erasmus, D. De Beer and E. Joubert (2015). "Honeybush
herbal teas (Cyclopia spp.) contribute to high levels of dietary exposure to xanthones,
benzophenones, dihydrochalcones and other bioactive phenolics.” Journal of Food Composition and
Analysis 44: 139-148.

Schulze, A. E., D. De Beer, S. E. Mazibuko, C. J. Muller, C. Roux, E. L. Willenburg, N. Nyunai, J.
Louw, M. Manley and E. Joubert (2016). "Assessing similarity analysis of chromatographic
fingerprints of Cyclopia subternata extracts as potential screening tool for in vitro glucose
utilisation." Analytical and Bioanalytical Chemistry 408(2): 639-649.

Sellamuthu, P. S., P. Arulselvan, S. Kamalraj, S. Fakurazi and M. Kandasamy (2013). "Protective nature
of mangiferin on oxidative stress and antioxidant status in tissues of streptozotocin-induced diabetic
rats.” International Scholarly Research Notices 2013: 1-10.

Sena, C. M., C. F. Bento, P. Pereira, F. Marques and R. Seica (2013). "Diabetes mellitus: new challenges
and innovative therapies.” New Strategies to Advance Pre/Diabetes Care: Integrative Approach by
PPPM 29-87. DOI: 10.1007/978-94-007-5971-8 3.

Sezik, E., M. Aslan, E. Yesilada and S. Ito (2005). "Hypoglycaemic activity of Gentiana olivieri and
isolation of the active constituent through bioassay-directed fractionation techniques." Life Sciences
76(11): 1223-1238.

Shai, L. J., P. Masoko, M. P. Mokgotho, S. R. Magano, A. Mogale, N. Boaduo and J. N. Eloff (2010).

242



"Yeast alpha glucosidase inhibitory and antioxidant activities of six medicinal plants collected in
Phalaborwa, South Africa." South African Journal of Botany 76(3): 465-470.

Sharma, A., R. Wang, W. Zhou and F. Shahidi (2010). "Functional foods from green tea." Functional
Foods of the East, CRC Press, Boca Raton: 173-195.

Sharma, V., A. Bhattacharya, A. Kumar and H. Sharma (2007). "Health benefits of tea consumption."
Tropical Journal of Pharmaceutical Research 6(3): 785-792.

Shen, J.-X., M. M. Rana, G.-F. Liu, T.-J. Ling, M. Y. Gruber and S. Wei (2017). "Differential
contribution of jasmine floral volatiles to the aroma of scented green tea." Journal of Food Quality
2017.

Shimamura, N., T. Miyase, K. Umehara, T. Warashina and S. Fujii (2006). "Phytoestrogens from
Aspalathus linearis." Biological and Pharmaceutical Bulletin 29(6): 1271-1274.

Shimizu, M., Y. Kobayashi, M. Suzuki, H. Satsu and Y. Miyamoto (2000). "Regulation of intestinal
glucose transport by tea catechins." Biofactors 13(1-4): 61-65.

Shimizu, M., S. Wada, T. Hayashi, M. Arisawa, K. Ikegaya, S. Ogaku, S. Yano and N. Morita (1988).
"Studies on hypoglycaemic constituents of Japanese tea." Yakugaku Zasshi: Journal of the
Pharmaceutical Society of Japan 108(10): 964-970.

Shoelson, S. E., J. Lee and A. B. Goldfine (2006). "Inflammation and insulin resistance.”" The Journal
of clinical investigation 116(7): 1793-1801.

Siddiqui, I. A., F. Afag, V. M. Adhami, N. Ahmad and H. Mukhtar (2004). "Antioxidants of the
beverage tea in promotion of human health." Antioxidants and Redox Signaling 6(3): 571-582.
Sifuentes-Franco, S., D. E. Padilla-Tejeda, S. Carrillo-Ibarra and A. G. Miranda-Diaz (2018).
"Oxidative stress, apoptosis, and mitochondrial function in diabetic nephropathy.” International

Journal of Endocrinology 2018.

Sinacore, D. R. and E. A. Gulve (1993). "The role of skeletal muscle in glucose transport, glucose
homeostasis, and insulin resistance: implications for physical therapy." Physical Therapy 73(12):
878-891.

Singh Grewal, A., S. Bhardwaj, D. Pandita, V. Lather and B. Singh Sekhon (2016). "Updates on aldose
reductase inhibitors for management of diabetic complications and non-diabetic diseases." Mini
Reviews in Medicinal Chemistry 16(2): 120-162.

Singh, R., N. Kaur, L. Kishore and G. K. Gupta (2013). "Management of diabetic complications: a
chemical constituents based approach." Journal of Ethnopharmacology 150(1): 51-70.

Smith, C. A. (1966). "Common names of South African plants.” Pretoria, South Africa. RecordID=US2
01300320278.

Smith, I. K., T. L. Vierheller and C. A. Thorne (1988). "Assay of glutathione reductase in crude tissue
homogenates using 5, 5’-dithiobis (2-nitrobenzoic acid)." Analytical Biochemistry 175(2): 408-413.

Snijman, P. W., E. Joubert, D. Ferreira, X.-C. Li, Y. Ding, I. R. Green and W. C. Gelderblom (2009).

"Antioxidant activity of the dihydrochalcones aspalathin and nothofagin and their corresponding

243



flavones in relation to other rooibos (Aspalathus linearis) flavonoids, epigallocatechin gallate, and
Trolox." Journal of Agricultural and Food Chemistry 57(15): 6678-6684.

Snijman, P. W., S. Swanevelder, E. Joubert, I. R. Green and W. C. Gelderblom (2007). "The
antimutagenic activity of the major flavonoids of rooibos (Aspalathus linearis): Some dose—
response effects on mutagen activation—flavonoid interactions.” Mutation Research/Genetic
Toxicology and Environmental Mutagenesis 631(2): 111-123.

Snyckers, F. and G. Salemi (1974). "Studies of South African medicinal plants. Part 1. Quercetin as the
major in vitro active component of rooibos tea." Journal of South Africa Chemical Institute 27: 5-
7.

Sola, D., L. Rossi, G. P. C. Schianca, P. Maffioli, M. Bigliocca, R. Mella, F. Corliano, G. P. Fra, E.
Bartoli and G. Derosa (2015). "Sulfonylureas and their use in clinical practice." Archives of Medical
Science 11(4): 840-848.

Son, M. J., M. Minakawa, Y. Miura and K. Yagasaki (2013). "Aspalathin improves hyperglycaemia
and glucose intolerance in obese diabetic ob/ob mice." European Journal of Nutrition 52(6): 1607-
16109.

Sosa, A. A., S. H. Bagi and I. H. Hameed (2016). "Analysis of bioactive chemical compounds of
Euphorbia lathyrus using gas chromatography-mass spectrometry and fouriertransform infrared
spectroscopy." International Journal of Pharmacognosy and Phytochemical Research 8(5): 109-126.

Srinivasan, K. (2005). "Role of spices beyond food flavoring: Nutraceuticals with multiple health
effects.” Food Reviews International 21(2): 167-188.

Srivastava, S. K., K. V. Ramana and A. Bhatnagar (2005). "Role of aldose reductase and oxidative
damage in diabetes and the consequent potential for therapeutic options." Endocrine Reviews 26(3):
380-392.

Standley, L., P. Winterton, J. L. Marnewick, W. C. Gelderblom, E. Joubert and T. J. Britz (2001).
"Influence of processing stages on antimutagenic and antioxidant potentials of rooibos tea." Journal
of Agricultural and Food Chemistry 49(1): 114-117.

Steck, A. K. and M. J. Rewers (2011). "Genetics of type 1 diabetes." Clinical chemistry 57(2): 176-185.

Stein, S. A., E. M. Lamos and S. N. Davis (2013). "A review of the efficacy and safety of oral
antidiabetic drugs." Expert Opinion on Drug Safety 12(2): 153-175.

Steinberg, S. F. (2008). "Structural basis of protein kinase C isoform function.” Physiological Reviews
88(4): 1341-1378.

Stolar, M. (2010). "Glycemic control and complications in type 2 diabetes mellitus." The American
Journal of Medicine 123(3): S3-S11.

Stoner, G. D. (2005). "Hyperosmolar hyperglycemic state." American Family Physician 71(9): 1723.

Storz, G. and J. A. Imlayt (1999). "Oxidative stress." Current Opinion in Microbiology 2(2): 188-194.

Stumvoll, M., B. J. Goldstein and T. W. Van Haeften (2005). "Type 2 diabetes: principles of
pathogenesis and therapy." The Lancet 365(9467): 1333-1346.

244



Sunmonu, T. O. and A. J. Afolayan (2012). "Evaluation of polyphenolic content and antioxidant activity
of Artemisia afra Jacg. Ex Willd. Aqueous extract." Pakistan Journal of Nutrition 11(7): 520-525.

Suryawanshi, N., A. Bhutey, A. Nagdeote, A. Jadhav and G. Manoorkar (2006). "Study of lipid
peroxide and lipid profile in diabetes mellitus.” Indian Journal of Clinical Biochemistry 21(1): 126-
130.

Susan van, D., J. W. Beulens, S. Yvonne T. van der, D. E. Grobbee and B. Nealb (2010). "The global
burden of diabetes and its complications: an emerging pandemic." European Journal of
Cardiovascular Prevention & Rehabilitation 17(1_suppl): s3-s8.

Susman, J. L. and L. Helseth (1997). "Reducing the complications of type Il diabetes: a patient-centered
approach." American Family Physician 56(2): 471-480.

Szablewski, L. (2011). "Glucose homeostasis—mechanism and defects." Diabetes-Damages and
Treatments 2: 227-256.

Szkudelski, T. (2001). "The mechanism of alloxan and streptozotocin action in B cells of the rat
pancreas." Physiological Research 50(6): 537-546.

Talchai, C., S. Xuan, H. V. Lin, L. Sussel and D. Accili (2012). "Pancreatic B cell dedifferentiation as
a mechanism of diabetic 3 cell failure." Cell 150(6): 1223-1234.

Tang, G.-Y., C.-N. Zhao, X.-Y. Xu, R.-Y. Gan, S.-Y. Cao, Q. Liu, A. Shang, Q.-Q. Mao and H.-B. Li
(2019). "Phytochemical composition and antioxidant capacity of 30 Chinese teas." Antioxidants
8(6): 180-199.

Tang, W., S. Li, Y. Liu, M.-T. Huang and C.-T. Ho (2013). "Anti-diabetic activity of chemically
profiled green tea and black tea extracts in a type 2 diabetes mice model via different mechanisms."
Journal of Functional Foods 5(4): 1784-1793.

Tangvarasittichai, S. (2015). "Oxidative stress, insulin resistance, dyslipidemia and type 2 diabetes
mellitus." World Journal of Diabetes 6(3): 456-480.

Tao, C., Z. Linand L. Zhen (2011). "The effects of three kind of jasmine tea on nutritional physiological
functions of growing rats." Modern Preventive Medicine 38(3): 456-460.

Tapas, A. R., D. Sakarkar and R. Kakde (2008). "Flavonoids as nutraceuticals: a review." Tropical
Journal of Pharmaceutical Research 7(3): 1089-1099.

Taylor, R. (2008). "Pathogenesis of type 2 diabetes: tracing the reverse route from cure to cause."
Diabetologia 51(10): 1781-1789.

Tesfaye, S., N. Chaturvedi, S. E. Eaton, J. D. Ward, C. Manes, C. lonescu-Tirgoviste, D. R. Witte and
J. H. Fuller (2005). "Vascular risk factors and diabetic neuropathy.” New England Journal of
Medicine 352(4): 341-350.

Thambisetty, M., E. J. Metter, A. Yang, H. Dolan, C. Marano, A. B. Zonderman, J. C. Troncoso, Y.
Zhou, D. F. Wong and L. Ferrucci (2013). "Glucose intolerance, insulin resistance, and pathological
features of Alzheimer disease in the Baltimore Longitudinal Study of Aging." JAMA Neurology
70(9): 1167-1172.

245



Thomas, M. J. (1995). "The role of free radicals and antioxidants: how do we know that they are
working?" Critical Reviews in Food Science & Nutrition 35(1-2): 21-39.

Tiwari, B. K., K. B. Pandey, A. Abidi and S. I. Rizvi (2013). "Markers of oxidative stress during
diabetes mellitus." Journal of Biomarkers 2013.

Toeller, M. and J. I. Mann (2016). "Nutrition in the etiology and management of type 2 diabetes. Type
2 Diabetes" CRC Press: 73-86.

Tomas, E., Y. S. LIN, Z. Dagher, A. Saha, Z. Luo, Y. Ido and N. B. Ruderman (2002). "Hyperglycaemia
and insulin resistance: possible mechanisms." Annals of the New York Academy of Sciences 967(1):
43-51.

Tsai, C.-J., C.-J. Hsieh, S.-C. Tung, M.-C. Kuo and F.-C. Shen (2012). "Acute blood glucose
fluctuations can decrease blood glutathione and adiponectin levels in patients with type 2 diabetes."
Diabetes Research and Clinical Practice 98(2): 257-263.

Tuncman, G., J. Hirosumi, G. Solinas, L. Chang, M. Karin and G. S. Hotamisligil (2006). "Functional
in vivo interactions between JNK1 and JNK2 isoforms in obesity and insulin resistance."
Proceedings of the National Academy of Sciences 103(28): 10741-10746.

Tundis, R., M. Loizzo and F. Menichini (2010). "Natural products as a-amylase and a-glucosidase
inhibitors and their hypoglycaemic potential in the treatment of diabetes: an update." Mini Reviews
in Medicinal Chemistry 10(4): 315-331.

Tungmunnithum, D., A. Thongboonyou, A. Pholboon and A. Yangsabai (2018). "Flavonoids and other
phenolic compounds from medicinal plants for pharmaceutical and medical aspects: An overview."
Medicines 5(3): 93.

Tuomilehto, J., J. Lindstrom, J. G. Eriksson, T. T. Valle, H. Hamalainen, P. llanne-Parikka, S.
Keindnen-Kiukaanniemi, M. Laakso, A. Louheranta and M. Rastas (2001). "Prevention of type 2
diabetes mellitus by changes in lifestyle among subjects with impaired glucose tolerance." New
England Journal of Medicine 344(18): 1343-1350.

Tiirkozii, D. and N. Sanlier (2017). "L-theanine, unique amino acid of tea, and its metabolism, health
effects, and safety." Critical Reviews in Food Science and Nutrition 57(8): 1681-1687.

Turrens, J. F. (2003). "Mitochondrial formation of reactive oxygen species.” The Journal of Physiology
552(2): 335-344.

Tuttle, K. R., G. L. Bakris, R. W. Bilous, J. L. Chiang, I. H. De Boer, J. Goldstein-Fuchs, 1. B. Hirsch,
K. Kalantar-Zadeh, A. S. Narva and S. D. Navaneethan (2014). "Diabetic kidney disease: a report
from an ADA Consensus Conference." American Journal of Kidney Diseases 64(4): 510-533.

Ueda-Wakagi, M., H. Nagayasu, Y. Yamashita and H. Ashida (2019). "Green tea ameliorates
hyperglycaemia by promoting the translocation of glucose transporter 4 in the skeletal muscle of
diabetic rodents.” International Journal of Molecular Sciences 20(10): 2436.

UK Prospective Diabetes Study Group (1998). "Tight blood pressure control and risk of macrovascular

and microvascular complications in type 2 diabetes: UKPDS 38." British Medical Journal

246



317(7160): 703-713.

Ulicna, O., O. Vancova, P. Bozek, J. Carsky, K. Sebekova, P. Boor, M. Nakano and M. Greksék (2006).
"Rooibos tea (Aspalathus linearis) partially prevents oxidative stress in streptozotocin-induced
diabetic rats." Physiological Research 55(2): 157-164.

Unwin, N., K. Alberti, R. Bhopal, J. Harland, W. Watson and M. White (1998). "Comparison of the
current WHO and new ADA criteria for the diagnosis of diabetes mellitus in three ethnic groups in
the UK." Diabetic Medicine 15(7): 554-557.

Uribarri, J., S. Woodruff, S. Goodman, W. Cai, X. Chen, R. Pyzik, A. Yong, G. E. Striker and H.
Vlassara (2010). "Advanced glycation end products in foods and a practical guide to their reduction
in the diet." Journal of the American Dietetic Association 110(6): 911-916. e912.

Van Dam, R., B. Hoebee, J. Seidell, M. Schaap, E. Blaak and E. Feskens (2004). "The insulin receptor
substrate-1 Gly972Arg polymorphism is not associated with Type 2 diabetes mellitus in two
population-based studies." Diabetic Medicine 21(7): 752-758.

Van de Laar, F., L. PLBJ, R. Akkermans and E. Van de Lisdonk (2006). "Alpha-glucosidase inhibitors
for type 2 diabetes mellitus: a systematic review." Zhongguo Xunzheng Yixue Zazhi 6(5): 1-17.
Van der Merwe, J. D., D. De Beer, E. Joubert and W. C. Gelderblom (2015). "Short-term and sub-
chronic dietary exposure to aspalathin-enriched green rooibos (Aspalathus linearis) extract affects

rat liver function and antioxidant status." Molecules 20(12): 22674-22690.

Van Wyk, B.-E. (2008). "A broad review of commercially important southern African medicinal
plants." Journal of Ethnopharmacology 119(3): 342-355.

Van Wyk, B.-E. (2011). "The potential of South African plants in the development of new medicinal
products.” South African Journal of Botany 77(4): 812-829.

Van Wyk, B.-E. and N. Gericke (2000). "People's plants: A guide to useful plants of Southern Africa.
" Briza publications, Pretoria, South Africa, ISBN : 1875093192.

Van Wyk, B.-E. and B. Gorelik (2017). "The history and ethnobotany of Cape herbal teas." South
African Journal of Botany 110: 18-38.

Van Wyk, B.-E. and M. Wink (2018). "Medicinal plants of the world," Briza publications, Pretoria,
South Africa, ISBN : 9781786399816.

Van Wyk, B., V. Oudshoorn and N. Gericke (1997). "Medicinal Plants of South Africa." Briza
publications, Pretoria, South Africa, ISBN : 1875093095

Vanessa Fiorentino, T., A. Prioletta, P. Zuo and F. Folli (2013). "Hyperglycaemia -induced oxidative
stress and its role in diabetes mellitus related cardiovascular diseases." Current pharmaceutical
design 19(32): 5695-5703.

Varga, G. (2012). "Physiology of the salivary glands." Surgery (Oxford) 30(11): 578-583.

Vetere, A., A. Choudhary, S. M. Burns and B. K. Wagner (2014). "Targeting the pancreatic p-cell to
treat diabetes.” Nature reviews Drug discovery 13(4): 278-289.

Viigimaa, M., A. Sachinidis, M. Toumpourleka, K. Koutsampasopoulos, S. Alliksoo and T. Titma

247



(2020). "Macrovascular complications of type 2 diabetes mellitus.” Current Vascular Pharmacology.
18(2): 110-116.

Vijayalakshmi, M. and K. Ruckmani (2016). "Ferric reducing anti-oxidant power assay in plant
extract." Bangladesh Journal of Pharmacology 11(3): 570-572.

Vijayaraghavan, K. (2010). "Treatment of dyslipidemia in patients with type 2 diabetes." Lipids in
Health and Disease 9(1): 1-12.

Vikramadithyan, R. K., Y. Hu, H.-L. Noh, C.-P. Liang, K. Hallam, A. R. Tall, R. Ramasamy and I. J.
Goldberg (2005). "Human aldose reductase expression accelerates diabetic atherosclerosis in
transgenic mice." The Journal of Clinical Investigation 115(9): 2434-2443.

Villafio, D., M. Fernandez-Pachon, M. L. Moy4, A. Troncoso and M. Garcia-Parrilla (2007). "Radical
scavenging ability of polyphenolic compounds towards DPPH free radical.” Talanta 71(1): 230-235.

Villafo, D., M. Pecorari, M. F. Testa, A. Raguzzini, A. Stalmach, A. Crozier, C. Tubili and M. Serafini
(2010). "Unfermented and fermented rooibos teas (Aspalathus linearis) increase plasma total
antioxidant capacity in healthy humans." Food Chemistry 123(3): 679-683.

Vinholes, J. and M. Vizzotto (2017). "Synergisms in alpha-glucosidase inhibition and antioxidant
activity of Camellia sinensis L. Kuntze and Eugenia uniflora L. Ethanolic Extracts." Pharmacognosy
Research 9(1): 101-107.

VinodMahato, R., P. Gyawali, P. P. Raut, P. Regmi, K. P. Singh, D. R. Pandeya and P. Gyawali (2011).
"Association between glycaemic control and serum lipid profile in type 2 diabetic patients: Glycated
haemoglobin as a dual biomarker." Biomedical Research 22(3): 1-3.

Vlassara, H. and G. E. Striker (2011). "AGE restriction in diabetes mellitus: a paradigm shift." Nature
Reviews Endocrinology 7(9): 526-540.

Vural, H., T. Sabuncu, S. O. Arslan and N. Aksoy (2001). "Melatonin inhibits lipid peroxidation and
stimulates the antioxidant status of diabetic rats." Journal of Pineal Research 31(3): 193-198.

Waggiallah, H. and M. Alzohairy (2011). "The effect of oxidative stress on human red cells glutathione
peroxidase, glutathione reductase level, and prevalence of anemia among diabetics." North
American Journal of Medical Sciences 3(7): 344-347.

Waisundara, V. Y. and L. Y. Hoon (2015). "Free radical scavenging ability of Aspalathus linearis in
two in vitro models of diabetes and cancer." Journal of Traditional and Complementary Medicine
5(3): 174-178.

Wallimann, T., M. Tokarska-Schlattner and U. Schlattner (2011). "The creatine kinase system and
pleiotropic effects of creatine.” Amino Acids 40(5): 1271-1296.

Waltner-Law, M. E., X. L. Wang, B. K. Law, R. K. Hall, M. Nawano and D. K. Granner (2002).
"Epigallocatechin gallate, a constituent of green tea, represses hepatic glucose production.” Journal
of Biological Chemistry 277(38): 34933-34940.

Wang, D., C. Wang, G. Zhao, Z. WEI, Y. TAo and X. LIANG (2001). "Composition, characteristic and

activity of rare earth element-bound polysaccharide from tea." Bioscience, Biotechnology, and

248



Biochemistry 65(9): 1987-1992.

Wang, G. S. and C. Hoyte (2019). "Review of biguanide (metformin) toxicity." Journal of Intensive
Care Medicine 34(11-12): 863-876.

Wang, H.-L., C.-Y. Li, B. Zhang, Y.-D. Liu, B.-M. Lu, Z. Shi, N. An, L.-K. Zhao, J.-J. Zhang and J.-
K. Bao (2014). "Mangiferin facilitates islet regeneration and [-cell proliferation through
upregulation of cell cycle and B-cell regeneration regulators.” International Journal of Molecular
Sciences 15(5): 9016-9035.

Wang, H., T. Brun, K. Kataoka, A. Sharma and C. Wollheim (2007). "MAFA controls genes implicated
in insulin biosynthesis and secretion." Diabetologia 50(2): 348-358.

Wang, H., Y. Liu, Z. Qi, S. Wang, S. Liu, X. Li, H. Wang and X. Xia (2013). "An overview on natural
polysaccharides with antioxidant properties." Current Medicinal Chemistry 20(23): 2899-2913.
Wang, J., R. Liu, M. Hawkins, N. Barzilai and L. Rossetti (1998). "A nutrient-sensing pathway regulates

leptin gene expression in muscle and fat." Nature 393(6686): 684-688.

Wang, M., R. Juliani, J. E. Simon, A. Ekanem, C.-P. Liang and C.-T. Ho (2005). "Honeybush tea:
Chemical and pharmacological analyses." ACS Publications, 118-128. DOI: 10.1021/bk-2005-
0909.ch 011.

Wang, T. Y., M. Liu, P. Portincasa and D. Q. H. Wang (2013). "New insights into the molecular
mechanism of intestinal fatty acid absorption.” European Journal of Clinical Investigation 43(11):
1203-1223.

Wang, W. and A. C. Lo (2018). "Diabetic retinopathy: pathophysiology and treatments." International
Journal of Molecular Sciences 19(6): 1816-1830.

Wang, X., L. Gao, H. Lin, J. Song, J. Wang, Y. Yin, J. Zhao, X. Xu, Z. Liand L. Li (2018). "Mangiferin
prevents diabetic nephropathy progression and protects podocyte function via autophagy in diabetic
rat glomeruli." European Journal of Pharmacology 824: 170-178.

Wang, X., J. Hasegawa, Y. Kitamura, Z. Wang, A. Matsuda, W. Shinoda, N. Miura and K. Kimura
(2011). "Effects of hesperidin on the progression of hypercholesterolemia and fatty liver induced
by high-cholesterol diet in rats." Journal of Pharmacological Sciences 117(3): 129-138.

Wang, Y., Y. Hu and H. Xiao (2008). "Progress of studies on hypoglycaemic constituents and acting
mechanism of natural products.” Chinese Journal of Ethnomedicine and Ethnopharmacy 4: 15-17.

Wang, Y., S. Huang, S. Shao, L. Qian and P. Xu (2012). "Studies on bioactivities of tea (Camellia
sinensis L.) fruit peel extracts: Antioxidant activity and inhibitory potential against a-glucosidase
and a-amylase in vitro." Industrial Crops and Products 37(1): 520-526.

Wang, Y., S. Shao, P. Xu, H. Chen, S.-Y. Lin-Shiau, Y.-T. Deng and J.-K. Lin (2012). "Fermentation
process enhanced production and bioactivities of oolong tea polysaccharides." Food Research
International 46(1): 158-166.

Wang, Y., Z. Yang and X. Wei (2010). "Sugar compositions, a-glucosidase inhibitory and amylase

inhibitory activities of polysaccharides from leaves and flowers of Camellia sinensis obtained by

249



different extraction methods." International Journal of Biological Macromolecules 47(4): 534-5309.

Watkins, P. J. (2003). "Retinopathy." British Medical Journal 326(7395): 924-926.

Watt, J. M. and M. G. Breyer-Brandwijk (1962). "The Medicinal and Poisonous Plants of Southern and
Eastern Africa being an Account of their Medicinal and other Uses, Chemical Composition,
Pharmacological Effects and Toxicology in Man and Animal." The Medicinal and Poisonous Plants
of Southern and Eastern Africa being an Account of their Medicinal and other Uses, Chemical
Composition, Pharmacological Effects and Toxicology in Man and Animal.(Edn 2). pp.xii +1457,
16-17 pp.

Who (1980). "Expert Committee on Diabetes Mellitus Second report: World Health organization
Technical Report  Series." World Health Organization, Geneva, Switzerland,
https://www.who.int/healt h-topics/diabetes.

Who (1985). "Diabetes mellitus." World Health Organ Technical Report Series 727: 1-113.

Who (1999). " Part 1, Diagnosis and classification of diabetes mellitus" World Health Organization.
Geneva, Switzerland, https://www.who.int/health-topics/diabetes.

Who (2016). "Global report on diabetes.” World Health Organization. Geneva, Switzerland, https://ww
w.who.int/health-topics/diabetes.

Who (2019). "Classification of diabetes mellitus.” World Health Organization, Geneva,
Switzerland, https://www.who.int/health-topics/diabetes.

Widowati, W., H. Ratnawati, R. Wahyudianingsih, Y. Yelliantty, M. Maesaroh and D. Pujimulyani
(2014). "Effect of green tea extract and epigallocatechin-3-gallate potency on lipid profile and
coronary artery morphology of dyslipidemic rats." Oxidants and Antioxidants in Medical Science
3(2): 147-152.

Wilding, J. (2007). "The importance of free fatty acids in the development of Type 2 diabetes.” Diabetic
Medicine 24(9): 934-945.

Williamson, G., F. Dionisi and M. Renouf (2011). "Flavanols from green tea and phenolic acids from
coffee: critical quantitative evaluation of the pharmacokinetic data in humans after consumption of
single doses of beverages." Molecular Nutrition & Food Research 55(6): 864-873.

Wilson, R. D. and M. S. Islam (2012). "Fructose-fed streptozotocin-injected rat: an alternative model
for type 2 diabetes." Pharmacological Reports 64(1): 129-139.

Windvogel, S. (2019). Rooibos (Aspalathus linearis) and honeybush (Cyclopia spp.): from bush teas to
potential therapy for cardiovascular disease, IntechOpen.27-58. DOI: 10.5772/intechopen.788440.

Winterbourn, C. C. (2008). "Reconciling the chemistry and biology of reactive oxygen species.” Nature
Chemical Biology 4(5): 278.

Wolfram, S., D. Raederstorff, M. Preller, Y. Wang, S. R. Teixeira, C. Riegger and P. Weber (2006).
"Epigallocatechin gallate supplementation alleviates diabetes in rodents.” The Journal of Nutrition
136(10): 2512-2518.

Wong, F. S. (2019). "Role of the enviroment in the pathogenesis of type 1 diabetes.” Endocrine

250



Abstracts DOI: 10.1530/endoabs.66.S3.2

Wu, H., S. B. Kanatous, F. A. Thurmond, T. Gallardo, E. Isotani, R. Bassel-Duby and R. S. Williams
(2002). "Regulation of mitochondrial biogenesis in skeletal muscle by CaMK." Science 296(5566):
349-352.

Wu, L.-Y., C.-C. Juan, L.-T. Ho, Y.-P. Hsu and L. S. Hwang (2004). "Effect of green tea
supplementation on insulin sensitivity in Sprague— Dawley rats." Journal of Agricultural and Food
Chemistry 52(3): 643-648.

Wu, P., Z. Liu, X. Jiang and H. Fang (2020). "An Overview of Prospective Drugs for Type 1 and Type
2 Diabetes." Current Drug Targets 21(5): 445-457.

Wu, Y., Y. Ding, Y. Tanaka and W. Zhang (2014). "Risk factors contributing to type 2 diabetes and
recent advances in the treatment and prevention." International Journal of Medical Sciences 11(11):
1185-1200.

Xiao, X., O. L. Erukainure, O. Sanni, N. A. Koorbanally and M. S. Islam (2020). "Phytochemical
properties of black tea (Camellia sinensis) and rooibos tea (Aspalathus linearis); and their
modulatory effects on key hyperglycaemic processes and oxidative stress.” Journal of Food Science
and Technology 57: 4345-4354.

Xiao, Y., M. Li, Y. Wu, K. Zhong and H. Gao (2020). "Structural Characteristics and Hypolipidemic
Activity of Theabrownins from Dark Tea Fermented by Single Species Eurotium cristatum PW-1."
Biomolecules 10(2): 204-218.

Xing, X., D. Li, D. Chen, L. Zhou, R. Chonan, J. Yamahara, J. Wang and Y. Li (2014). "Mangiferin
treatment inhibits hepatic expression of acyl-coenzyme A: diacylglycerol acyltransferase-2 in
fructose-fed spontaneously hypertensive rats: a link to amelioration of fatty liver." Toxicology and
applied pharmacology 280(2): 207-215.

Xiong, D., T. Fang, L. Yu, X. Sima and W. Zhu (2011). "Effects of nano-scale TiO2, ZnO and their
bulk counterparts on zebrafish: acute toxicity, oxidative stress and oxidative damage." Science of
the Total Environment 409(8): 1444-1452.

Xu, P., H. Chen, Y. Wang, D. Hochstetter, T. Zhou and Y. Wang (2012). "Oral administration of puerh
tea polysaccharides lowers blood glucose levels and enhances antioxidant status in alloxan-induced
diabetic mice." Journal of Food Science 77(11): H246-H252.

Xu, Y., M. Zhang, T. Wu, S. Dai, J. Xu and Z. Zhou (2015). "The anti-obesity effect of green tea
polysaccharides, polyphenols and caffeine in rats fed with a high-fat diet." Food & Function 6(1):
296-303.

Yamagishi, S.-i., T. Matsui and K. Fukami (2015). "Role of receptor for advanced glycation end
products (RAGE) and its ligands in cancer risk." Rejuvenation Research 18(1): 48-56.

Yamashita, Y., L. Wang, Z. Tinshun, T. Nakamura and H. Ashida (2012). "Fermented tea improves
glucose intolerance in mice by enhancing translocation of glucose transporter 4 in skeletal muscle."
Journal of Agricultural and Food Chemistry 60(45): 11366-11371.

251



Yamauchi, R., M. Kobayashi, Y. Matsuda, M. Ojika, S. Shigeoka, Y. Yamamoto, Y. Tou, T. Inoue, T.
Katagiri and A. Murai (2010). "Coffee and caffeine ameliorate hyperglycaemia , fatty liver, and
inflammatory adipocytokine expression in spontaneously diabetic KK-Ay mice." Journal of
Agricultural and Food Chemistry 58(9): 5597-5603.

Yan, J., Y. Zhao, S. Suo, Y. Liu and B. Zhao (2012). "Green tea catechins ameliorate adipose insulin
resistance by improving oxidative stress." Free Radical Biology and Medicine 52(9): 1648-1657.

Yan, Z., Y. Zhong, Y. Duan, Q. Chen and F. Li (2020). "Antioxidant mechanism of tea polyphenols
and its impact on health benefits." Animal Nutrition 6(2):115-123.

Yang, T. and M. Koo (1997). "Hypocholesterolemic effects of Chinese tea." Pharmacological Research
35(6): 505-512.

Yang, Y., M. R. Hayden, S. Sowers, S. V. Bagree and J. R. Sowers (1970). "Retinal redox stress and
remodeling in cardiometabolic syndrome and diabetes." Oxidative Medicine and Cellular Longevity
3:1-12.

Yao, G., Y. Zhang, R. Y. Di Wang, H. Sang, L. Han, Y. Zhu, Y. Lu, Y. Tan and Z. Shang (2017).
"GDM-induced macrosomia is reversed by Cav-1 via AMPK-mediated fatty acid transport and
GLUT1-mediated glucose transport in placenta." PloS one 12(1): 1-18.

Yao, Z. and Q. Gui-nian (2011). "The hypoglycaemic activity and improvement of diabetic symptoms
of polysaccharides from jasmine dried residue on diabetic mellitus mice [J]." Food Science and
Technology 2.

Yaribeygi, H., F. R. Farrokhi, R. Rezaee and A. Sahebkar (2018). "Oxidative stress induces renal failure:
A review of possible molecular pathways." Journal of cellular biochemistry 119(4): 2990-2998.
Yashin, A., Y. Yashin and B. Nemzer (2011). "Determination of antioxidant activity in tea extracts, and

their total antioxidant content.” America Journal of Biomedical Science 3(4): 322-335.

Yau, M., N. K. Maclaren and M. Sperling (2018). "Etiology and pathogenesis of diabetes mellitus in
children and adolescents.” Endotext [Internet]. PMID: 29714936.

Yin, Y., Y. Xu, H. Ma and X. Tian (2017). "Hesperetin ameliorates cardiac inflammation and cardiac
fibrosis in streptozotocin-induced diabetic rats by inhibiting NF-kB signaling pathway." Biomedical
Research 28(1): 223-229.

Yoshikawa, M., K. Ninomiya, H. Shimoda, N. Nishida and H. Matsuda (2002). "Hepatoprotective and
antioxidative properties of Salacia reticulata: preventive effects of phenolic constituents on CCl4-
induced liver injury in mice." Biological and Pharmaceutical Bulletin 25(1): 72-76.

Yousaf, S., M. Butt, H. A. Suleria and M. Igbal (2014). "The role of green tea extract and powder in
mitigating metabolic syndromes with special reference to hyperglycaemia and
hypercholesterolemia.” Food & Function 5(3): 545-556.

Yuan, C., Z. Li, F. Peng, F. Xiao, D. Ren, H. Xue, T. Chen, G. Mushtag and M. A. Kamal (2015).
"Combination of selenium-enriched green tea polysaccharides and Huo-ji polysaccharides

synergistically enhances antioxidant and immune activity in mice.” Journal of the Science of Food

252



and Agriculture 95(15): 3211-3217.

Yuk, H. J., J. H. Lee, M. J. Curtis-Long, J. W. Lee, Y. S. Kim, H. W. Ryu, C. G. Park, T.-S. Jeong and
K. H. Park (2011). "The most abundant polyphenol of soy leaves, coumestrol, displays potent a-
glucosidase inhibitory activity." Food Chemistry 126(3): 1057-1063.

Zafar, M., S. N.-u.-H. Nagvi, M. Ahmed and Z. A. Kaimkhani (2009). "Altered Liver Morphology and
Enzymes in Streptozotocin Induced Diabetic Rats." International Journal of Morphology 27(3).
Zayapor, M. N., A. Abdullah and W. A. W. Mustapha (2019). "Variation in antioxidant capacities in
common variant teas and spiced teas." AIP Conference Proceedings, AIP Publishing LLC.2111:

05008-1-05008-7.

Zhang, A., Q. Y. Zhu, Y. S. Luk, K. Y. Ho, K. P. Fung and Z.-Y. Chen (1997). "Inhibitory effects of
jasmine green tea epicatechin isomers on free radical-induced lysis of red blood cells." Life Sciences
61(4): 383-394.

Zhang, H., C. Tan, H. Wang, S. Xue and M. Wang (2010). "Study on the history of traditional Chinese
medicine to treat diabetes." European Journal of Integrative Medicine 2(1): 41-46.

Zhang, Z., Q. Li, J. Liang, X. Dai, Y. Ding, J. Wang and Y. Li (2010). "Epigallocatechin-3-O-gallate
(EGCG) protects the insulin sensitivity in rat L6 muscle cells exposed to dexamethasone condition."
Phytomedicine 17(1): 14-18.

Zhao, C.-N., G.-Y. Tang, S.-Y. Cao, X.-Y. Xu, R.-Y. Gan, Q. Liu, Q.-Q. Mao, A. Shang and H.-B. Li
(2019). "Phenolic profiles and antioxidant activities of 30 tea infusions from green, black, oolong,
white, yellow and dark teas." Antioxidants 8(7): 215-229.

Zhao, H.-x., H.-s. Zhang and S.-f. Yang (2014). "Phenolic compounds and its antioxidant activities in
ethanolic extracts from seven cultivars of Chinese jujube." Food Science and Human Wellness 3(3):
183-190.

Zhou, Q., J. Brown, A. Kanarek, J. Rajagopal and D. A. Melton (2008). "In vivo reprogramming of
adult pancreatic exocrine cells to B-cells.” Nature 455(7213): 627-632.

Zhou, X., D. Wang, P. Sun, P. Bucheli, L. Li, Y. Hou and J. Wang (2007). "Effects of soluble tea
polysaccharides on hyperglycaemia in alloxan-diabetic mice." Journal of Agricultural and Food
Chemistry 55(14): 5523-5528.

Zhu, C., L.-L. Tai, X.-c. Wan, D.-x. Li, Y.-Q. Zhao and Y. Xu (2017). "Comparative effects of green
and black tea extracts on lowering serum uric acid in hyperuricemic mice.” Pharmaceutical Biology
55(1): 2123-2128.

Zhu, P., M. Ren, C. Yang, Y. X. Hu, J. M. Ran and L. Yan (2012). "Involvement of RAGE, MAPK and
NF-kB pathways in AGEs-induced MMP-9 activation in HaCaT keratinocytes." Experimental
Dermatology 21(2): 123-129.

Ziaee, A., F. Zamansoltani, M. Nassiri-Asl and E. Abbasi (2009). "Effects of rutin on lipid profile in
hypercholesterolaemic rats." Basic & Clinical Pharmacology & Toxicology 104(3): 253-258.

Zielinski, A. A. F., D. Granato, A. Alberti, A. Nogueira, I. M. Demiate and C. W. I. Haminiuk (2015).

253



"Modelling the extraction of phenolic compounds and in vitro antioxidant activity of mixtures of
green, white and black teas (Camellia sinensis L. Kuntze)." Journal of Food Science and Technology
52(11): 6966-6977.
Zimmet, P., K. G. Alberti, D. J. Magliano and P. H. Bennett (2016). "Diabetes mellitus statistics on
prevalence and mortality: facts and fallacies.” Nature Reviews Endocrinology 12(10): 616-623.
Zisman, A., O. D. Peroni, E. D. Abel, M. D. Michael, F. Mauvais-Jarvis, B. B. Lowell, J. F.
Wojtaszewski, M. F. Hirshman, A. Virkamaki and L. J. Goodyear (2000). "Targeted disruption of
the glucose transporter 4 selectively in muscle causes insulin resistance and glucose intolerance."
Nature medicine 6(8): 924-928.

Zong, H., J. M. Ren, L. H. Young, M. Pypaert, J. Mu, M. J. Birnbaum and G. I. Shulman (2002). "AMP
kinase is required for mitochondrial biogenesis in skeletal muscle in response to chronic energy
deprivation." Proceedings of the National Academy of Sciences 99(25): 15983-15987.

254



APPENDIX A ANIMAL ETHICS APPROVAL LETTER

£ UNIVERSITY OF ™
n KWAZULU-NATAL
T INYUVES|

A YAKWAZULU-NATAL

13 August 2019

Mr Xin Xiao (217082112)
School of Life Sciences
Westville Campus

Dear Mr Xiao,

Protocol reference number: AREC/020/019D '
Project title: Comparative antidiabetic effects and mechanisms of actions of some widely consumed Chinese and South African
indigenous teas.

Full Approval — Research Application
With regards to your revised application received on 07 August 2019. The documents submitted have been accepted by the
Animal Research Ethics Committee and FULL APPROVAL for the protocol has been granted.

Any alteration/s to the approved research protocol, i.e Title of Project, Location of the Study, Research Approach and
Methods must be reviewed and approved through the amendment/modification prior to its implementation. In case you
have further queries, pl quote the ab reference number.

Please note: Research data should be securely stored in the discipline/department for a period of 5 years.

The ethical clearance certificate is only valid for a period of one year from the date of issue. Renewal for the study must be
applied for before 06 August 2020.

Attached to the Approval letter is a template of the Progress Report that is required at the end of the study, or when applying
for Renewal (whichever comes first). An Adverse Event Reporting form has also been attached in the event of any
unanticipated event involving the animals’ health / wellbeing.

| take this opportunity of wishing you everything of the best with your study.

Yours faithfully

/%fﬁv
Dr Sani|,6 S‘l‘hgh,/PhD

Chair: Animal Research Ethics Committee

[kr

cc Supervisor: Prof MS Islam
Cc Registrar: Mr Simon Mokoena

Animal Research Ethics Committee (AREC)
Ms Mariette Snyman (Administrator)
Westville Campus, Govan Mbeki Building
Postal Address: Private Bag X54001, Durban 4000
Telephone: +27 (0) 31 260 8350 Facsimile: +27 (0) 31260 4608 Email: animalethi
Website: hitp:// ukzn.ac search:Ethics/Animal-Ethics.aspx

m 1940. 2010 l.

ukzn.ac.za

255



APPENDIX B PUBLICATIONS FROM THIS THESIS

J Food Sci Technol
https://doi.org/10.1007/s13197-020-04471-w

Check for
updates

ORIGINAL ARTICLE

Phytochemical properties of black tea (Camellia sinensis)
and rooibos tea (Aspalathus linearis); and their modulatory effects
on key hyperglycaemic processes and oxidative stress

Xin Xiao' - Ochuko L. Erukainure!= - Olakunle Sanni' - Neil A. KnnrbanallyZ )

Md. Shahidul Islam'

Revised: 1 March 2020/ Accepted: 23 April 2020
© Association of Food Scientists & Technologists (India) 2020

Abstract The comparative phytochemicals, antioxidative
and antidiabetic activities of Camellia sinensis (black tea)
and Aspalathus linearis (rooibos tea) were studied in vitro
and ex vivo. Concentrated infusions of the teas showed
significant free radical scavenging activities in vitro. They
significantly increased the glutathione level, superoxide
dismutase and catalase enzyme activities in oxidative
hepatic injury, while concomitantly depleting malondi-
aldehyde level. The teas significantly inhibited intestinal
glucose absorption and a-amylase activities, and elevated
muscle glucose uptake. LCMS phytochemical profiling
revealed the presence of hydroxycaffeic acid, I-threonate,
caffeine, vanillic acid, n-acetylvaline, and spinacetin
3-glucoside in C. sinensis. While quinolinic acid, coume-
strol, phloroglucinol, 8-hydroxyquercetagetin, umbellifer-
one, and ajoene were identified in A. linearis. These results
portray the antioxidant and antidiabetic potencies of both
teas, with A. linearis showed better activity compared to C.
sinensis. These teas may thus be used as functional foods in
the management of diabetes and other oxidative stress
related metabolic disorders.
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Introduction

Diabetes mellitus (DM) is the most endemic of all meta-
bolic diseases, as it was reported to affect over 425 million
people in 2017 (IDF 2018). This depicts a 2.4% rise in
prevalence from 415 million in 2015 (IDF 2016) and it is
expected to increase by 48% to 629 million in 2045, with
an upsurge of 156% expected for Africa (IDF 2018).
Diabetes mellitus is characterized by increased blood
glucose level (hyperglycemia) owing to disorder in the
metabolism of carbohydrate, protein and lipids (Erukainure
et al. 2013), which is caused by failure of the pancreatic -
cell to secrete insulin, and/or failure of the cells to use the
secreted insulin (Erukainure et al. 2018a, b, ¢). The former
is referred to as type 1| diabetes (T1D), while the latter is
often referred to as type 2 diabetes (T2D) and the most
prevalent of all diabetes types as it is responsible for over
90% of morbidity and mortality due to DM (IDF
2016, 2018). Hyperglycemia leading to oxidative stress is
the major trigger of T2D pathogenesis, that leads to micro-
and macro-vascular complications such as retinopathy and
neuropathy (Chukwuma and Islam 2017; Constantino et al.
2013: Erukainure et al. 2017a, b; Tiwan et al. 2013).
Oxidative stress occurs in T2D as a result of increased
generation of (ROS)
increased glucose oxidation, which overwhelms the cell’s
endogenous antioxidative system (Maritim et al. 2003:

reactive oxygen species from

Sanni et al. 2018). Increased activities of carbohydrate
hydrolyzing enzymes particularly o-glucosidase and o-
amylase have also been reported to contribute to hyper-
rapid  breakdown of dietary

¢glycemia owing to
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carbohydrate leading to postprandial rise in blood glucose
level (Oyebode et al. 2018).

Camellia sinensis is a well known medicinal plant
commonly referred to as tea and has been consumed as
beverage from time immemorial. Its origin has been
ascribed to Asia and it has been described as the most
globally consumed beverage second to water (Macfarlane
and Macfarlane 2004). Camellia sinensis is commercially
available in most countries as black, green and white teas.
Several studies have reported its antidiabetic and antioxi-
dant properties (Bhatt et al. 2010; Dufresne and Farnworth,
2001: Fu et al. 2017; Kumar and Rizvi 2015), which has
been attributed to its phytochemical constituents particu-
larly the catechins and alkaloids (Frei and Higdon 2003;
Han et al. 2016; Williamson et al. 2011).

Aspalarhus linearis is a medicinal plant native to South
Africa, belonging to the Fabaceae family and the As-
palathus genus. Its leaves are utilized in the production of
the herbal tea, rooibos or bush tea which is widely con-
sumed globally (Joubert et al. 2008). Its medicinal prop-
ertics have been widely studied and has been reported for
antidiabetic and antioxidant activities (Joubert et al. 2008;
Marnewick et al. 2003; Patel et al. 2016). These medicinal
properties have been attributed to its reported high ascorbic
acid content as well as polyphenols such as the flavones
and dihydrochalcones particularly aspalathin and nothofa-
gin (Iswaldi et al. 2011; Lee and Bae 2015).

Camellia sinensis and A. linearis constitute the most
common teas consumed in Southern Africa, and often used
singly or combined in the management of various ailments
including DM. However, there is a dearth in their com-
parative studies. This study thus aims at comparing the
phytochemical, antidiabetic and antioxidative properties of
C. sinensis (black tea) and A. [linearis (rooibos tea) by
investigating their ability to promote hypoglycaemic pro-
cesses vis-a-vis muscle stimulation of glucose uptake,
mhibiting intestinal glucose absorption and activities of
major carbohydrate digestive enzymes, as well as
improving antioxidant enzymes activities.

Materials and methods
Tea bags

Commercial C. sinensis and A. linearis tea bags were
purchased from local malls at Fuzhou, China and Durban,
South Africa respectively. Five bags (10 g) of ecach product
were infused in 100 mL of boiled water and allowed to
stand for 2 h. The infusions were decanted into a weighed
beaker and concentrated at <50 °C in a water bath. After
concentrating, the beaker was reweighed, and the yielded
concentration was calculated to be 4.2 and 3.6 g of
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C. sinensis and A. linearis samples respectively. They were
stored in airtight vials until further analysis.

A stock solution (1 mg/mL) was prepared from each
sample using distilled water, from which different working
concentrations (15, 30, 60, 120 and 240 pg/mL) were
prepared for further studies.

Total phenolic content

The total phenolic content of the samples was analyzed via
the Folin—Ciocalteu reagent assay and expressed as mil-
ligrams of gallic acid equivalents (GAE) per gram of dry
weight (Liu and Yao 2007).

In vitro antioxidant activity

In vitro antioxidant activities were determined for the teas
using the 2,2'-diphenyl- 1-picrylhydrazyl (DPPH) scaveng-
ing activity (Braca et al. 2002) and the ferric reducing
antioxidant power (FRAP) assay (Benzie and Strain 1996).

For DPPH activity, 100 uL of each sample concentra-
tions were incubated with 50 pL of 0.3 mM DPPH solution
(in methanol) for 30 min in the dark. Absorbance was read
at 517 nm.

For FRAP, 100 uL of each sample concentration was
incubated with equal volumes of sodium phosphate buffer
(0.2 M, pH 6.6) and 1% potassium ferricyanide at 50 °C
for 30 min. 100 pL of 10% trichloroacetic acid was used in
acidifying the reaction mixture, 100 pL of distilled water
and 200 pL of 0.1% FeCl; were then added. Absorbance
was read at 700 nm.

Ascorbic acid was used as standard drugs for both
activities.

Enzyme inhibitory activity

The teas were assayed for their antidiabetic activitics by
determining their inhibitory effect on pancreatic a-amylase
(Shai et al. 2010). Briefly, 50 pL of each tea concentration
or acarbose was incubated with equal volume of porcine
pancreatic amylase (2 U/mL; in 100 mM phosphate buffer,
pH 6.8) for 10 min at 37 °C. After which, an equal volume
of 50 pLL of 1% starch solution in 100 mM phosphate
buffer (pH 6.8) was added to the reaction mixture and
further incubated for 10 min at 37 °C. A 100 puL of the
dinitrosalicylate (DNS) color reagent was added to the
mixture and boiled for 10 min. Absorbance was read at
540 nm.

Animals

Five male albino rats of Sprague Dawley strain and
weighing about 200-250 ¢ were procured for the
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experiment from the Biomedical Research Unit (BRU),
University of KwaZulu-Natal, Durban, South Africa. The
rats were sacrificed by cuthanizing with halothane, after
overnight fasting (12 h). Their small intestines (jejunum),
muscles and liver were harvested, rinsed in 0.9% NaCl
solution to remove blood stains and used immediately for
ex vivo studies comprising of glucose absorption and
uptake, and anti-oxidative stress activities.

The animals were maintained under the guidelines
approved by the Animal Ethics Committee of the Univer-
sity of KwaZulu-Natal, Durban, South Africa (Protocol
approval number: AREC/067/017D).

Ex vivo anti-oxidative activity

After homogenizing in 50 mM sodium phosphate buffer
(pH 7.5: with 10% Triton X-100), the harvested livers were
centrifuged at 15,000 rpm at 4 °C for 10 min. The super-
natants were decanted and stored in 2 mL Eppendorf tubes.

A 100 pL of each tea concentration was incubated with
a reaction mixture containing 100 pL of the liver homo-
genates and 30 puL of 0.1 mM FeSO, for 30 min in 5%
CO5 incubator. A reaction mixture without any tea sample
or standard drug served as negative control (untreated).
Ascorbic acid was used as the standard drug.

The incubated samples were then analyzed for reduced
glutathione (GSH) level (Ellman 1959), catalase (Chance
and Maehly 1955) and superoxide dismutase (SOD)
(Kakkar et al. 1984) activities, and malondialdehyde
(MDA) level (Chowdhury and Soulsby 2002).

Glucose absorption in isolated rat jejunum

The inhibitory activity of the teas on intestinal glucose
absorption was assayed by incubating the different con-
centrations of the teas with 5 cm of the isolated rat jejunum
in Krebs buffer (118 mM NaCl, 5 mM KCI, 1.328 mM
CaCl,-2H,0, 1.2 mM KH,PO,, 1.2 mM MgS0O,, 25 mM
NaHCO; and 11.1 mM glucose) (Chukwuma and Islam
2015). Glucose concentration were determined before and
after the incubation with an Automated Chemistry Ana-
lyzer (Labmax Plenno, Labtest Inc., Costa Brava, Brazil).
Glucose  absorption  was  calculated  with  the
following formula:

Glucose absorption /cmof rat jejunum
_ GC1-GC2
~ Jejunum length (cm)

where GC1 and GC2 are glucose concentrations (mg/dL)
before and after incubation respectively.

Glucose uptake in isolated rat psoas muscles

The ability of the teas to exacerbate glucose uptake in the
isolated rat psoas muscles was assayed by determining the
glucose concentration after a 2 h incubation of 0.5 g of
isolated rat psoas muscle with different concentrations of
the test samples in 8 mL of Krebs buffer (Chukwuma and
Islam 2015). Metformin (Sigma Aldrich, South Africa) was
used as a positive control. Glucose concentration were
measured before and after the incubation with an Auto-
mated Chemistry Analyzer (Labmax Plenno, Labtest Inc.,
Lagoa Santa, Brazil). The intestinal glucose absorption was
calculated with the following formula:

GCI - GC2

Glucose uptake =
¢ P Muscle weight (g)

where GC1 and GC2 are glucose concentrations (mg/
dL) before and after the incubation respectively.

Liquid Chromatography-Mass Spectrometric (LC-
MS) Analysis

The tea samples were subjected to LC-MS analysis using
Shimadzu LCMS-2020 Single Quadrupole Liquid Chro-
matograph Mass Spectrometer (LC-MS). A HP-5MS
capillary column was used (30 m x 0.25 mm ID, 0.25 pm
film thickness, 5% phenylmethylsiloxanc). The LC stop
time was set at 4.00 min. The PDA sampling frequency
was set at 1.5625 Hz and the operating mode was on low
pressure gradient. Other operating parameters were as
follows: Pump A: LC-2030 Pump, Flow rate: 0.2000 mL/
min, Mobile Phase B Conc.: 95.0%; C Conc.: 0.0%; D
Conc.: 0.0%; A: Water; Mobile Phase B: Methanol; Start
Wavelength: 190 nm; End Wavelength: 800 nm; Cell
Temp.: 40 °C; Start Time: 0.00 min; End Time: 4.00 min:
Acquisition Mode: Scan Polarity: Positive; Event Time:
1.00 s; Detector Voltage: + 1.00 kV; Threshold: 0; Start
m/z: 50.00; End m/z: 1700.00; Scan Speed: 1667 u/sec.
Compounds were identified by direct comparison of mass
spectral data with those in the https://foodb.ca/spectra/ms/
search.

Statistics

Data were presented as mean = SD, and significance
of difference was established at p < 0.05 using one-way
analysis of variance (ANOVA). Statistical analyses were
carried out using IBM Statistical Package for the Social
Sciences (SPSS) for Windows, version 23.0 (IBM Corp,
Armonk, NY, USA). The difference between the treated
and untreated samples was used in calculating the 1Csq
values for each tea using their respective regression lines,
where x = 50 (Erukainure et al. 2017a, b).
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(FRAP) activities of C. sinensis and A. linearis. Data are presented as
mean £ SD. ®Values with different letter above the bars for a given
concentration are significantly (p < 0.05) different from each other.

ZSXZ: C. sinensis; RRBT: A. linearis

Results

As shown in Fig. 1, both tea samples had moderate phe-
nolic contents. The phenolic content of A. flinearis was
significantly (p < 0.05) higher than that of C. sinensis.

Both teas significantly (p < 0.05) scavenged DPPH,
with A. linearis displaying the best scavenging activity as
shown in Fig. 2a and Table 1. Both teas showed a dose-
dependent FRAP activity as shown in Fig. 2b, with the
highest activity observed at the highest concentration
(240 pg/mL).

Both teas moderately inhibited the activities of o-amy-
lase but were significantly (p < 0.05) lower when com-
pared to the standard drug, acarbose as depicted in Fig. 3.

Incubation of hepatic tissue homogenates with FeSO4
led to significant (p < 0.05) depletion of GSH level, SOD
and catalase activities, while significantly (p < 0.05)
increasing MDA level as depicted in Fig. 4a—d. Incubation
with the teas significantly (p < 0.05) increased the GSH
level, SOD and catalase activities, and concomitantly
depleted MDA level. The ability of both teas to increase
the SOD activities were dose-dependent, with A. linearis
showing the best activity (Fig. 4b). Based on the ICs,
values (Table 1), A. linearis had the best activities except
for MDA depletion.

Incubation of isolated rat jejunum with the teas signifi-
cantly (p < 0.05) inhibited intestinal glucose absorption as
depicted in Fig. 5a, with C. sinensis showing a dose
dependent activity. The low ICsy value of A. linearis,
indicates a better activity compared to C. sinensis.

Incubation of isolated psoas muscle with the teas led to
significant (p < 0.05) increase in muscle glucose uptake as
shown in Fig. 5b. Both teas showed does-dependent
activities, with C. sinesnis having the best activity.

LCMS analysis led to the identification of hydroxycaf-
feic acid, I-threonate, caffeine, vanillic acid, n-acetylvaline,
and spinacetin 3-glucoside in C. sinensis as depicted in
Fig. 6a, while quinolinic acid, coumestrol, phloroglucinol,
8-hydroxyquercetagetin, umbelliferone, and ajoene were
identified in A. linearis as shown in Fig. 6b.

Table 1 1Csq values of C.

A. linearis Ascorbic acid Acarbose

sinensis and A. linearis Hies G- Sy

activities DPPH 0.03 pg/mL
FRAP > 1000 pg/mL
o-amylase > 1000 pg/mL
GSH 112.02 pg/mL
SOD > 1000 pg/mL
Catalase 1.71 pg/mL
MDA 1.55 pg/mL
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Glucose absorption

Glucose uptake

162.22 pg/mL
242.64 pg/mL

0.01 pg/mL

> 1000 pg/mL
> 1000 pg/mL
84.10 pg/mL
87.27 pg/mL
1.62 pg/mL
2.6 ug/mL
85.82 pg/mL
383.63 pg/mL

0.05 pg/mL -

> 1000 pg/mL
> 1000 pg/mL
90.34 pg/mL
797.56 pg/mL
221 pg/mL
3.52 pg/mL

> 1000 pg/mL
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Discussion
Tea drinking culture has been in practice from time

immemorial, with Yunnan in western China said to be the
birthplace of this culture (Kumakura 2002). Aside C.
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activity, (¢) catalase activity, and (d) MDA level in oxidative hepatic
injury. Data are presented as mean = SD: n = 3. *Significantly

(D)

sinensis, there have been in increase in other types of tea
notably herbal teas which also enjoy worldwide con-
sumption (Joubert et al. 2008). Though often taken as
recreational beverages and food, teas have been reported
for their medicinal properties (Sharma et al. 2007; Siddiqui
et al. 2004). This study reports the ability of C. sinensis and
A. linearis teas to scavenge free radicals and to inhibit the
activities of major carbohydrate catabolic enzymes linked
to type 2 diabetes as well as their phytoconstituents.

The total phenolic contents of both teas were rather very
low (Fig. 1) which corroborates previous studies by Ane-
sini et al. (2008), Pal et al. (2012) and Bhebhe et al. (2015)
which reported low total phenolic content for C. sinensis
and A. linearis. This however contradicts previous reports
that both teas were had rich contents of phenolics. Pereira
et al. (2014) reported high phenolic contents for black,
green and white C. sinensis and correlated them with the
antioxidant properties of the studied teas. Damiani et al.
(2019) also reported high phenolic properties for A. linearis
and also correlated the antioxidant activity of the tea to the
phenolic content. Although the present study reports low
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Fig. 5 Effects of C. sinensis and A. ]ineari_\'(A)
on glucose (a) absorption in isolated rat
jejunum and (b) uptake in isolated psoas
muscle. Data are presented as mean £ SD:
n = 3. *Signilicantly different from
untreated sample and *Significantly

(p < 0.05) different from normal sample.
ZSXZ: C. sinensis: RRBT: A. linearis
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phenolic contents for both teas, they however contribute to
the antioxidant properties of the teas as depicted by their
ability to scavenge DPPH and reduce Fe't (Fig. 2a, b).
The influence of oxidative stress in the pathogenesis of
type 2 diabetes and its complications due to hyperglycemia
induced increased production of free radicals are well
documented (Erukainure et al. 2012; King and Loecken
2004; Tiwari et al. 2013). These free radicals have been
shown to attack cellular proteins, DNAs, membrane lipids
which may subsequently lead to cell death (Maritim et al.
2003). Increased lipid peroxidation owing to suppressed
GSH level, SOD and catalase activities is a major oxidative
mechanism. The high DPPH scavenging and FRAP activ-
ities (Fig. 2a, b) of the teas indicates their free radical and
reducing power properties. This corroborates previous
reports on the potent antioxidant properties of C. sinensis
and A. linearis (Pereira et al. 2014; Damiani et al. 2019).
This is further depicted by the ability of both teas to elevate
the levels of GSH, SOD and catalase activities, while
suppressing lipid peroxidation in oxidative hepatic injury
(Fig. 4a—d). These potencies may be attributed to the LC—
MS identified compounds of the teas (Fig. 6), particularly
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the phenolics which are well known antioxidants (Heleno
et al. 2015; Zhao et al. 2014).

Inhibition of major carbohydrate digestive enzymes has
been reported in several studies to be effective in the
treatment and management of type 2 diabetes (Van 2006).
The inhibition of o — amylase by the teas C. sinensis and A.
linearis (Fig. 3) corroborates previous studies (Gao et al.
2013; Mikami et al. 2015; Muller et al. 2012; Ramirez et al.
2012; Vinholes and Vizzotto 2017) and further portrays
their antidiabetic properties. These studies attributed the
enzyme inhibitory properties to the phytoconstituents of
both teas (Dludla et al 2017; Gao et al. 2013; Muller et al.
2012; Wang, et al. 2012), thereby implying that the total
phenol content (Fig. 1) and identified compounds (Fig. 6a,
b) may play a synergetic role regarding this activity.

Inhibition of and/or delayed intestinal glucose absorp-
tion can also lead to decreased postprandial elevation of
blood glucose level, thus can be employed in the treatment
and management of T2D (Chukwuma and Islam 2015).
Studies have reported the ability of plant extracts to sup-
press glucose absorption in the intestine mostly at the first
quarter jejunal and duodenal regions (Erukainure et al.
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2018a, b, ¢, 2019; Oyebode et al. 2018). The inhibitory
effects of the studied teas (Fig. 5a) demonstrates their
ability to delay the intestinal absorption of dietary glucose,
thus preventing postprandial elevation of blood glucose
level. This also corroborates with their ability to inhibit -
amylase activity (Fig. 3).

The role of skeletal muscle in carbohydrate metabolism
have been well documented (Oyebode et al. 2018; Sinacore
and Gulve 1993). This can be attributed to their richness in
the glucose transporter, GLUT-4 which facilitates glucose
uptake (Oyebode et al. 2018; Satoh 2014). Some

commercial antidiabetic drugs such as metformin exhibit
their antidiabetic activity by triggering muscle glucose
uptake (Natali and Ferrannini 2006). Thus, the ability of
the studied teas to stimulate muscle glucose uptake
(Fig. 5b) further insinuates their antidiabetic potentials.
This may also portray an improved insulin sensitivity, as
insulin resistance has been implicated in the defects in
muscle glucose uptake (Satoh 2014; Sinacore and Gulve
1993).

Phytochemicals have been reported for their antioxidant
and antidiabetic activities (Alasalvar and Bolling 2015;
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Chukwuma et al. 2019). The studied biological activities of
C. sinensis and A. linearis maybe attributed to the identi-
fied phytochemicals (Fig. 6a, b), thus depicting a syner-
gistic effect. The presence of the phenolics, hydroxycaffeic
acid, vanillic acid, and n-acetylvaline as well as the phe-
nolic glycoside, spinacetin 3-glucoside in C sinensis por-
trays a strong antioxidant potency as phenolics are well
known for their antioxidant and antidiabetic properties
(Chukwuma et al. 2019; Erukainure et al. 2018a, b, ¢). The
presence of caffeine may also contribute to the antidiabetic
activity of C. sinensis, as the hypoglycemic activity of
caffeine has been reported in non-diabetics, pre-diabetics
and diabetics (Bhaktha et al. 2015; Lane 2011; Lee et al.
2016). Similarly, the presence of phloroglucinol, 8-hy-
droxyquercetagetin, and umbelliferone in A.
(Fig. 6b) may also contribute to its antioxidant and

linearis

antidiabetic activities. Phytoestrogen, coumestrol and
ajoene have also been shown to possess antioxidant and
antidiabetic propertics (Bhathena and Velasquez 2002;
Hattori et al. 2005; Yuk et al. 2011), and may also con-
tribute to the biological activities of A. linearis.

Conclusion

These results depict the antioxidative and antidiabetic
potencies of C. sinensis and A. linearis as demonstrated by
their ability to scavenge free radicals, suppress lipid per-
oxidation, inhibit u-amylase enzyme activity and intestinal
glucose absorption, and concomitant increase in antioxi-
dant enzymes activities and muscle glucose uptake. Thus,
further affirming the utilization of these teas for managing
T2D and its complications, with A. linearis being more
potent compared to C. sinensis. Hence, they may be
employed as functional foods in the management of dia-
betes and other oxidative stress related metabolic disorders.
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1 | INTRODUCTION

Diabetes mellitus (DM) is a group of metabolic diseases whose hall-

mark characteristic is chronic hyperglycemia. It is caused by disorders
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Abstract

The antioxidant, antidiabetic, and anti-obesogenic potentials of different extracts (di-
chloromethane, ethyl acetate, ethanol, and aqueous) of the red honeybush (Cyclopia
genistoides) tea were investigated in vitro and ex vivo. All extracts exhibited signifi-
cant scavenging and reducing power activities, with the aqgueous and ethyl acetate
extracts being the most potent. In vitro antidiabetic analysis revealed the extracts
to be potent inhibitors of a-glucosidase and lipase activities. All extracts increased
catalase and SOD activities, and glutathione level in oxidative pancreatic injury. GC-
MS analysis revealed the presence of fatty acids, fatty acid ester, phytols, sterals,
saccharide, ketones, and triterpenes. These results imply that the sequential extracts
of honeybush tea (particularly the aqueous and ethyl acetate extracts) may not only
exhibit antioxidant potentials but also mediate anti-hyperglycemia activities by inhib-
iting lipid and carbohydrate digestion.

Practical applications

Red honeybush tea is enjoyed widely in South Africa and around the world due to its
no caffeine and very low tannin content, as well as many healthcare attributes. There
are however no scientific reports for its sequential extraction of different solvents on
antidiabetic effects. The different extracts of honeybush tea (particularly the aque-
ous and ethyl acetate extracts) inhibited lipid and carbohydrate digestive enzymes
linked to type 2 diabetes (T2D), as well as modulate oxidative pancreatic injury. These
findings will promote its utilization as a potential nutraceutical in the management of
diabetes and its complications.

KEYWORDS

antioxidants, honeybush tea, sequential extraction, type 2 diabetes

of carbohydrate, protein, and fat metaholism resulting from defects
ininsulin secretion and/or action (ADA, 2014; WHO, 1999). Diabetes
is associated with long-term damage, dysfunction, and even failure

of multiple organs in severe circumstances. Currently, around 90%
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or more of all patients with diabetes worldwide are type 2 diabetes
(T2D), or non-insulin-dependent diabetes mellitus (NIDDM).

T2D may result due to the inahility of insulin responsive cells
to utilize insulin or relatively low insulin levels being secreted by
islets of Langerhans B-cells. Due to the mild nature of T2D espe-
cially in the early stages the first line management strategies do
not involve the injection of insulin disease (Chatterjee, Khunti, &
Davies, 2017). Nowadays, the clinical management of T2D mainly
involves the use of oral pharmacological agents that stimulate f-cell
insulin secretion, increase sensitivity of insulin to effector cells, and
retard postprandial assimilation into the blood. These strategies are
focused on achieving good glycaemic control to ultimately reduce
the risk of development or progression of diabetes complications
(Marin-Penalver, Martin-Timén, Sevillano-Collantes, & del Cafizo-
Goémez, 2016; Stein, Lamos, & Davis, 2013). Although oral antidi-
abetic drugs have exhibited some success in the management of
hyperglycemia, their effects are not always sustained and may be
associated with undesirable side effects such as hypoglycemic shock
risk, weight gain, and other comorbidities (Chaudhury et al., 2017;
Khardori & Griffing, 2011). Therefore, looking for therapeutic agent
with reduced side effects will be of great significance in the man-
agement and possible treatment of diabetes. Medicinal plants have
been reported for their uses in the management of diabetes. They
are postulated to have superior benefits over synthesized drugs as
they are believed to have less potential undesirable side effects,
more affordable, and readily available (He, Chen, & Li, 2019; Hung,
Qian, Morris-Natschke, Hsu, & Lee, 2012).

Honeybush tea, which is indigenous to South Africa and grows
exclusively in the Cederberg Mountains north of Citrusdal to the
Cape Peninsula in the South and Port Elizabeth in the Eastern
Cape region (Joubert, Gelderblom, & De Beer, 2009: Kokotkiewicz
& Luczkiewicz, 2009; Marnewick, 2009). About 23-24 Cyclopia
species have been found till now but only three species are vastly
commercially made into honeybush tea namely, Cyclopia intermedia,
Cyclopia subternata, and Cyclopia genistoides (Joubert et al., 2009;
Kokotkiewicz & Luczkiewicz, 2009). Honeybush tea is characterized
by sweet honey-like aroma, which is made from the leaves, stem, and
flowers of the Cyclopia species (Kokotkiewicz & Luczkiewicz, 2009).
The effects of honeybush tea on antimutagenic, antioxidant, can-
cer modulating, and cardiovascular has been shown in vitro and in
vivo studies (Marnewick et al., 2011; Pantsi, Marnewick, Esterhuyse,
Rautenbach, & Van Rooyen, 2011).

The methanolic extracts of 22 Cyclopia species were screened
by De Nysschen, Van Wyk, Van Heerden, and Schutte (1996) who
reported that the xanthone, mangiferin, the flavanone, hesperidin,
and isosakuranetin were the major flavonoids common to all the spe-
cies. Along with more recent research by Joubert, Richards, Merwe,
De Beer, Manley, & Gelderblom (2008) showed that mangiferin, iso-
mangiferin, and hesperidin are also existing in all Cyclopia species.
Although the phytochemicals of methanolic extracts of honeybush
tea have been reported, the antioxidative and antidiabetic potentials
of different extracts of red honeybush (Cyclopia genistoides) tea are

still poorly documented.

Therefore, this study was designed not only to analyze the phy-
tochemical constituents of different extracts of red honeybush tea
through GC-MS analysis but also to investigate their effects on key
enzymes linked to T2D vis-a-vis a-glucosidase and lipase, as well as

their mitigative effect on oxidative pancreatic injury, ex vivo.

2 | MATERIALS AND METHODS

2.1 | Chemicals and instrumentation

1,1-diphenyl-2-picrylhydrazyl radical (DPPH),acarbose, ascorbic acid,
gallic acid, and potassium ferricyanide were obtained from Sigma-
Aldrich (Germany). Deuterated chloroform, deuterated methanol,
dinitrosalicylic acid (DNS), Folin-Ciocalteu reagent, ferric chloride,
Griess reagent, starch, sodium nitroprusside, and thiobarbituric acid
were purchased from Merck (Germany). Ethylenediaminetetraacetic
acid (EDTA), orlistat, morpholinepropanesulphonic acid (MOPS), p-
nitrophenyl-a-D-glucopyranoside (pNPG), p-nitrophenyl butyrate
(bNPB), and yeast a-glucosidase were attained from Sigma-Aldrich
(Germany).

Blichi Rotavapor Il (Biichi, Switzerland), GC-MS 6890 series
(Agilent Technologies, USA), and Synergy HTX Multi-mode Reader

(BioTek Instruments Inc, USA) were used.

2.2 | Teasample

Commercial red honeybush tea bags (young leaf tips of organic hon-
eybush; manufacturer: SPAR Group Ltd) were obtained from a local

food shopping mall at Durban, South Africa.

2.3 | Preparation of sequential extracts

Fifty gram of honeybush tea from tea bags were sequentially ex-
tracted with dichloromethane (DCM), ethyl acetate, ethanol, and
water to yield the respective extracts at room temperature after
48 hr per extraction. The extracts were filtered with Whatmann (No.
1) filter paper and concentrated at 40°C under reduced pressure with
arotary evaporator except for aqueous extract. Aqueous extract was
concentrated by placing in a water bath set at 50°C. All the concen-
trated samples were stored in glass vials at 4°C until when needed.
A stock solution of 1 mg/ml was prepared from different ex-
tracts, from which various working concentrations at 15, 30, 60,

120, and 240 pg/ml were prepared for biological activities.

2.4 | Estimation of total phenolic content (TPC)

With the protocol described by Antolovich, Prenzler, Patsalides,
McDonald, and Robards (2002) method, the TPC of sequential ex-

tracts of the tea were determined. Briefly, 200 pl of (concentration
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at 240 pg/ml) tea extracts were incubated with 1 ml of 10 times di-
luted Folin-Ciocalteu reagent and 800 pl of 0.7 M Na,CO, at room
temperature for 30 min. Then, the absorbance was measured at
765 nm. The results were indicated in milligrams of gallic acid equiv-

alent (GAE) per gram dry weight.

2.5 | Invitro antioxidant activities
2.5.1 | Freeradical scavenging (DPPH) assay

To determine the DPPH activity, the method described by (Bukhari,
Simic, Siddiqui, & Ahmad, 2013) was utilized with slight modifica-
tions. Briefly, 50 pl of 0.3 mM DPPH solution (in methanol) was
added to a 96-well plate contained 100 pl of each solvent extracts
of various working concentrations (15-240 pg/ml), followed by incu-
bating in the dark for 30 min at room temperature. Then, the absorb-

ance was recorded at 517 nm for the blank without the extracts.

2.5.2 | Ferric reducing antioxidant power
(FRAP) assay

The reducing power was determined via a slightly modified method
described by (Ademiluyi & Oboh, 2013a). Briefly, a volume of 100
pl of each extract mixed with 100 pl of sodium phosphate buffer
(0.2 M, pH 6.6) and 100 pl of 1% potassium ferricyanide were incu-
bated at 50°C for 30 min. Then, 100 pl of 10% trichloroacetic acid
was used for the acidification of reaction mixture followed by 100 pl
of distilled water and 200 pl of 0.1% FeCl, were sequentially added.
The absorbance was recorded at 700 nm. The standard ascorbic acid

was utilized in this assay.

2.5.3 | Nitric oxide (NO) radical scavenging assay

Nitric oxide radical scavenging activity was determined via a
slightly modified method as described by Balakrishnan, Panda, Raj,
Shrivastava, and Prathani (2009). Briefly, 100 ul of 10 mM sodium
nitroprusside in phosphate buffered saline was added to 100 pl of
each tea extract at various working concentrations (15-240 pg/
ml) and incubated at 37°C for 2 hr. Then, a 100 pl of Griess reagent
was added. Sample without tea extract was used as a control, while
quercetin was used as the standard drug. A 150 pl of the reaction

mixture was then transferred to a 26-well plate and read at 546 nm.

2.6 | Inhibitory activities of sequential extracts
2.6.1 | a-glucosidase inhibitory activity

The a-glucosidase inhibitory activity was determined according to a

previously published method with slight modifications (Ademiluyi &
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Oboh, 2013b). Briefly, a volume of 250 pl of each tea extract or acar-
bose at different working concentrations (15-240 pg/ml) was mixed
with 500 pl of 1.0 U/ml a-glucosidase solution in phosphate buffer
(100 mM, pH 6.8) and incubated at 37°C for 15 min. Then, a volume
of 250 pl of pNPG solution (5 mM) dissolved in the same phosphate
buffer was added. The reaction mixture was further incubated at
37°C for another 20 min. The absorbance was recorded at 405 nm
and the inhibitory activity was expressed as percentage of the con-

trol without the inhibitors.

2.6.2 | Pancreatic lipase inhibitory activity

The inhibitory activity of pancreatic lipase was determined accord-
ing to an earlier reported method (Kim et al., 2010). Briefly, a solu-
tion of porcine pancreatic lipase (2.5 mg/ml) was mixed with 10 mM
MOPS (morpholinepropanesulphonic acid) and 1 mM pH 6.8 EDTA
to prepare an enzyme containing buffer. A volume of 100 pl of each
solvent tea extracts at the test concentration (15-240 pg/ml) was
mixed with 169 pl of Tris buffer (100 mM Tris-HCl and 5 mM CaCl,,
pH 7.0). Then, 20 ul of the prepared enzyme buffer was added to the
mixture and incubated for 15 min at 37°C. A 5 pl of the substrate
solution (10 mM pNPB in dimethyl formamide) was added and fur-
ther incubated at 37°C for 30 min. The lipase inhibitory activity was
determined by recording the hydrolysis of p-NPB to p-nitrophenol
at 405 nm.

2.7 | Exvivo antioxidative studies

2.71 | Induction of tissue oxidative
stress and treatment

Induction of isolated pancreatic tissue oxidative stress was con-
ducted as described by Fraga, Leibovitz, and Tappel (1988) with
slight modification. Briefly, a 100 pl aliquot from each tea solvent
extract at test concentrations (15-240 pg/ml) was incubated with a
reaction mixture containing 100 pl of the pancreatic homogenates
and 30 ul of 0.1 mM FeSO, in an incubator at 5% CO, and 37°C
for 30 min. A reaction mixture without tea extract or standard drug
served as a negative control (untreated). Ascorbic acid was utilized
as a standard drug.

Animaltissueswere handledinaccordance with the approved pro-
tocol of the Animal Ethical Committee of the University of KwaZulu-
Natal, Durban, South Africa (protocol number: AREC/020/019D).

2.7.2 | Determination of superoxide dismutase
(SOD) enzyme activity

The SOD enzyme activity of each tea extracts was measured ac-
cording to a previously published method described by Kakkar, Das,
& Viswanathan (1984) with slight modifications. Briefly, a volume of
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170 pl of 0.1 mM diethylenetriaminepentaacetic acid (DETAPAC)
and 15 pl of the incubated samples were added in a 96-well plate.
Then, the reaction mixture was mixed with 15 pL of freshly prepared
1.6 mM 6-hydroxydopamine (6-HD) and gently tapping four sides of
the 96-well plate quickly. The absorbance was measured for 3 min at

1 min interval at 492 nm.

2.7.3 | Measurement of lipid peroxidation

Lipid peroxidation was determined according to an earlier method
with slight modifications described by Fraga et al. (1988). Briefly, a
volume of 200 pl of the incubated samples was mixed with 200 pl
of 8.1% SDS solution, 750 pl of 20% acetic acid, 2 ml of 0.25% thio-
barbituric acid (TBA) solution, and 850 pL of miliQ water. Then, the
reaction mixture was hoiled in a water bath for 1 hr. After cooling,
200 pl of the reaction mixture was transferred to a 96-well plate.

The absorbance was determined at 532 nm.

2.74 | Determination of catalase (CAT) activity

The CAT activity was measured according to the method of Aebi
(1984) with slight modification. Briefly, 10 pl of the incubated sam-
ples was mixed with 340 ul of sodium phosphate buffer (50 mM, pH
7.0). Then, 150 pl of 2 M hydrogen peroxide (H2OZ) was added. The
absorbance of the reaction mixture was determined at 240 nm for

3 min at 1 min interval.

2.7.5 | Determination of Reduced Glutathione (GSH)
concentration

The reduced GSH level activity was determined according to the
method described by Ellman (1959). Briefly, 300 ul of the incu-
bated samples was mixed with 100 pl 10% TCA and then, centri-
fuged for 10 min at 15,000 rpm. Then, 80 ul of the supernatants
was collected into a 96-well plate, 40 pl of 0.5 mM DTNB, and
200 pl sodium phosphate buffer (0.2 M, pH, 7.8) were sequentially
added. The absorbance was recorded at 415 nm after incubation

for 15 min.

2.8 | GC-MS analysis of the different tea extracts

The phytochemical constituents of the tea extracts were analyzed
using GC-MS. The analysis was carried out with an Agilent technolo-
gies 6,90 Series GC coupled with (an Agilent) 5973 Mass Selective
detector and driven by Agilent Chemstation software (Agilent
Technologies, USA). A HP-5MS capillary column (30 m x 0.25 mm
ID, 0.25 um film thickness, 5% phenylmethylsiloxane) was utilized.
The ultra-pure helium was utilized as a carrier gas at a flow rate of

1.0 ml/min and linear velocity of 37 cm/sec. The injector and oven

60

S0

a0

30

20

Gallic acid equivalent (mg/g)

10

DCMEX  Ethyl Acetate EX Ethanol EX Aqueous EX

FIGURE 1 Total phenol content of different extracts of red
honeybush (C. genistoides) tea. Values represent mean + SD; n = 3.
dDjifferent alphabets over the bars for a given extract represent
significance of difference (p < .05). DCM, dichloromethane; EX,
extract

temperature were set at 250°C and 60°C, respectively. The oven
was programed to 280°C at the rate of 10°C/min with a hold time of
3 min. Injections of 1 pl test sample were made in splitless mode. The
mass spectrometer was operated in the electron ionization mode at
70 eV and electron multiplier voltage at 1859 V. Other MS operating
parameters were as follows: ion source temperature 230°C, quadru-
pole temperature 150°C, solvent delay 4 min, and scan range 50-70
amu. Compounds were identified by direct comparison of their mass
spectral data with those in the NIST library.

2.9 | Statistics

Data are presented as mean + standard deviation (SD). Statistical
analysis was performed using IBM Statistical Pack for the Social
Sciences (SPSS) for Windows, version 25.0 (IBM Corp, Armonk, NY,
USA) using Tukey's-HSD multirange post hoc test. The significant dif-
ference was established by one-way analysis of variance (ANQVA)

atp < .05.

3 | RESULTS

3.1 | Total phenolic content

The TPC of the extracts are presented in Figure 1. The aque-
ous and ethyl acetate extracts showed the highest phenol con-
tent compared to the ethanol and DCM extracts with significant

difference.

3.2 | Invitro antioxidant activity

The results of the DPPH free radical scavenging activities of the
extracts are presented in Figure 2a. All the extracts showed a

dose-dependent activity, where the aqueous showing the most
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potent activity (ICs; = 0.12 pg/ml). The activity of aqueous, ethyl
acetate (IC;, = 0.72 pg/ml), and ethanol (IC;; = 1.90 pg/ml) ex-
tracts were comparable to the positive control, ascorbic acid
(IC50 = 1.93 pg/ml). The aqueous extract exhibited a significantly
higher (p < .05) activity than other extracts except at concentra-
tion of 240 pug/ml (Figure 2a).

Thereducing power of the extracts are presented in Figure 2h.
All the extracts showed a dose-dependent activity, with the
aqueous extract being the most potent as depicted by its IC,,
value of 861.00 pg/ml. The other extracts had IC.; values over

1,000 pg/ml. However, the reducing power of all extracts were

significantly higher (p < .05) than the ascorbic acid standard with
the aqueous extract showing significantly higher (p < .05) activ-
ity than the other extracts at concentration of 120 and 240 pg/
ml (Figure 2h).

The NO radical scavenging activity of the extracts are presented
in Figure 2c. All the extracts showed a dose-dependent activity
and a significantly (p < .05) higher activity against NO-radicals than
quercetin, with the aqueous extract showing the highest activity
compared to other extracts except at the concentration of 240 pg/
ml as depicted in Figure 2c. The ethyl acetate extract showed the

most efficient activity, as depicted by its IC;, value of 1.07 pg/ml
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IC,, values of different extracts of red honeybush (Cyclopia genistoides) tea

TABLE 1

Orlistat

(ug/ml)

Quercetin (ug/

ml)

Aqueous Extract

(ng/ml)

Ethanol Extract (ug/

ml)

Ethyl Acetate Extract

(ug/mi)

Dichloromethane
Extract (ug/ml)

Acarbose (ug/ml)

Ascorbic acid (ug/ml)

Activities

1.93 £0.70

>1,000 +0.36

0.12 £03.0

861 +0.80

1.90 £0.53

>1,000 +£0.48

0.72 £ 0.61

>1,000 + 0.29

6.13 £0.30

>1,000 +0.64

DPPH
FRAP
NO

116.65 +1.24

1.07 +0.55
59.05 +1.70

8.01 £ 0.63
90.12 +1.41
4.84 +2.18

132.71 +5.2

114 £ 262
63.26 +0.88

24.64 +£2.45

012 +1.08

91.70 + 4.69

a-glucosidase

Journal of

Food Biochemistry

0.15+0.98

5.86 +3.16
87.32+2.04

6.29 +2.23
105.95 +2.28

9.01+0.32
552.85 + 5.12

Anti-lipase

GSH
SOD

3.9+ 317

2.96 £ 3.09

>1,000 + 545

1.28 £ 2.08

>1,000 + 5.07

4.74 £2.17

>1,000 + 5.25

3.85+2.05

>1,000 + 2.33

583311

>1,000 + 5.01

Catalase
LPO

787 £242

9.23.£2.35

12.42 +0.96

10.36 +0.75

12.67 +0.90
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compared to that of the positive control, quercetin (116.65 pg/ml)
(Table 1).

3.3 | Carbohydrate digesting enzymes
inhibitory activity

The results of a-glucosidase inhihitory activity of extracts are pre-
sented in Figure 3. All the extracts significantly (p < .05) inhibited
the activities of a-glucosidase in a dose-dependent manner, with the
aqueous extract showing the highest activity except significantly
lower than acarbose standard (Figure 3). The pancreatic lipase in-
hibitory activity of all extracts is shown in Figure 4. All extracts in-
hibited lipase activity in a dose-dependent manner. However, the
activities were significantly lower (p < .05) than the orlistat standard
(Figure 4).

3.4 | GSH level

The induction of oxidative injury in the pancreatic tissue with FeSO,,
caused significant (p < .05) decrease in the levels of reduced GSH as
depicted in Figure 5a. Treatment with the aqueous and ethyl acetate
extracts exhibited a significant increase in a dose-dependent effect,
where the aqueous extract showing a better activity and lower IC;,
value (Table 1).

3.5 | SOD activity

There was a significant (p < .05) reduction in the SOD activity on
induction of oxidative injury in the untreated pancreatic tissues.
Treatment with the different extracts led to a dose-dependent restor-
ative effect, with the aqueous extract exhibiting the highest activity
compared to other treatments (Figure 5b) as depicted by its low ICs,

value in Table 1.

3.6 | Catalase activity

As shown in Figure 5c¢, induction of oxidative stress in the untreated
pancreatic tissues led to decreased CAT activity. The activity of the
honeybush tea extracts treated groups was significantly (p < .05)

reversed.

3.7 | Lipid peroxidation

The inhibitory effect of the honeybush tea extracts on Fe’"-induced
lipid peroxidation in isolated pancreatic tissue is presented in
Figure 5d. There was an elevated level of MDA following the induc-
tion of oxidative injury. All extracts significantly reduced the MDA

levels, with the aqueous extract being the most potent but exhibited
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less activity compared to that of ascorbic acid as depicted by their IC

values in Table 1.

3.8 | Gas chromatography-mass spectrometric (GC-
MS) analysis

The identification of some major bioactive compounds of different
honeybush tea extracts were carried out using GC-MS analysis. The
retention time (RT), molecular formula, molecular mass, and relative
abundance are shown in Table 2 and Figure 6. The structures of the
passible compounds presented in Figure é, 19 phytochemicals were
identified from the different extracts, including seven major classes
of compounds: fatty acid (n-hexadecanoic acid, cis-6-Octadecenoic
acid, 4-hydroxybenzoic acid, shikimic acid), fatty acid ester (pro-
panoic acid, 2-methylpropyl ester, hexadecanoic acid methyl ester,

9,12-octadecadienoic acid, methyl ester, 9,12-Octadecadienoic

acid (Z,Z)-.2-hydroxy-1-(hydroxymethyl)ethyl
acrylate), phytols (n-nonadecanol-1, tyrosol, phytol, 3-n-butyl-

ester, pentadecyl

thiolane), sterols (sitosterol, vitamin E (a-tocopherol)), saccharide
(3-O-Methyl-D-glucose), ketones (4-(4-hydroxyphenyl)butan-2-one,
4-(4-hydroxy-3-methoxyphenyl)-2-butanone), and triterpenes

(stigmastan-3,5-diene).

4 | DISCUSSION

The global prevalence of diabetes has reached a record high and
continues to rise. This has prompted the search for cost-effective
novel antidiabetic agents. Traditional medicinal plants which have
been employed for therapeutic purposes since time immemorial
have emerged as readily available options providing templates for
development of antidiabetic pharmacological agents. The therapeu-

tic nature of plants emanates from groups of secondary metabolites
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they contain such as terpenoids, saponins, alkaloids, and polyphe-
nols. Polyphenols are well-known for their beneficial health effects
(Bazzano et al., 2002; Wang, Hu, & Xiao, 2008). They mainly act as
antioxidants due to the presence of hydroxyl substituents and aro-
matic ring structures (Kefalas, Kallithraka, Parejo, & Makris, 2003).
The moderately high total phenol contents of the ethyl acetate and
aqueous extracts the tea (Figure 1), depicts the presence of pheno-
lics in the tea, which insinuates its beneficial health properties.

The ahility of the different extracts of honeybush tea to scav-
enge free radicals was determined using the DPPH method. This
colorimetric assay is based on the color change that occurs when an
unstable form of the DPPH (hydrazyl-purple) is converted to a more
stable form (hydrazine-yellow). This conversion is facilitated by the
coupling of the lone pair of electrons in this synthetic free radical
to those from an antioxidant compound (Villafio, Fernandez-Pachén,
Moy4, Troncoso, & Garcia-Parrilla, 2007). In vitro DPPH analysis
of the different solvent extracts (Figure 2a and Table 1) showed
dose-dependent DPPH scavenging activity. The ethyl acetate and
aqueous extracts exhibited good DPPH radical scavenging activity
with 1C;, values of 0.72 ug/ml and 0.12 pg/ml, respectively. These
extracts marginally outperformed ascorbic acid (positive control)
which had an IC, value of 1.93 ug/ml.

Furthermore, the antioxidant capacity of the extracts in terms
of their electron donating potential was analyzed by the FRAP assay
(Benzie & Strain, 1996). In this assay, extracts that are capable of elec-
tron donation result in the formation of a Prussian colored ferric-fer-
rocyanide complex (Vijayalakshmi & Ruckmani, 2016). The deepness

of the resulting blue solution is directly proportional to the electron

donating ability of the extract. The aqueous extract resulted in the
best ferric ion reducing activity with an IC, of 861 ug/ml while the
rest had IC, values greater than 1,000 ug/ml including ascorbic acid
(positive control) (Figure 2b). Both the DPPH and FRAP are robust
routine antioxidant assays that are used to determine the hydro-
gen and electron donating capabilities of plant-derived extracts.
Previous studies have shown a high level of correlation between
the amount of TPC and antioxidant activity (Oyebode et al., 2018;
Xiao, Erukainure, Sanni, Koorbanally, & Islam, 2020). A similar trend
was observed in the current study where the aqueous extract which
had the highest TPC had the best activity in both the DPPH and
FRAP assays. Phenolic compounds are rich in delocalized electrons
on their xring structure that can be readily donated especially to un-
stable electron deficient radicals. The enhanced antioxidant activity
of the aqueous extract observed in this study corroborates previ-
ous reports on the antioxidant activities of fermented C. genistoides
(Joubert et al., 2008). Exogenous antioxidants help supplement the
endogenous antioxidant capacity within the body thereby aid to pre-
vent the harmful effects of oxidative stress.

Under conditions of oxidative stress, there is overproduction
of NO which is an important secondary messenger under homeo-
static conditions. The excess NO may subsequently interact with
superoxide anion to form a much more powerful oxidant peroxyni-
trite (ONOO"), which is implicated in the induction  cell apopto-
sis (Oyadomari et al., 2001; Pacher, Beckman, & Liaudet, 2007).
Moieties that retard the production of excess NO may, therefore,
play a protective function in the afore-mentioned p cell destruction.

Interestingly, all the extracts assayed in the current study showed
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TABLE 2 Compounds identified in different extracts of red honeybush (Cyclopia genistoides) tea by GC-MS

Compounds

DCM Extract

Propanoic acid, 2-methylpropyl ester S HROS
n-Hexadecanoic acid CieH3,0,
Hexadecanoic acid methyl ester CieHs40,
n-Nonadecanol-1 Ci9H400
cis-6-Octadecenoic acid CieH340,
4-(4-hydroxyphenyl)hutan-2-one CioH120;,
4-(4-hydroxy-3-methoxyphenyl)-2-butanone (Clnlaen
Phytol CaoHao©
Vitamin E (a-tocopherol) CpoHs00,
sitosterol Cy5H50
Ethyl Acetate Extract
n-Hexadecanoic acid CiH3,0,
n-Nonadecanol-1 CisH400
9,12-Octadecadiencic acid, methyl ester GioHzOs
cis-6-Octadecenoic acid CigH140,
Pentadecyl acrylate C7H0,
tyrosol C3H,,0,
4-hydroxybenzoic acid C,H,0,
4-(4-hydroxyphenyl)butan-2-one CHE O
4-(4-hydroxy-3-methoxyphenyl)-2-butanone CiHp Oy
Phytol CyoHa0®©
stigmastan-3,5-diene CooHug
Vitamin E (a-tocopherol) &5t Bl
Ethanol Extract
Shikimic acid C7H1005
3-0-Methyl-D-glucose C,H,,04
n-Hexadecanoic acid CieH3,0,
6-Octadecenoic acid CieH240,
9,12-Octadecadienoic acid (Z,Z)-,2-hydroxy-1- € k(8
(hydroxymethyl)ethyl ester
Aqueous Extract
3-n-Butylthiolane C8H165
3-0-Methyl-D-glucose C,HLO,
n-Hexadecanoic acid CysH3,0,
9,12-Octadecadienoic acid, methyl ester CsHz 05
cis-6-Octadecenoic acid CigH340,
9,12-Octadecadienoic acid (Z,Z)-,2-hydroxy-1- CoyHys0y

(hydroxymethyl)ethyl ester

Molecular formula

Relative

Retention Index Molecular mass abundance (%)

5.05 130 1.94
18.82 256 8.80
1943 284 0.68
20.02 284 0.49
20.54 282 10.10
14.32 164 0.33
15.46 194 0.73
20.25 296 0.48
28.31 430 0.85
30.21 414 0.87
18.82 256 11.33
19.15 284 1.89
20.49 294 17.52
20.54 282 13.71
2193 268 1.09
12.70 138 1.58
13.64 138 0.45
14.33 164 0.37
15.46 194 0.36
20:25 296 0.46
28.14 396 0.76
28.32 430 0.64
17.02 174 1.21
16.04 194 2.38
18.81 256 e
20.54 282 17.18
2514 354 1149
15.85 144 2.14
15995 194 2.19
18.82 256 9.80
20.51 294 22.76
20.55 282 13.94
2541 354 3.40

Note: The compounds presented in the table are those which matched similar compounds in the NIST library software.

remarkable NO production inhibition capabilities (Figure 2c and
Table 1), especially the ethyl acetate and aqueous extract with ICc,
values of 1.143 pg/ml and 1.067 pg/ml.

Frequent consumption of high carbohydrate or high glycemic
index foods such as refined grains and processed sugary drinks

has been implicated as a major risk of diabetes (Willett, Manson,

& Liu, 2002). Ingested dietary complex carbohydrates are succes-
sively degraded into simpler forms by an array of glycosidic bond
cleaving enzymes. The a-glucosidase enzyme is one such enzyme
that is located on the intestinal cell membrane where it facilitates
the final hydrolysis of oligosaccharides, trisaccharides, and disaccha-

rides to various monosaccharides including glucose. Absorption of
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FIGURE 6 Chemical structures of compounds identified in the DCM, ethyl acetate, ethanol, and aqueous extract of red honeybush tea
(C. genistoides) by GC-MS. GC-MS = gas chromatography-mass spectroscopy

these simple sugars is responsible for the postprandial blood glucose
spikes observed after a carbohydrate rich meal. In the current study
among all extracts assayed, the aqueous extract of honeybush tea
(Figure 3), showed the best a-glucosidase inhibitory activity with
an ICq, value of 59.05 pg/ml (Table 1). However, the extract did not
surpass the inhibitory activity of acarbose (positive control) which
had an IC., value of 0.12 pg/ml. The significant difference in inhib-
itory activity between the aqueous extract of honeybush tea and
acarbose may be attributed to the former being a crude mixture of
compounds while the latter is a pure compound. Identification and
isolation of the active compound in the honeybush tea may help to
enhance its activity. Compounds with a-glucosidase inhibitory ac-
tivity have been recognized as potent antidiabetic agents, because
they can effectively retard the digestion of complex carbohydrates
and their subsequent ahsorption, thereby reducing the postprandial
blood glucose spikes (Hara & Honda, 1990). Such activity has been
shown in previous studies (Beelders et al., 2014). Thus, persuades us

to suggest that the ethyl acetate and aqueous extracts of honeybush

tea can be exploited as potent candidates for isolation of a-gluco-
sidase inhibitors which might he effective as therapeutic agents
against T2D. The results in the present study further corroborates
previous reports on the ability of honeybush teas to inhibit a-gluco-
sidase activities in vitro (Ajuwon, Ayeleso, & Adefolaju, 2018; Miller,
Malherbe, & Joubert, 2020).

The excessive intake of calories in the diet together with a sed-
entary lifestyle may cause obesity. Obesity is the accumulation
of body fat causing one to be overly overweight and is associated
with several negative health effects. Dietary triglycerides serve as
a high-calorie energy source for the body but are often not utilized
and are, therefore, usually stored as fats in the adipose tissue (Rial,
Karelis, Bergeron, & Mounier, 2016). Pancreatic lipase is an enzyme
that catalyzes the hydrolysis of triglycerides in the gastrointestinal
tract. Therefore, inhibiting pancreatic lipase activity can prevent tri-
glyceride absorption, thus contributes to the management of obesity
and its related diseases. In the current study, it was shown that the

ethanol extract of honeybush tea had the highest pancreatic lipase
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inhibitory activity (Table 1), followed by the aqueous extract with
IC5, values of 4.84 ug/mland 5.86 ug/ml, respectively. Thus, corrob-
orating previous reports on the in vitro antiobesogenic activity of
honeybush tea (Raaths, 2016).

Oxidative stress occurs when the bodies antioxidant defense
systems are overwhelmed by the amount of reactive species being
produced during normal tissue metabolism. Diabetes is known to
aggravate the extent to which oxidative stress occurs in tissues
throughout the body. However due to the low expression of antioxi-
dant enzymes such as CAT and SOD in the pancreatic tissues, p cells
are particularly prone to damage by oxidative stress (Limon-Pacheco
& Gonsebatt, 2009). In the current study, FeSO, was employed as
a prooxidant as it is known to generate substantial amounts of oxi-
dized free radicals through the Haber-Weiss reaction (Schulze & Hu,
2005). This reaction was employed to mimic conditions of elevated
oxidative stress that is particularly observed in diabetic patients. The
incubation of the pancreatic tissue homogenate with FeSO, in the
current study was shown to significantly decrease of GSH levels and
SOD, CAT enzyme activities while concomitantly the increasing of
lipid peroxidation with respect to the untreated group (Figure 5a-d).
This observation coincides with previous studies on the effects of
oxidative stress on antioxidant enzyme activity and lipid peroxi-
dation (Erukainure, Mopuri, Oyebode, Koorbanally, & Islam, 2017;
Sanni, Erukainure, Oyebode, Koorbanally, & Islam, 2018).

GSH is an important antioxidant in the body, it serves as a direct
free-radical scavenger, as a substrate for GSH peroxidase activity,
and as a cofactor for many enzymes (Aslani & Ghobadi, 2016). The
increased level following treatments with the extracts (Figure 5a)
therefore, depicts an improved antioxidant activity.

Superoxide dismutase (SOD) is among the endogenous antiox-
idant enzymes. SOD consists of active protein peptides with metal
ion groups which can specifically catalyzes the disproportionation
reaction of superoxides generated in the metabolism to hydrogen
peroxide (Mironficzuk-Chodakowska, Witkowska, & Zujko, 2018). The
products of this reaction are effectively decomposed to water and
oxygen in areaction catalyzed by CAT (Raza et al., 2017). The marked
increase in the activity of CAT and SOD enzymes after the treatment
with different concentrations (Figures 5b-d) demonstrated the anti-
oxidant activity of honeybush tea solvent extracts.

Lipid peroxidation is a multistep chain of reactions which includes
initiation, propagation, and termination in which oxidants attack
the polyunsaturated fatty acids. Various secondary products such
as malondialdehyde (MDA) are formed in this reaction. Reaction of
MDA and thiobarbituric acid is routinely used to spectrophotomet-
rically to determine lipid peroxidation (Halliwell & Chirico, 1993). In
the current study, there is significant reduction of lipid peroxidation
after the treatment with different concentrations of honeybush tea,
shows the antioxidant potential of the aqueous and ethyl acetate
extracts (Figure 5d). As lipids are the basic biomolecules on which
membrane structure is built. They also perform other functions such
as chemical messengers and as prerequisites for the cholesterol and
vitamin formation. Therefore, extracts such as those from red hon-

eybush tea that retard their destruction through peroxidation have
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a therapeutic function in curbing the development of various de-

generative complications that result from extreme oxidative stress

conditions. These may furthermore assist the endogenous antioxi-

dant enzymes that normally counter the harmful effects of reactive
oxygen species.

These antioxidative activities by the extracts corroborates pre-
vious reports an the ability of honeybush to exacerbate GSH level,
SOD, and CAT activities, while suppressing lipid peroxidation in
oxidative-mediated tissue injuries (Marnewick, Joubert, Swart,
van der Westhuizen, & Gelderblom, 2003; Ros-Santaella, Kadlec,
& Pintus, 2020; Van der Merwe, De Beer, Swanevelder, Joubert, &
Gelderblom, 2017).

GC-MS analysis of the extracts was done in order to identify the
presence of possible hioactive compounds that could be responsi-
ble for the observed antioxidant and antidiabetic activities. A total
of 19 phytochemicals were identified from this plant (Figure é and
Table 2), which included seven major classes of compounds: fatty
acids, fatty acid esters, ketones, sterols, phytols, saccharide, and
triterpenes, many of them have been reported to possess various
medicinal properties including antioxidant an antidiabetic activity
(Islam et al., 2018; Orhan et al., 2012; Sosa, Bagi, & Hameed, 2016).
Hexadecanoic acid, ethyl ester, and vitamin E have been reported
for their potent antioxidant activities (Garg & Bansal, 2000; Kumar,
Kumaravel, & Lalitha, 2010). The antidiabetic activities of 4-(4-hy-
droxy-3-methoxyphenyl)-2-butanone, sitosterol, and shikimic

acid have also been reported (Ahmad et al,, 2015; Gupta, Sharma,
Dobhal, Sharma, & Gupta, 2011; Orhan et al., 2012). The high con-
tent of 9,12-octadecadienoic acid, methyl ester, and cis-6-octadece-
noic acid in the aqueous extract may contribute synergestically with
other identified phytochemicals to its high activities as unsaturated
fatty acids and their esters have been reported for their potent an-
tioxidant activities (Erukainure et al., 2018; Henry, Momin, Nair, &
Dewitt, 2002). These identified compounds may thus be responsible
for the studied antioxidative and antidiabetic activities of honeybush

tea.

5 | CONCLUSION

These results demonstrate the antioxidant and antidiabetic activi-
ties of the different extracts of honeybush tea, especially the ethyl
acetate and aqueous. Their antioxidative and antidiabetic potentials
are evident by free radical scavenging, lipid peroxidation elimination,
decrease of a-glucosidase and lipid digesting enzymes activities, as
well as the increase of antioxidant enzymes activities. These activi-
ties may be attributed to the TPC and the synergistic effect of the
identified phytochemicals. Further in vivo studies in diahetic models
are however recommended to decipher the molecular mechanism by

which these extracts exhibit their antidiabetic effects.
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